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ABSTRACT

CYTOCHROME P450 DERIVED OXYLIPIDS INDUCE VASCULAR BARRIER
DYSFUNCTION IN AN OXIDATIVE STRESS DEPENDENT MECHANISM

By

Vengai Mavangira
Oxidative stress contributes to the pathology of several inflammatory-based diseases of humans
and animals. In acute inflammation, the production of metabolites with prooxidant effects occurs
rapidly, overwhelming the protective mechanism resulting in acute cellular damage. A major
challenge has been identifying ways of effective controlling oxidative stress to improve
responses to therapies for the conditions characterized by oxidative stress such as sepsis. Despite
decades of research and the equivocal success associated with use of antioxidants, the control of
oxidative stress continues to be problematic. Among many reasons, the inability to deliver
antioxidants to specific subcellular sites where they may be most beneficial may explain some of
the disappointing results of antioxidants during disease. As such, renewed interest focused at
improving antioxidant delivery to sites of prooxidant metabolite formation is critical. Another
alternative is to target the specific pathways involved in the formation of reactive metabolites
such as those involved in lipid metabolism. To determine which lipid metabolizing pathways
maybe most relevant, we utilized the severe coliform mastitis disease as a model for oxidative
stress to evaluate the extent of lipid metabolism during severe inflammation. The hypothesis for
Chapter 2 therefore, was that oxylipid biosynthesis in severe acute inflammation is influenced by
substrate availability, metabolism pathway, and the activities of key metabolic enzymes. Results
of that study showed an extensive profile of lipid oxygenation products (oxylipids) broader than
previously reported. In addition, increased substrate availability as evidenced by greater

polyunsaturated fatty acids (PUFA) concentrations, involvement of multiple biosynthetic



pathways, and various degrees of metabolism accounted for the variety in the oxylipid profiles
detected. Follow up studies evaluated the concurrent oxidative stress during changes observed
for the oxylipid profiles. The hypothesis for that work reported in Chapter 3 was that a specific
oxylipid produced during bovine coliform mastitis would reliably detect the concurrent severe
oxidative stress. This work showed that a specific biomarker of oxidative stress frequently used
in human diseases, 15-F2-isoprostane correlated positively with several biomarkers of oxidative
stress. The same oxidative stress biomarkers, including 15-F2-isoprostane, correlated with an
oxylipid from the cytochrome P450 pathway known as 20-HETE. Human observational studies
on diseases such as hypertension and laboratory disease models showed that 20-HETE was
shown to potently induce inflammation and oxidative stress. Many of these conditions are
associated with vascular dysfunction. Therefore, we hypothesized that 20-HETE contributes to
the pathology that occurs during severe coliform mastitis of dairy cattle by inducing oxidative
stress-dependent endothelial cell death thus disrupting vascular barrier integrity. Utilizing a
primary bovine endothelial cell culture system, the effects of direct exposure to 20-HETE on the
barrier integrity were evaluated through determining the development of oxidative stress and the
functional consequence on barrier integrity. Results support a role of 20-HETE in mediating
changes related to oxidative stress as inducing the disruption of barrier integrity, and supports the
idea of targeting this pathway in modulating the oxidative stress responses during diseases in
which there is enhanced 20-HETE biosynthesis. Further work should focus on characterizing the
sources of 20-HETE biosynthesis and the mechanisms of its regulation to facilitate the

development of targeted and specific therapies that modulate 20-HETE biosynthesis.
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Abstract

Oxidative stress is an integral part of several inflammatory-based diseases of both humans and
animals that results in damage to cellular macromolecules. Cellular macromolecules targeted by
oxidative damage include DNA, proteins, and lipids with consequent cellular death and organ
dysfunction. Lipids, particularly polyunsaturated fatty acids (PUFA), are sensitive to
modification during oxidative stress which occurs while they are esterified or when hydrolyzed
from phospholipid membranes. Excess reactive oxygen species (ROS) are formed during
inflammation-based conditions and can oxygenate PUFA to oxylipids capable of initiating
oxidant damage. Alternatively, lipid metabolizing enzymes induced during inflammation
catalyze the formation of produce oxylipids generating ROS as byproducts. Some of the
oxylipids produced are potent ROS that mediate pathology during oxidative stress, whereas some
are involved in the resolution of oxidative stress. In mediating their effects, oxylipids either
directly or indirectly target sites of ROS production to increase or decrease excessive ROS
formation. This review discusses the evidence supporting the roles of oxylipids in the
development of oxidative stress either by stimulating the production of oxidants or due to the
relative deficiencies of oxylipids with antioxidant effects. Further, the utility of some of the
oxylipids as oxidative stress markers that can be exploited in developing and monitoring
therapies for inflammatory-based diseases is discussed. Understanding of the link between some
oxylipids and the development or resolution of oxidative stress could provide novel therapeutic
targets to limit immunopathology, reduce antibiotic usage, and optimize the resolution of

inflammatory-based diseases.

Key words: antioxidant, cyclooxygenase, cytochrome P450, eicosanoid, isoprostane,

lipoxygenase, oxidant, oxidative stress, oxylipid, oxylipin, reactive metabolites, redox.



Defining Oxidative Stress

Oxidative stress refers to the damage occurring to cellular macromolecules as a consequence of
an imbalance between oxidants and antioxidants (Halliwell, 2007). Macromolecules targeted for
oxidative damage include lipids, proteins, and DNA (Dalle-Donne et al., 2005, Lee and Pervaiz,
2011, Davies and Guo, 2013). Oxidants comprise radical and non-radical molecules that mediate
oxidation of the susceptible macromolecules. The bulk of the oxidants are reactive oxygen
species (ROS); however, reactive nitrogen species (RNS) also contribute to the overall pool of
oxidants. Free radical oxidants, for example, have the capacity to induce proton removal by the
presence of unpaired electrons (Villamena, 2013). Alternatively, the presence of highly
electronegative atoms, including oxygen in ROS such as hydrogen peroxide (H202) and nitrogen
in RNS such as peroxynitrite, result in asymmetric electron arrangements that confer the ability
to induce oxidation reactions (Villamena, 2013). Collectively, ROS and RNS are referred to as
reactive metabolites (RM) whose production occurs both in physiological and pathological

states.

Reactive metabolites are normal products of metabolism and are essential for signaling functions
which are necessary for cellular processes including proliferation, differentiation, and metabolic
adaptations (Valko et al., 2007). For example, the generation of ATP in the mitochondria through
the Krebs' cycle and the electron transport chain generates Oz and H2O> as byproducts (Cabreiro
et al., 2011). Approximately 1-3 % of electrons during the mitochondrial oxidative
phosphorylation reactions are transferred are to oxygen to form superoxide (Oz2’) (Holmstrom and
Finkel, 2014). Superoxide dismutase (SOD) enzymes catalyze the direct conversion of Oz to
H20>. Both Oz and H.O> participate in phosphorylation of various proteins that are part of

signaling networks such as mitogen-activated protein kinase (MAPK) phosphatases, by oxidizing



thiol-containing cysteine residues (Glasauer and Chandel, 2013). The production of RM also
increases during periods of increased metabolic demands such as exercise or changes in
physiological states like pregnancy (Avila et al., 2015, Medeiros-Lima et al., 2016). Reactive
metabolites also increase during regulated inflammatory processes to levels necessary for
effective innate and adaptive immune functions. The ability of cellular protective responses to

limit the RM produced are kept within physiological limits to prevent cellular damage.

In contrast to the physiological production of RM, uncontrolled inflammation is characterized by
excessive levels of RM that contribute to the pathology of diseases. For example, O2” and H20>
initiate oxidation of lipids in human low-density lipoproteins, contributing to the development of
atherosclerosis (Darley-usmar et al., 1992). Whereas mitochondria are a major source of
excessive RM production during inflammatory conditions (Huet et al., 2009), significant
contributions also come from upregulated enzyme pathways. Inducible nitric oxide synthase
(INOS), xanthine oxidase (XO), and the nicotinamide adenine dinucleotide phosphate oxidase
(NOX) enzymes are all upregulated by inflammatory stimuli. Inducible NOS (iNOS) is
upregulated and generates excess nitric oxide which induces widespread vasodilation and
generation of peroxynitrite in acute inflammation (Sorokin, 2016). Specifically, INOS
expression in murine macrophages and human kidney cells is induced by LPS (Chan and Riches,
2001, Quoilin et al., 2014). The XO enzymes are stimulated by LPS, hypoxia, and cytokines
including interleukin-1p (Hassoun et al., 1998) all of which are present during acute

inflammation (Huet et al., 2009).

Cells have an elaborate system of antioxidants that neutralize, metabolize and delay the
production of oxidants. Antioxidants include endogenous enzymes such as superoxide

dismutases (SOD), glutathione peroxidases (GPxs), thioredoxin reductases (Trx), peroxiredoxins,



catalases, and heme oxygenase (HO) (Bhattacharyya et al., 2014). Dietary sources also
contribute to the non-enzymatic pool of antioxidants which include trace minerals (selenium,
copper, zinc), polyphenols, vitamins (A, C, D, and E), and the vitamin A precursor, beta-carotene
(Al-Gubory et al., 2010). Enzymatic and non-enzymatic antioxidants work in concert to protect
against ROS-induced cellular damage. For example, SOD enzymes are dependent on trace
minerals, copper (Cu) and manganese (Mn), in the dismutation of O2™ to H2O2 (McCord and
Fridovich, 1969). Subsequently, the reduction of H20- to water and oxygen is mediated by
catalases or the selenium (Se)-dependent GPx and Trx reductase enzymes (Cohen and Hochstein,
1963). The reduction of H20O- and other hydroperoxides is coupled to the oxidation of the
tripeptide cofactor, reduced glutathione (GSH) to the oxidized state (GSSG) (Cohen and
Hochstein, 1963). The GSSG is converted by the glutathione reductase system to GSH which
becomes available for further GPx- or Trx-mediated metabolism (Cohen and Hochstein, 1963).
Indeed, the balance between GSH and GSSG is crucial as its perturbations can alter cellular
redox tone and affect signaling pathways and the development of oxidative stress. For example,
exposure of human umbilical endothelial cells (HUVECS) to plasma from septic patients
increased RM production and cellular apoptosis that were ameliorated by exposure to the GSH
precursor, N-acetyl cysteine (Huet et al., 2008). Reduced GSH can scavenge pre-formed RMs
and also participate in regenerating and maintaining the functional forms of other antioxidant
enzymes such as vitamins (Ho and Chan, 1992). For example, vitamin E radical formed during
the neutralization of free radicals in the cell membranes is recycled back to reduced vitamin E

(tocopherol) by GSH and peroxidase enzymes (Yamauchi, 1997).

The activation of antioxidant response genes is another important mechanism essential for

limiting the excessive RM accumulation. For example, the nuclear factor related erythroid factor



2 (NrF2) transcription factor is activated during oxidative stress and acts as a master regulator of
several antioxidant response genes including those involved in the synthesis of HO-1, GSH, GPx
and Trx enzymes (Ruiz et al., 2013). When unstimulated in the cytoplasm, NrF2 is bound to
Kelch-Like-ECH Associated Protein 1 (KEAP-1) protein by interacting with cysteine residue
which targets it for proteasomal degradation (Ruiz et al., 2013). During oxidative stress or in the
presence of NrF2 agonist, oxidation of the cysteine residues dissociates NrF2 from KEAP-1 and
translocates to the nucleus. After forming dimers with other transcription factors, NrF2 activates
antioxidant response elements in the promoter regions of antioxidant genes (Ruiz et al., 2013).
Enzymatic and non-enzymatic components collectively contribute to the overall cellular anti-
oxidant potential, which is crucial for defense against oxidative cellular damage during

inflammatory-based diseases.

The imbalance between oxidants and antioxidants develops as a consequence of one or a
combination of several factors including overproduction of oxidants, depletion of antioxidant
potential, and deficiencies in antioxidant components (Valko et al., 2007). Consequently, direct
structural damage or chemical modifications occur to lipids and proteins, negatively impacting
the normal functions plasma membranes (Valko et al., 2007). Lipids are the major
macromolecules present in plasma membranes of cells and their internal organelles, and their
oxidation can impact the function and viability of cells in several ways. For example, lipid
peroxidation resulted in increased membrane fluidity in ethanol-induced oxidative stress in
hepatocytes (Sergent et al., 2005) by affecting the lipid structure and packing in lipid raft
domains (Aliche-Djoudi et al., 2013). Lipid peroxidation products and secondary by-products
also may induce toxic modification of proteins and DNA resulting in cell death (Sordillo et al.,

2005, Dalle-Donne et al., 2006). Protein oxidation resulting from oxidative stress also can affect



cellular function because of altered protein structure. Altered protein structure occurs when thiol
groups in amino acid residues such as cysteine and lysine are covalently modified resulting in
loss of function (Dalle-Donne et al., 2005). The damage to DNA may be a direct oxidation of
bases (Kehrer, 2000) or adduct formation with either lipid or protein oxidation products affecting
cellular structure, function, or viability (Lonkar and Dedon, 2011). Understanding the formation
of oxidant-induced damage to macromolecules is not only critical to identifying targets for anti-

oxidant intervention during disease, but also as potential markers of oxidative stress.

Lipid metabolism is involved in the development of oxidative stress because of its link to
inflammation. Evidence shows that lipid metabolizing enzymes are also regulated during
inflammation including increased cyclooxygenase (COX) 2, lipoxygenase (LOX), and some
cytochrome P450 (CYP) isoforms based on the enhanced production of lipid metabolites from
these pathways (Schmelzer et al., 2005, Zarbock et al., 2009, Anwar-mohamed et al., 2010,
Willenberg et al., 2015). In some studies, however, several CYP isoforms were suppressed
during acute inflammation (Theken et al., 2011). Interestingly, several of the sources of
excessive ROS formation are targets of some oxylipid metabolites. For example, 20-
hydroxyecosatetraenoic acid (20-HETE) is a CYP-derived oxylipid metabolite that enhances RM
production by increasing mitochondrial production and activating NOX enzymes (Bao et al.,
2011b, Han et al., 2013). Conversely, the expression of NOX enzymes was decreased by Lipoxin
A4 derived from the LOX pathway (Wu et al., 2015). Therefore, understanding the contribution
of lipid metabolism is critical for enhancing the resolution of oxidative stress by decreasing pro-

oxidant lipids and increase those with antioxidant effects.

In many diseases, oxylipids were shown to regulate several parts of the initiation, progression,

and resolution of inflammation. One way of oxylipid-dependent regulation of inflammation is by



influencing the development of oxidative stress (Figure 1). First, some lipid metabolizing
enzyme pathways produce RM, particularly O2’, as a by-product. Second, some primary oxylipid
metabolites such as hydroperoxides from the LOX pathway are potent RM that directly induce
cellular oxidative stress and apoptosis (Sordillo et al. 2005). Third, other oxylipid metabolites
such as 20-HETE, exert their pro-oxidant effects indirectly by stimulating RM production from
sources such as the mitochondria and the NOX enzyme pathway (Lakhkar et al. 2016, Han et al.
2013). Fourth, some oxylipids exert antioxidant effects by directly or indirectly targeting and
decreasing production RM from sources such as mitochondria. The link between oxylipids and
oxidative stress, therefore, offers opportunities for modulating inflammatory processes by
directly targeting the metabolic pathways of these metabolites. The following sections focus on
the demonstrated links between some oxylipids and oxidative stress during diseases and the

opportunities that exist for controlling oxidative stress by targeting oxylipid biosynthesis.

Role of Oxylipids in Oxidative Stress

Overview of oxylipid biosynthesis

Polyunsaturated fatty acids (PUFA) such as the omega 6 (n-6) fatty acids (arachidonic acid
(AA), linoleic acid (LA) and omega 3 (n-3) fatty acids including a-linolenic (ALA),
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are the common substrates for
oxylipid synthesis (O’Donnell et al., 2009). The metabolism of PUFA substrates occurs after
their hydrolysis from cell membrane phospholipids catalyzed by members of the phospholipase
(PL) enzymes, predominantly by PLAZ2. (Buczynski et al., 2009) Alternatively, PUFA are
metabolized while still esterified in cell membranes, (Milne et al., 2011) which may explain their
ability to modify cell function by altering the properties of the cell membrane lipid bilayer. The

enzymatic pathways of COX, LOX, and CYP are involved in metabolizing PUFA with evidence



of substrate preferences. For example, CYP enzymes will readily oxygenate EPA and DHA over
LA and AA when incubated with equimolar concentrations of these PUFA (Arnold et al.,
2010b). Non-enzymatic pathways are also involved in the oxygenation of PUFA mediated by
free radicals such as O2". Together, the biosynthetic pathways generate several oxylipids with at

least 158 metabolites identified to date from human plasma (Wang et al., 2014b).

The general mechanism of oxylipid biosynthesis follows the removal of susceptible hydrogen
atoms from PUFA structure and the concurrent or subsequent insertion of one or more oxygen
molecules (O’Donnell et al., 2009). In the enzyme-mediated oxygenation of PUFA, the initial
formation of radicals at the active site is required for hydrogen abstraction. The free radical for
COX enzymes is formed on active site tyrosyl residues, whereas, a heme and non-heme iron
radicals are present in CYP and LOX enzymes, respectively (Kulmacz et al., 2003, Schneider et
al., 2007, Ortiz de Montellano, 2010). Non-enzymatic metabolism also follows the same general
mechanism but the free radical-mediated proton removal lacks the stereospecificity demonstrated
by enzymatic pathways leading to the formation of an assortment of oxylipids (Milne et al.,

2011).

Role of oxylipid biosynthesis in ROS formation

The oxygenation of PUFA generates lipid hydroperoxides that add to the pool of ROS during
oxidative stress (Bhattacharyya et al., 2014). The LOX enzymes exist as several isoforms
including 5-, 8-, 12-, and 15-LOX based on the site of oxygen insertion in the PUFA substrate
(Kuhn et al., 2015). The active site Fe?" is oxidized to the ferric hydroxide in the process of
dioxygen insertion into the PUFA substrate and subsequently reduced to the Fe?* form after
reduction of the hydroperoxide ion (Ilvanov et al., 2010). The hydroperoxides are potent ROS

metabolites that were shown to participate in the development of pathological conditions. For



example, the linoleic acid derived-13-hydroxyoctadecadienoic acid (13-HODE), was
predominantly formed from the enzymatic pathway at the onset of atherosclerosis [50],
suggesting an increased production of the upstream hydroperoxide, 13-
hydroperoxyoctadecadienoic acid (13-HpODE) (Kuhn et al., 1997). The specific cellular effects
of 13-HpODE and the AA-derived 15-hydroxyperoxyeicosatetraenoic acid (15-HpETE) relevant
to the pathogenesis of atherosclerosis may include oxidative stress-dependent endothelial cell
apoptosis (Sordillo et al., 2005, Ryman et al., 2016). Specifically, 15-HpETE enhanced apoptosis
by inhibiting protein kinase B (also known as Akt) signaling, downregulating the anti-apoptotic
factor Bcl2 and upregulating pro-apoptotic Bax and the executioner caspase 3 (Sordillo et al.,
2005, Soumya et al., 2014). The effects of 15-HpETE are similar to the direct effects of H.O>
demonstrated on human gingival fibroblasts (Gutiérrez-Venegas et al., 2015) showing that the

primary oxygenation metabolites serve as inherent reactive electrophiles.

The catalytic mechanism during PUFA oxygenation can produce O as a byproduct particularly
when the reduction of oxygen is uncoupled from its insertion in a PUFA substrate. Studies have
suggested that both COX and LOX enzymes are inefficient sources of Oz due to their utilization
of dioxygen in PUFA oxygenation (Noguchi et al., 2002). However, significant production of -
reactive metabolites was shown for hepatic CYP enzymes incubated with inhibitors of both SOD
and catalase enzymes involved in the metabolism of Oz and H20>, respectively (Bondy and
Naderi, 1994). Co-incubation of hepatic microsomes with ethanol, toluene, and phenobarbital did
not enhance the production of ROS (Bondy and Naderi, 1994), suggesting that CYP could
produce RM with no substrate requirement. The substrate-independent RM production by CYPs
supports the apparent uncoupling of NADPH reduction from the subsequent activation and

insertion of an oxygen atom into PUFA substrates. The apparent uncoupling is greatest in the
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CYP2EL isoform which was described as a leaky enzyme demonstrating a coupling of NADPH
reduction to substrate oxygenation of only 0.5 — 3% (Lu and Cederbaum, 2008). The catalytic
production of RM by CYP2EL1 contributed significantly to the carbon tetrachloride-induced
hepatotoxicity in a murine model of oxidative stress (Park et al., 2010). Several other CYP
isoforms in hepatocytes (CYP4A, CYP3A4, 1A1, 1A2, and 2B6) and CYP2C9 in endothelial
cells are important lipid metabolizing enzymes and generators of RM (Puntarulo and
Cederbaum, 1998, Leclercq et al., 2000, Fleming et al., 2001). These data suggest that the
multiplicity of the CYP enzymes generating RM may preclude effective modulation of oxidative
stress during disease by targeting specific isoforms. Further, inhibiting CYP isoforms to reduce
RM production in acute illness is complicated by generalized suppression of several CYP
isoforms (Theken et al., 2011). Therefore, targeting the CYP-derived oxylipids may be more

beneficial to limit RM production while preserving essential functions of the CYP enzymes.

Non-ROS oxylipids enhance or diminish production of ROS

Cyclooxygenase-derived oxylipids

Cyclooxygenases exist as the constitutively expressed COX-1 and the inducible COX-2
isoforms. With AA as the PUFA substrate, hydrogen removal and insertion of dioxygen to form
the unstable PGG: occurs at the oxygenase site followed by translocation to the peroxidase site
where reduction to PGH> occurs (Liu and Roth, 2016). Subsequently, PGH: is converted to
downstream prostanoids including PGD2, PGE;, PGF2, PGz, and PGJ. by various PG synthases
as well as conversion into thromboxanes (TX) Az and B2 by thromboxane synthase (O’Donnell
et al., 2009). Many studies showed that the increased production of RM following COX2-
induction was due to the effects of the COX-derived oxylipids (Cho et al., 2011, Munoz et al.,

2015). With the knowledge that COX inhibitors may suppress the constitutive physiological
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prostanoid production, targeting the specific oxylipid species may offer better responses and

reduce complications related to clinical use of COX 2 blockers.

A major downstream product of PGH. during inflammation is PGE> which mediates its effects
through the PGE: prostanoid (EP) receptor subtypes 1, 2, 3 and 4. Production of PGE> induces
oxidative stress in a receptor-dependent manner in models of neuronal degenerative diseases
such as Alzheimer’s disease. For example, cerebral PGE> production increased ROS formation
and development of neuronal oxidative stress detected by increased concentrations of markers
including AA-derived F2-isoprostanes (F2-1soP) and DHA-derived neuroprostanes (Montine et
al., 2002). Deletion of the EP2 and EP3 receptors in the neuronal tissue in mice and neural cell
cultures diminished oxidative-stress related changes (Montine et al., 2002, Shi et al., 2012). In
contrast, the deletion of EP> receptors in a model of intracerebral hemorrhage exacerbated Oz
production and oxidative carbonylation of proteins (Wu et al., 2016) suggesting that EP2
receptor activation was protective in that model. In neuronal cell cultures exposed to oxygen-
glucose deprivation, agonist activation of the EP2 receptor was protective from oxidative stress
(McCullough et al., 2004). Thus, the effects of PGE: in inducing oxidative stress may be
dependent on the stimulus involved. The specific sources of RM after PGE; stimulation appears
to be the NOX enzymes based on EP4 receptor activation detected in human hepatocytes in
response to LPS and phorbol myristate acetate (PMA) (Sancho et al., 2011). Perhaps, the
detrimental effects of PGE2 may be limited by EP receptor antagonists or enhancing the

degradative PG dehydrogenase enzymes.

Prostaglandin I, is not just a vasodilator but also a modulator of inflammatory processes,
particularly in conditions characterized by oxidative stress (Dorris and Peebles, 2012).

Overexpression of PGI synthase in murine models of acute lung injury prevented bleomycin-

12



induced oxidative stress by enhancing the expression of antioxidant enzymes (Zhou et al., 2011).
In another model, supplementation of the PGI> agonist, beraprost sodium, prevented aluminum-
induced hippocampal oxidative stress (Pan et al., 2015) suggesting that relative deficiencies of
certain oxylipids promote oxidative stress. A mechanism for the PGI. deficiency may be the
nitration and inhibition of PGI synthase by peroxynitrite produced by the reaction of Oz and
nitric oxide, inhibiting the formation of PGI> in endothelial and smooth muscle cells (Zou and
Ullrich, 1996, Klumpp et al., 2005, Schildknecht and Ullrich, 2009). Oxidative stress, therefore,
may have a dual effect on PGl synthesis, first increasing production by indirectly stimulating
the COX2 pathway and, secondly, by the direct inhibition of the activity of PGI synthase. The
latter is a more likely scenario in cases of oxidative stress dominated inflammatory processes,
particularly in cardiovascular conditions in which the TXA2/PGlI; ratio is increased. Indeed,
human endothelial cells exposed to high glucose experienced oxidative stress and altered
eicosanoid biosynthesis characterized by increased TXA: and decreased PGl (Cosentino et al.,

2003).

Some COX-derived oxylipids have demonstrated roles as antioxidant inducers. For example, 15-
dPGJz, formed from the dehydration of PGD: (Shibata et al., 2002) was shown to be protective
by activating PPARy receptors (Haskew-Layton et al., 2013). The antioxidant effects of 15-PGJ>
were also mediated by activation of the transcription factor NrF2 in glutathione-depleted
astrocytes (Kansanen et al., 2009). The activation of NrF2 was mediated by 15-dPGJ> which
mediated an electrophilic attack of the cysteinyl residues on KEAP1 and promoted nuclear
translocation of NrF2. Through the activation of antioxidant response elements, 15-dPGJ>
resulted in the induction of several antioxidant enzymes including heme oxygenase-1, SOD, and

glutathione synthesizing enzymes (Shibata, 2015). In a murine macrophage cell line, RAW264.7,
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15-dPGJ. inhibited inflammasome activation, which was associated with increased production of
RMs during innate immune defenses (Maier et al., 2015). The multiple targets by which 15-
dPGJ> may afford anti-oxidant protection and the inhibition of both NFkB and inflammasome
activation, make 15-dPGJ; an attractive therapeutic target as responses may be cell and tissue

specific.

Lipoxygenase-derived oxylipids

Apart from being ROS species themselves, hydroperoxides increased production of other RM
from sources including the mitochondria and the NOX enzyme system. For example, the 13-
HpODE induced mitochondrial RM production and cellular apoptosis via cytochrome c release,
loss of mitochondrial membrane potential, and increased mitochondrial Fe?* uptake in bovine
aortic endothelial cells targeted antioxidants (Dhanasekaran et al., 2005). The activation of NOX
was linked to subsequent mitochondrial RM production based on the depletion of mitochondrial
GSH following NOX activation in endothelial cells (Doughan et al., 2008). Reduction of 15-
HpETE to the hydroxy derivative (15-HETE) also induced mitochondrial ROS production in
pulmonary endothelial and smooth muscle cells (Li et al., 2016). The possibility of multiple
targets by the same hydroperoxides suggests that specifically targeting the pathway of their
production may be more efficient in controlling oxidative stress by limiting their overall

abundance of hydroperoxides in inflammatory conditions.

