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A B S T R A C T

Periparturient dairy cows experience an increased incidence and severity of several inflammatory-based diseases
such as mastitis and metritis. Factors associated with the physiological adaptation to the onset of lactation can
impact the efficiency of the inflammatory response at a time when it is most needed to eliminate infectious
pathogens that cause these economically important diseases. Oxidative stress, for example, occurs when there is
an imbalance between the production of oxygen radicals during periods of high metabolic demand and the
reduced capabilities of the host's antioxidant defenses. The progressive development of oxidative stress in early
lactation cows is thought to be a significant underlying factor leading to dysfunctional inflammatory responses.
Reactive oxygen species (ROS) are also produced by leukocytes during inflammation resulting in positive
feedback loops that can further escalate oxidative stress during the periparturient period. During oxidative
stress, ROS can modify polyunsaturated fatty acids (PUFA) associated with cellular membranes, resulting in the
biosynthesis of oxidized products called oxylipids. Depending on the PUFA substrate and oxidation pathway,
oxylipids have the capacity of either enhancing or resolving inflammation. In mediating their effects, oxylipids
can directly or indirectly target sites of ROS production and thus control the degree of oxidative stress. This
review discusses the evidence supporting the roles of oxylipids in the regulation of oxidative stress and the
subsequent development of uncontrolled inflammatory responses. 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 in dairy cattle 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 anti-
biotic usage, and optimize the resolution of inflammatory-based diseases in periparturient dairy cows.

1. Introduction

Dairy cattle are susceptible to increased incidence and severity of
disease during the periparturient period. Indeed, approximately 75% of
disease incidence occurs during the first month of lactation (LeBlanc,
2006). Health problems that occur during early lactation can persist for
extended periods and result in significant production losses (Ingvartsen,
2006; Pinedo et al., 2010). As such, a considerable amount of research
was conducted over the last several decades with the goal of defining
factors that contribute to compromised immunity and health disorders
in periparturient dairy cows (Sordillo and Aitken, 2009; Raphael and
Sordillo, 2013; Esposito et al., 2014). A major finding of these earlier
studies was that uncontrolled or impaired inflammatory responses were
linked directly to increased health disorders during this critical period
in the cow's production cycle (Sordillo and Mavangira, 2014). Dairy
cows undergo several physiological changes during the onset of lacta-
tion that can impact the magnitude and duration of the inflammatory

responses. Coordinated shifts in nutrient partitioning must occur in
order to meet the increased metabolic demands necessary for parturi-
tion and the onset of lactation. The conversion of nutrients into an
energy source that can be used to fuel these normal physiological
functions occurs through cellular respiration reactions. Oxygen is re-
quired for aerobic cellular respiration and reactive oxygen species
(ROS) are metabolites formed in the mitochondria as a by-product of
energy generation. Peroxisomes also play a role in the production of
ROS, especially hydrogen peroxide, as they are involved in the short-
ening of long chain fatty acids subsequently channeled to metabolism in
the mitochondria (Drackley, 1999). Oxidative stress occurs when there
is an imbalance between the production of ROS during periods of high
metabolic demand and the reduced capabilities of the host's antioxidant
defenses. Ample evidence suggests that the progressive development of
oxidative stress in periparturient dairy cows is a significant underlying
factor leading to dysfunctional inflammatory responses (Sordillo and
Aitken, 2009; Osorio et al., 2014). Polyunsaturated fatty acids (PUFA)
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associated with membrane phospholipids are primary targets of ROS
modification during oxidative stress. One way that oxidative stress can
impact inflammation is through the actions of oxidized PUFA products
called oxylipids. Depending on the PUFA substrate and biosynthetic
pathway, oxylipids function to either enhance inflammation or assist in
its resolution. This paper will provide an overview of how the bio-
synthesis of oxylipids can regulate oxidative stress and inflammatory
responses that are relevant to disease susceptibility in periparturient
dairy cattle.