Changes in cellular redox status are also involved in the activation of LOX enzymes and may

represent a possibility for positive feedback relationships that perpetuate detrimental oxidative
damage. The ratio of reduced to oxidized coupled molecules such as reduced GSH to oxidized
GSH as well as reduced Trx to oxidized Trx determine the cellular redox status (Go and Jones,

2008). Both GSH and Trx are essential co-factors in the reduction of hydroperoxides and other
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RM in reactions mediated by GPx and Trx reductase enzymes, respectively (Mattmiller et al.,
2013). In the process, GSH and Trx are converted to oxidized forms which must be reduced by
the glutathione reductase and Trx reductase enzymes, respectively (Mattmiller et al., 2013).
Maintenance of a normal GSH/GSSG ratio is critical as the depletion of GSH in hepatocytes was
associated with increased RM and lipid hydroperoxides (Tirmenstein et al., 2000). The
dependence of GSH/GSSG system on the availability of Se means that altered levels of this trace
mineral can result in a reduction in the decrease of the GSH/GSSG ratio and the development of
oxidative stress. For example, bovine mammary endothelial cells cultured in Se-deficient media

showed decreased GPx activity and enhanced 15-HpETE production (Cao et al., 2000a).

The activation of another LOX isoform, 5-LOX, in B-lymphocytes was dependent on the
production of Oz and hydroperoxides produced from granulocytes (Werz et al., 2000). The
metabolism of AA by 5-LOX initially generates 5-hydroperoxyeicosatetraenoic acid (5-HpETE).
Sequential reduction of 5-HpETE to the hydroxyl (5-HETE) and dehydrogenation to the ketone
derivative (5-oxoETE) both require RM production. The NOX-associated oxidative burst in
eosinophils and monocytes, increased the formation of the 5-oxoETE because the NOX enzymes
generate NADP in releasing Oz (Powell et al., 1994, Erlemann et al., 2007a). Similar oxidative
stress-dependent formation of 5-oxoETE formation was also shown in structural cells including
human endothelial cells and intestinal and airway epithelial cells (Erlemann et al., 2006,
Erlemann et al., 2007b). Because 5-0x0ETE is a potent chemoattractant of leukocytes to
inflammatory sites, the overproduction of 5-0XxoETE could result in uncontrolled infiltration with
inflammatory cells. Indirectly, excessive formation of 5-0xoETE may perpetuate the oxidative

stress-inflammatory cycle by attracting immune cells with the reactive metabolite production
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capacity such as neutrophils and monocytes. Targeting formation of 5-LOX-derived oxylipids

may be desirable to break the oxidative stress-oxylipid synthesis cycle during inflammation.

Some LOX-derived oxylipids may indirectly exert anti-inflammatory effects by modulating the
oxidative stress. For example, the DHA-derived LOX metabolite, resolvin D1, decreased
oxidative stress in a murine LPS-model of acute lung injury, in part, by the reduction in lipid
peroxidation, increased SOD activity, and the induction of the antioxidant HO-1 enzyme (Wang
et al., 2014a). Another LOX-derived DHA metabolite, protectin, inhibited ROS production in
human neutrophils stimulated by PMA by inhibiting the phosphorylation of the NOX enzyme
complex (Liu et al., 2014a). Induction of ROS in RAW264.7 murine cells by 3-
morpholinosydnonimine hydrochloride was diminished by the downstream LOX metabolites, 9-
0x0-ODE and lipoxin A4 (Mattmiller et al., 2014a). A possible mechanism for LXA4 may be the
demonstrated activation of NrF2 activity in an oxygen-glucose deprivation oxidative stress
model in astrocytes (Wu et al., 2015). Several metabolites derived from the LOX metabolism of
several PUFA, referred to as special pro-resolving metabolites ameliorate inflammatory
conditions in part by diminishing oxidative stress responses (Serhan et al., 2008). Therefore,
relative deficiencies of pro-resolving oxylipids may exacerbate the oxidative stress responses in

various diseases.

A possible formation of RM related to LOX catalysis is the release of Fe?* from the active site
following suicidal inactivation. The inactivation follows the oxidation of the labile histidine
residues in the active site that are responsible for chelating Fe?* in place (Cheng and Li, 2007).
The released Fe?* becomes available for the generation of ROS including soluble hydroxyl or
lipid hydroxyl radicals through the Fenton reaction (Cheng and Li, 2007, Dixon and Stockwell,

2014). The use of inhibitors of ROS generation such as deferoxamine, which chelate transition
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metals including Fe?* demonstrated the involvement of free Fe?* in mediating oxidative stress
[99]. LOX enzymes are thought to contribute to the labile pools of Fe2+ with consequent

increased ROS formation thus perpetuating the oxylipid-ROS generation cycle.

Cytochrome P450-derived oxylipids

Apart from the catalytic formation of RM by CYP enzymes, the concurrent metabolism of PUFA
into oxylipids may be more significant in altering cellular redox balance. For example, Hep G2
cells overexpressing the CYP enzyme isoform, 2E1, showed enhanced lipid peroxidation and
apoptosis in the presence of AA in contrast to other fatty acids such as oleic acid (Chen et al.,
1997). The enhanced toxicity of AA was attributed to its metabolism by the RM produced from
the CYP2EL1 catalytic cycle (Chen et al., 1997). However, CYP2EL still metabolizes AA to
hydroxyl metabolites despite having a minor role in the formation of CYP-derived oxylipids
compared to the 2C subfamily (Rifkind et al., 1995). It is plausible that in diseases where 2E1
becomes enhanced, the capacity for metabolizing oxylipids may increase substantially and
impact oxidative stress responses. It is also interesting to note that CYP2E1 demonstrated a
substrate preference for n-3 PUFA to AA (Arnold et al., 2010a, Arnold et al., 2010b) and
therefore may be exploited for the production of anti-inflammatory n-3-derived oxylipids.
Changing the available PUFA may alter the available substrate targeted by the RM with

subsequent formation of anti-inflammatory and antioxidant oxylipids.

The CYP2C subfamily has the main PUFA metabolizing isoforms which generate oxylipids
whose effects on oxidative stress depend on parent substrate. The 2C9 isoforms enhance ROS
production and pro-inflammatory effects of LA in endothelial cells by activating NFxB
(Viswanathan et al., 2003). Increased permeability of endothelial cell monolayers to albumin

after exposure to LA were predominantly the result of the formation of oxylipids known as
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epoxyoctadecenoic acids (EpOME). The endothelial cell permeability was further enhanced by
the subsequent conversion of the EpOMEs to dihydroxy metabolites (DIHOMES) (Slim et al.,
2001) by the soluble epoxide hydrolase enzyme (sEH). In contrast, AA epoxygenation by
CYP2C9 and CYP2CS8 into various epoxyeicosatrienoic acids (EET) isomers resulted in anti-
oxidative and anti-apoptotic effects in endothelial cells and other cell lines (Dhanasekaran et al.,
2006). The differential effects of metabolites from similar pathways illustrate the complexity of
substrate-CYP interaction in modulating oxidative stress. In both AA and LA, the downstream
metabolism of both epoxides from AA and LA are in part responsible for the beneficial and
enhanced toxicity of these substrates, respectively. Thus by altering the proportions of available
substrates, oxidative stress responses may be attenuated in conditions where CYP expression and
activity are enhanced. Inhibition of the SEH enzyme could also limit the formation of more toxic
oxylipids such as LA-derived DiIHOMEs while simultaneously enhancing the beneficial types

such as the AA-derived EETSs.

The beneficial effects of EETs are mediated, in part, by their modulation of redox-sensitive
transcription factors including NFxB, AP-1, NrF2, and c-Fos. Oxidative stress and apoptosis of
HUVECs induced by TNFa were prevented by direct exposure to 11,12-EET and transfection
with CYP2C8. The effects were attributed to EET-mediated stimulation of the antioxidant
regulator, NrF2 (Liu et al., 2015) which in turn decreased TNFa-induced ROS production.
Another EET isomer, 14,15-EET, also decreased oxidative stress by suppressing the expression
of a transcriptional repressor of the HO-1 antioxidant protein known as Bach (Yu et al., 2015).
In HUVECs and macrophages, EETSs or transfection with CYP2C8 decreased macrophage
chemoattractant protein 1 and interleukin-6 through PPARY activation and inhibition of NFxB

activation (Liu et al., 2014b). Although EETs do not directly activate PPARY, the activation of
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the upstream factors that are dependent on the redox-responsive phosphorylation reactions. For
example, activation of signaling proteins upstream of PPARYy activation including GTP exchange
factor proteins, MAPK, PI3K, Akt and, protein kinase C was involved in diminishing H2O»-
induced apoptosis of renal epithelial cells after exposure to 14,15-EET (Chen et al., 2001). A
reciprocal relationship also may exist in which activation of transcription factors that promote
antioxidant activity also induce the expression of CYPs involved in EETs biosynthesis. For
example, the activation of Nrf2 in HepG2 cells induced the expression of CYP2J2 (Lee and
Murray, 2010). Thus maintenance of some redox imbalance sufficient to for the production of

beneficial oxylipids may be necessary during some inflammatory states.

The effect of oxidative stress on CYP expression is not clear and may vary among animal
species, tissue and cell type, the inciting stimulus, and specific CYP isoforms. Carbon
tetrachloride-induced oxidative stress in mice was associated with increased CYP2E1 expression
and lipid peroxidation (Park et al., 2010), suggesting a direct activation of this CYP isoform. In
contrast, the expression of several CYP isoforms was downregulated in-vivo during murine LPS-
sepsis models with recovery occurring 24 to 48 hours later (Theken et al., 2011). The initial
downregulation of the CYP isoforms was attributed to increased cytokine production including
TNFa and interleukin 6 (Theken et al., 2011). The redox activation of transcription factor NrF2
by the antioxidant inducer butylated hydroxyanisole caused the dimeric association with c-Jun
and subsequent activation of CYP2J2 (Lee and Murray, 2010). The resulting production of
EETs, in turn, activates NrF2 in a positive feed-forward manner. The ability of EETSs to activate
NrF2 was shown in both HUVECs and macrophages (Liu et al., 2015). The differential

activation of CYPs in various conditions require further studies to identify optimal periods for
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either blocking or enhancing expression of CYP enzymes to promote the production of

antioxidant oxylipids.

Oxidative stress conditions are also associated with activation of the SEH enzyme (Zhang et al.,
2012) which converts the CYP-generated epoxides to their downstream dihydroxy epoxides. The
activation of sEH follows the stimulation of the redox-sensitive transcription factor, AP-1 [111].
Activation of SEH may decrease the beneficial effects of EETs by decreasing EET-dependent
activation of PPARY receptor (Liu et al., 2005). Thus, SEH inhibition is attractive in acute
inflammation and chronic cardiovascular based disorders such as hypertension (Schmelzer et al.,
2005, Westphal et al., 2015) where its expression is enhanced. The benefits of targeting SEH

should also be explored in veterinary medicine where its expression may be enhanced.

Another major CYP-derived oxylipid formed from the hydroxylation of AA to 20-HETE is
associated with oxidative stress-related vascular dysfunction in cardiovascular and cerebral
circulations (Waldman et al., Lukaszewicz and Lombard, 2013). Several pathways were shown
for 20-HETE induced vascular dysfunction including eNOS/HSP90 uncoupling through NFkB
activation (Cheng et al., 2010). Increased NF«B following 20-HETE administration was thought
to occur via production of cytokines such as TNFa (Ishizuka et al., 2008). Other mechanisms of
RM production by 20-HETE involve phosphorylation of the main cytosolic NOX complex
components (Medhora et al., 2008, Zeng et al., 2010) and the activation of mitochondrial RM
production via the glucose-6-phosphate dehydrogenase involved in the biosynthesis of NADPH
which is essential for the NOX-mediated RM production (Lakhkar et al., 2016). The resulting
dysfunction in vascular tissues was due to interference with signaling pathways, whereas in
cardiomyocytes and renal epithelial cells, 20-HETE-induced cytotoxicity through mitochondrial-

dependent apoptosis (Nilakantan et al., 2008, Bao et al., 2011a). Chemical inhibition of 20-
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HETE biosynthesis in cerebral ischemia and in-vivo models of spontaneous hypertension
abolished the oxidative stress mediated pathology (Renic et al., 2012, Han et al., 2013, Toth et
al., 2013). Pharmacological inhibition of 20-HETE biosynthesis or use of its mimetics has been
utilized in several disease models and promises to be beneficial in part because of its ability to

modulate of oxidative stress in many disease syndromes.

The detrimental effects of 20-HETE in chronic inflammatory conditions mediated through
oxidative stress are in contrast to some reported effects of 20-HETE in acute inflammatory
conditions. For example, the production of 20-HETE was diminished in an in-vivo murine LPS-
induced sepsis model which is characterized by oxidative stress (Tunctan et al., 2013c). Follow-
up studies utilizing 20-HETE mimetics in the sepsis models was shown to improve clinical
effects of LPS administration such as the development of hypotension (Tunctan et al., 2013a,
Tunctan et al., 2013b, Senol et al., 2016). In contrast, other studies demonstrated that murine
acute inflammation models induced by LPS administration or the cecal ligation and puncture
technique were associated with several orders of magnitude in the increase of 20-HETE
(Willenberg et al., 2015). In particular, the mRNA for 20-HETE producing CYP isoforms were
increased within 5 hours (Anwar-mohamed et al., 2010) following LPS administration and
persisted up to 24 hours. In dairy cattle with severe Escherichia coli (E. coli) mastitis, significant
20-HETE production was detected simultaneously with increased oxidative stress as determined
by RM production and elevated 15-Fzx-Isop lipid peroxidation products (Mavangira et al., 2015,
Mavangira et al., 2016a). The differential effects of 20-HETE on oxidative stress in chronic and
acute inflammatory require further studies to determine the usefulness of 20-HETE as a

therapeutic target in different inflammatory conditions.
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Oxylipids are useful biomarkers of oxidative stress

The metabolism of PUFA also occurs non-enzymatically with free radical-mediated hydrogen
abstraction, followed by addition of oxygen, and intramolecular rearrangement to stable oxylipid
products. The metabolism of AA, for example, generates isomers of prostaglandins known as
isoprostanes (IsoPs) (Milne et al., 2011). Isoprostanes exist for each COX-derived prostanoid
class of which several diastereomeric metabolites can be produced (Milne et al., 2011).
Conversely, intramolecular rearrangements in some isoprostane classes such as IsoPs D2 and E>
are possible, adding to the pool of COX-derived oxylipid prostanoids such as PGD; and PGE>
(Gao et al., 2003). The metabolism of other long chain fatty acids such as the n-3 PUFA also
involves the formation of isoprostane-like metabolites at much greater rates of reactivity than

AA (Milne et al., 2011) because of increasing double bonds.

Isoprostanes are currently considered the gold standard markers of oxidative stress and were
utilized in human conditions with oxidative stress acute inflammatory conditions such as sepsis
and in chronic diseases like atherosclerosis, coronary heart disease (Milne et al., 2015). The F2-
isoprostanes were shown to reliably detect oxidative stress induced by the free radical generators,
carbon tetrachloride induced (Morrow et al., 1992) and 2,2'-azobis-2-methyl-propanimidamide,
dihydrochloride (AAPH) (Yoshida et al., 2008), and in LPS-induced sepsis in mice. In neural
tissue where there is an abundance of DHA, the equivalent of IsoPs known as neuroprostanes,
are oxidative stress markers in neurodegenerative diseases such as Alzheimer's (Milatovic et al.,
2005). Recently a specific I1soP (15-F2-I1soP) was evaluated in dairy cattle with oxidative stress
during coliform mastitis (Mavangira et al., 2016b) and in other veterinary medicine species with

different disease conditions (Soffler et al., 2010).
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In addition to their utility as biomarkers of oxidative stress, 1soPs have potent effects on
inflammatory processes, worsening or ameliorating oxidative stress responses depending on the
PUFA substrate. For example, Fo-1soPs from AA exacerbate oxidative stress by mediating
TXA>-like effects through TP receptor activation (Comporti et al., 2008, Bauer et al., 2014). In
contrast, AA-derived J, and A2 IsoPs and the EPA-derived Fs-isoprostanes limited
proinflammatory responses through the inhibition of NF«B activation by stimuli including LPS,
TNFa and IL-1p in macrophages (Musiek et al., 2005, Brooks et al., 2011). Thus, the greater
reactivity of n-3 PUFAs relative to n-6 may be utilized to modulate oxidative stress responses
during disease. Another significant contribution of the free-radical-mediated peroxidation is the
potential contribution to the enzymatically derived oxylipids. For example, PGE. and PGD, may
be biosynthesized independent of the COX pathway from the molecular re-arrangement of the
free radical-generated IsoPs of the E and D series, respectively (Gao et al., 2003). Prostaglandin
F2q IS another prostanoid also produced through free radical peroxidation adding to the
enzymatically derived PGF,, (Van't Erve et al., 2016). The combined source of PGF, may
increase its pool which may also be associated with increased oxidative stress (Tian et al., 2011).
Thus, in addition to being valuable oxidative stress biomarkers, the formation of some oxylipids
may represent alternate pathways of biosynthesis, representing a contribution of previously

unrecognized perturbations in the redox and oxidant status in some inflammatory conditions.

Other than the IsoPs, AA- derived and LA- derived hydroxyl metabolites have been utilized as
oxidative stress markers. For example, 9-HETE was substantially increased in atherosclerotic
plagques from clinically symptomatic coronary heart disease patients (Mallat et al., 1999).
Similarly, 9-HODE from LA metabolism was increased at levels even greater than the F>-1soPs

in unstable atherosclerotic plaques (Jira et al., 1998). These data suggest that some oxylipids may
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detect oxidative stress better than IsoPs in some conditions especially in situations of imminent
catastrophic pathology. More significantly, the multiplicity of oxylipids identified thus far may

broaden the available oxidative stress biomarkers which may further improve detection.

Regulation of Oxylipid Metabolizing Systems — Opportunities for Intervention

The importance of regulating oxidative stress in pathological conditions such as sepsis was
recognized for a long time; however, antioxidant supplementation was associated with variable
efficacy (Jain and Chandel, 2013). For example, the supplementation of N-acetyl-cysteine in
acute respiratory distress syndrome and severe sepsis patients increased plasma levels of reduced
GSH; however, there were no improvements in mortality (Jain and Chandel, 2013). Several
reasons for the lack of clinical improvement in some studies after antioxidant supplementation
included study design limitations where pathology had already occurred, inability to deliver
antioxidants at sites where they are needed, and challenges of accurately assessing oxidative
stress (Jain and Chandel, 2013; Biswas, 2016). Targeting oxylipid biosynthesis offers an
alternative for limiting oxidative stress by either diminishing pro-oxidant or enhancing
antioxidant oxylipids during pathology. The regulation of oxylipid biosynthesis occurs at several
levels including modification of type and abundance of available substrate, modulation of the
lipid biosynthetic pathways through pharmacologic, and the degree of metabolism of specific

oxylipids.

Modification of oxylipids through supplementation of PUFA substrate

Changing substrates for oxylipid biosynthesis can be achieved by dietary supplementation. For
example, n-3 PUFA were increased in WBCs through dietary supplementation in humans
(Calder, 2008). The increased concentrations of supplemented fatty acids translate to the

biosynthesis of oxylipids from the PUFA. Similarly, pigs supplemented with AA and DHA had
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elevated plasma concentrations of these PUFA and their CYP-derived oxylipids (Bruins et al.,
2013). These studies demonstrate the feasibility of modifying substrates for oxylipid biosynthesis
to influence the oxylipid profiles. Modification of PUFA metabolism was targeted in many
disease conditions in humans and animal models to modulate inflammatory and oxidative stress
with beneficial effects in some, but equivocal in others. For example, n-3 PUFA supplementation
in humans with diabetic and hypertensive humans was associated with decreased urinary Fo-
IsoPs without changing inflammatory cytokines like IL-6 and TNFa (Mori et al., 2003).
Similarly, plasma F2-1soPs were decreased by EPA and DHA supplementation in overweight and
dyslipidemic humans (Mas et al., 2010). In other cases, however, in-utero LPS injection in
preterm mice on a fish oil diet and in-vitro exposure of RAW 264.7 cells to EPA and DHA were
associated with oxidative stress and increased pro-inflammatory cytokine production (Boulis et
al., 2014). The challenge in balancing the resulting pro- and anti- oxidative oxylipids following
n-3 supplementation may explain the variable results. Much remains to be determined on how
substrate supplementation can be fine-tuned to balance the anti-oxidative oxylipids and those

with pro-oxidative effects during disease.

Pharmacological partial inhibition and preservation of specific oxylipids

Oxylipids can be modified by pharmacological inhibition of biosynthetic pathways involved,;
however, use of inhibitors may be associated with the development of complications. For
example, prolonged NSAID use was associated with cardiovascular complications, renal tissue
damage, and gastrointestinal ulceration (Ghosh et al., 2015). In addition, use of a COX2
inhibitor, rofecoxib, in mice was associated with the accumulation 20-HETE in plasma (Liu et
al., 2010), which may provide an alternate explanation for the cardiovascular complications other

than the altered PGI/TXA: ratio due to prolonged NSAID use. The complications associated
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with drugs currently used in humans and veterinary medicine may be minimized by using the
concept of polypharmacology where drugs are combined at lower doses so that they exert
intended effects due to combined pharmacodynamic interactions (Meirer et al., 2014). This
approach is expected to ensure partial production of oxylipid species necessary for mediating
effective proinflammatory effects as well as those that promote inflammation resolution.
Examples of polypharmacological approaches that affect oxylipid biosynthesis include the dual
COX2/sEH inhibitor (Hye Khan et al., 2016) that decreased oxidative stress in diabetic rats and a
dual COX/5-LOX inhibitor (Kumar et al., 2015) that decreased oxidative stress, inflammatory
cytokine production, and improved cognitive function in a mouse model of neurodegeneration.
Further studies are required to determine whether improved oxidative responses are the result of
oxylipid profile changes and determine optimal drug combinations for different inflammatory

states.

Modification of oxylipid production via modulation of other biosynthetic pathways

Evidence exists suggesting that enhancing production of oxylipids in one pathway will influence
the production of oxylipids via other pathways. For example using SEH inhibitors prolongs the
presence of EETSs that are beneficial in both being anti-oxidative and anti-inflammatory during
murine LPS-induced sepsis (Schmelzer et al., 2005). In turn, the elevated EETs were associated
with decreased proinflammatory oxylipids including PGE2 and TXB: (Schmelzer et al., 2005). In
other diseases, humans with severe asthma characterized by oxidative stress had decreased
concentrations of the anti-inflammatory and anti-oxidative lipoxin A4 (Ono et al., 2014). Whole
blood leukocytes and bronchoalveolar lavage fluid cells collected from asthmatic patients
incubated with sEH inhibitors demonstrated increased production of lipoxin A4 (Ono et al.,

2014). Another useful approach is a modification of COX2 enzymes by acetylation of the active
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site using aspirin to switch from PGHa to 15R-HETE which is further converted to a more potent
isomer of LXAg, 15-epi-LXA4, by WBCs (Serhan, 1997). Thus pharmacological inhibitors can
be used to preferentially promote the production of oxylipids with anti-oxidant properties while

simultaneously inhibiting those with pro-oxidant properties.

Influencing the profiles of oxylipid metabolism through regulatory mechanisms

Another level for influencing oxylipid biosynthesis is targeting pathways through modifying
cellular redox status. Redox regulation of oxylipid biosynthesis was recently reviewed by
Mattmiller et al. with particular emphasis on the role played by the trace mineral Se (Mattmiller
et al., 2013). Selenium is essential for maintaining the glutathione-peroxidase system vital for
cellular redox balance (Mattmiller et al., 2013). Dairy cows consuming insufficient dietary Se
had increased proinflammatory oxylipid production (Maddox et al., 1990). In vitro, Se deficiency
of various cells altered redox tone and oxylipid biosynthesis (Cao et al., 2000b, Weaver et al.,
2001, Sordillo et al., 2005, Mattmiller et al., 2014b). Supplementation of other antioxidants such
as vitamins C and E in mice fed low and high fat diets decreased F.-IsoP and 9-HETE
concentrations while increasing CYP-derived and LOX-derived oxylipids (Picklo and Newman,
2015). Thus, antioxidants can be utilized to counter the production of RM directly, and also

promote the production of anti-oxidative oxylipids.

The positive feedback link between oxylipid production and oxidative stress is illustrated
classically by the dependency of the LOX pathway on cellular redox status. Depletion of Se in
RAW264.7 cells modulated the production of several oxylipids (Mattmiller et al., 2014a)
suggesting that Se represents a viable target for controlling oxidative stress in diseases. In turn,
the LOX-derived oxylipids induce oxidative stress by activating several ROS producing

pathways and activation of redox-sensitive transcription factors such as activator protein 1 (AP-
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1) (Rao et al., 1996). Thus understanding the changes in the LOX-derived oxylipid metabolite
profiles in inflammatory diseases is crucial to determine whether interventions should target the

production of and limiting the degradation of the anti-oxidative oxylipids.

Conclusions and Future Directions

The accumulated evidence on the roles of PUFA oxidizing pathways and the metabolic products
produced in enhancing ROS production provides insights on opportunities for modulating
oxidative status in several pathologies. Approaches to enhancing oxylipids with antioxidant
benefits include substrate modification, pharmacological inhibition of metabolic pathways, and
targeting regulatory aspects of oxylipid biosynthesis such as Se-dependent regulation. The
success of any of these approaches in diminishing oxidative stress depends on understanding
many aspects of oxylipid biosynthesis during disease. First, defining the roles of individual
oxylipids during disease is critical to determine the utility of targeting the given metabolite.
Second, changes of oxylipid profiles in different diseases should be evaluated based on the
knowledge that oxylipid profiles will differ among the various pathophysiological states.
Knowledge of disease-specific oxylipid profiles will not only allow customized interventions but
also provide other diagnostic metabolites that can be used for the detection of oxidative stress.
Evidence has shown that the commonly used isoprostane oxylipids as gold standard oxidative
stress biomarkers in humans may not always detect oxidative stress responses suggesting that
other oxylipids must be explored. Combination strategies such as utilizing PUFA
supplementation and combined pharmacological modification of pathways may be the more

efficacious at altering oxylipid profiles to impact oxidative stress responses.

Finally, the continual improvements in diagnostic methods such as the mass spectrometry and

nuclear magnetic resonance techniques will be useful in defining interactions of relevant oxylipid
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biosynthetic pathways during oxidative stress. Several metabolomics approaches in disease
frequently evaluate nucleic acid, protein, and carbohydrate metabolism but omit the metabolites
produced through the oxylipid biosynthesis and consequently their contribution to pathological
processes during disease. The comprehensive metabolomics approaches may be utilized to
determine the contributions of various metabolites in oxidative stress and particularly explore the
roles played by oxylipids to identify opportunities for limiting inflammatory pathology in

humans and animals.
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Abstract

Coliform mastitis is a severe and sometimes fatal disease characterized by an unregulated
inflammatory response. The initiation, progression, and resolution of inflammatory responses are
regulated, in part, by potent oxylipid metabolites derived from polyunsaturated fatty acids. The
purpose of this study was to characterize the biosynthesis and diversity of oxylipid metabolites
during acute bovine coliform mastitis. Eleven cows diagnosed with naturally occurring acute
systemic coliform mastitis and 13 healthy control cows, matched for lactation number and days
in milk, were selected for comparison of oxylipid and free fatty acid concentrations in both milk
and plasma. Oxylipids and free fatty acids were quantified using liquid chromatography-tandem
mass spectrometry. All polyunsaturated fatty acids quantified in milk were elevated during
coliform mastitis with linoleic acid being the most abundant. Oxylipids synthesized through the
lipoxygenase and cytochrome P450 pathways accounted for the majority of the oxylipid
biosynthesis. This study demonstrated a complex and diverse oxylipid network, most
pronounced at the level of the mammary gland. Substrate availability, biosynthetic pathways,
and degree of metabolism influence the biosynthesis of oxylipids during bovine coliform
mastitis. Further studies are required to identify targets for novel interventions that modulate

oxylipid biosynthesis during coliform mastitis to optimize inflammation.

Key words: inflammation, mastitis, oxylipid, lipids
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Introduction

Gram-negative bacteria are a predominant cause of clinical mastitis infections in dairy cows
(Erskine et al., 1988; Oliveira et al., 2013). Whereas some infections are subclinical and self-
limiting, a proportion of affected cows develop an acute and severe systemic disease resulting in
significant decrease in milk production and sometimes death (Erskine et al., 1988; Hogan and
Smith, 2003). Subclinical and self-limiting infections are associated with a controlled
inflammatory response with a prompt return to normal tissue homeostasis and milk production
(Vangroenweghe et al., 2005). Acute gram-negative mammary infections, however, are
characterized by dysregulated inflammatory responses elicited by LPS (Sordillo et al., 2009).
Binding of LPS to toll-like receptor 4 (TLR4) results in activation of nuclear factor kB (NF-kB)
with subsequent transcription and translation of proteins important for inflammatory mediator
biosynthesis. Potent phospholipid mediators crucial for onset and progression of inflammation
following LPS exposure also are released including platelet activating factor and oxidized lipids

known as oxylipids (Corl et al., 2008).

The biosynthesis of oxylipids is preceded by release of their PUFA precursors, including linoleic
acid (LA), arachidonic acid (ArA), eicosapentaenoic acid (EPA), and docosahexaenoic acid
(DHA) from the sn-2 esterification site in the phospholipid glycerol backbone (Rosenthal et al.,
1995). The abundance of PUFA in phospholipids is dependent on and can be modified by dietary
FA composition in several species (Calder, 2008; Childs et al., 2008). Metabolism of PUFA may
occur in situ on esterified forms in phospholipids or, more commonly, following their release and
availability as FFA in the cytosol (Kuhn et al., 2015). The release of PUFA as free or pre-
oxygenated fatty acids from the sn-2 ester linkage is mediated by phospholipase enzymes

(Murakami et al., 2011). Several classes of phospholipase enzymes are known, but the cytosolic

33



PLA: (cPLA?) is the predominant isoform class responsible for sn-2 ester linkage hydrolysis
(Buczynski et al., 2009). The activation of cPLA: is mediated by an increase in intracellular
calcium in response to several stimuli, including LPS from gram-negative bacteria (Rosenthal et
al., 1995). Activation of other classes of lipases releases other bioactive lipid mediators from cell

membrane phospholipids, including endocannabinoids (Zubrzycki et al., 2014a).

Regardless of PUFA type, oxygenation can occur through enzymatic pathways such as
cyclooxygenase (COX), lipoxygenase (LOX), or cytochrome P450 (CYP) and nonenzymatic
auto-oxidation mediated by some reactive metabolites (Buczynski et al., 2009). The COX
enzymes are bifunctional, initially abstracting a hydrogen atom mediated by a tyrosine radical at
the oxygenase site and followed by addition of dioxygen to generate prostaglandin (PG) G2 (Wu
etal., 2011). Then, PGG: is reduced at the peroxidase site of COX into the more stable PGHo,
which undergoes further metabolism by various prostaglandin synthases to a variety of bioactive
prostanoids. Lipoxygenases utilize their non-heme Fe?* to form ferrous hydroxide, which
subsequently abstracts a hydrogen atom followed by insertion of molecular oxygen, forming a
peroxy radical that is further converted to peroxy fatty acids (Kuhn et al., 2015). Similarly,
cytochrome enzymes use their non-heme Fe?* in mediating the oxidation, peroxidation, and
hydroxylation of PUFA and some of the COX-derived prostaglandins including PGE; and PGD>

(Spector et al., 2004).

The nonenzymatic oxidation of PUFA is primarily orchestrated by pro-oxidant metabolites such
as reactive oxygen species (ROS) that include superoxide and hydrogen peroxide. Although
physiologically important at low levels, ROS concentrations exceeding the cellular antioxidant

capacity can induce oxidative stress where there is peroxidation of cell membrane PUFA
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(Sordillo et al., 2009). In dairy cows, the transition period is associated with oxidative stress
related to increased ROS production by enhanced mitochondrial metabolism (Bernabucci et al.,
2005). The induction of the oxidative burst mechanism used by leukocytes in killing bacteria is
another major source of ROS during infections such as mastitis (Sordillo et al., 2009). The highly
reactive unpaired electrons of ROS free radicals target the double bonds in PUFA and generate
oxylipids, including hydroperoxy fatty acids and isoprostanes. Such auto-oxidation of PUFA
differs from the enzymatic-derived pathways, by producing an assortment of both positional and
enantiomeric isomeric products because of lack of specificity as exhibited by enzymes (Milne et

al., 2011).

The initial oxygenation FA products from either enzymatic or nonenzymatic oxidation are
subjected to further downstream metabolism to form a diverse network of oxylipids.
Prostaglandin H> metabolites are converted to downstream prostaglandins by specific
prostaglandin synthases. For example, specific prostaglandin synthases metabolize PGH: to
prostaglandins D2, E2, Faq, and I2. The LOX-derived peroxy FA are further converted into
leukotrienes, lipoxins, resolvins, and protectins (Kuhn et al., 2015), whereas CYP-derived fatty
acid epoxides are further converted to fatty acid diols by soluble epoxide hydrolases. At least 140
oxylipids have been characterized to date, most with potent regulatory effects on inflammation

(Tam, 2013).

Oxylipid biosynthesis is complex and is regulated by available PUFA substrates, activation of
oxygenation pathways, and the extent to which initial oxygenation products are metabolized. A
broader understanding of oxylipid diversity, changes in patterns of oxylipid accumulation, and

their direct effects on inflammatory responses during bovine mastitis is required to enable
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evaluation of efficacious intervention modalities that promote resolution of inflammation. The
purpose of this study, therefore, was to investigate the biosynthesis of oxylipid metabolites
during acute naturally occurring coliform mastitis infection in dairy cows. Based on previous
studies documenting increased FFA during mastitis (Atroshi et al., 1989a,b), the hypothesis for
this study was that oxylipid biosynthesis would be correlated with their FFA substrates in both

milk and plasma during naturally occurring bovine coliform mastitis.

Materials and Methods

Chemicals

Acetonitrile, methanol, and formic acid of liquid chromatography-mass spectrometry grade were
purchased from Sigma-Aldrich (St. Louis, MO). Deuterated and nondeuterated oxylipid
standards were purchased from Cayman Chemical (Ann Arbor, MI). Butylated hydroxy toluene
was purchased from ACROS (Thermo Fisher, Fair Lawn, NJ), EDTA and triphenylphosphine

were purchased from Sigma-Aldrich, and indomethacin was purchased from Cayman Chemical.

Animals

This study was approved by the Michigan State University Institutional Animal Care and Use
Committee (IACUC) and cows were enrolled with client consent. The study was conducted at a
commercial dairy operation in Michigan with about 3,300 lactating cows with an approximate
rolling herd average milk production of 12,250 kg. Cows were housed in free stall barns and
grouped according to lactation number, DIM, and milk yield. Cows were milked 2 times daily.
Diets were formulated to meet the energy requirements based on production (Table 1) and feed

was delivered 2 times/d as TMR.
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Study Design

Twenty-four multiparous dairy cows of at least third lactation were enrolled and divided into
coliform mastitis (n = 11) and healthy control (n = 13) groups. The coliform mastitis group cows
had cultured positive for Escherichia coli in milk samples and exhibited signs of systemic
clinical disease. Negative bacterial cultures on milk, absence of overt clinical signs, and an SCC
of <250,000 cells/mL on last test day were required for the healthy control group. Bacterial milk
cultures were performed on blood agar and selective media for coliform bacteria according to the
National Mastitis Council guidelines (Hogan et al., 1999). Briefly, individual mammary gland
quarter milk (10 pL) was streaked onto a sheep blood agar and selective media using a sterile
loop inoculator. Cultures were incubated at 37°C, read at 24 and 48 h, and considered positive
for coliform growth based on presence of 3 or more colonies on both blood and selective media.
Clinical signs for diagnosis of acute systemic coliform mastitis included elevated rectal
temperature (>39.2°C), tachycardia (heart rate >80 beats/min), tachypnea (respiratory rate >30
breaths/min), episcleral injection, local signs of mammary gland inflammation including
discoloration, swelling, heat, pain on palpation, and typical serum-like watery milk. Cows in the
mastitis group had heavy coliform bacterial growth (>100 cfu) on milk culture and at least 2 of
the clinical signs of systemic disease. Milk and blood samples were collected at the same time
from each cow within 12 h following a clinical diagnosis of systemic coliform mastitis and from

the lactation and DIM matched healthy control cows.

Lipidomics
Targeted PUFA, MUFA, SFA, and oxylipids were quantified using liquid chromatography
tandem mass spectrometry (LC-MS/MS). Plasma from whole blood collected in EDTA

anticoagulant and milk samples were mixed with an antioxidant reducing agent mixture to

37



prevent degradation of preformed oxylipids and prevent ex vivo lipid peroxidation (O’Donnell et
al., 2009). The antioxidant reducing agent mixture consisted of 50% methanol, 25% ethanol, and
25% water with 0.9 mM butylated hydroxy toluene, 0.54 mM EDTA, 3.2 mM

triphenylphosphine, and 5.6 mM indomethacin. Samples were flash frozen in liquid nitrogen and

stored at —80°C until analyses.

Internal Standards

A mixture of internal standards containing 5(S)-hydroxyeicosatetraenoic-ds acid [5(S)-
HETE_ds], 15(S)-hydroxyeicosatetraenoic-ds acid [15(S)-HETE_ds], 8(9)-epoxyeicosatrienoic-
d11 acid [8(9)-EET _di1], prostaglandin E2-ds (PGE2_ds), 8,9-dihydroxyeicosatrienoic-di: acid
(8,9-DHET_d11), arachidonic acid-ds (AA_ds), 2-arachidonoy! glycerol-ds (2-AG_dg), and
arachidonoyl ethanolamide-ds (AEA _ds) was prepared to final concentrations of 0.25, 0.25, 0.5,
0.5, 0.25, 50, 2, and 0.25 uM, respectively. The internal pure standards mixture was added into
each sample and used to generate a 6-point standard curve ranging from 500 to 0.001 uM in

concentration of unlabeled fatty acid and oxylipid standards.

Sample Processing

Frozen plasma and whole milk samples were thawed on ice and processed as follows: 4 mL of
milk was combined with 9.15 mL of 4°C acetonitrile, and 2 mL of plasma was combined with 5
mL of 4°C methanol and 2 pL of 88% formic acid. To each sample mixture, 15 pL of internal
standard cocktail was added, and the sample was vortexed for 2 min, incubated at room
temperature for 15 min, and centrifuged at 4,816 x g for 20 min at 4°C. For plasma, the

supernatant was diluted with 95 mL of HPLC-grade water and 95 pL of formic acid, and
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supernatant in milk samples was diluted with 170 mL of HPLC-grade water and 170 pL of

formic acid.

Solid-Phase Extraction

Solid-phase extraction was performed for each sample with Oasis HLB 12cc (500 mg) LP
Extraction Columns (Waters, Milford, MA). Columns were conditioned with 6 mL of methanol
followed by 6 mL of HPLC water. Extracts were loaded onto the columns, which were then
washed with 6 mL of 20% methanol and dried under full vacuum for 4 min. Analytes were
eluted with 6 mL of methanol:acetonitrile 50:50 (vol:vol). The volatile solvents were removed
under vacuum using a Savant SpeedVac (ThermoQuest, Holbrook, NY). The residues were
reconstituted in 100 puL of methanol and transferred to a microcentrifuge tube containing 50 pL
of water. The mixture was centrifuged at 14,000 x g for 10 min at 4°C and then the supernatant
was transferred to an auto-sampler vial with a low volume insert and stored at —20°C until

analyzed.

LC-MS/MS Analyses

The quantification of metabolites was accomplished on a Waters Acquity UPLC coupled to a
Waters Xevo TQ-S triple quadrupole mass spectrometer (Waters) using multiple reaction
monitoring. Chromatography separation was performed with an Ascentis Express C18 HPLC
column, 10 cm x 2.1 mm, 2.7 um (Supelco, Bellefonte, PA) held at 50°C. The autosampler was
held at 10°C. Mobile phase A was water with 0.1% formic acid, and mobile phase B was
acetonitrile. Flow rate was fixed at 0.3 mL/min. Liquid chromatography separation took 15 min
with linear gradient steps programmed as follows (A:B ratio): time 0 to 0.5 min (99:1), to (60:40)

at 2.0 min; to (20:80) at 8.0 min; to (1:99) at 9.0 min; 0.5 min held at (1:99) until min 13.0; then
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return to (99:1) at 13.01 min, and held at this condition until 15.0 min. All oxylipids and fatty
acids were detected using electrospray ionization in negative-ion mode, whereas the
endocannabinoids were detected using positive-ion mode. Cone voltages and collision voltages
were optimized for each analyte using Waters QuanOptimize software (see Table 2 for multiple

reaction monitoring parameters).

Statistical Analyses

Statistical analyses were performed using SAS software (version SAS 9.4; SAS institute Inc.,
Cary, NC). Data were expressed as means * standard errors of the mean and tested for normality.
Where Gaussian distribution was satisfied, t-tests for independent means were performed. Data
deviating from the Gaussian distribution were either square root- or log-transformed before
analyses. An ANOVA and Tukey test for comparison between means were performed to
determine differences among FA concentrations in the same sample type (milk or plasma).
Pearson correlations were calculated for multiple relationships among FA substrates; FA
substrates and their oxylipid metabolites; related upstream and downstream oxylipid metabolites
and concentrations of the same substrate/metabolite in milk versus plasma. The levels of
significance for correlation analyses were adjusted for multiple comparisons. Statistical

significance was set at o = 5%, and data are presented as means £ SEM.

Results

Fatty acids quantified in milk and plasma included PUFA (ArA, LA, EPA, and DHA), MUFA
(oleic acid), and SFA (palmitic and stearic acids). All PUFA concentrations were greater in milk
during coliform mastitis; however, only the elevations in LA concentrations were reflected

systemically in plasma (Figure 2). Fold differences of PUFA in milk between mastitis and
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healthy cows were highest for LA (5.1) followed, in decreasing order, by ArA (3.8), DHA (3.0),
and EPA (2.4). Linoleic acid was the most abundant PUFA in both milk and plasma in both

mastitis and healthy cows (Figure 2). Higher concentrations of oleic acid in milk during coliform
mastitis were reflected systemically in plasma, whereas no differences in the SFA were detected

(Figure 3).

A lipidome of 63 oxylipid species was targeted by the LC-MS/MS protocol used in this study.
Thirty oxylipids were detected in milk and 27 were detected in plasma. The oxylipids leukotriene
B4 (LTB4), 8,9-epoxyeicosatrienoic acid (8,9-EET), and 17-hydroxydocosahexaenoic acid (17-
HDoHE) were detected in milk only and accounted for the differences in the number of detected
oxylipids between milk and plasma. A significantly (P < 0.05) higher proportion of the fraction
of total oxylipid changes was observed in milk oxylipids (60%) compared with plasma oxylipids
(32%) during coliform mastitis. Oxylipids that were not detectable in 50% or more cows in the
study groups were excluded from all statistical analyses and are reported together with their
corresponding limits of detection (Table 3). The limit of detection was defined as the
concentration at which the peak response for an analyte was 3 times that of the noise

(signal:noise = 3).

Oxylipids detected were representative of the known enzymatic pathways (COX, LOX, and
CYP) and nonenzymatic pathways. The COX pathway was represented by prostaglandin
metabolites from ArA metabolism, accounting for only 8 and 9% of the fraction of total
oxylipids in milk and plasma, respectively. Concentrations of PGE> and 6-ketoPGF, were
elevated significantly in milk (Table 4), but only the concentrations of 6-ketoPGF,, (a stable

metabolite of PGI2) were reflected systemically in plasma.
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Lipoxygenase-derived oxylipids (Table 5) accounted for the highest proportion of the fraction of
total oxylipid metabolites detected in both milk (48%) and plasma (45%). The hydroxy
metabolite concentrations, 9- and 13-hydroxyoctadecadienoic acids (HODE) from LA and 5- and
15-hydroxyeicosatetraenoic acids (HETE) from ArA were elevated in milk during coliform
mastitis; however, their respective downstream ketone derivatives 9- and 13-oxooctadecadienoic
acid (oxoODE) from LA and 5- and 15-oxoeicosatetraenoic acid (0xoETE) from ArA were not
different. Lipoxygenase-derived LTB4 and lipoxin A4 (LXA4) similarly were elevated in milk,
but LXA4 was significantly lower in plasma during mastitis. The DHA metabolite resolvin D>

(RvD.) was significantly decreased in plasma during mastitis.

The CYP enzymatic metabolism of LA, ArA, and EPA generated oxylipids that accounted for 36
and 36% of the fraction of total oxylipids detected in milk and plasma, respectively (Table 6).
The epoxidation metabolites of LA, epoxyoctadecenoic acids (9,10- and 12,13-EpOME), were
significantly elevated in milk of coliform mastitis cows but the epoxide hydration products
(dihydroxyoctadecenoic acids; 9,10- and 12,13-DiHOME) were significantly lower in plasma of
mastitis cows. In contrast, the ArA epoxide 11,12-epoxyeicosatrienoic (EET) was elevated in
plasma of control cows. The hydroxylation product of ArA, 20-HETE, was elevated in both milk
and plasma during coliform mastitis. Although the EPA vicinal diols 14,15- and 17,18-
dihydroxyeicosatetraenoic acid (DIHETE) were increased in milk during coliform mastitis,

significantly lower concentrations of the 14,15-DIHETE isomer were detected in plasma.

The nonenzymatic metabolites from AA (hydroxyeicosatetraenoic acids; 9- and 11-HETE) were
abundant in milk, but not in plasma during mastitis. Consequently, nonenzymatic metabolites

accounted for only 8 and 9% of the fraction of total oxylipids in milk and plasma, respectively
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(Table 7). The relative contribution of nonenzymatic auto-oxidation of LA into 9- and 13-HODE

was not determined.

Relative contributions of metabolic pathways to oxylipid biosynthesis were assessed from ratios
of metabolites of different pathways from the same PUFA substrate (Table 8). In both milk and
plasma, the lack of differences between mastitis and control cows in the ratios 13-HODE to 9-
HODE and 9- and 11-HETE to 15-HETE suggested lack of pathway preference for LA and ArA,
respectively. However, there was a shift from epoxidation of ArA toward hydroxylation into 20-

HETE in milk during coliform mastitis.

Ratios representing the progressive metabolism of oxylipids such as the conversion of hydroxy
oxylipids to ketone derivatives (HODE to oxoODE; HETE to oxoETE) and epoxides to vicinal
diols (EpOME to DiIHOME) were compared between groups (Table 9). Ratios suggesting greater
(when >1) abundance of hydroxy metabolites were detected for both milk and plasma in all
cows; however, only the ArA-derived metabolites in coliform mastitis milk samples and 13-
HODE:13-0x0ODE in plasma of control cows were significant. The within-group epoxide-to-
vicinal diol ratios suggested abundant 12,13-EpOME (>1) and lesser 9,10-EpOME (<1) isomers
in coliform mastitis cows and greater vicinal diols (<1) in control cows. Numerical values of the

epoxide-to-vicinal diol ratios were greater significantly in coliform than in control cows.

Several significant correlations were detected among quantified metabolites (FA, FA and
oxylipids, oxylipid to oxylipid) in milk and plasma from coliform mastitis cows (Tables 10, 11,
and 12). Interestingly, no correlations could be detected for several metabolites between the milk
and plasma samples, especially in the coliform mastitis group. Endocannabinoid metabolites
derived from ArA and DHA only were detected with significantly higher concentrations of

arachidonyl ethanolamide (mastitis, 1.5 £ 0.2 nM vs. control 0.07 £ 0.01 nM; P < 0.0001) and
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docosahexanoyl ethanolamide (mastitis, 1.5 + 0.05 nM vs. control 1.1 + 0.004 nM; P <0.001) in

milk, but not in plasma, during coliform mastitis.

Discussion

Polyunsaturated fatty acids are essential substrates that play a critical role in the synthesis of
oxylipids during health and inflammatory processes. The elevations of all PUFA assessed in milk
in this study agree with previous findings of increased LA, ArA, and EPA in milk from bovine
mastitis (Atroshi et al., 1989b). Mastitis in humans is also associated with increased long-chain
FA in milk (Hunt et al., 2013). The increased PUFA suggest abundance of oxylipid precursor
substrates whose sources may include increased lipolysis, dietary lipids, and de novo
biosynthesis from essential FA. Although sources of FA were not evaluated in this study,
increased lipolysis related to elevated tumor necrosis factor a (TNFa), may have contributed to
increased PUFA substrate (Hoeben et al., 2000). For example, previous studies showed that
plasma TNFa concentrations increase significantly with bovine coliform mastitis (Sordillo and
Peel, 1992). Experimental injection of TNFa and the associated decrease in DMI increased
adipose tissue lipolysis in cows (Kushibiki et al., 2003). Although plasma NEFA, an indicator of
lipolysis, were not measured in this study, increased lipolysis could be supported by significant
elevations in oleic acid in this study, a known abundant component of plasma NEFA in dairy

cows during times of increased lipolysis (Contreras and Sordillo, 2011).

The simultaneous evaluation of metabolites in milk and plasma during coliform mastitis showed
substantial differences in oxylipid profiles even with the presence of systemic disease. Similarly,
mice with LPS-induced sepsis demonstrated different oxylipid profiles among various tissue
locations (Balvers et al., 2012). Consequently, oxylipid concentrations in one biological sample

cannot be used to infer oxylipid profiles in a different anatomic area. The lack of correlations in
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concentrations of several oxylipids between milk and plasma during mastitis (Table 11) suggests
that the microenvironment of the affected tissues can greatly influence oxylipid biosynthesis.
Concentrations of milk and plasma PUFA substrates differed during coliform mastitis and can be
explained by several factors. First, milk production decreases precipitously during coliform
mastitis, resulting in elevated concentrations of milk components, including FFA (Shuster et al.,
1991). Second, the disruption of the blood mammary endothelial barrier and increased blood
flow to the mammary gland during coliform mastitis could result in increased transfer of long-
chain FA into the mammary gland (Wenz et al., 2001). For example, previous studies in mice
with LPS-induced peritonitis showed that increased n-3 fatty acids intravenously pre-infused
were detected in peritoneal exudates (Kasuga et al., 2008). Increasing plasma concentrations of
select PUFA types such as the n-3 FA may be a direct source of PUFA for localized
inflammatory sites. Thus, plasma PUFA may be increased by their dietary supplementation or

precursor essential FA such as LA and a-linoleic acid to support de novo biosynthesis of PUFA.

The variety of oxylipids expressed in both milk and plasma in this study represented some of the
well-known enzymatic and nonenzymatic oxylipid biosynthetic pathways. Earlier studies on
bovine coliform mastitis reported a few select prostanoids including PGE;, PGF,,, and
thromboxane B in milk using immunoassay based detection techniques (Atroshi et al., 1989a).
In the current study, the use of LC-MS/MS provided a more robust methodology to identify an

expanded oxylipid network during acute bovine coliform mastitis.

Oxylipids generated from the COX pathway in the current study were represented only by PGE>
and the inactive downstream metabolite of PGl,, 6-ketoPGFi,. Both PGI2 and PGE: are

produced by constitutive COX-1 and inducible COX-2 isoforms and are important for the
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vasodynamic responses during initial stages of inflammation (Bulger and Maier, 2000). In
addition to maintaining basal prostanoid production, COX-1 isoforms are responsible for the
initial prostanoid synthesis during inflammation before induction of the transcriptionally and
translationally dependent COX-2 isoform (Pober and Sessa, 2007). Previous experimental and
natural bovine coliform mastitis studies reported increased concentrations of PGE2, PGl,, PGFyq,
and thromboxane B>. Inhibition of COX enzymes using nonsteroidal anti-inflammatory drugs
(NSAID) reduces prostanoid and thromboxane concentrations, with subsequent improved
clinical signs (Anderson et al., 1986). Use of NSAID in veterinary medicine, however, is
associated with complications such as abomasal ulceration and renal toxicity (Anderson and
Muir, 2005). Defining the variety and temporal generation of COX-derived oxylipids during
coliform mastitis may identify optimal times for pharmacologic inhibition of COX enzymes. In
acute bovine coliform mastitis, for example, early NSAID use may not be optimal as oxylipid

products of COX enzymes mediate crucial processes during early stages of acute inflammation.

The LOX-derived metabolites accounted for the majority of oxylipids detected in the present
study. Several lines of evidence showed that LOX generates both pro- and anti-inflammatory
oxylipids. For example, development of atherosclerosis in humans is associated with increased
15LOX mRNA expression and hydroxy metabolites including 15-HETE and 9- and 13-HODE
(Gertow et al., 2011). Several oxylipids, including lipoxin As, resolvins, protectins, and maresins
in several murine models of sepsis, are associated with shorter time to inflammation resolution
and improved survival (Serhan et al., 2008). In dairy cows, 15LOX1 gene expression was
increased in mammary gland tissues during the periparturient period, suggesting a potential
contribution to oxidative stress in transition cows (Aitken et al., 2009). Oxidative stress was

suggested as contributing to predisposing periparturient cows to dysregulated inflammatory
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conditions including mastitis (Sordillo and Mavangira, 2014). Nonspecific inhibition of LOX in
combination with flunixin meglumine, a COX inhibitor, was associated with improved bovine
mammary gland inflammation (Rose et al., 1991). Taken together, these data demonstrate the
need to clearly define the role of LOX-derived oxylipids in the pathophysiology of coliform

mastitis to explore potential targets and optimal times for therapy or interventions.