2. Defining oxidative stress

Oxidative stress refers to the damage occurring to cellular macro-
molecules as a consequence of an imbalance between oxidants and
antioxidants (Halliwell, 2007). Macromolecules targeted for oxidative
damage include lipids, proteins, and DNA. Oxidants comprise radical
and non-radical molecules that mediate oxidation of the susceptible
macromolecules. The bulk of the oxidants are 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). Al-
ternatively, the presence of highly electronegative atoms, including
oxygen in H2O2 and nitrogen in peroxynitrite, result in asymmetric
electron arrangements that confer the ability to induce oxidation re-
actions (Villamena, 2013). Collectively, ROS and RNS are referred to as
reactive metabolites 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 pro-
cesses including proliferation, differentiation, and metabolic adapta-
tions. For example, the generation of ATP in the mitochondria through
the Krebs' cycle and the electron transport chain generates O2

– and
H2O2 as byproducts. Approximately 1–3% of electrons during the mi-
tochondrial oxidative phosphorylation reactions are transferred to
oxygen to form superoxide (O2

−) (Holmstrom and Finkel, 2014). Su-
peroxide dismutase (SOD) enzymes catalyze the direct conversion of
O2

– to H2O2. Both O2
– and H2O2 participate in phosphorylation of

various proteins that are part of signaling networks such as mitogen-
activated protein kinase (MAPK) phosphatases, by oxidizing thiol-con-
taining cysteine residues (Sordillo and Mavangira, 2014).

The production of reactive metabolites increases during periods of
increased metabolic demands such as during pregnancy in dairy cows
(Bernabucci et al., 2005). Reactive metabolites also increase during
regulated inflammatory processes to levels necessary for effective in-
nate and adaptive immune functions (Sordillo and Aitken, 2009). En-
dogenous cellular protective responses function to limit reactive me-
tabolite accumulation within physiological limits to prevent cellular
damage. In contrast to the physiological production of reactive meta-
bolite, uncontrolled inflammation is characterized by excessive levels of
reactive metabolites that contribute to the pathology of diseases. For
example, the oxidation of lipids occurs during acute coliform mastitis,
contributing to the severity of disease especially in early lactation cows
(Sordillo and Mavangira, 2014; Mavangira et al., 2016). Whereas mi-
tochondria are a major source of excessive reactive metabolite pro-
duction during inflammatory conditions, significant contributions also
come from upregulated enzyme pathways. Inducible nitric oxide syn-
thase (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 gen-
erates excess nitric oxide which induces widespread vasodilation and
generation of peroxynitrite in acute inflammation (Sorokin, 2016).
Specifically, iNOS expression was documented in bovine endometrial
cells induced by LPS and was identified as part of the inflammatory
cascade associated with endometritis in cattle (Marini et al., 2016). The
XO enzymes are stimulated by LPS, hypoxia, and cytokines including
interleukin-1β, all of which are expressed by bovine mammary

endothelial cells and are relevant to acute inflammatory diseases such
as coliform mastitis (Silanikove et al., 2012, Wu et al., 2016a, 2016b).

Cells have an elaborate system of antioxidants that neutralize, me-
tabolize and delay the production of oxidants. Antioxidants include
endogenous enzymes such as superoxide dismutases (SOD), glutathione
peroxidases (GPxs), thioredoxin reductases (Trx), peroxiredoxins, cat-
alases, and heme oxygenase (HO). Dietary sources also contribute to the
non-enzymatic pool of antioxidants which include trace minerals (se-
lenium, copper, zinc), polyphenols, vitamins (A, C, D, and E), and the
vitamin A precursor, beta-carotene (Sordillo, 2016). Enzymatic and
non-enzymatic antioxidants work in concert to protect against ROS-
induced cellular damage (Sordillo and Aitken, 2009). For example, SOD
enzymes are dependent on trace minerals, copper (Cu) and manganese
(Mn), in the dismutation of O2

– to H2O2. Subsequently, the reduction of
H2O2 to water and oxygen is mediated by catalases or the selenium
(Se)-dependent GPx and Trx reductase enzymes. The reduction of H2O2

and other hydroperoxides is coupled to the oxidation of the tripeptide
cofactor, reduced glutathione (GSH) to the oxidized state (GSSG). The
GSSG is converted by the glutathione reductase system to GSH which
becomes available for further GPx- or Trx-mediated metabolism
(Halliwell, 2007; Sordillo and Aitken, 2009). Indeed, the balance be-
tween GSH and GSSG is crucial as its perturbations can alter cellular
redox tone and affect signaling pathways and the development of oxi-
dative stress. For example, exposure of bovine mammary and aortic
endothelial cells to pro-oxidant challenge increased reactive metabolite
production and cellular apoptosis that were ameliorated by Se supple-
mentation (Sordillo et al., 2005, Ryman et al., 2015a, 2015b). Reduced
GSH can scavenge pre-formed reactive metabolites and also participate
in regenerating and maintaining the functional forms of other anti-
oxidant enzymes such as vitamins. For example, vitamin E radicals
formed during the neutralization of lipid free radicals in the cell
membranes are recycled back to reduced vitamin E by peroxidase en-
zymes using GSH as a cofactor. Dietary micronutrients such as vitamin
E and Se are recognized as an important tool to enhance antioxidant
defense mechanisms and reduce health disorders of dairy cattle during
periods of increased metabolic demands (Sordillo and Aitken, 2009;
Sordillo, 2013).