The metabolism of PUFA through CYP enzymes showed significant elevations in various
epoxides of ArA, LA, and EPA. Several epoxide metabolites were identified as unexplored
targets for therapy with potent anti-inflammatory effects (Morisseau and Hammaock, 2013). For
example, with LPS-induced peritonitis, inhibiting hydration of epoxides decreased pro-
inflammatory cytokines, abrogated hypotension, and diminished mortality compared with control
mice (Schmelzer et al., 2005). Furthermore, pro-inflammatory metabolites of COX and LOX
pathways such as PGE> and 5-HETE, respectively, were decreased, suggesting an indirect
influence of CYP epoxides on acute inflammatory pathways (Schmelzer et al., 2005).
Conversely, CYP hydroxylation of ArA produces 20-HETE, a potent hypertensive oxylipid
during inflammation (Konkel and Schunck, 2011). Epoxides of LA origin are associated with
acute respiratory distress syndrome following sepsis in humans (Konkel and Schunck, 2011),
suggesting that FA substrate and relative abundance of their derived oxylipids may affect the
inflammatory phenotype. Defining the relative contributions of CYP derived epoxides from
different PUFA is critical to balance between the beneficial anti-inflammatory species and the
pro-inflammatory 20-HETE and LA epoxides. The apparent shift from epoxidation into
hydroxylation of ArA (Table 8) in the current study suggests a contribution of pro-inflammatory
20-HETE to the acute inflammatory phase during bovine coliform mastitis. The ability of

epoxides to downregulate pro-inflammatory metabolites from other biosynthetic pathways may
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make them particularly attractive because of a multimodal mechanism that may be very effective

at resolving inflammation.

Several PUFA metabolites exhibit different levels of metabolism producing distinct oxylipid
species with specific effects on the inflammatory process. For example, LA is initially
oxygenated to hydroperoxy acids (9- and 13-HPODE) that are subsequently reduced by
peroxidases to hydroxy acids (9- and 13-HODE). Dehydrogenase enzymes eventually convert
the hydroxy acid metabolites into ketone derivatives (9- and 13-0xoODE). The hydroperoxy
oxylipid 13-HPODE activates the pro-inflammatory transcription factor NFxB in vascular
smooth muscle cells (Natarajan et al., 2001). In addition, another hydroperoxy metabolite,
15HPETE, mediates inflammation and apoptosis in bovine aortic endothelial cells (Sordillo et
al., 2005). Hydroxy metabolites (HODE and ArA-derived HETE) are associated with either pro-
or anti-inflammatory states in cardiovascular and other diseases (Kuhn et al., 2015). The ketone
derivatives have predominantly anti-inflammatory effects. For example, 13-0xoODE reduces
pro-inflammatory IL-8 through peroxisome proliferator-activated receptor gamma activation in
human colonic epithelial cells (Altmann et al., 2007). Together, these data suggest that the
degree of PUFA catabolism during inflammation may affect the duration, phenotype, and
outcome of inflammatory process. Although upstream oxylipids were positively correlated with
their downstream derivatives in the current study (Tables 10 and 11), the abundance of ArA- and
LA-derived hydroxy oxylipids suggests an overproduction or decreased dehydrogenation to the
ketone derivatives, indicating a pro-inflammatory oxylipid profile. Studying the temporal
patterns of the degree of metabolism of PUFA and the specific effects of their oxylipid
metabolites during inflammation may uncover targets for enhancement or blockade of metabolic

pathways to modulate inflammation.
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The roles for endocannabinoid metabolites from ArA and DHA that accumulated during
coliform mastitis are not immediately clear. In a rat model of LPS-induced uveitis, activation of
cannabinoid CB2 receptors was associated with reduction in the pro-inflammatory transcription
factors, pro-inflammatory cytokines, and leukocyte endothelial adhesion (Toguri et al., 2014).
The endocannabinoid system was reviewed recently as a potential inflammation modulatory
target in various human diseases (Zubrzycki et al., 2014a,b). In cows, endocannabinoids were
detected in milk from healthy animals (Gouveia-Figueira and Nording, 2014). Further
investigations may be useful to determine the presence and influence of cannabinoid receptors on

mammary gland inflammation.

Conclusions

In conclusion, oxylipid generation during acute bovine coliform mastitis is influenced by
substrate availability, multiple biosynthetic pathways, and different degrees of metabolism. The
use of LC-MS/MS offers a sensitive and specific technique that can be utilized to evaluate novel
targets in oxylipid biosynthesis for diagnostic and therapeutic interventions in inflammatory
conditions, including coliform mastitis. Additionally, biomarkers that reflect oxylipid profiles
and inflammatory phenotype during disease can be developed. The detection of several localized
changes in oxylipid biosynthesis in the presence of systemic disease suggests focusing
specifically on the mammary gland environment in developing and evaluating interventions to

modulate inflammation during mastitis.
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Abstract

Background: Severe mammary tissue damage during acute coliform mastitis in cattle is partially
caused by oxidative stress. Although considered a gold standard biomarker in some human
conditions, the utility of 15-F2-Isoprostanes (15-F2-I1sop) in detecting oxidative stress in dairy

cattle has not been validated.

Hypothesis: Concentrations of 15-F2-Isop in plasma, urine, and milk correlate with changes in

oxidant status during severe coliform mastitis in cattle.

Animals: Eleven lactating Holstein-Friesian dairy cows in their 3rd-6th lactation.

Methods: A case—control study using cows with acute coliform mastitis and matched healthy
controls were enrolled into this study. Measures of inflammation, oxidant status, and redox status
in plasma and milk samples were quantified using commercial assays. Plasma, urine, and milk
15-F2-I1sop were quantified by liquid chromatography/tandem mass spectrometry (LC-MS/MS)

and ELISA assays. Data were analyzed by Wilcoxon rank sum tests (o = 0.05).

Results: Plasma 15-F2-Isop quantified by LC-MS/MS was positively correlated with systemic
oxidant status (r = 0.83; P =.01). Urine 15-F2-Isop quantified by LC-MS/MS did not correlate
with systemic oxidant status, but was negatively correlated with redox status variables (r =
—0.83; P = .01). Milk 15-F2-Isop quantified by LC-MS/MS was negatively correlated (r = —0.86;
P =.007) with local oxidant status. Total 15-F2-Isop in milk quantified by a commercial ELISA

(cbELISA) was positively correlated with oxidant status in milk (r = 0.98; P <.001).

Conclusions and Clinical Importance: Free plasma 15-F2-Isop quantified by LC-MS/MS and

total milk 15-F»-Isop quantified by cbELISA are accurate biomarkers of systemic and mammary
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gland oxidant status, respectively. Establishing reference intervals for free and total 15-F-Isops

for evaluating oxidative stress in dairy cows should currently be based on the LC-MS/MS

method.

Key words: Inflammation, lipid peroxides, oxylipids, oxidative stress, redox status
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Introduction

Escherichia coli bacteria are a major cause of clinical coliform mastitis in dairy cattle (Oliveira
et al., 2013). Uncontrolled bacterial replication caused by dysfunctional immune responses
results in severe mammary tissue damage and death (Frost and Brooker, 1986, Burvenich et al.,
2003). Excessive production of reactive metabolites (RM) by phagocytic cells results in
oxidative mammary tissue damage observed during coliform mastitis (Burvenich et al., 2004).
Increased metabolism of polyunsaturated fatty acids (PUFA) such as arachidonic acid (AA)
generates lipid hydroperoxides that contribute to the RM pool (Sordillo and Aitken, 2009).
Enhanced mitochondrial metabolism also contributes large amounts of superoxide ions to the
toxic pool of RM during inflammation (Sordillo and Aitken, 2009). Oxidative stress occurs when
elevated RM overwhelm the antioxidant defenses and induce tissue damage (Lykkesfeldt and
Svendsen, 2007). Antioxidants include enzymatic and nonenzymatic systems that quench the
damaging effects of RM (Sordillo and Aitken, 2009). The role of oxidative stress in clinical
coliform mastitis was demonstrated by the increased severity of disease associated with
decreased vitamin C and increased lipid hydroperoxides. In addition, supplementation of vitamin
E and selenium in the transition period decreased the severity of clinical disease (Smith et al.,
Weiss et al., Ranjan et al., 2005). Reliable biomarkers of oxidative stress in cattle are currently
lacking despite experimental evidence supporting the critical role of RM in the pathophysiology

of coliform mastitis in cattle (Celi, 2011).

Lipids are particularly sensitive to RM attack resulting in generation of lipid hydroperoxides and
isoprostanes (Lykkesfeldt and Svendsen, 2007). Isoprostanes are prostaglandin-like metabolites
of nonenzymatic peroxidation of AA (Milne et al., 2011). Formation of these chemically stable

peroxidation end-products starts with the free radical-mediated generation of an AA peroxyl
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radical followed by the cyclization into an F-pentane peroxyl ring that is then immediately
reduced to F2-isoprostanes (Milne et al., 2011). A total of 64 F,-isoprostane isomeric compounds
from AA are generated and can be detected in biological samples by chromatography and mass
spectrometry methods (Milne et al., 2015). However, 15-Fx-lsoprostanes (15-F2+-Isop, also
known as 8-isoprostanes) were the major isoform validated as gold standard markers of oxidative
stress in humans (Morrow et al., 1992b, Milne et al., 2015). Immune-based assays such as
ELISAs that are specific to the common pentane ring in isoprostanes are used for 15-Fa-1sop
detection in some human biological samples, but are less accurate than the gold standard mass

spectrometry techniques (Basu, 1998, Janicka et al., 2013).

The detection of oxidative stress in cattle utilizes lipid hydroperoxides that are quantified by
measuring their low molecular weight degradation aldehyde products such as malondialdehyde
(MDA) using the thiobarbituric acid reactive substances (TBARS) method (Janero, 1990). The
TBARS method, however, lacks specificity to the lipid-derived MDA because they can react
with metabolites derived from other macromolecules including DNA and polysaccharides (Celi,
2011). Therefore, determining the utility of 15-F2-Isop might provide an accurate marker for
diagnosis of oxidative stress and monitoring treatment responses in veterinary medicine (Milne

etal., 2011).

To date, 15-Fx-Isop was not evaluated as biomarkers of oxidative stress during acute coliform
mastitis. The purpose of this study, therefore, was to determine whether 15-F2-1sop could predict
systemic and local mammary gland oxidant status during coliform mastitis using liquid
chromatography/tandem mass spectrometry (LC-MS/MS). The potential utility of using

commercial ELISA assays, validated for use in samples from humans, also were evaluated as
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alternative 15-F2-Isop quantification techniques on bovine samples. The hypothesis for this
study was that 15-F2-I1sop in plasma, urine, and milk correlate with the oxidant status associated
with severe bovine coliform mastitis. This study determined both the utility of 15-F2-Isop as a
biomarker of oxidative stress and provided a basis for defining reference intervals for evaluating

oxidative stress associated with clinical and subclinical coliform mastitis.

Materials and Methods

Animals

Control and coliform mastitis cows in this study (n = 4/group) were randomly selected from
larger groups with housing and diet information published elsewhere (Mavangira et al., 2015).
Another group of healthy cows (n = 3) was selected for assessment of ELISA assays before
utilizing them in analyses of samples from the control and coliform mastitis study groups. This
study was approved by the Michigan State University Institutional Animal Care and Use

Committee (IACUC) and all cows were enrolled from the same herd with client consent.

Study Design

All cows enrolled in this study were multiparous Holstein dairy cows that ranged from 3rd to 6th
lactation and averaged 69 (3—105) days in milk. Cows affected with acute coliform mastitis (n =
4) and matched healthy control (n = 4) made up the 2 experimental groups. The average body
condition score was 3.06 (range: 2.75-3.50) for control cows and 3.00 (range: 2.50-3.50) for
coliform mastitis cows. Cows in the coliform mastitis group had positive E. coli milk cultures
(>100 colony forming units) and exhibited at least 2 signs of systemic clinical disease. Signs of
acute systemic coliform mastitis included increased rectal temperature (>39.2°C), tachycardia

(heart rate > 80 beats/minute), tachypnea (respiratory rate > 30 breaths/minute), episcleral
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injection, local signs of mammary gland inflammation including discoloration, swelling, heat and
pain on palpation, and typical serum-like watery milk. By the time of sampling, coliform mastitis
affected cattle had received at least a single dose of flunixine meglumine (2.2 mg/kg V),
ceftiofur sodium (2.2 mg/kg SC), and oral electrolyte fluids after standard farm treatment
protocols. Healthy control cows had negative bacterial milk cultures, absence of overt clinical
signs and a somatic cell count of <250,000 cells/mL on the last test day before the start of the
study. Bacterial milk cultures were performed according to the National Mastitis Council
guidelines (Hogan, 1999). Milk and blood samples were collected at the same time from mastitis
and healthy control cows within 12 hours following a clinical diagnosis of systemic coliform

mastitis.

Sample Collection and Analyses

Blood samples were collected in serum-separator and EDTA tubes, whereas urine and milk
samples were collected in plain 15 mL tubes and processed on the day of collection and stored at
—80°C until analyzed. Whole blood aliquot from EDTA tubes was processed, and analyzed for
reduced (GSH) and oxidized (GSSG) glutathione as previously described (Sordillo et al., 2007).
Plasma and serum were harvested after centrifuging at 711 x g for 15 minutes. Plasma, milk, and
urine for 15-F2-Isop quantification were mixed with an antioxidant reducing agent (AOR, 4
ulL/mL) as described previously (Mavangira et al., 2015). Using commercial assays, RM were
analyzed in plasma and milk with no AOR, whereas, serum amyloid A (SAA) and haptoglobin
(Hp) were analyzed in serum. Serum albumin and nonesterified fatty acids (NEFA) were
analyzed at the Diagnostic Center for Population and Animal Health (Lansing, MI). Plasma and
milk antioxidant potential (AOP) were measured in samples collected without AOR agent as

described previously (Re et al., 1999). Briefly, the AOP of a sample was standardized to the
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reduction capacity of trolox (synthetic vitamin E analog) in 2,2'-azinobis-3-ethylbenzothiazoline-

6-sulfonic acid (ABTS) solution.

15-F»-Isoprostane Quantification: LC-MS/MS

Details for chemicals, sample processing, sample extraction and the LC-MS/MS protocol for the
detection of 15-F2-Isop in plasma, urine, and milk were as previously described with some
modifications (Mavangira et al., 2015). Briefly, modifications included urine sample preparation
where the first step was mixing 4 mL of sample with 24 uL of formic acid. Thereafter, urine
samples were processed in the same way as plasma samples. Prostaglandin E2-dy (PGE2_dg) was
the single deuterated standard used as a reference for the quantification of 15-Fx-Isop. Multiple
reaction monitoring parameters for 15-Fx-1sop (Cone voltage = 21, collision voltage = 22, parent
ion m/z = 353.2, and product ion m/z = 193) and PGE>_ds (Cone voltage = 21, collision voltage =
16, parent ion m/z = 360.2, and product ion m/z = 280) were optimized using MassLynx software

(Table 2, Waters Corp, Milford, MA USA).

15-Fx-Isoprostane Quantification: ELISA assays

The ELISA assays validated for human plasma and urine samples from Cell Biolabs (cbELISA)
and Cayman Chemicals (ccELISA), were used for quantifying 15-Fx-1sop in milk, plasma and
urine samples. Preliminary performance of the ELISA assays was first determined on samples
(milk, plasma, and urine) from healthy third lactation cows (n = 3) in the first 30 days in milk.
Samples were pooled by type, split into 3 aliquots and assayed independently. Samples were
assayed for free (unbound) and for total (free + esterified) 15-F2-1sop. Total 15-Fa-1sop were
measured after alkaline hydrolysis for milk and plasma, and acidic hydrolysis for urine.
Hydrolysis of samples was based on the Cell Biolabs protocol with some modifications. Briefly,

200 pL of milk or plasma were combined with 50 pL of 10N sodium hydroxide and incubated at
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45°C for 2 hours. For cbELISA analyses, after incubation, 55 uL. of 6N hydrochloric acid (HCI)
were added and samples were centrifuged for 5 minutes at 4,816 x g and room temperature.
Finally, a 1:2 sample dilution with neutralization solution to achieve a pH between 6 and 8 was
performed. For cCELISA analyses, after incubation, plasma and milk samples were diluted to 1:6
using acetonitrile with 1% formic acid and centrifuged (4,816 x g, room temperature for 5
minutes). The supernatant was eluted through 1 mL Phenomenex solid phase extraction columns
and dried in a SpeedVac (55°C, 2 hour). Residues were suspended in ccELISA buffer. For acidic
hydrolysis, 200 puL of urine were combined with 50 uL. of 6N HCL until a pH < 3.0 was reached
and then diluted 1:6 with phosphate buffered saline. A final 1:3 urine sample dilution was
performed with neutralization solution. In addition, a 10 ng quantity of a 15-Fx-Isop standard
was added to samples to assess the effect of the various sample preparation methods on 15-F-
Isop recovery. All ELISA assays were performed in duplicate following manufacturers’

recommendations.

Statistical Analyses

No assumptions for normality of data were made because of the small sample size. All variables
were expressed as median (range) concentrations and analyzed using the Wilcoxon rank sum
procedure (o = 0.05) using the SAS software. Spearman correlations between plasma and urine
15-F2-1sop concentrations to systemic inflammatory, oxidant status and redox status parameters
were calculated. Similarly, Spearman correlations between milk 15-F-1sop and the oxidant
status and redox status parameters for the local environment in the mammary gland were
calculated. For correlations, all data were combined to obtain a range of values for a given
variable from normal to severely diseased cows. The ELISA assays were also compared for the

detection and quantification of 15-F2-Isop concentrations in similarly processed samples.
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Results

All 4 coliform mastitis cows exhibited local mammary gland signs of inflammation as well as
signs of systemic involvement including tachycardia, tachypnea, pyrexia, and scleral injection.
Within the coliform mastitis group, 3 cows died on days 1, 3, and 8 post sampling and 1 cow was
still present in the herd at 105 days post sampling. Cows with naturally occurring coliform
mastitis, in this study, had significant differences in the acute phase proteins with greater SAA
and Hp (P =.014) and lower albumin (P = .043) concentrations than control cows. Serum
NEFAs also were increased significantly (P =.029) in coliform mastitis cows compared to
control cows (Table 13). Although AOP did not differ between experimental groups in milk or
plasma, RM concentrations were greater in plasma (P = .029) and milk (P = .014) from coliform
mastitis than control cows (Table 14). Concentrations of reduced glutathione (GSH) were lower
(P =.014), whereas concentrations of the oxidized form (GSSG) were greater (P =.057) in
coliform mastitis than control cows. The ratio of reduced to oxidized glutathione (GSH:GSSG)
was lower in mastitis than control cows (P = .051) (Table 14). Plasma RM correlated positively
with SAA (r =0.69, P =.058) and Hp (r = 0.67, P =.071) and NEFAs (r = 0.31, P = .456) but

negatively with serum albumin (r = —0.85, P =.008).

LC-MS/MS Based 15-F2-Isop Concentrations in Plasma, Urine and Milk

Cows with coliform mastitis had relatively greater 15-Fx-1Isop in plasma and urine (P = .057)
than control cows (Table 14). Plasma 15-F-Isop concentrations correlated positively with
plasma RM (P = .010). The plasma RM were not significantly correlated with urine 15-F2-1sop
concentrations (Table 15). Both plasma and urine 15-Fx-1sop concentrations negatively
correlated with GSH levels, however, only urine 15-Fx-Isop significantly correlated with the

GSH:GSSG ratio (Table 15). Milk 15-F2-Isop concentrations were lower in coliform mastitis
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than control cows (P =.014, Table 14) and negatively correlated with the RM (P = .007) (Table
15). Although measures of oxidant status were significantly correlated between plasma and milk
(RM: r =0.83, P =.010), the 15-F»+-Isop in plasma and milk were inversely correlated (r =

~0.76, P = .028).

ELISA Based 15-F»-1sop Quantification in Plasma, Urine and Milk

Using the cbELISA, total 15-F»-Isop were greater (P = .05) in milk and plasma than the free 15-
Fae-1sop in samples (Figure 4A and B). For free 15-Fx-1sop, spiking resulted in greater 15-Fo-
Isop (P =.05) compared to non-spiked and was associated with recovery rates of 73, 69 and
118% in milk, plasma, and urine, respectively. In spiked milk and plasma samples, hydrolysis
resulted in greater total 15-F2-Isop (P = .05) with recovery rates of 106 and 291%, respectively.
Using the ccELISA, there was no difference between free and total 15-Fx-Isop (P = .20) in both
milk and plasma (Figure 5A and B). For free 15-F-1sop, spiking resulted in greater 15-F2-Isop
(P =.05) compared to non-spiked and was associated with recovery rates of 102, 362 and 154%
in milk, plasma, and urine, respectively. In spiked samples, hydrolysis resulted in greater total
15-F2-I1sop (P = .05) in plasma with a recovery rate of 552%. Interestingly, hydrolysis of spiked
milk samples resulted in significant (P = .05) lower 15-Fx-Isop concentrations representing a

60% loss of the spiked amount.

Based on significant differences between free and total 15-Fx-Isop, milk and plasma samples
were analyzed for both free and total 15-F2-1sop for the cbELISA. Only free 15-F2-Isop were
analyzed by ccELISA in plasma and milk based on the lack of differences from total 15-Fx-Isop.
Following manufacturers’ recommendations, urine samples for cbELISA were analyzed for both

free and total 15-F2-Isop, whereas only free 15-Fx-1sop were quantified by ccELISA.
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Total 15-F2-Isop in plasma and urine samples quantified by cbELISA did not differ significantly
between control and mastitis cows, whereas greater 15-F»-1sop concentrations were detected in
milk from coliform mastitis than control cows (Table 16). Free 15-Fx-lIsop quantified by
cbELISA in urine and milk did not differ significantly between the mastitis and control group
(Table 16). The chELISA estimated significantly greater (P =.014) free 15-Fx-lsop
concentrations in urine relative to the ccELISA within each of the mastitis and control cow

groups (Table 16).

Free 15-Fx-Isop concentrations quantified by both cbELISA and ccELISA in nonhydrolyzed
urine samples did not correlate with plasma oxidant or redox status parameters (Table 17).
Similarly, free 15-Fx-1sop concentrations quantified by cbELISA in milk did not correlate with
milk oxidant status parameters (Table 17). Total plasma and urine 15-F2-1sop concentrations
quantified by cbELISA in hydrolyzed samples did not correlate with oxidant status or redox
status in plasma (Table 18). Total milk 15-F2-Isop concentrations quantified by cbELISA were

positively correlated with milk oxidant status variables (Table 18).

Discussion

Plasma and urine 15-F2-1sop concentrations are well established oxidative stress markers in
several human diseases (Morrow et al., 1992b). Cows suffering from naturally occurring acute
systemic coliform mastitis in the current study provided an effective model, as supported by the
changes in acute phase proteins and NEFAs, to evaluate the utility of 15-Fx-Isop as a biomarker
of oxidative stress. Using the gold standard method of LC-MS/MS for quantifying 15-F2-1sop,
both plasma and urine 15-F»-Isop increased during mastitis. These findings agree with animal

models of oxidant injury and severe sepsis with multi-organ damage in humans (Morrow et al.,
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1992b, Ware et al., 2011). Plasma 15-F2-Isop are validated as indicating endogenous production
in different tissues and the renal excretion closely reflects plasma levels (Halliwell and Lee,
2010). In humans with acute respiratory distress syndrome (ARDS), exhaled breadth condensate
and plasma 15-F-Isop concentrations correlated significantly with urinary levels (Carpenter et
al., 1998). Plasma and urine samples are thus acceptable for evaluating 15-F»-Isop during
oxidative stress in humans. In this study, both plasma and urine 15-F2-Isop correlated negatively
with GSH, however, only plasma 15-F2-1sop significantly correlated with the systemic oxidant
status. Reduced glutathione (GSH) is an important donor of thiol groups involved in scavenging
of oxidants and maintaining redox balance (Trachootham et al., 2008, Sordillo and Aitken,
2009). A decrease in the GSH:GSSG ratio indicating depletion of the thiol donor is considered a
useful measure of oxidative stress in sepsis-induced ARDS in humans (Guo and Ward, 2007).
On the basis of increased 15-F2-Isop that correlated positively with oxidant status and negatively
with GSH, plasma is ideal for quantifying 15-Fax-lIsop reflective of systemic oxidant status in

bovine coliform mastitis.

The lack of significant correlation of urine 15-F2-1sop with oxidant status was unexpected as the
renal excretion of 15-Fa-Isop is related directly to its plasma concentrations. For example, a
murine model of ischemia-reperfusion injury showed that renal excretion of 15-Fx-1sop was
increased by up to 300% (Takahashi et al., 1992). In the same study, intrarenal infusion of 15-
Fat-Isop was associated with diminished glomerular filtration rate in a dose dependent manner
suggesting a possible contribution of 15-Fx-Isop in the pathogenesis of renal failure (Takahashi
et al., 1992). Renal failure is common in humans with sepsis and the association with plasma 15-
For-Isop is direct evidence for oxidative stress mediated damage (Ware et al., 2011). Renal failure

frequently occurs in cows with severe coliform mastitis (George et al., 2008) and would be
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expected to increase the rate of 15-F2-Isop excretion. The observation that increases in plasma
free 15-Fx-1sop lag behind the rise in esterified 15-Fx-1sop in murine models of oxidative stress
(Morrow et al., 1992a) might explain the lack of significance in urine 15-Fx-Isop and oxidant
status in this study. The strong correlations of urine 15-F2-1sop to redox status parameters (GSH,
GSSG, and GSH : GSSG ratio) might indicate depletion of an early line of antioxidant defense
before overall changes in AOP as suggested by lack of differences in plasma AOP in this study.
Evaluating the temporal changes in 15-F2x-1sop excretion as the disease progresses might

uncover the relationship between plasma and urine 15-F»-Isop during coliform mastitis.

The lower concentrations of 15-Fx-1sop and its inverse correlation with the abundance of RM in
milk was unexpected because oxidative stress mediates mammary gland damage, especially
during coliform mastitis (Aitken et al., 2011). The presence of increased PUFA substrates in the
same local environment of the mammary with excess RM could be expected to also generate
increased 15-Fx-1sop. A recent study found that several PUFA substrates were increased in milk
during coliform mastitis in tandem with some nonenzymatic derived oxylipids including
hydroperoxy acids from AA (Mavangira et al., 2015). The formation of 15-Fz-Isop, which
occurs predominantly, while AA is esterified to phospholipids, (Milne et al., 2011) could explain
the lack of prediction of oxidant status by free 15-F2-Isop quantified by LC-MS/MS in milk. The
concentrations of free 15-Fx-1sop in milk also were inversely correlated with free 15-Fx-Isop
concentrations in plasma suggesting that differential release from esterification sites might exist
across compartments. The 15-Fx-Isop initially formed in situ esterified to phospholipids are
subsequently hydrolyzed to yield free 15-Fx-1sop by phospholipase (PL) enzymes (Morrow et
al., 1992a). Differential PL activity was detected in humans where the activity in plasma was

greater with more 15-F2-Isop hydrolysis compared to intracellular PL (Stafforini et al., 2006).
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The concept of differential hydrolysis was supported by the use of a hydrolysis method and
analyzing for total 15-Fx-lIsop by 1 of the 2 ELISA assays (cbELISA) in this study which yielded
greater concentrations that positively correlated with milk oxidant status. Therefore, it appears
that predictive ability of 15-F2-Isop concentrations on local mammary gland oxidant status
during coliform mastitis can be improved by performing sample hydrolysis. Further research is
required to understand the counterintuitive decrease in 15-Fx-Isop concentrations in the presence
of increased RM especially when other nonenzymatic oxylipid metabolites were detected in

nonhydrolyzed samples.

An alternate approach to LC-MS/MS for the quantification of 15-Fx-Isop is by use of
immunoassays such as ELISA (Milne et al., 2015). Despite the reported accuracies of plasma
and urine 15-Fx-1sop quantified by ELISAs of 95-101%, ELISAs are often affected by cross-
reactivity from prostaglandin and other isoprostane metabolites because they target a single
metabolite (Basu, 1998, Milne et al., 2015). Free 15-Fz-Isop in milk and urine as well as total
15-F2-Isop in plasma and urine, analyzed by cbELISA, failed to predict oxidant status. Only the
total 15-F2-Isop quantified in milk by cbELISA demonstrated potential reliability that was
supported by the accurate recovery (106%) of the spiked 15-F2-Isop standard (Figure 4A).
Variable performances of ELISAs in quantifying 15-Fx-1sop were previously reported in studies
in veterinary species and humans that reported poor correlations with GC/MS or LC-MS/MS as
well as between different ELISA assays (Soffler et al., 2010, Klawitter et al., 2011, Smith et al.,
2011). Results of this study showed that, despite acceptable recovery rates by the ccELISA
(102%) on free milk 15-F2-Isop and chELISA (118%) on free urine 15-Fx-1sop, there was no
correlation with oxidant status. Further, the variable performances of the ELISAs as shown by

both overestimation (plasma, cbELISA, Figure 4; plasma and urine, cCELISA, Figure 5) and
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underestimation (milk, ccELISA Figure 4) make it impossible for general recommendations for
using ELISA in quantifying 15-Fx-Isop in bovine samples. A recent study reported a positive
linear correlation between milk and plasma 15-Fx-1sop by utilizing an ELISA based (ccELISA)
assay. The investigators of that study suggested that milk was a possible alternate route of 15-Fx-
Isop excretion (Vernunft et al., 2014). The inverse correlation between free 15-F»-Isop in plasma
and milk using LC-MS/MS in this study does not support the possibility of milk as a route of
excretion for 15-Fx-1sop. An expanded lipidomic profile during coliform mastitis showed lack of
correlation among several oxylipids suggesting that oxylipid biosynthesis, including
isoprostanes, between plasma and milk could be independent of each other (Mavangira et al.,
2015). The difference in the correlation with the present findings might be the use of a disease
model associated with high degree of oxidative stress, as well as different sample extraction
methods. It is unclear whether the study (Vernunft et al., 2014) analyzed free or total 15-Fx-lsop
in both milk and plasma. The performance of ELISA assays in quantifying 15-Fx-Isop in bovine
samples should be validated with the gold standard mass spectrometry-based methods such as

the LC-MS/MS.

In conclusion, results of this study show that free plasma 15-F2-Isop concentrations are
predictive of systemic oxidant status during acute coliform mastitis. Free 15-F-1sop in urine and
milk were not predictive of systemic or local mammary gland environment oxidant status,
respectively. Quantification of total 15-Fx-1sop in milk by cbELISA is an accurate alternative to
LC-MS/MS and suggests that milk samples should be hydrolyzed when determining 15-F-Isop
associated with oxidant status in the mammary gland. The lack of significance for some variables
in this study might have been because of the small number of experimental animals in this study.

Findings of this study can thus be used as a basis for further studies designed to provide broader
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scope inferences. Establishing threshold concentrations for 15-Fx-1sop during clinical coliform
mastitis will provide a basis for formulation and application of practical interventions to control

oxidative stress in dairy cows and currently should be based on gold standard methods such as

LC-MS/MS.
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Abstract

Unregulated inflammation during diseases, including bovine mastitis, is characterized by
oxidative stress-induced tissue damage. Vascular dysfunction is frequently the result of oxidative
stress in severe coliform mastitis. We recently demonstrated increased production of 20-
hydroxyeicosatetraenoic acid (20-HETE), a cytochrome P450-derived oxylipid that correlated
with oxidative stress during severe bovine coliform mastitis. The hypothesis for this study was
that 20-HETE-induced oxidative stress causes apoptosis, which disrupts endothelial cells barrier
function. Our results showed that 20-HETE decreased endothelial barrier integrity which was
associated with increased reactive metabolite production and decreased redox status. Vitamin E
partially delayed the loss in endothelial resistance by 5 hours, after that, the endothelial
resistance decreased to the same extent as treatment with 20-HETE alone. The loss in barrier
resistance was not associated with apoptosis. Specific mechanisms by which 20-HETE alters
vascular barrier integrity require further investigation to identify targets for diminishing

oxidative stress during inflammatory conditions characterized by enhanced CYP450 activity.

Key words: 20-Hydroxyeicosatetraenoic acid, oxidative stress, oxylipids, oxidants, antioxidants,

isoprostanes.
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Introduction

Severe bovine coliform mastitis is characterized by an unregulated inflammatory response that
causes severe tissue pathology (Aitken et al., 2011a). The severe tissue damage occurs, in part,
due to the accompanying oxidative stress. Oxidative stress refers to the damage that occurs to
cellular macromolecules (including lipids, proteins, and DNA) as a consequence of an imbalance
between oxidants and antioxidants (Valko et al., 2007). Oxidants comprise reactive oxygen
species (ROS) which can be free radicals or non-radicals capable of oxidizing macromolecular
substrates (Villamena, 2013). Physiological concentrations of ROS produced by the
mitochondria and the nicotinamide adenine dinucleotide phosphate oxidase enzymes (NOX) play
important roles in normal cellular processes by participating in intracellular signaling pathways
(Valko et al., 2007). Production of ROS increases during inflammation due to enhanced
mitochondrial metabolism and the activation of NOX during the oxidative burst mechanism in
leukocytes. Additionally, some ROS sources include inducible enzymes such as cyclooxygenases
(COX), lipoxygenases (LOX), and cytochrome P450 (CYP) enzymes involved in lipid
metabolism (Huet et al., 2009). The overproduction of ROS can overwhelm cellular antioxidant

defenses resulting in oxidative stress.

Defense against the excessive production of oxidants is accomplished by antioxidants that have
the capacity to scavenge pre-formed ROS or to delay the formation of these pro-oxidants (Valko
et al., 2007). Vitamin E is a dietary antioxidant which scavenges pre-formed radical oxidants in
cellular membranes and forms a stable radical in the process (YYamauchi, 1997). Vitamin E is
regenerated from the stable radical form by the activity of peroxidase enzymes such as the
selenium-dependent glutathione peroxidase (GPx), in the presence of reduced glutathione (GSH)

(Nwose et al., 2008). Vitamin E-mediated decrease in ROS formation also involves other
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mechanisms including inhibition of the phosphorylation of p47phox protein which is essential
for NOX activity (Cachia et al., 1998) and the activation of transcription factors that enhance
antioxidant enzymes (Ruiz et al., 2013). The importance of antioxidant defenses in disease was
demonstrated by the decreased clinical severity and duration of bovine coliform mastitis
following dietary supplementation with Vitamin E and selenium (Weiss et al., 1997). Decreased
disease severity was likely due to limited RM production and the vascular dysfunction which
frequently occur during sepsis (Huet et al., 2009). The vascular dysfunction is characterized by
increased permeability, excessive leukocyte transmigration, and thrombosis as a consequence of

oxidative stress-induced endothelial cell damage.

Polyunsaturated fatty acids (PUFA) are highly susceptible to oxidation during oxidative stress
which can lead to cellular death and organ dysfunction and can also initiate oxidative stress
(Milne et al., 2011). Oxidation of lipids occurs through enzymatic metabolism through
cyclooxygenases (COX), LOX, and cytochrome P450 (CYP) enzymes (O’Donnell et al., 2009).
Metabolism also occurs via non-enzymatic pathways which are mediated by the free radical
oxidants (Milne et al., 2011). Some initial oxylipid products such as the hydroperoxides are
potent ROS capable of inducing cellular damage. For example, 15-hydroxyeicosatetraenoic acid
(15-HpETE) from LOX-mediated oxygenation of arachidonic acid (AA) induces endothelial cell
oxidant stress and apoptosis (Sordillo et al., 2005). Endothelial cell apoptosis and loss of barrier
integrity were also shown for 13-hydroperoxyoctadecadienoic acid (13-HpODE), an oxylipid
derived from both non-enzymatic and the LOX pathway metabolism (Ryman et al., 2016).
Alternatively, oxylipid metabolites can act as indirect inducers of oxidative stress by stimulating
excessive production of ROS from sites including the mitochondria. For example, the CYP-

derived 20-hydroxyeicosatereaenoic acid (20-HETE) activates the NOX pathway inducing ROS
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production in cardiomyocytes (Han et al., 2013). Thus, the production of some oxylipids can

contribute to the oxidative stress-mediated pathology during inflammation.

We recently demonstrated the elevation of milk and plasma concentrations of 20-HETE during
severe bovine coliform mastitis (Mavangira et al., 2015). Concurrently, several oxidative stress
biomarkers including 15-Fa-isoprostane (15-F2-1soP) were elevated, (Mavangira et al., 2016a)
and correlated strongly with the 20-HETE. The 15-F2-1soP is an arachidonic acid-derived
metabolite generated by free radical ROS and is a useful biomarker of oxidative stress in humans
(Milne et al., 2011). In many chronic conditions including hypertension, 20-HETE
concentrations were increased and correlated with oxidative stress occurrence (Lukaszewicz and
Lombard, 2013). The mechanisms by which 20-HETE induced oxidative stress included
uncoupling of endothelial nitric oxide synthase (eNOS) (Cheng et al., 2008), NOX activation
(Han et al., 2013), and increased mitochondrial ROS production (Lv et al., 2008). Despite the
convincing evidence of 20-HETE-induced vascular dysfunction in chronic conditions (Dunn et
al., 2008), the role in acute inflammation is contradictory among studies. For example, in
lipopolysaccharide (LPS)-induced sepsis of mice, the use of 20-HETE mimetics ameliorated
several clinical signs including hypotension and mortality suggesting insufficient 20-HETE
concentrations in acute inflammation (Tunctan et al., 2012, Tunctan et al., 2013a, Tunctan et al.,
2013b). In other studies, however, CYP isoforms involved in the biosynthesis of 20-HETE were
elevated during LPS-induced murine sepsis with consequent production of 20-HETE (Anwar-
mohamed et al., 2010, Willenberg et al., 2015). Our preliminary studies and others showing
acute increases in the concentrations of 20-HETE suggest that this oxylipid participates in either

the development or resolution of pathology during acute inflammation.
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Targeting of the vascular endothelium by 20-HETE may compromise the endothelial barrier
integrity contributing to immunopathology due to increased permeability, excessive leukocyte
transmigration, and thrombosis. Endothelial cells transduced with CYP4AL1, an isoform that
generates 20-HETE, were characterized by increased ICAM 1 and interleukin 8 (Ishizuka et al.,
2008) which may account for excessive leukocyte migration. Thrombus formation was
accelerated in mice administered with 20-HETE (Wang et al., 2015). The treatment of HUVECs
with 20-HETE induced von-Willebrand’s factor formation and platelet adhesion (Wang et al.,
2015) suggesting that overproduction may promote excessive thrombosis and pathology in acute
inflammation. Previously, 20-HETE was also shown to induce mitochondrial-dependent
apoptosis in neonatal murine cardiomyocytes (Bao et al., 2011b), however, it is not known if the
pro-oxidant effects of 20-HETE are sufficient enough to disrupt the barrier function of the
vascular endothelium. Based on the high concentrations of 20-HETE and the severity of clinical
disease in bovine coliform mastitis, we hypothesized that 20-HETE would disrupt endothelial
cells barrier integrity by mediating cellular apoptosis through an oxidative stress-dependent

mechanism.

Materials and Methods

Reagents

High performance liquid chromatography (HPLC) grade acetonitrile, HPLC-grade methanol,
formic acid, glycerol, transferrin, insulin, heparin, sodium selenite, Hanks buffered salt solution
(HBSS) powder, collagenase, lipopolysaccharide (O111:B4), paraformaldehyde, potassium
hydroxide, N-acetyl cysteine (NAC), Trolox (6-Hydroxy-2,5,7,8-tetramethylchromane-2-
carboxylic acid), tempol (4-Hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl), triphenylphosphine

were purchased from Sigma-Aldrich (St. Louis, MO). Oxylipid standards, deuterated and non-
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deuterated, indomethacin, 20-hydroxyeicosatetraenoic acid (20-HETE), HET0016 [N-hydroxy-
N'-(4-n-butyl-2-methylphenyl) formamidine], and AAPH (2,2'-azobis-2-methyl-
propanimidamide, dihydrochloride) were purchased from Cayman Chemical (Ann Arbor, Ml).
Butylated hydroxy toluene and hydrochloric acid were purchased from ACROS (Thermo Fisher,
Fair Lawn, NJ). Fetal bovine serum was purchased from Hyclone Laboratories, Inc. (Logan,
Utah) and HEPES buffer and DMSO (dimethyl sulfoxide) were purchased from Corning Inc.
(Corning, NY). HAM’s F-12k was purchased from Irvine Scientific (St. Santa Ana, CA).
Antibiotics/antimycotics, trypsin-EDTA, bovine collagen, and ProLong-Gold antifade were from
Life Technologies (Carlsbad, CA). Predesigned and custom-made bovine TagMan primers were
purchased from Applied Biosystems (Foster City, CA). CellROX™ Deep Red reagent and DAPI
(4,6-Diamidino-2-phenylindole, dihydrochloride) were purchased from Molecular Probes
(Eugene, OR). Vitamin E (DL-a-tocopherol) was purchased from Millipore (Billerica, MA). Von

Willebrand's factor was purchased from Agilent Technologies (Santa Clara, CA)

Cell culture

Primary bovine aortic endothelial cells (BAEC) were isolated from aorta sections collected from
freshly slaughtered mature dairy cattle, and processed using a method previously described by
our group (Aitken et al., 2011b). Briefly, bovine aorta sections were collected and stored in cold
Hanks buffered saline solution (HBSS) and transported on ice for processing in the laboratory.
The endothelial surface was exposed to a collagenase and solution for 10 minutes at 37°C,
washed in F12K cell culture media supplemented with 10% irradiated fetal bovine serum,
selenium (sodium selenite, 10 ng/mL), heparin sulphate (100 pg/mL), transferrin (5 pg/mL), and
insulin (10 pg/mL), then cultured in T25 tissue culture flasks. Upon confluency, the single cell

dilution technique was used to achieve a seeding density of 1-2 endothelial cells in a single well
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in a 96-well plate to establish single colony cell cultures of BAECs. Finally, uniform colonies
were frozen in media made by combining F12K media with 10% FBS, fetal bovine serum, and
dimethyl sulfoxide (DMSO) at 5:4:1 (v:v:v). For experiments, frozen cells were thawed, grown
in F12K media with 10% FBS, transferrin, insulin and heparin until confluency. For purity,
BAEC were stained for the endothelial cell marker, Von Willebrand’s factor expression
evaluated by fluorescence microscopy using the Zeiss inverted microscope. Experiments were

performed with cells from passage 6 to passage 9.

Cell viability

Cell viability was determined based on ATP production using the Promega CellTiter-Glo
viability Assay (Promega Corp., Madison, WI), following manufacturer’s instructions and as
previously described by our group (Contreras et al., 2012b). The assay is based on amount of
ATP directly generated is proportional to the number of viable cells. Luminescence was
measured using a plate reader (Tecan Infinite 200 PRO, Switzerland). A complimentary
OxiSelect calorimetric assay (Cell Biolabs, San Diego, CA) which measures released lactate
dehydrogenase enzyme (LDH) was also used to assess cell viability. The assay is based on the
calorimetric reaction whose signal intensity is proportional to the amount of LDH release, hence

cell death.

Oxidative stress induction

The free radical generator, AAPH, was used to induce oxidative stress in BAEC and also
assessed in cells treated 20-HETE by measuring reactive metabolite production, redox status,
quantification of lipid peroxidation products, and protein carbonyls. For these experiments, cells
were initially seeded in and incubated under humid conditions at 37°C, 5% CO- and natural air in

F12K media containing 5% serum, antibiotic/antimycotic solution, transferrin, heparin and
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insulin. After 24 hours, cells were acclimation to serum-free media for a period of 4 — 6 hours
before treatments with AAPH or 20-HETE and appropriate controls were added in for indicated

times.

Reactive metabolites determination

Reactive metabolite production was measured using 2 methods using different probes that are
oxidized by RM to fluorescent probes; the CellROX™ Deep Red reagent and DFCH-DA probe.
The CellROX™ Deep Red reagent assay was evaluated by the inverted Zeiss fluorescent
microscopy. For this procedure, BAEC were seeded on sterile light microscope slide coverslips
placed in a 6 well plate at 1.5 — 2 x 10° cells/slide in 200 pL of media and allowed to stand for 1
minute before topping off with 2 mL of media followed by 24 hour incubation. Initial
experiments evaluated RM induction by exposure of BAEC to AAPH to the culture media at a
dose and duration determined based on viability assays detailed below. For 20-HETE treatments,
the positive control treatment with AAPH was performed at the time of exposure of BAEC to
acclimation serum-free medium for 6 hours before 20-HETE was added for up to 1 hour.
CellROX™ Deep Red reagent was added (4 L) to the wells 30 minutes before the end of the
incubation period. Cells were then washed in 1X PBS, fixed in 1 mL of 3.7% paraformaldehyde
dissolved in 1X PBS (15 min at 37°C) and counterstained with the DAPI nuclear stain (2 pL, 15
min at room temp). Coverslips were air dried and mounted on microscope slides using the
Prolong Gold anti-fade reagent (5 puL). Fluorescence measurements were determined using an
inverted microscope (Axiovert 200M; Zeiss). Images were analyzed in gray-scale using the

image J software (Schneider et al., 2012)

An alternate method utilized for quantifying reactive metabolite production was the OxiSelect

flourometric assay (Cell Biolabs, San Diego, CA). This method uses a non-fluorescent probe,
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2'7'-dichlorodihydrofluorescin diacetate (DCFH-DA) which is cleaved by cellular deacetylases
and is oxidized by RM to the fluorescent and stable 2',7'-Dichlorodihydrofluorescein (DCF)
product. For this assay, BAEC were initially seeded at 2 x 10* cells/well in 100 pL of media.
Reactive metabolites were quantified following manufacturers recommendation. Briefly, BAEC
were cultured for 24-hours in 96-well black walled and clear bottom, plates suitable for
fluorescence measurements. Cells were then preloaded with DCF-DA at 100 uM in 0% FBS for
15 minutes before treatments were added. Temporal measurements of ROS/RNS production
were determined by measuring fluoresce using a plate reader (Tecan Infinite 200 PRO,
Switzerland) at 480 nm excitation and 530 nm emission wavelengths. Pre-incubation of cells
with antioxidants was performed to titrate doses tolerable by cells at concentrations effective for
reducing agonist-induced ROS/RNS production before being evaluated for their ability to protect
BAEC against compromised barrier integrity. Results were analyzed as fold change in

fluorescence signal over untreated controls.

Redox status

The redox status of BAEC under different treatment conditions was evaluated using the
concentrations of reduced glutathione (GSH), oxidized (GSSG) glutathione, and their ratio
(GSH/GSSG) using the Promega GSH/GSSG-Glo™ assay (Promega, Madison, WI). Total
glutathione concentrations were also quantified using the OxiSelect™ assay kit (Cell Bio Labs,
San Diego, CA). For the GSH/GSSG-Glo™ assay, cells were seeded at 2 x 10* cells/well in a
white wall clear bottom 96 well plates and incubated with media and treatments as previously
described. After incubation with treatments, total glutathione standards from 0 — 16 pM, were
added to wells previously with no cells or media and all media was replaced with either total or

oxidized glutathione lysis reagent and incubated for 30 minutes at room temperature with
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constant shaking. The luciferin signal generation reagent was added to the samples at a volume
ratio of 1:1, briefly shaken for 30 seconds and incubated at room temperature for 15 minutes.
Luminescence was read using the Tecan Pro 200 plate reader. Results were expressed as either
MM concentrations of total, reduced or oxidized glutathione, as well as the ratio of GSH/GSSG.
For the total glutathione OxiSelect™ assay, cells were seeded at 3 x 10°cells/100 mm dish and
incubated with media and treatments as previously described. After treatment duration, culture
media was discarded and cells were washed once with HBSS buffer, detached by incubation with
1 mL of 0.05% EDTA-trypsin for 2 minutes at 370C and quenched with 2 mL of 5% serum-
containing F12K media. Cells were then processed for quantification of total GSH following

manufacturer’s instructions.

Oxidant damage

Oxidant damage of cultured cells was determined by lipid and protein oxidation metabolites.
Lipid oxidation metabolites were evaluated as part of a broader but targeted oxylipid profile
using liquid chromatography-tandem mass spectrometry (LC-MS/MS) section below. Protein
oxidation was determined using an ELISA for the detection of protein carbonyls following
oxidative damage to proteins following manufacturer’s instructions. Briefly, cultured cells in 100
mm dishes or 150 mm dishes for LC-MS/MS procedure below were collected by scrapping using
cell lifters from culture dishes, washed with 1X PBS solution before being sonicated (2 minutes,
amplitude 10 at 5°C) in 1X PBS buffer with anti-protease inhibitor. Sample protein
concentrations, oxidized and reduced bovine serum albumin (BSA) were determined and
adjusted to 10 pg/mL solution. The concentrations of protein carbonyls were determined from
the linear portion of an absorbance standard curve determined by a combination of the reduced

and oxidized BSA read using Tecan Infinite 200 PRO plate reader.
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Sample preparation for LC-MS/MS

A targeted oxylipid metabolites in cell pellets and culture media were separately subjected to
solid phase extraction and quantification using LC-MS/MS. Cells were seeded at either 3 x 10°
cells and 8 mL of media or 5 x 10° cells with 15 mL of media in 200 mm or 150 mm dishes,
respectively. At the end of experiments culture media and cell pellets were collected and mixed
with an antioxidant mixture and internal standards. The antioxidant reducing agent mixture
consisted of final concentrations of 0.9 mM butylated hydroxytoluene, 0.54 mM EDTA, 3.2 mM
triphenylphosphine, and 5.6 mM indomethacin. A mixture of internal standards containing 5(S)-
hydroxyeicosatetraenoic-ds acid [5(S)-HETE_ds], 15(S)-hydroxy eicosatetraenoic-ds acid
[15(S)-HETE_ds], 8(9)-epoxyeicosatrienoic-d11 acid [8(9)-EET _dai1], prostaglandin E2-dg
(PGE2_do), 8,9-dihydroxy eicosatrienoic-di1 acid (8,9-DHET _d11), arachidonic acid-ds (AA_ds),
2-arachidonoyl glycerol-ds (2-AG_dsg), and arachidonoyl ethanolamide-ds (AEA dg) as prepared
to final concentrations of 0.25, 0.25, 0.5, 0.5, 0.25, 50, 2, and 0.25 pM, respectively. The internal
pure standards mixture was added into each sample and used to generate a 6-point standard curve
ranging from 500 to 0.001 uM in the concentration of unlabeled fatty acid and oxylipid
standards. Both media and cell pellets were brought up to 60% methanol and additionally, for

media alone, acidified to 0.1% formic acid. Samples were stored at -80°C until analyzed.

Sample extraction for LC-MS/MS

Media samples collected from culture experiments, previously stored at -800C, were thawed
while protected from light, centrifuged (4,000 x g, 30 minutes, 4 °C), and combined with HPLC-
grade water and formic acid to achieve 20% methanol and maintain 0.1% formic acidification,
respectively. Samples were eluted in SPE cartridges (Waters Oasis HLB 12cc, 500 mg LP)

preconditioned with methanol followed by HPLC-grade water, washed with 20% methanol
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solution and cartridges were dried for 15 minutes under full vacuum. A 7.5 mL 1:1 mixture of
methanol and acetonitrile was used to elute extracted samples from the cartridges into glass tubes
pre-coated with 10 pL of 20% glycerol in methanol followed by a 30 second drying under full
vacuum. Samples were dried in a Savant SpeedVac with an initial heating phase at 45 °C,
residues suspended in 150 pL of a 2:1 (v:v) methanol and water mixture, and centrifuged (14,000
X g, 5 minutes, 4 °C). A 120 uL supernatant was transferred to an autosampler vial with a low
volume insert and stored at -80 °C before LC-MSMS analyses. Cell pellets were processed
similar to media samples with modifications. After samples were thawed, samples were
incubated with a 3M potassium hydroxide solution at 45 °C for 45 minutes, allowed to cool to
room temperature before being acidified with hydrogen chloride to a pH range of 2 — 3. Prior to
extraction in Phenomenex 8B-S100-FCH extraction cartridges, cell pellet samples were
centrifuged at 4816 x g for 45 minutes at 4 °C. The acetonitrile/methanol mixture for eluting

samples was 6 mL.

LC-MS/MS

The liquid chromatography and mass spectrometry analyses of all media and cell pellet samples
were performed using a method we have previously utilized before. (Mavangira et al., 2015) The
quantification of metabolites was accomplished on a Waters Acquity UPLC coupled to a Waters
Xevo TQ-S triple quadrupole mass spectrometer (Waters) using multiple reaction monitoring.
Chromatography separation was performed with an Ascentis Express C18 HPLC column, 10 cm
x 2.1 mm, 2.7 um (Supelco, Bellefonte, PA) held at 50°C. The autosampler was held at 10°C.
Mobile phase A was water with 0.1% formic acid, and mobile phase B was acetonitrile. Flow
rate was fixed at 0.3 mL/min. Liquid chromatography separation took 15 min with linear

gradient steps programmed as follows (A:B ratio): time 0 to 0.5 min (99:1), to (60:40) at 2.0 min;
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to (20:80) at 8.0 min; to (1:99) at 9.0 min; 0.5 min held at (1:99) until min 13.0; then return to
(99:1) at 13.01 min, and held at this condition until 15.0 min. All oxylipids and fatty acids were
detected using electrospray ionization in negative-ion mode, whereas the endocannabinoids were
detected using positive-ion mode. Cone voltages and collision voltages were optimized (Table 2)
for each analyte using Waters QuanOptimize software and reported previously (Mavangira et al.,

2015).

MRNA quantification in BAEC

The quantification of gene expression of target genes was performed as previously described by
our group (Aitken et al., 2011b). Initially total RNA was isolated from BAEC treated in 6-well
plates at a seeding density of 1 x 1076 cells/well using the RNeasy Mini KIT (Qiagen, Venlo,
Limburg) following manufacturer’s instructions. Using predesigned and custom-designed
TagMan minor groove binding primers with FAM probe from Applied Biosystems, quantitative
real-time (QRT-PCR) was performed. The qRT-PCR was performed in triplicate for each sample
using reaction mixtures containing phosphoglycerate kinase 1 (PGK1), TATA-box binding
protein (TBP) and ribosomal protein S9 (RPS9) as endogenous controls. The COX2, vascular
cell adhesion molecule 1 (VCAM-1), CYP 3A4, 4F2, and 4A11 were the target genes (Table 19).
The thermal cycling conditions for fast 2-step PCR were used: stagel enzyme activation, 95 °C
for 20s; stage 2, 95°C for 3s; stage 3, 60 °C for 30 s; with 40 replications through stages 2 and 3.
The abundance of target genes was normalized to endogenous control genes and calculated using
the ACt method for statistical analyses and the 2"22“*method for relative expression was used for

graphical display of the data (Aitken et al., 2011b).
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Apoptosis

BAEC were cultured in 96 well plates at 1x10* cells/well in F12K media supplemented with 5%
FBS, insulin, transferrin and heparin for approximately 15 hours. After that, cells were incubated
with 0% FBS media for about 4-6 hours before treatments were added similar to the barrier
integrity experiments. Apoptosis was determined by reading luminescence with a plate reader
after the addition of the Caspase-Glo assay reagent (Promega, Madison, WI). Results were

evaluated as fold change in luminescence over untreated control samples.

Endothelial Cell-substrate Impedance Sensing (ECIS)

Barrier integrity of BAEC was performed using a protocol previously described by our group
(Ryman et al., 2016) Briefly, BAEC were cultured in 8-well arrays with 10+ electrode system
until confluency. Cell culture media was changed to 0% approximately 4 — 6 hours before adding
treatments. For treatments with antioxidants, media for seeding at the beginning of the
experiment and the 0% FBS containing media change before adding treatments included the
antioxidants, N-acetyl cysteine (NAC, 5 mM), tempol (4-Hydroxy-2,2,6,6-tetramethylpiperidine
1-oxyl, 10 mM), or vitamin E (DL-a-Tocopherol, 10 uM). Resistance to electrical passage across
the confluent monolayer was monitored throughout the duration of the experiment using the
Electric Cell-Substrate Impedance Sensing system (ECIS, Applied Biophysics, Inc., Troy, NY).
Resistance measurements immediately before treatment additions were used to normalize all

subsequent values.

Statistical analyses
For statistical analyses, one- or two-way ANOVA were performed using the proc mixed
procedure with or without repeated measures where appropriate using the SAS software (SAS

9.4, Cary Inc., NC). A Tukey adjustment for multiple comparisons was performed with a P <
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0.05 considered significant. For statistical analyses, undetected measures of variables in a

treatment class were presented as undetected and assigned a zero value for statistical analyses.

Results

Exposure of BAEC to AAPH induced oxidative stress

Previous studies showed that activation of endothelial cell markers occurs by at least 4 — 12
hours after agonist treatment (Aitken et al., 2011b, Contreras et al., 2012a). Therefore, a period
between 6 — 12 hours was targeted to capture effects of induced oxidative stress in BAEC.
Exposure of BAEC to the free radical generator, AAPH, showed a dose (Figure 6A) and time
(Figure 6B) dependent decrease in cell viability relative to untreated controls. Thus, a dose of 5
mM for an 8-hour incubation was selected for positive induction of oxidative stress for
subsequent experiments. Exposure of BAEC to AAPH time-dependently increased ROS/RNS
production, which peaked at 4 hours and remained elevated for the duration of the experiment
(Figure 7A). Increased ROS/RNS was accompanied by decreases in the total glutathione
concentrations (Figure 7B). The changes in oxidant and redox status were associated with
increased production of lipid peroxidation markers, 15-Fx-1soP (Figure 8A) and 11-HETE

(Figure 8B).

Induced oxidative stress in BAEC does not result in the production of 20-HETE

To evaluate the production of 20-HETE during oxidative stress conditions, BAEC were exposed
to AAPH with and without the CYP hydroxylase inhibitor, HET0016 at 10 nM. The 10 nM
HETO0016 dose used to selectively inhibit CYP hydroxylases activity is at least 1000-fold less
than doses required to inhibit epoxygenation activity of CYP enzymes (Nakamura et al., 2003).
No significant changes in 20-HETE concentrations were detected with or without HET0016 in

BAEC treated with AAPH or LPS (Figure 9A). However, the AAPH dose of 5 mM induced
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significant mMRNA expression for COX2 but not VCAM-1 in BAEC (Figures 9B and 9C). In
another bovine cell line, MDBK cells, AAPH induced significant ROS/RNS production (Figure

9D), and mRNA expression of CYP3A4 but not CYP4F2 (Figures 9E and 9F).

Exposure of BAEC to LPS with or without HET0016 did not alter 20-HETE production relative
to non-treated control (Figure 9A); however, there was a dose-dependent induction of COX2 and
VCAM-1 mRNA expression (Figure 9B and 9C). In MDBK cells, LPS doses of 1- and 10 ng/mL
for 24 hours failed to induce ROS/RNS production (Figure 9E) or mRNA expression for either
CYP3A4 or CYP4F2 (Figures 9E and 9F). The CYP isoform, CYP4A11, was not detectable for

any of the treatments or cells.

The CYP hydroxylase inhibitor decreased AA-derived epoxides and LA-derived hydroxy-
oxylipids

The formation of the oxylipids when BAEC were exposed to AAPH or LPS with or without
HETO0016 was quantified by LC-MS/MS and data analyzed as fold change in AAPH or LPS
treated BAECs relative to untreated controls (Table 20). Treatment of BAEC with AAPH or LPS
alone did not affect the production of the quantified targeted lipidome. Treatment of BAEC with
AAPH and LPS in the presence of HET0016 decreased the proportion of 8,9-EET, 14,15-EET,
9-HODE and 13-HODE relative to control. Of these 4 oxylipids, only 14,15-EET was not

significantly different between control+HET0016 and AAPH+HETO0016 treatments.

Exposure of BAEC to 20-HETE induces oxidative stress

Exposure of BAEC to 20-HETE dose- and time-dependently increased ROS/RNS production
which peaked at 30 minutes (Figures 10A and 10B). From 90 mins onwards, the RNS/ROS
fluorescence signal lost significance for the remainder of the experimental duration. A significant

decrease in the GSH/GSSG ratio was detected at 90 minutes (Figure 10C). Neither 15-Fx-IsoP
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nor protein oxidation markers, protein carbonyls, was changed by BAEC exposure to 20-HETE

(Appendix, Figure 14).

20-HETE induced loss in endothelial resistance by an oxidative stress mechanism

The dose of 100 uM for 20-HETE induced significant decreases in the BAEC barrier integrity
(Figure 11A) similar to treatments with 5 mM AAPH (Figure 11B). Several antioxidants were
tested to determine if the endothelial barrier integrity loss was due to oxidative stress, including
the SOD mimetic (tempol), GSH precursor (N-acetyl cysteine, NAC), and DL-a-tocopherol
(Vitamin E). Antioxidant doses used were determined based on the effect of each antioxidant
alone on cell viability, production of ROS/RNS, and the ability to decrease AAPH-induced
ROS/RNS formation. Doses selected for evaluation on endothelial barrier integrity were 5 mM
NAC and 10 uM vitamin E. Antioxidants were added simultaneously with 20-HETE as a
treatment to the immediate induction of oxidant stress by 20-HETE. For NAC, 5 and 10 mM had
an adequate viability of at least 90% (Figure 11C and 11D) and significantly decreased the
production of AAPH-induced reactive metabolites (Figure 11E). Co-treatment of BAEC with 5
mM of NAC and 20-HETE induced loss of barrier integrity to the same extent as or worse than
20-HETE alone (Figure 11F). Vitamin E at 10 uM had adequate viability (Figure 12A) but did
not affect the AAPH-induced RM production (data not shown). Barrier integrity upon exposure
to Vitamin E alone did not differ from the untreated controls (Figure 12B). Co-exposure of
BAEC to 20-HETE and vitamin E simultaneously resulted in an increased lag time to the
development of barrier integrity loss which became significant at 8 hours as opposed to 3 hours
induced by 20-HETE alone (Figure 12C). From hour 9 until the end of the experiment, loss of
barrier integrity was similar for 20-HETE alone and 20-HETE+vitamin E, and both were

significantly different from untreated controls (Figure 12C).
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Decrease in endothelial resistance by AAPH and 20-HETE is not mediated by apoptosis
Exposure of BAEC to 20-HETE or AAPH alone did not induce significant changes in caspase
3/7 activity (Figure 13A, 13B, and 13C). The addition of NAC to BAEC treated simultaneously
with 20-HETE induced apoptosis similar to that produced by NAC alone (Figure 13A). Pre-
incubation of BAEC with NAC for 12 hours before the addition of 20-HETE also increased
apoptosis compared to negative control, AAPH or 20-HETE alone (Figure 13A). There was no
effect on apoptosis in BAEC pre-exposed to vitamin E for 12 hours before the addition of 20-
HETE for a further 8 hours (Figure 13B). Relative to untreated controls, there was no evidence
of apoptosis in BAEC exposed to the following treatments: Vitamin E alone, Vitamin E+20-
HETE simultaneously, and 12-hour pre-incubation with vitamin E followed by 20-HETE (Figure
13C). An LDH-release assay was performed to examine whether cellular necrosis played a role
in the decreased barrier integrity. The LDH-release assay showed that cell death was induced

only by co-exposure of BAEC to NAC and 20-HETE (figure 13D).

Discussion

Our most recent studies on bovine coliform mastitis showed overproduction of 20-HETE that
was correlated strongly with concurrent oxidative stress (Mavangira et al., 2015, Mavangira et
al., 2016b). Based on oxidative stress-dependent cellular injury studies in human microvascular
endothelial cells (Scarpato et al., 2011), we developed an oxidative stress model as a reference
for evaluating the effects of 20-HETE on endothelial barrier integrity. Oxidative stress was
induced using AAPH, which thermally decomposes in aqueous solution to generate free radicals
(Scarpato et al., 2011). In our model, AAPH successfully induced oxidative stress by
overproduction of RM, decreased total glutathione and increased lipid peroxidation. Our findings

agree with previous studies that used AAPH to induce oxidative stress in various cells including
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endothelial cells, hepatocytes, and liposarcoma cells (Plumb et al., 1997, Roche et al., 2009,
Scarpato et al., 2011). Further, AAPH was shown to induce in-vivo oxidative stress in mice as
detected by increased 15-F2-1soP (Yoshida et al., 2008). The 15-F2+-I1soP have recently also been
utilized in cell culture systems to demonstrate oxidative stress (Labuschagne et al., 2013). In our
model, concentrations of 15-F2+-1soP and another lipid oxidation metabolite elevated in various
in-vivo disease with marked oxidative stress, 11-HETE (Mallat et al., 1999), showed the
successful induction of oxidant damage. Thus, our oxidative stress model provided a sufficient
reference for testing the links that may exist between LPS, 20-HETE and the development of

oxidative stress during acute inflammation.

Previous studies showed that acute inflammation depresses CYP gene expression and the
subsequent production of CYP-derived oxylipids including eicosatetratrienoic acids (EETs) and
20-HETE in various organs (Theken et al., 2011). Our studies showing increased 20-HETE in
bovine mastitis are in agreement with the LPS- and cecal ligation and puncture murine sepsis
models in which 20-HETE production increased by up to 300% in some organs (Anwar-
mohamed et al., 2010, Willenberg et al., 2015). Thus, we expected that the stimulation of BAEC
with LPS would result in the endogenous production of 20-HETE. In fact, it appears that
oxidative stress mechanism may not be a requirement since AAPH did not change the 20-HETE
production despite induction of oxidative stress in BAEC. Alternatively, aortic-derived
endothelial cells may be devoid of CYP hydroxylation capacity because ionophore stimulation of
BAEC:s failed to induce 20-HETE production (Cheng et al., 2010). Additionally, murine studies
showed that CYP hydroxylase mMRNA expression increased with decreasing systemic arterial
vessel diameter with initial identification in the mesenteric artery (Marji et al., 2002). The lack of

increase in 20-HETE following AAPH or LPS treatment was not related to the potency of the
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doses utilized because BAEC were sufficiently activated based on the mRNA expression for
COX2 and VCAM-1. Studies have shown that activation of HUVECs as evidenced by tumor
necrosis factor alpha production following exposure to LPS was associated with increased
MRNA expression of the CYP-epoxygenase isoform, CYP2J2 (Askari et al., 2014). Utilizing
another bovine cell line, MDBK, same AAPH doses and even lower doses of LPS (1 and 10
ng/mL) for 24-hour duration showed differential responses of CYP isoforms with no changes
detected for the canonical CYP hydroxylases. Our study, therefore, suggests that AAPH and LPS
do not induce significant expression of the CYP-hydroxylases or 20-HETE production in BAEC

compared to untreated control.

The lack of increase in 20-HETE concentrations after pre-exposure to the CYP-hydroxylase
inhibitor, HET0016, further supported the deduction that BAEC were not a significant source of
20-HETE in our model. In vivo studies in which overproduction of 20-HETE and oxidative
stress are key for pathology, show protection from oxidative damage when treated with
HETO0016 (Dunn et al., 2008). Similarly, cell cultures in several models of cellular damage due
to 20-HETE-induced oxidative stress including the oxygen-glucose deprivation in hippocampal
slices, renal epithelial cells, and neonatal myocardial murine cells were protected by HET0016
(Nilakantan et al., 2008, Bao et al., 20113, Renic et al., 2012). Although the 10 nM dose utilized
in our study is at least 1000 fold less than doses that would affect epoxygenase isoforms
(Nakamura et al., 2003), a few oxylipids were decreased significantly suggesting a potential
influence on the oxylipid profile which can affect the overall oxidant phenotype in agonist-
treated cells. Further studies with an expanded lipidome profile may be needed to understand the

implications of 20-HETE biosynthesis inhibition.
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Previous studies in HUVECs transduced with CY P-hydroxylase isoforms, 4A1 and 4A2, showed
that increased concentrations of 20-HETE could induce oxidative stress (Ishizuka et al., 2008).
In this study, we also demonstrated that BAEC exposed to 20-HETE increased RM production
accompanied decreased GSH/GSSG ratio, an acceptable marker of oxidative stress. The induced
oxidative stress was accompanied by a significant loss in endothelial barrier resistance as early as
the 3™ hour of incubation in a very similar manner to AAPH, thus implicating an oxidative
stress-dependent mechanism. In bovine retinal microvascular endothelial cells treated with 12-
HETE, 15-HETE or hydroperoxides, pre-exposure to NOX inhibitors rescued the loss of
endothelial resistance (Othman et al., 2013). The NOX enzyme system may be a relevant source
of reactive metabolites in our study since previous studies showed that 20-HETE upregulated
NOX activity (Han et al., 2013). The NOS enzyme and mitochondria may be additional reactive
metabolite sources previously implicated in other studies with 20-HETE (Cheng et al., 2008,
Dunn et al., 2008). Increased mitochondrial ROS in HUVECs stimulated with the cytokine tumor
necrosis factor-o was linked through ceramide to initial NOX-mediated ROS formation (Chen et
al., 2008). Further metabolism by endothelial cells may also play a role in the ability and
duration of oxidative stress induced by 20-HETE. For example, 20-HETE metabolism by COX
into 20-hydoxy-PGG2, PGH3, and PGE> was required to cause vasodilation of the basilar artery
from rats (Fang et al., 2006). Alternatively, 20-HETE is converted to 20-COOH-AA by alcohol
dehydrogenase for the vasodilatory activity (Fang et al., 2006). Alcohol dehydrogenase 4
mediated this conversion and was identified in the cerebral microvascular endothelium (Collins
et al., 2005). The possibility that 20-HETE is metabolized to products that are ultimately

responsible for the loss of endothelial resistance requires further investigation.

90



Oxidative damage stress induced by 20-HETE caused cellular apoptosis in renal kidney cells,
cardiomyocytes, and HUVECs transduced with CYP hydroxylase. On that basis, we investigated
the potential for 20-HETE to mediate loss of barrier resistance through endothelial cell apoptosis.
Antioxidants were ineffective at completely rescuing the loss in barrier integrity. Of the
antioxidants tested, NAC, tempo, and vitamin E, only NAC decreased AAPH-induced ROS
production. Some studies have shown that cells cultured in hypoxic conditions have increased
ROS production and undergo enhanced apoptosis when supplemented with NAC (Qanungo et
al., 2004). The pre-incubation of BAECs with serum-free media likely placed the cells at
increased risk for NAC-induced apoptosis. In other cells, NAC induced non-ROS mediated
apoptosis (Wu et al., 2014), a mechanism that may be dependent on induction of reductive stress
due to over-supplementation with antioxidants (Zhang et al., 2012). Combining serum-free
media and lack of supplemental Se may have increased endothelial cells susceptibility to 20-
HETE-induced dysfunction because of increased ROS production. The partial protection
afforded by vitamin E could be explained by rapid utilization of Vitamin E which is not
regenerated because of lack of Se. The Se-dependent glutathione reductase enzymes participate
in the regeneration of vitamin E in the presence of reduced GSH (Ho and Chan, 1992). Our study
showed that 20-HETE diminished reduced GSH in culture conditions with no supplemental Se.
Our group previously showed that lack of Se supplementation decreased the activity of GPx
enzymes (Sordillo et al., 2008). Loss of endothelial resistance in the presence of antioxidants
might also be due to the failure of antioxidants to reach the site of highest ROS production,
presumably the mitochondria. In HUVECs stimulated with H2O3, targeting both tempo and
vitamin E to the mitochondria protected against endothelial apoptosis compared to their

untargeted forms (Dhanasekaran et al., 2004). Surprisingly, neither 20-HETE nor AAPH induced
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endothelial apoptosis despite altering the oxidative stress parameters and evidence of inducing
lipid peroxidation in AAPH treatments. Thus, the loss in endothelial resistance in our model does
not depend on cell death upon exposure to 20-HETE. In pulmonary endothelial cells, 20-HETE
protected against apoptosis from stimuli including serum starvation, LPS, and hypoxia
(Dhanasekaran et al., 2009), an effect explained by the differential effects of 20-HETE in
different vascular beds. For example, 20-HETE induces vasodilation in pulmonary vasculature
but causes constriction in the systemic vasculature. In the endothelial resistance loss induced by

AAPH, our studies showed that necrosis plays a role.

The loss in barrier integrity in the absence of cell death in our studies suggest that other
mechanisms may be involved. In podocytes, 20-HETE increased permeability to calcium ions by
opening calcium channels thus increasing electrical conductivity (Roshanravan et al., 2016).
Calcium may participate in the contraction of the intracellular microtubules resulting widening of
cellular gap junctions. Another potential mechanism for the 20-HETE-induced loss in endothelial
permeability might have been the phosphorylation of small GTPase proteins, including Rho
kinase (Randriamboavonjy et al., 2003). Other lipid metabolites, 12- and 15-HETE were also
shown to directly affect cell junctional protein expression including zona occludens protein 1 in
an NOX-dependent manner (Othman et al., 2013), a mechanism that may be relevant for 20-
HETE. Future studies are required to elucidate the mechanisms involved in the 20-HETE-

induced loss of endothelial barrier resistance.

Conclusions
In conclusion, the results of this study showed that 20-HETE affects the barrier integrity of
endothelial cells as demonstrated by the decreased electrical resistance. The loss of endothelial

barrier integrity is consistent with changes in some oxidative stress parameters; however, no
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definitive evidence of oxidant damage occurred in 20-HETE treatments. Co-treatment of BAEC
with antioxidants did not prevent the loss of barrier integrity. The loss in endothelial barrier
integrity induced by 20-HETE was not dependent on cell death. Although endothelial cells are
targets for 20-HETE-induced dysfunction, BAECs are not a primary source of 20-HETE
production. Further studies should explore the precise mechanisms by which vascular barrier

integrity is disrupted by 20-HETE.
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CHAPTER 5

SUMMARY AND CONCLUSIONS
The broad goal of this dissertation was to determine the contribution of the CYP-derived
oxylipid metabolite, 20-HETE, to the vascular endothelial barrier dysfunction which is a
significant pathological manifestation in acute and severe inflammatory conditions such as
sepsis. The rationale for focusing on 20-HETE came from preliminary data presented in chapter
2 in which several perturbations in the production of oxygenated lipid metabolites (oxylipids)
were detected. Previous studies by our group and others showed that oxylipid production was
altered in dairy cows with coliform infection in the mammary gland (Maddox et al., 1990,
Maddox et al., 1991). As the knowledge of oxylipid production in many diseases of humans and
animals has increased rapidly over the last few decades, the changes of the oxylipid profiles in
severe coliform mastitis were unknown (Dennis and Norris, 2015). Therefore, in Chapter 2,
oxylipid profiles in severe bovine coliform mastitis showed that increased PUFA substrate
availability, activation of multiple biosynthetic pathways, and the degree of oxylipid metabolism
contributed in defining the observed oxylipid profiles (Mavangira et al., 2015). A significant
finding, reported for the first time in coliform mastitis, was the consistent elevation in the CYP-
derived oxylipid, 20-HETE in plasma and milk from cows with severe coliform mastitis. With
the knowledge that clinical severity of coliform mastitis is partly dependent on concurrent
oxidative stress development, a panel of biomarkers for the detection of oxidative stress were
employed in the cows with severe coliform mastitis. Based on the limitations of many of the
currently used biomarkers of oxidative stress in veterinary medicine, especially in ruminants
(Celi, 2011), the study in Chapter 3 evaluated the utility of a biomarker that is considered as a

gold standard biomarker (Milne et al., 2015) of oxidative stress in humans. The biomarker, an
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oxylipid derived from the free radical metabolism of AA known as 15-Fx-isoprostane (15-Fa-
IsoP), was correlated with the changes in oxidant and redox status that are consistent with the
occurrence of oxidative stress (Mavangira et al., 2016). The findings in the study reported in
Chapter 3, therefore, recapitulated the observations from previous studies that oxidative stress
was related to the severity of clinical disease in coliform mastitis of dairy cattle. Further analyses
showed significant correlations between 20-HETE and the oxidative stress biomarkers
suggesting that a cause-effect relationship may exist among these variables and potentially
influence disease outcome. Thus, the study in Chapter 4 was performed with the goal of
assessing potential pathological consequences of increased 20-HETE production during
inflammation. We showed that 20-HETE disrupted barrier integrity but contrary to our
hypothesis, cell death did not appear to play a role. Antioxidants evaluated failed to prevent or
significantly improve the loss in barrier integrity; instead, the combination of two of the
antioxidants, N-acetyl cysteine and tempo (superoxide dismutase mimetic), with 20-HETE

tended to exacerbate the loss of endothelial barrier integrity.

Chapter 2

Oxylipids regulate all parts of the inflammatory response, from initiation, to progression, and to
its resolution (Dennis and Norris, 2015). Production of oxylipids was previously reported in
cows with coliform mastitis with a predominance of proinflammatory metabolites such as the
prostaglandins (PG) E2 and F2, and thromboxane (TX) Ba. These findings were the basis of for
the use of NSAIDs in coliform mastitis; however, there are several complications associated with
NSAID use including abomasal ulceration and renal necrosis as well as minimal evidence of
efficacy. The study reported in Chapter 2 described the patterns and diversity of oxylipid

metabolites occurring during severe bovine coliform mastitis using liquid chromatography/mass
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spectrometry (LC-MS/MS) for detection and quantification. We showed that both concentration
and number of individual oxylipid species produced differed between the site of infection, the
local mammary gland, and systemic production. A major strength of the study was the use of a
naturally occurring disease model which captured changes that would allow practical use of the
knowledge gained. However, the study had notable limitations. The use of a single time point
sample/cow does not allow for defining the overall inflammatory phenotype associated with
oxylipid changes. We were also unable to follow the temporal changes in oxylipids and correlate
the changes to clinical signs. In taking into account the costs of LC-MS/MS and the goal of the
study as a pilot evaluation of oxylipid profiles, the study design was justified and significant for
defining the oxylipid profile much more comprehensively for the first time in dairy cattle. There
are several reasons explain the variability in the data obtained, including pathogen load at
infection, variation in response to infection, lag times from onset of disease to diagnosis, and the
effect treatments like NSAIDs that influence COX2-dependent oxylipid biosynthesis. An attempt
was not made to assess the effects of treatments with NSAIDs or antibiotics because of lack of
reliable clinical records. The ability to evaluate treatment effects would have been informative
because NSAIDs may shuttle PUFA substrates to non-COX pathways and impact oxylipid
profiles. Studies have demonstrated that COX-metabolism can be modified by acetylsalicylate to
produce 15R-HpETE, which can be converted to anti-inflammatory LXAA4. Perhaps this
information could have been determined by partitioning clinical cases into NSAID-treated and
non-treated, specifically with aspirin. Another important information that could have been
addressed by this study is the influence of diet on fatty acid composition in the plasma and milk
samples. Diet affects PUFA composition in the many cells and fluid compartments of the body.

Oxylipid data could have been correlated to dietary PUFA concentrations to account for diet as a
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source of the elevated PUFA detected in milk and plasma from mastitis cows. Related to this fact
is also the lack of non-esterified fatty acid data in plasma which would have added more to the
speculation that lipid mobilization played a role in increasing the PUFA substrate available for
oxylipid biosynthesis. Despite the shortcomings of the study, many significant findings were
important first reports in bovine mastitis: 1st, the consistently increased 20-HETE
concentrations; 2nd, the expanded lipidomic profile showing differential effects of the
compartment with several changes in the mammary gland compared to systemic. Because of the
challenge regarding limited effective anti-inflammatories and the need to reduce antibiotic use in
treatment and prevention of diseases in food-producing animals, the oxylipids may represent
novel alternate targets for treatment approaches and the study in Chapter 2 provides specific
examples of metabolites and pathways that can be explored. Because oxylipids may mediate
their effects through various mechanisms including oxidative stress, Chapter 3 examined
oxidative stress occurring during bovine coliform mastitis to determine if one of the oxylipid

metabolites could be useful in the detection of oxidative stress.

Chapter 3

Oxidative stress plays a major role in many human and animal diseases, but its detection
continues to be a challenge, particularly in veterinary medicine (Celi, 2011). The
supplementation of selenium and vitamin E was also shown to reduce the severity and duration
of clinical signs due to bovine coliform mastitis (Weiss et al., 1997). The diagnosis of oxidative
stress was based on non-specific measures such as ROS production (Kizil et al., 2007). In
human, however, products of free radical-mediated peroxidation of PUFA generate isoprostanes
that have been used as gold standard biomarkers of oxidative stress (Milne et al., 2011). Thus,

we evaluated and concluded that 15-F2-1soP is a viable biomarker of oxidative stress in severe

98



bovine coliform mastitis using LC-MS/MS and also explored the usefulness of commercial
assays with reference to LC-MS/MS. The utility of the 15-F»-1soP during the oxidative stress of
bovine coliform mastitis is especially impressive given the limited number of experimental
animals in our study (total n = 8). The small n is also a major limitation of the study. Using the
15-F2-1soP data obtained from this study, at least n = 15/group would be required to accurately
detect the specific differences in 15-Fx-1soP concentrations identified in Chapter 3. A series of
studies recently suggested that e cox2 enzymes can generate 15-F2t-1soP and that 15-F-IsoP
concentrations should be interpreted in the context of prostaglandin F», (van ‘t Erve et al., 2015,
van't Erve et al., 2016). PGF2, was not measured in our study and it is possible that the
overestimation of 15-F2-1soP by the ELISA assays evaluated was because of the cross-reactivity
with PGF2,. Because the accurate determination of 15-F2-1soP currently relies on mass
spectrometry methods which are expensive and technically challenging, more work is required to
develop user-friendly diagnostic methods that accurately quantify 15-F2-IsoP and to determine
the relationship between 15-F2-1soP and PGF2, in dairy cattle. An interesting finding was the
positive correlation between the 15-F»-IsoP and the oxylipid, 20-HETE, identified in chapter 2
which formed the basis for proposing a causal link between 20-HETE and oxidative stress.
Therefore, an oxidative stress model was developed to determine the role of 20-HETE in the

development of oxidative stress and its associated pathological consequences.

Chapter 4

Although previously recognized in chronic inflammatory conditions of humans including
hypertension, diabetes and some acute conditions like cerebral ischemia, the relevance of 20-
HETE in acute inflammatory conditions is equivocal. For example, in many studies, Tunctan et

al. showed that treatment of LPS-induced murine sepsis with 20-HETE mimetics resulted in
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improved clinical signs including blood pressure, weight loss, and reduced mortality rates. The
basis for these studies, therefore, was that 20-HETE production in acute inflammatory conditions
was reduced. Studies of LPS-induced murine sepsis showing suppressed CYP gene expression
post sepsis induction supported the findings by Tunctan et al. (Theken et al., 2011). In contrast,
significant increases in CYP4 hydroxylase gene expression and 20-HETE production after LPS-
and cecal ligation and puncture (CLP-) in mice were reported (Anwar-mohamed et al., 2010,
Willenberg et al., 2015). The studies demonstrating increased 20-HETE agree with the
abundance of 20-HETE in our study using severe bovine coliform mastitis. Therefore we
investigated the potential pathological contribution of 20-HETE using an in-vitro model of

oxidative stress.

First, we developed a model for inducing oxidative stress using primary bovine aortic endothelial
cells (BAECs). The model employed used a free radical generator that undergoes temperature-
dependent thermal decomposition in aqueous solution generating radicals for a prolonged
duration of time (tu2 = 175 hours). Previously, AAPH was shown to induce oxidative stress in
human endothelial and other cells (Plumb et al., 1997, Scarpato et al., 2011). In addition, we also
utilized a culture media devoid of selenium (Se) supplementation. Previously, our lab showed
that insufficient Se in culture media for many cell lines including BAECs, bovine mammary
endothelial cells (BMECs), and murine raw cell line 264.7, induced oxidative stress-related
changes (Cao et al., 2000, Cao et al., 2001, Mattmiller et al., 2014). Therefore, the combination
of a free radical inducer (AAPH) and non-Se media provided conditions for the development
oxidative stress. In this model, we showed increased markers of oxidative stress that we
previously showed in-vivo, including robust RM production, altered redox state by decreasing

total glutathione (GSH) concentrations and the induction of macromolecular damage as shown
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by 15-F2-IsoP. Protein carbonyls did not show any changes of oxidant damage which may be
explained by either the poor sensitivity of protein oxidation as a marker of oxidant damage in
cell culture. In addition, our agonists may not have been potent enough to cause detectable
changes in oxidized proteins. Exogenous 20-HETE (Cayman, Ann Arbor, MI) was used in
culture medium with no serum (0% fetal bovine serum, FBS) supplementation. The use of 20-
HETE in 0% FBS media is standard practice, as is with using other oxygenated lipids because
serum contents including albumin, serum fat acid binding proteins, and phospholipids can bind
and interfere with the effects of oxylipids. Conversely, serum may contain components that may
induce oxidation of the lipid mediators, for example, the presence of free iron in serum or
released from iron in transferrin added to culture medium. The challenge with using 0% FBS is
that lack of serum in culture medium in itself induces reactive metabolite production. Our studies
showed that 0% FBS media induced significant ROS production, but the levels were less than

those induced by 20-HETE and AAPH.

Determining the source of 20-HETE that becomes injurious to the vascular endothelium is
important in particular regarding the targeting of therapies for the modulation of disease
outcomes. The targets for 20-HETE in the endothelial cells include the endothelial nitric oxide
synthase (eNOS) and nicotinamide adenine dinucleotide phosphate-oxidase (NOX) (Cheng et al.,
2008, Han et al., 2013). In some studies, 20-HETE was shown to be a substrate for further
metabolism through the dehydrogenases (Collins et al., 2005), lipid metabolizing enzymes
including Cyclooxygenases (COX) and non-hydroxylating CYP isoforms (Fang et al., 2007).
Further metabolism by COX was required for physiological effects. For example, vasodilation of
mouse basilar arteries required the formation of prostaglandin derivatives of 20-HETE, 20-

hydroxy-PGE> (Fang et al., 2007). Therefore, understanding if BAECs are a source of 20-HETE
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IS important in understanding how overproduction of 20-HETE may interact with other
metabolizing pathways thus far detected in endothelial cells. The eNOS and NOX enzymes are
targets for many agonists and are required for many physiological processes implying that they
may not be the best targets as they may interfere with the normal physiological process. The
effect of uncoupling eNOS by 20-HETE raises interesting questions, for example, in diseases
characterized by inducible NOS (iNOS) occurs, does 20-HETE also target iNOS and induce
more severe oxidative stress? Previous studies showed that in large arteries, endothelial cells do
not have significant CYP hydroxylase expression (Marji et al., 2002) and that incubation of
BAEC with AA and stimulation with calcium ionophore (Cheng et al., 2010) failed to induce 20-
HETE production. Perhaps more physiological studies can be performed by utilizing endothelial
cells from vascular beds known to express hydroxylating isoforms of CYPs. Although not
physiological, endothelial cells may be engineered by using techniques such as transfection to
induce the capacity to induce 20-HETE biosynthesis. The success of such approaches will enable
studying the regulation and the pathological mechanisms of 20-HETE production in endothelial

cells.

In light of the lack of 20-HETE production by BAECSs, we utilized exogenous 20-HETE. The
concentration of 100 uM used in our barrier integrity studies were several orders of magnitude
greater than a 100 nM dose initially evaluated for ROS production in BAEC. Many studies
demonstrating pathological effects of 20-HETE have used concentrations ranging from 5 nM —
20 puM (Cheng et al., 2010, Roshanravan et al., 2016). We evaluated doses from 100 nM — 100
M, and although we had increased ROS production across the spectrum of doses tested,
disruption of barrier function only occurred at 100 uM. Subsequently, the 100 pM dose was

utilized in the remainder of the experiments. A concern becomes the possibility of using non-
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physiologic and even much greater concentrations than observed in pathological states and
therefore inducing concentration-dependent toxicity of 20-HETE to BAECs. Although not
investigated in this study, the lack of both apoptosis or necrosis of the BAEC after a 24-hour
exposure suggests that there were no lipotoxicity effects. Further studies, however, can examine
closely related metabolites at the same doses as 20-HETE (100 uM) to rule out lipotoxicity
effects. An example would be to use 19-HETE, the -1 hydroxylation metabolite of AA which

was found to antagonize the pathological effects of 20-HETE (Elkhatali et al., 2015).

Although 20-HETE induced changes consistent with oxidative stress including RM production,
decreased GSH/GSSG ratio, the lack of significant changes in LDH release or caspase enzyme
activity suggest that cell death is not involved in the observed endothelial barrier disruption that
occurred in our model. Some studies have shown that 20-HETE induces contraction in vascular
smooth muscle cells by increasing the permeability to calcium (Ge et al., 2014). In addition, 20-
HETE was shown to mediate the phosphorylation of cellular contractile microtubules by
phosphorylation of intracellular filament subunits in a mechanism that requires ROS production
and activation of GTPase (Kizub et al., 2016). Therefore, observations of vascular barrier
dysfunction in our study may be due to induction of contraction of the cellular microfilaments
and widening of gap junctions reducing the electrical barrier resistance. Further studies are
needed to determine the integrity of gap junctions during BAEC exposure to 20-HETE. The
inability of the antioxidants tested in our study to prevent or improve the decrease in barrier
integrity could be due to a few possible reasons. First, the duration of the experiment could have
been such that the antioxidants were used up in the presence of excess concentrations of 20-
HETE. Based on our studies, NAC decreased ROS production whereas Vitamin E delayed the

decrease in endothelial cell electrical resistance; therefore, 20-HETE may have been present in
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concentrations that overwhelmed the antioxidants. Second, BAEC may lack efficient
mechanisms to metabolize 20-HETE to inactive metabolites by dehydrogenation, for example;
that may inactivate and reduce the detrimental effects of 20-HETE. If this is true, excess 20-
HETE may be channeled towards pathways that may be responsible for the biological effects of
20-HETE like the previously mentioned COX or dehydrogenases. Third, the presence of 20-
HETE may disrupt cellular membrane permeability by modifying the lipid content of cell
membranes. Coronary artery endothelial cells are known to incorporate 20-HETE when
supplemented (Kaduce et al., 2004). Finally, the loss in barrier integrity may not be entirely

dependent on oxidative stress changes.

There is a need to evaluate the effects of 20-HETE on endothelial resistance with better
antioxidants treatments. First, antioxidants should be targeted to the mitochondria as they are a
major source of ROS. Studies in HUVECSs treated with H.O> showed that targeting vitamin E
and tempo to the mitochondria protected from apoptosis than when the same antioxidants were
used in an untargeted fashion (Dhanasekaran et al., 2004). Further, other studies show that
stressing cells with hypoxic conditions, for example, makes them susceptible to antioxidant-
induced apoptosis. This may explain the increased cell death we saw with NAC (Qanungo et al.,
2004). Future studies will establish sufficient antioxidant treatments including supplementing
selenium to culture media and longer pre-incubation of cells with antioxidants to allow for
sufficient cellular uptake of antioxidants before treatments with positive oxidative stress inducer
or 20-HETE are used. Alternatively, it may be possible that 20-HETE has protective effects and
that the endothelial cell-substrate impedance sensing may not be the best way to evaluate

dysfunction due to 20-HETE
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Appendix B. Tables

Table 1. Nutrient composition (% of DM unless otherwise noted) of the diet for the
experimental animals?

Item Nutrient analysis

DM 47.64
Forage DM 40.87
CP 17.23
MP 11.97
ME, Mcal/kg 2.98
NEL,> Mcal/kg 1.79
ADF 16.23
NDF 29.56
Forage ADF 10.92
Forage NDF 17.46
NFC 42.36
Starch (nonsugar) 29.85
Fat 4.34

1Supplemented with: vitamin A, 8,369 1U/kg, vitamin D, 1,455 1U/kg, and vitamin E, 33 IU/kg;
minerals (% of DM): 1.04 Ca, 0.48 P, 1.1 K, 0.34 Mg, 0.26 S, 0.56 Na, 0.32 Cl, 0.35 Salt; Ca:P
ratio = 2.17; trace minerals (mg/kg): 51.8 Zn, 7.6 Fe, 11.5 Cu, 37.0 Mn, 0.6 Co, 0.6 I, 0.37 Se;
DCAD = 27.6 mEq/100 g; Rumensin 9.3 g/t (Elanco, Indianapolis, IN).
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Table 2. Optimized multiple reaction monitoring parameters for metabolites

Parent  Product

ion ion Cone  Collision
Metabolite! (m/z) (m/z) voltage energy Precursor? Class
12 HHTrE 279.2 179 45 10 ArA Alcohol
20-HETE 319.2 245 55 16 ArA Alcohol
15-HETE 319.2 219 45 10 ArA Alcohol
11-HETE 319.2 167 51 16 ArA Alcohol
9-HETE 319.2 151 15 10 ArA Alcohol
5-HETE 319.2 115 33 10 ArA Alcohol
14,15-DHET 337.2 207 33 16 ArA Diol
11,12-DHET 337.2 167 51 22 ArA Diol
8,9-DHET 337.2 127 15 22 ArA Diol
AEA 348.2 62 21 16 ArA Endocannabinoid
2-AG 379.3 287 45 16 ArA Endocannabinoid
14,15-EET 319.2 219 33 10 ArA Epoxide
11,12-EET 319.2 179 27 10 ArA Epoxide
8,9-EET 319.2 155 27 10 ArA Epoxide
8 1so PGF2a 353.2 193 21 22 ArA Isoprostane
8 iso PGA2 333.2 175 55 22 ArA Isoprostane
8 iso PGAl 335.2 235 39 16 ArA Isoprostane
LTB4 335.2 195 21 16 ArA Leukotriene
5(S),6(R)-
Lipoxin A4 351.2 115 55 16 ArA Lipoxin
15-OxoETE 317.2 113 45 16 ArA Ketone
5-OxoETE 317.2 203 45 22 ArA Ketone
6-keto-PGFla 369.3 163 21 22 ArA Prostanoid
PGE2 351.2 271 55 16 ArA Prostanoid
PGD2 351.2 189 55 22 ArA Prostanoid
15d-PGJ2 315.2 271 39 10 ArA Prostanoid
TXB2 369.2 169 51 16 ArA Thromboxane
17-HDoHE 343.2 281 45 10 DHA Alcohol
19,20-DiHDPA 361.2 273 27 16 DHA Diol
10,17-DiHDoHE ~ 359.2 153 15 16 DHA Protectin
7,17-dh-DPA 361.2 143 27 16 DHA Protectin
Resolvin D2 375.2 175 21 22 DHA Resolvin
17,18-DIHETE 335.2 247 39 16 EPA Diol
14,15-DIHETE 335.2 207 27 16 EPA Diol
17,18-EpETE 317.2 255 15 10 EPA Epoxide
14,15-EpETE 317.2 207 27 10 EPA Epoxide
13-HODE 295.2 195 30 16 LA Alcohol
9-HODE 295.2 171 45 16 LA Alcohol
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Table 2. (cont’d)

12,13-DiHOME 313.2 183 45 22 LA Diol
9,10-DiIHOME 313.2 201 27 22 LA Diol
12,13-EpOME 295.2 195 30 16 LA Epoxide
9,10-EpOME 295.2 171 45 16 LA Epoxide
13-OxoODE 293.2 113 15 22 LA Ketone
9-OxoODE 293.2 185 27 16 LA Ketone
LTD4 495.3 177 51 22 ArA Leukotriene
Resolvin D1 375.2 141 21 10 DHA Resolvin
LA 279.2 59 45 16 PUFA
ArA 303.2 259 21 10 PUFA
Eicosapentaenoic

acid 301.2 257 39 10 PUFA
Docosahexaenoic

acid 327.2 283 51 10 PUFA
Stearic acid 283 283 33 22 SFA
Oleic acid 281 281 45 22 MUFA
Palmitic acid 255 255 33 22 SFA
PGE2_d9 360.2 280 21 16

8,9-DHET d11 348.3 127 55 22

15-HETE_d8 327.2 226 15 10

8,9-EET d11 330.3 268 15 10

AEA d8 356.3 63 33 10

2-AG_d8 387.3 294 21 16

y-Linoleic acid 277.2 233 27 10

AA d8 311.2 267 21 10

5-HETE_d8 327.3 116 55 16

7-Maresinl 359.2 177 51 16 DHA

HHTTE = hydroxyheptadecatrienoic acid; HETE = hydroxyeicosatetraenoic acid; DHET

= dihydroxyeicosatrienoic acid; AEA = arachidonoyl ethanolamide; AG = arachidonoyl glycerol,
EET = epoxyeicosatrienoic acid; PG = prostaglandin; LTB4 = leukotriene B4; oXoETE

= oxoeicosatetraenoic acid; 15d-PGJ, = 15-deoxyprostaglandin Jp; TXB2 = thromboxane B2,
HDoHE = hydroxydocosahexaenoic acid; DiHDPA = dihydroxydocosapentaenoic acid,;
DiHDoHE = dihydroxydocosahexaenoic acid; 7,17-dh-DPA = 7,17-dihydroxydocosapentaenoic
acid; DIHETE = dihydroxyeicosatrienoic acid; EpETE = epoxyeicosatetraenoic acid;

HODE = hydroxyoctadecadienoic acid; DIHOME = dihydroxyoctadecenoic acid,

EpOME = epoxyoctadecenoic acid; oxoODE = oxooctadecadienoic acid; LTD4 = leukotriene
D4; PGE>_ds = prostaglandin E2-d9; 8,9-DHET _d11 = dihydroxyeicosatrienoic-d11 acid; 15-
HETE_ds = hydroxyeicosatetraenoic-d8 acid; 8,9-EET_d11 = epoxyeicosatrienoic-d11 acid;
AEA _ds = arachidonoyl ethanolamide-d8; 2-AG_ds = 2-arachidonoyl glycerol-d8;

AA_dg = arachidonic acid-d8; 5-HETE_ds = hydroxyeicosatetraenoic-d8 acid.

2ArA = arachidonic acid; DHA = docosahexaenoic acid; EPA = eicosapentaenoic acid;

LA = linoleic acid.
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Table 3. Concentrations and limits of detection (mean £ SEM; nM) for oxylipids inconsistently detected in milk and plasma from
coliform mastitis (total n = 11) and control (total n = 13) cows

Mastitis group Control cows

Sample Oxylipid* No./total (%) of cows Mean SEM No./total (%) of cows Mean SEM LOD?

Milk 14,15-EET 0/11 (0) — — 0/13 (0) — — 0.94
8,9-EET 5/11 (45) 015 0.1 0/13 (0) — — 0.02
19,20-EpDPE  2/11 (18) 0.87 0.16 0/13 (0) — — 0.6
15-dPGJ2 2/11 (18) 0.1 0.02 0/13 (0) — — 0.05
14,15-EpETE  2/11 (18) 0.06 0.06 0/13 (0) — — 0.01

Plasma LTB4 0/11 (0) — — 0/13 (0) — — 0.003
14,15-EET 0/11 (0) — — 0/13 (0) — — 0.94
8,9-EET 0/11 (0) — — 0/13 (0) — — 0.02
19,20-EpDPE  0/11 (0) — — 1/13 (8) 076 O 0.6
17-HDoHE 5/11 (45) 0.3 0.11 0/13 (0) — — 0.11
6-ketoPGFla  5/11 (45) 1.1 0.23 0/13 (0) — — 0.44
15-dPGJ2 2/11 (18) 0.07 0.01 0/13 (0) — — 0.05
14,15-EpETE  1/11 (9) 001 0 0/13 (0) — — 0.01

'EET = epoxyeicosatrienoic acid; EpDPE = epoxydocosapentaenoic acid; 15-dPGJ2 = 15-deoxyprostaglandin J2; EpETE =
epoxyeicosatetrae- noic acid; LTB4 = leukotriene B4; HDoHE = hydroxy-docosahexaenoic acid; 6-ketoPGF1a = 6-keto prostaglandin
Fla.

2Limit of detection.
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Table 4. Cyclooxygenase-derived oxylipids in milk and plasma from coliform mastitis (n = 11) and mid-lactation control (n = 13)
cows (mean £ SEM; nM)

Mastitis Control
Sample Oxylipid* Substrate’?  Mean SEM Mean SEM Significance
Milk 6-KetoPGFla ArA 1.19 0.36 0.44 0 *
PGE2 ArA 2.28 0.56 0.05 0.06 Fkx
Plasma 6-KetoPGFla ArA 0.74 0.21 0.44 0 *
PGE2 ArA 0.24 0.06 0.2 0.07

!Data log-transformed; results expressed as geometric mean = SEM; PGE2 = prostaglandin E2; 6-ketoPGF1 o

= 6-keto prostaglandin F1 « .
2ArA = arachidonic acid.
*P < 0.05; ***P < 0.001.
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Table 5. Lipoxygenase-derived oxylipids in milk and plasma from coliform mastitis (n = 11) and
mid-lactation control (n = 13) cows (mean = SEM; nM)

Mastitis Control
Sample  Oxylipid? Substrate?>  Mean SEM Mean SEM  P-value
Milk 13-HODE LA 326 9 6.8 1.7 *
9-HODE® LA 59  0.29 2 029 *
13-0x0ODE® LA 1.6 047 067 0.22
9-ox0ODE® LA 1.3 04 0.67 0.37
15-0x0ETE®  ArA 0.03 0.63 0.019 0.58
5-0x0OETE®  ArA 0.04 0.8 0.01 0.61
5-HETE? ArA 0.23 0.28 0.06 0.17  ***
LTB4® ArA 0.07 1.03 0.003 0 *k
LXAS ArA 0.09 0.45 001 0.3 *x
15-HETE?® ArA 3 0.26 0.07 0.27  ***
17-HDoHE® DHA 0.26 0.22 011 O
RvD,® DHA 0.02 0.8 0.02 0.3
Plasma 13-HODE® LA 427 0.17 461 0.16
9-HODE® LA 1.34 0.21 141 0.2
13-0x0ODE LA 0.38 0.05 051 0.16
9-0x0ODE LA 0.86 0.17 1.3 034
15-0xoOETE ~ ArA 0.02 0.005 0.03 0.01
5-0x0ETE ArA 0.01 0.002 0.02 0.005
5-HETE® ArA 0.06 0.32 0.08 0.29
LXAS ArA 0.01 0.12 0.04 041 **
15-HETE?® ArA 036 0.3 02 027
RvD,® DHA 0.003 0.02 01 008 *

'HODE = hydroxyoctadecadienoic acid; oxoODE = oxooctadecadienoic acid; oxoETE =
oxoeicosatetraenoic acid; HETE = hydroxyeicosatetraenoic acid; LTB4 = leukotriene B4; LXA4
= lipoxin A4, HDoHE = hydroxydocosahexaenoic acid; RvD2 = resolvin D2.

2ArA = arachidonic acid; LA = linoleic acid; DHA = docosahexaenoic acid.

3Data log-transformed, results expressed as geometric mean + SEM.

*P < 0.05; **P < 0.01; ***P < 0.001.
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Table 6. Cytochrome P450-derived oxylipids in milk and plasma from coliform mastitis (n = 11)
and midlactation control (n = 13) cows (mean = SEM; nM)

Mastitis Control
Sample Oxylipid* Substrate?> Mean SEM Mean SEM P-value
Milk 9,10-DiHOME? LA 2 0.54 6.6 0.17
12,13-DiHOME® LA 2.7 0.45 5 0.37
9,10-EpOME LA 095 0.2 046 005 *
12,13-EpOME LA 2.3 0.57 0.4 0.06 **
11,12-EET? ArA 0.02 0.28 001 O
8,9-EET? ArA 0.05 0.43 002 O
20-HETE? ArA 0.72 0.66 001 024 ***
14,15-DIHETE EPA 1.1 0.2 0.1 0.01  ***
17,18-DIHETE EPA 4.2 0.87 0.16 0.02 **
Plasma 9,10-DIHOME LA 2.1 0.5 193 2 Fkk
12,13-DiHOME® LA 0.8 0.2 10.9 044  ***
9,10-EpOME LA 1 0.25 1.9 0.46
12,13-EpOME3 LA 1 0.26 1.8 0.24
11,12-EET ArA 0.02 0.003 0.05 0.01
20-HETE? ArA 053 0.31 0.24 0.15
14,15-DIHETE EPA 1.1 0.19 15 0.16
17,18-DIHETE EPA 8 1.3 196 3.3 **

!DiIHOME = dihydroxyoctadecenoic acid; EpOME = epoxyoctadecenoic acid; EET =
epoxyeicosatrienoic acid; HETE = hydroxyeicosatetraenoic acid; DIHETE =
dihydroxyeicosatrienoic acid.

2LA = linoleic acid; ArA = arachidonic acid; EPA = eicosapentaenoic acid.

3Data log-transformed, results expressed as geometric mean + SEM.

*P < 0.05; **P < 0.01; ***P < 0.01.
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Table 7. Nonenzymatic-derived oxylipids in milk and plasma from coliform mastitis (n = 11) and
mid-lactation control (n = 13) cows (mean = SEM; nM)

Mastitis Control
Sample Oxylipid!  Substrate? Mean SEM Mean SEM P-value
Milk 11-HETE® ArA 0.57 0.62 0.04 0.22 *x
9-HETE® ArA 0.1 0.61 0.02 0.36 *x
Plasma 11-HETE ArA 0.2 0.05 0.14 0.02
9-HETE ArA 0.06 0.02 0.03 0.004

'HETE = hydroxyeicosatetraenoic acid.

2ArA = arachidonic acid.

3Data log-transformed, results expressed as geometric mean + SEM.
**P < 0.01.
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Table 8. Milk and plasma oxylipids in coliform mastitis (n = 11) and mid-lactation control
(n =13) cows expressed as ratios of select pathways based on substrate

Mastitis Control P-
Sample Ratio? Substrate?  cows cows value
Milk 13-HODE?®/9-HODE* LA 412+0.13 2.60+0.26
Sum EET/20-HETE ArA 0.10x051 532x0.71 **
(9-HETE + 11-HETE)%/15-HETE®  ArA 0.25x0.65 0.84%0.12
Plasma 13-HODE/9-HODE LA 3.28+0.26 3.50+0.36
(9-HETE + 11-HETE)/15-HETE ArA 0.59+0.08 0.60x0.07

'HODE = hydroxyoctadecadienoic acid; EET = epoxyeicosatrienoic acid; HETE =
hydroxyeicosatetraenoic acid.

2ArA = arachidonic acid; LA = linoleic acid.

3Predominantly enzyme derived.

“Both enzymatic and nonenzymatic derived.

SPredominantly nonenzymatic derived.

**p <0.01.
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Table 9. Milk and plasma oxylipids in coliform mastitis (n = 11) and mid-lactation control (n = 13) cows expressed as ratios of select
upstream:downstream metabolites based on substrate

Mastitis Control

Sample Ratio? Substrate’ Mean SEM Mean SEM P-value

Milk 5-HETE/5-0x0ETE?® ArA 37.2 1.08 89 043 *
15-HETE/15-0x0ETE ArA 277.7 81.73 6.12 2.44 **
9-HODE/9-0x00ODE? LA 57 045 44 041
13-HODE/13-0x0ODE? LA 18.22 0.56 8.74 032 *
9,10-EpOME/9,10-DiHOME?® LA 0.42 0.1 0.07 0.02 =**
12,13-EpOME/12,13-DiHOME4 LA 094 0.34 0.07 0.33 ***

Plasma 5-HETE/5-0x0ETE ArA 10.18 1.65 744 1.33
15-HETE/15-0x0ETE ArA 88.5 27.82 56.86 19.7
9-HODE/9-0x0ODE LA 1.97 0.21 1.61 0.25
13-HODE/13-0x0ODE LA 1426 2.62 4019 134 *
9,10-EpOME/9,10-DIHOME LA 0.57 0.1 0.09 0.01 ***
12,13-EpOME/12,13-DIHOME LA 1.46 0.25 0.23 0.05 ***

HETE = hydroxyeicosatetraenoic acid; oxoETE = oxoeicosatetraenoic acid; HODE = hydroxyoctadecadienoic acid; oxoODE =
oxooctadecadienoic acid; EpOME = epoxyoctadecenoic acid; DIHOME = dihydroxyoctadecenoic acid.

2ArA = arachidonic acid; LA = linoleic acid.

4Square-root transformed data reported as geometric mean + SEM.

“Log transformed data reported as geometric mean + SEM.

*P < 0.05; **P < 0.01; ***P < 0.001.
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Table 10. Correlations between FA substrates and their oxylipid metabolites in milk and plasma
from coliform mastitis cows

Milk Plasma
Substrate and metabolite? r P-value r P-value
ArA vs. 15-oxoETE 0.921 **
EPA vs. 14,15-DIHETE 0.863 **
EPA vs. 17,18-DIHETE 0.756 *

YArA = arachidonic acid; oxoETE = oxoeicosatetraenoic; EPA = eicosapentaenoic acid; DIHETE
= dihydroxyeicosatrienoic acid.
*P < 0.05; **P < 0.01.
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Table 11. Correlations between degree of metabolism for select oxylipids in milk and plasma
from coliform mastitis cows

Milk Plasma

Substrate!  Degree of metabolism? r P-value r P-value
LA 13-HODE vs. 9-HODE 0.864 * 0.834 *
LA 13-HODE vs. 13-0x0ODE 0.736 * 0.26 NS
LA 9-HODE vs. 9-0x0ODE 0.791 * 0.882 **
LA 9,10-DIHOME vs. 9,10-EpOME 0.724 * 0.387 NS
LA 12,13-EpOME vs. 12,13-DIHOME ~ 0.382 NS 0.75 *
ArA 5-HETE vs. 5-oxoETE 0.639 * 0.678 *
ArA 15-HETE vs. 15-0x0ETE 0.639 NS 0.531 NS

LArA = arachidonic acid; LA = linoleic acid.

2HODE = hydroxyoctadecadienoic acid; 0xoODE = oxooctadecadienoic acid; DiIHOME =
dihydroxyoctadecenoic acid; EpOME = epoxyoctadecenoic acid; HETE =
hydroxyeicosatetraenoic acid; oxoETE = oxoeicosatetraenoic acid.

*P < 0.05; **P < 0.01.
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Table 12. Correlations between fatty acid:fatty acid substrate and oxylipid:oxylipid between
samples (e.g., milk LA correlated with plasma LA) within each experimental groups

Mastitis group Control group
Substrate!  Oxylipid metabolite? r P-value r P-value
LA 0.843 faleie
ArA 0.903 faleie
EPA 0.789 ** 0.755 il
LA 13-HODE 0.844 ekl
LA 9-0xoODE 0.976 falalel
LA 13-0x0ODE 0.793 **
LA 12,13-EpOME 0.753 ol
LA 9,10-DiHOME 0.73 *
LA 12,13-DiIHOME 0.906 faleied 0.841 faleie
ArA 15-HETE 0.751 **
ArA 15-0xoETE 0.845 **
ArA 2-AG 0.758 il

LA = linoleic acid; ArA = arachidonic acid; EPA = eicosapentaenoic acid.

2HODE = hydroxyoctadecadienoic acid; 0xoODE = oxooctadecadienoic acid; EpOME =
epoxyoctadecanoic acid; DIHOME = dihydroxyoctadecenoic acid; HETE =
hydroxyeicosatetraenoic acid; oxoETE = oxoeicosatetraenoic acid; AG = arachidonoyl glycerol.
*P < 0.05; **P < 0.01; ***P < 0.001.
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Table 13. Median (range) concentrations of acute phase proteins and non-esterified fatty acids
from coliform mastitis and control cows (n = 4/group)

Variable Control Mastitis P-Value
Acute phase proteins
Serum Hp, mg/mL 0.003 (0.0005-0.01) 0.49 (0.05-1.7) 0.014
Serum SAA, ug/mL 68.0 (12-218) 1395.9 (1,139-1853) 0.014
Serum albumin, g/dL 3.0(2.9-3.2) 2.8 (2.6-2.9) 0.043

Lipid mobilization
Serum NEFA, mEq/L 0.08 (0.06-0.13) 0.62 (0.12-1.2) 0.029

Hp, haptoglobin; SAA, serum amyloid A; NEFA, non-esterified fatty acids.
Statistical analyses: Wilcoxon rank sum test, o = 0.05.
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Table 14. Median (range) concentrations and ratios for oxidant status, redox status and 15-Fat-
isoprostanes in samples from coliform mastitis and control cows (n = 4/group)

Variable Control Mastitis P-value
Milk RM,2 REU x 1,000/uL 4.1 (3.5-4.8) 26.6 (14.0-36.7) 0.014
Milk AOP® 7.7 (4.9-10.2) 4.8 (4.4-11.4) NS
Plasma RM,? RFU/ug protein 0.30 (0.28-0.51) 0.67 (0.46-0.88) 0.029
Plasma AOP® 5.5 (4.7-6.2) 4.9 (4.1-5.8) NS
Blood GSH, uM 4715 (455.1-577.4)  403.9 (141.2-417.4)  0.014
Blood GSSG, uM 3.2 (2.1-22.9) 15.8 (4.7-38.7) 0.057
GSH : GSSG ratio 147.5 (17.9-268.6) 475 (1.6-87.3) 0.051
Urine 15-F»-Isop, ng/mg Cr 0.05 (0.02-0.89) 1.5(0.7-5.2) 0.057
Plasma 15-F-lIsop, ng/L 2.2 (1.0-6.3) 10.0 (5.1-27.6) 0.057
Milk 15-F2-lsop, ng/L 1177.5 (436-1,535) 182.4 (87-317) 0.014

RM, reactive metabolites represent reactive oxygen species and reactive nitrogen species; AOP,
antioxidant potential; 15-Fx-1sop, 15-Fx-isoprostane; Cr, creatinine; GSH, reduced glutathione;
GSSG, oxidized glutathione; NS, not significant.

4RFU, relative fluorescence units per uL (milk) and per pg of protein (plasma).

bAOP expressed as sample antioxidant concentrations with ABTS- radical reducing power
equivalent to standard vitamin E (Trolox) concentrations.

Statistical analyses: Wilcoxon rank sum test, o = 0.05.
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Table 15. Correlations of non-esterified fatty acids, oxidant status and redox status with the LC-
MS/MS quantified 15-F2-isoprostane concentrations in samples from coliform mastitis and
control cows (n = 4/group).

. 15-F2-Isop
Variable Milk Plasma Urine
Lipid mobilization
Serum NEFA -0.48 0.14 0.38
Oxidant status
Plasma RM - 0.83% 0.52
Plasma AOP - -0.57 -0.17
Milk RM —0.86? - -
Milk AOP 0.5 - -
Redox status
Blood GSH - -0.712 -0.812
Blood GSSG - 0.55 0.83%
GSH : GSSG ratio - —-0.55 —0.832

NEFA, non-esterified fatty acids; RM, reactive metabolites represent reactive oxygen species
and reactive nitrogen species; AOP, antioxidant potential; GSH, reduced glutathione; GSSG,
oxidized glutathione; 15-F2-1sop, 15-Fa-isoprostane.

4P < .05 (Spearman correlation, o. = 0.05).
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Table 16. Median (range) concentrations of 15-Fa-isoprostanes quantified by ELISA in samples
from coliform mastitis and control cows (n = 4/group)

Variable Control Mastitis P-Value
ChbELISA?
Plasma 15-F2t-Isop, ng/L 24.6 (21.4-27.3) 30.5 (7.6-45.2) NS
Urine 15-F2t-1sop, ng/mg Cr 11.0 (7.1-19.4) 16.2 (8.1-34.9) NS
Milk 15-F2t-Isop, pg/L 5.0 (4.6-6.8) 20.6 (7.5-42.8) 0.014
ChELISAP
Milk 15-F2t-Isop, pg/L 0.81 (0.77-0.81) 0.74 (0.15-1.10) NS
Urine 15-F2t-Isop, ng/mg Cr 11.8 (7.9-14.3)2 20.5 (7.7-45.1)? NS
CCELISA®
Urine 15-F2t-Isop, ng/mg Cr 1.8 (1.3-3.3)° 3.2 (2.5-4.4)° 0.056

cCELISA, Cell Biolabs ELISA; ccELISA, Cayman Chemical ELISA; 15-Fx-lsop, 15-F-
isoprostane; Cr, creatinine; NS, not significant.

¥Total 15-F2-Isop in hydrolyzed samples

bFree 15-Fa-Isop in non-hydrolyzed samples.

Statistical analyses: Wilcoxon rank sum test, o = 0.05.

Values with letter superscripts (a,b) denote the only comparison in the same column (group) and
different superscripts denote statistical difference (Wilcoxon rank sum, P =.014).

123



Table 17. Correlations of nonesterified fatty acids, oxidant status and redox status with ELISA
quantified free 15-F2-Isop concentrations in samples from coliform mastitis and control cows (n
= 4/group)

15-F2t-Isop
Variable CbELISA cCELISA
Milk Urine Urine
Lipid mobilization
NEFA -0.26 0.24 —-0.60
Oxidant status
Plasma RM - 0.02 -0.57
Plasma AOP - —0.405 -0.17
Milk RM -0.43 - -
Milk AOP 0.66 - -
Redox status
Blood GSH - -0.55 0.36
Blood GSSG - 0.55 -0.07
GSH : GSSG ratio - -0.55 -0.07

NEFA, nonesterified fatty acids; RM, reactive metabolites represent reactive oxygen and
nitrogen species; AOP, antioxidant potential; GSH, reduced glutathione; GSSG, oxidized
glutathione; 15-F2-1sop, 15-F2r-isoprostane; cbELISA, Cell Biolabs ELISA; ccELISA, Cayman
Chemicals ELISA.

Spearman correlations, o = 0.05.
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Table 18. Correlations of nonesterified fatty acids, oxidant status and redox status with ELISA
quantified total 15-F2-Isop concentrations in samples from coliform mastitis and control cows (n

= 4/group)

CbELISA 15-F2t-1sop

Variable Milk Plasma Urine

Lipid mobilization

NEFA 0.67 -0.31 0.52
Oxidant status

Plasma RM - 0.14 0.29

Plasma AOP - 0.02 0.26

Milk RM 0.98a - -

Milk AOP -0.19 - -
Redox status

Blood GSH - —0.21 —0.54

Blood GSSG - 0.31 0.54

GSH : GSSG ratio - -0.31 -0.55

NEFA, nonesterified fatty acids; RM, reactive metabolites represent reactive oxygen and
nitrogen species; AOP, antioxidant potential; GSH, reduced glutathione; GSSG, oxidized
glutathione; cbELISA, Cell Biolabs ELISA; 15-F2-Isop, 15-F2-isoprostane.

8P <.001 (Spearman correlation, o. = 0.05).
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Table 19. Bovine primers for qRT-PCR.

Gene? Reference sequence TagMan assay 1D°
PGK1 NM_001034299.1 Bt03225857_m1
RPS9 NM_001101152.2 Bt03272016_m1
TBP NM_001075742.1 Bt03241946_m1
COX2 NM_174445.2 Bt03214492_m1
VCAM-1 NM_174484.1 Bt03279189 m1
CYP4A1l NM_001077908.1 Bt03243984 m1
CYPA4F2 NM_001035042.1 Bt03245658 m1

aPGK1, phosphoglycerate kinase; RPS9, ribosomal protein s9; TBP, TATA-box binding protein;
COX-2, cyclooxygenase-2; VCAM-1, vascular adhesion molecule-1; CYP4A11, Cytochrome
P450-4A11; CYP4F2, Cytochrome P450-4F2.

bApplied Biosystems Foster City, CA.
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Table 20. Influence of cytochrome P450 hydroxylase inhibitor (HET0016) on oxylipid biosynthesis in endothelial cells under
oxidative stress, n = 4. Data are expressed as mean = SEM of the fold changes relative to control.

- HET0016 + HETO0016
Major Pathway  Oxylipid Control LPS AAPH Control LPS AAPH
CYP:
Hydroxylases  20-HETE 1.00 1.57+1.02 3.84+£2.39 1.00 0.69 £0.32 0.77 £0.33
Epoxygenases  8,9-EET 1.00 4.85+2.58 5.92+290 1.00 034+0.18 0.24+0.132
14,15-EET 1.00 1.95+0.77 1.66 + 0.81 1.00° 0.42+0.08%2 0.51+0.222P
9,10-EpOME 1.00 1.63 +0.87 1.72+0.83 1.00 5.12+2.44 2.79+1.00
11,12-EpOME 1.00 457 £2.64 3.84+2.18 1.00 444 +1.71 3.62+1.14
11,12-EET 1.00 7.94 £5.53 7.20+£6.19 1.00 0.88 £ 0.53 241 +2.20
8,9-DHET 1.00 1.08 +0.34 0.78 £0.21 1.00 3.42+£1.89 3.16 £1.36
11,12-DHET 1.00 1.19+0.90 1.22 + 0.47 1.00 19.75+8.74 30.55%12.75
14,15-DHET 1.00 0.48 £ 0.08 0.72+£0.39 1.00 329+105 475+1.87
11,12-DIHOME  1.00 1.15 + 0.67 0.63+0.33 1.00 341+161 2.61+1.10
LOX:
5-LOX 5-HETE 1.00 1.38+1.01 3.64+£1.55 1.00 0.37+£0.21 0.58 £ 0.29
15-LOX 15-HETE 1.00 2.53+£1.66 550+ 1.15 1.00 0.27£0.19 0.45+0.32
9-HODE 1.00 9.01+842 19.35+15.68 1.00 025+0.17% 0.30%+0.192
13-HODE 1.00 3.36 £ 2.61 8.25+4.75 1.00 0.29+0.132 0.38%+0.212
9-ox0-ODE 1.00 0.60 £ 0.34 9.85+8.42 1.00 1.04 £ 0.39 1.19+0.42
13-oxo0-ODE 1.00 0.55+0.23 2.14+0.89 1.00 1.98 +0.94 1.20+0.24
Non-enzymatic ~ 9-HETE 1.00 1.62 +0.90 2.79+£1.15 1.00 0.46 £0.23 0.94 £0.49
11-HETE 1.00 214 +1.15 3.85+1.32 1.00 0.38+0.18 0.62 +0.32

CYP - cytochrome P450, LOX — lipoxygenase, LPS — lipopolysaccharide, AAPH - 2,2-azobis(2-amidinopropane) dihydrochloride,

HETO0016 — N-hydroxy-N'-(4-n-butyl-2-methylphenyl) formamidine, HETE — hydroxyeicosatetraenoic acid, EET -

epoxyeicosatrienoic acid, EpOME - epoxyoctadecenoic acid, DHET - dihydroxyeicosatrienoic acid, DIHOME —

dihydroxyoctadecenoic acid, HODE - hydroxyoctadecadienoic acid; oxo-ODE — oxooctadecadienoic acid
aDifferent letters denote fold changes that differ from each other in either HET0016 or non-HET0016 treated BAECs
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Appendix C. Figures

Cell membrane
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Figure 1. (a) Polyunsaturated fatty acids (PUFA) released from the cell membrane phospholipids
are metabolized enzymatically to produce oxylipids with the production reactive oxygen species
(ROS) such as superoxide (O2") in the process. (b) Some of the primary oxylipids are potent ROS
such as the arachidonic acid-derived 15-hydroperoxyeicosatetraenoic acid (15-HpETE) that can
directly damage cellular macromolecules. Other oxylipid metabolites target sites of reactive
metabolite production like the mitochondria to induce production (c) such as is the case of the
cytochrome P450-derived 20-hydroxyeicosatetraenoic acid (20-HETE). (d) Other oxylipids such
as the dehydration product of prostaglandin D2 (15-dPGJz) decrease reactive metabolite
production by directly decreasing production or by stimulating antioxidant factors such as
nuclear factor E2-related factor 2 (Nrf2). + induce production; - decrease production; green
arrows — antioxidant pathways; red arrows, pro-oxidant pathways.
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Figure 2. Concentrations (mean + SEM, uM) of PUFA differed for all PUFA in milk (A) but
only for linoleic acid (LA) in plasma (B) between coliform mastitis (solid bars) and healthy
control (open bars) cows. Linoleic acid was most abundant among PUFA but similar to
arachidonic acid (ArA) in control milk and plasma and mastitis plasma) within an experimental
group; EPA = eicosapentaenoic acid, DHA = docosahexaenoic acid. *P < 0.05, **P < 0.01,
***pP < (0.001; bars with different letters (a—d) differ (P < 0.05) among PUFA within an
experimental group (mastitis or control).
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Figure 3. Milk and plasma concentrations (mean £ SEM; uM) of oleic acid were greater in
coliform mastitis (n = 11) than control (n = 13) cows but no differences were detected for stearic
and palmitic acids. Solid and open black bars represent milk samples; diagonally striped and
gray bars represent plasma samples. *P < 0.05.
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Figure 4. (cont’d)

Concentrations (+Median) of 15-F2-isoprostane in pooled samples from healthy cows (n = 3)
quantified by cbELISA (Cell Biolabs, San Diego, CA). Milk (A), plasma (B) and urine (C)
samples from cows (n = 3) less than 30 days in milk were pooled by sample type and divided
into 3 replicates. Replicates were either treated by alkaline hydrolysis (10 N sodium hydroxide)
or not, and spiked with 10 ng/mL 15-F2-isoprostane (standard) or not as indicated below each
graph. The limit of detection (LOD) was 10 pg/uL of sample and limits for accuracy were
recovery of standard 15-F2-1sop was £20%. Data linked by a horizontal line indicate
comparisons of interest and the asterisks label indicates significant difference (Wilcoxon rank
sum, o = 0.05).
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Figure 5. (cont’d)

Concentrations (+Median) of 15-F2-isoprostane in pooled samples from healthy cows (n = 3)
quantified by ccELISA (Cayman Chemicals, Ann Arbor, MI). Milk (A), plasma (B) and urine
(C) samples from cows (n = 3) less than 30 days in milk were pooled by sample type and divided
into 3 replicates. Replicates were either treated by alkaline hydrolysis (10 N Sodium hydroxide)
or not, and/or spiked with 10 ng/mL 15-F2-isoprostane (standard). The limit of detection (LOD)
was 2.7 pg/uL of sample and limits for accuracy were recovery of standard 15-F-Isop was
+20%. Data linked by a horizontal line indicate comparisons of interest and the asterisks label
indicates significant difference (Wilcoxon rank sum, o = 0.05); NS, not significant
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Figure 6. Effect of AAPH on cell viability in BAEC. Data are expressed as % viable cells
relative to untreated controls (open bars). Cell viability of > 90% (black line) was considered
adequate for evaluating cellular responses. Data are an average of at least 3 independent
experiments.
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Figure 7. Reactive metabolite (ROS/RNS) production (A) and changes in total glutathione (B) in
BAEC treated with AAPH (gray bars). Fluorescence (ROS/RNS) are expressed as fold changes
over untreated controls (open bars). Different letters on graphs denote significant differences
among treatments based on a one-way ANOVA and Tukey adjustment for multiple comparisons
(a = 0.05). Total glutathione concentrations are mean (+SEM) uM concentrations in 5.6 x 10°
cells/sample. The asterisk (*) indicates significant difference (P < 0.05) between untreated
control and AAPH treated BAECs compared by an unpaired t-test.
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Figure 8. Lipid oxygenation in BAEC under oxidative stress. 15-Fx-isoprostane (A) and 11-
HETE (B) were quantified in cells by LC-MS/MS. *P < 0.05, **P < 0.01, - significant difference
between untreated control (open bars) and AAPH-treated (gray bars) BAECs compared by
unpaired t-tests. In untreated controls, 15-F2-isoprostane was not detected (ND.).
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Figure 9. Production of 20-HETE, inflammatory gene expression, and cytochrome P450 (CYP)
gene expression during oxidative stress. 20-HETE was quantified by LC-MS/MS in cells treated
with AAPH or LPS in the presence or absence of the CYP hydroxylase inhibitor (HET0016).
Cells were pre-incubated for 1-hour with HET0016 before treatments were added (A). Gene
expression was quantified by qRT-PCR for COX2 (B) and VCAM-1 (C) in BAEC treated with
AAPH or LPS for 8 hours. CYP gene expression, CYP3A4 (E) and CYP4F2 (F), was determined
in a bovine kidney cell line (MDBK) using the same treatments for AAPH and lower doses (1-
and 10 ng/mL) of LPS for a 24-hour duration. Production of reactive metabolites
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Figure 9. (cont’d)

was also determined in MDBK cells (D). All data are presented as fold change relative to
untreated controls (open bars). Different letters on graphs denote significant differences among
treatments based on a one-way ANOVA and Tukey adjustment for multiple comparisons (o =

0.05).
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Figure 10. Effects of 20-HETE on reactive metabolite production and reduced (GSH) and
oxidized (GSSG) glutathione. Production of reactive metabolites was quantified in BAEC to
determine the effect of dose (A) and time (B) when treated with 20-HETE. The ratio of
GSH/GSSG was determined as a proxy for redox status (C) after treatment with 20-HETE for 90
minutes. Reactive metabolites data are presented as fold change relative to untreated control
(open bars) and AAPH (gray bars) was used as a positive control. Different letters on graphs
denote significant differences among treatments based on a one-way ANOVA and Tukey
adjustment for multiple comparisons (o = 0.05). **P < 0.01 for 20-HETE treatments relative to
untreated control at the beginning of experiment (time = 0). "'P < 0.001 for positive control
(AAPH) compared to 20-HETE treatments at the beginning (t = 0) and peak ROS/RNS
production (t = 30 minutes).
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Figure 11. Effect of N-acetylcysteine (NAC) on barrier integrity of BAEC exposed to 20-HETE.
Mean (£ SEM) normalized endothelial resistance after 20-HETE (A) and AAPH (B) treatments.
Effect of NAC alone on cell viability was determined based on ATP production (C) and lactate
dehydrogenase (LDH) enzyme release (D). The dose of 5 mM NAC was selected based on
significantly decreasing AAPH-induced ROS/RNS production (E). NAC failed to rescue 20-
HETE-induced decrease in endothelial resistance (F). Different letters on graphs denote significant
differences among treatments based on a one-way ANOVA and Tukey adjustment for multiple
comparisons (o = 0.05). Endothelial resistance was analyzed by 2-way ANOVA with repeated
measures and Tukey adjustment for multiple comparisons (a = 0.05). *P < 0.05 for comparisons
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Figure 11. (cont’d)

between treatment with 20-HETE (open diamonds) or AAPH (open circles) and untreated control
(0% serum media, bold black circles) within a time period. TP < 0.05 for comparisons between 20-
HETE alone and 20-HETE+5 mM NAC based on a 2-way ANOVA with repeated measures and

Tukey adjustment for multiple comparisons (F).
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Figure 12. Effect of vitamin E on barrier integrity of BAEC exposed to 20-HETE. Vitamin E at 10
MM was selected on the basis of maintaining at least 90% cell viability based on ATP production
(A). The effect of vitamin E alone (black line) on endothelial resistance compared to untreated
media control (blue line) is displayed in (B). Co-exposure of BAEC to 20-HETE and vitamin E
(open squares) delayed the decrease in endothelial resistance (C). Endothelial resistance data were
analyzed by 2-way ANOVA with repeated measures and Tukey adjustment for multiple
comparisons (F). *P < 0.05 for 20-HETE alone compared to untreated (0% serum media) control.
TP < 0.05 for 20-HETE+vitamin E compared to untreated 0% media control.
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Figure 13. Apoptosis of BAEC exposed to 20-HETE with or without antioxidants, N-acetyl
cysteine (NAC) and DL-a-tocopherol (Vitamin E). Relative to untreated controls, exposure of
BAEC to AAPH or 20-HETE alone did not change the activity of caspase 3/7 enzymes (A - C).
Apoptosis of BAEC occurred on exposure to co-exposure to NAC and 20-HETE or when
exposed to NAEC alone (A). Exposure to vitamin E alone or together with 20-HETE did not
induce significant apoptosis for 8- (B) or 20- hour (C) incubations. Cell death induced by BAEC
exposure to NAC and 20-HETE together (D), also occurred by necrosis as shown by
significantly greater LDH release than cells exposed to 20-HETE alone. All data are from at least
3 independent experiments and were analyzed by one-way ANOVA with Tukey adjustment for
multiple comparisons. *P < 0.05, a = 0.05. pre-Vit E and pre-NAC represent pre-incubation of
BAEC with antioxidant for 12 hours before treatments were added.
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Appendix D. Supplemental figures
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Figure 14. Protein oxidation in BAEC under oxidative stress. Protein carbonyls were quantified
in cells using an OxiSelect ELISA assay. No significant differences were detected among
treatments and their controls; untreated control for AAPH and LPS (open bar) and untreated
control for 20-HETE (horizontal gray lines). Data for protein carbonyls induced by LPS (vertical
gray lines) and AAPH (gray bar) were analyzed by one-way ANOVA with Tukey adjustment for
multiple comparisons. Data for protein carbonyls induced by 20-HETE (black bar) were
analyzed by unpaired t — test. Significance was set at a < 0.05.
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Figure 15. Effect of LPS on cell viability in BAEC. Cell viability data (A) are expressed as %
viable cells relative to untreated controls (open bars). Reactive metabolite (ROS/RNS)
production (B) and changes in total glutathione (C) in BAEC treated with LPS relative to
untreated controls (open bars). AAPH (gray bars) was used as a positive control. Different letters
on graphs denote significant differences among treatments based on a one-way ANOVA and
Tukey adjustment for multiple comparisons (o = 0.05).
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Figure 16. Effect of Tempo on endothelial barrier integrity of BAEC exposed to 20-HETE.
Tempo at 5 mM was selected on the basis of viability (A). The effect of Tempo alone and on
AAPH induced reactive metabolite production is displayed in (B). The effect of Tempo alone
(black triangles), 20-HETE alone (open diamonds), 20-HETE+Tempo (black squares) and
untreated controls (black circles) on endothelial resistance are displayed in (C). Reactive
metabolite production data were analyzed by a one-way ANOVA with Tukey adjustment for
multiple comparisons, o = 0.05. No statistical comparisons were performed for endothelial
barrier resistance data because of an n = 2.
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