The activation of antioxidant response genes is another important
mechanism essential for limiting the excessive reactive metabolite ac-
cumulation. 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). Several
NrF2 target genes including the enzymes catalase, glutathione perox-
idases, heme oxygenase, superoxide dismutases and acute phase pro-
teins such as haptoglobin and serum amyloid A, showed increased ex-
pression in peripartal dairy cows (Gessner et al., 2013). Stabilizing
Nrf2, targeted in human diseases to promote its antioxidant protective
effects, could also be beneficial in dairy cattle during the oxidative
stress prone periods such as the transition period (Bernabucci et al.,
2005) and diseases including mastitis (Mavangira et al., 2016) and
metritis (Kankofer, 2002). 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
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deficiencies in antioxidant components (Valko et al., 2007). Increased
production of ROS in peripartum dairy cattle, the decrease in the total
antioxidant capacity, and the accumulation of lipid peroxidation pro-
ducts were demonstrated in several studies (Bernabucci et al., 2005;
Osorio et al., 2014; Abuelo et al., 2015). The consequent direct struc-
tural damage or chemical modifications to lipids and proteins, nega-
tively impact normal functions of plasma membranes. 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 including increasing membrane fluidity
and affecting the lipid structure and packing in lipid raft domains. Lipid
peroxidation products and secondary by-products also may induce toxic
modification of proteins and DNA resulting in cell death. Protein oxi-
dation 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 alteration or loss of function. The da-
mage to DNA may be a direct oxidation of bases or adduct formation
with either lipid or protein oxidation products affecting cellular struc-
ture, function, or viability (Celi, 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 to identify dairy cattle that may
be of at greater risk of disease.

Lipid metabolism is involved in the development of oxidative stress
because of its link to inflammation. Lipid metabolizing enzymes, in-
cluding increased cyclooxygenase (COX) 2, lipoxygenase (LOX), and
some cytochrome P450 (CYP) isoforms, are also regulated during in-
flammatory-based diseases. For example, the enhanced production of
oxygenated lipid mediators from these pathways is enhanced during
mastitis caused by both gram-positive and gram-negative bacteria
(Mavangira et al., 2015; Ryman et al., 2015a, 2015b). Interestingly,
some of these oxylipid metabolites can target several of the sources of
excessive ROS formation during acute inflammation. For example, 20-
hydroxyecosatetraenoic acid (20-HETE) is a CYP-derived oxylipid me-
tabolite that enhances reactive metabolite production by increasing
mitochondrial production and activating NOX enzymes (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 en-
hancing the resolution of oxidative stress by decreasing pro-oxidant
lipids and increasing 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 (Fig. 1). First, some lipid metabolizing
enzyme pathways produce reactive metabolite, particularly O2

−, as a
by-product (Sordillo and Aitken, 2009). Second, some primary oxylipid
metabolites such as hydroperoxides from the LOX pathway are potent
reactive metabolite 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
reactive metabolite production from sources such as the mitochondria
and the NOX enzyme pathway (Han et al., 2013). Fourth, some oxyli-
pids such as 15-deoxy-delta 12, 14-Prostaglandin J2 (15-dPGJ2) exert
antioxidant effects by directly or indirectly targeting and decreasing
production reactive metabolite from sources such as mitochondria
(Garg and Chang, 2004). The link between oxylipids and oxidative
stress, therefore, offers opportunities for modulating inflammatory
processes by directly targeting the metabolic pathways of these meta-
bolites. The following sections focus on the demonstrated links between
some oxylipids and oxidative stress during diseases and the opportu-
nities that exist for controlling oxidative stress by targeting oxylipid
biosynthesis.

3. Role of oxylipids in oxidative stress

Omega 6 (n-6) Polyunsaturated fatty acids (PUFA) such as arachi-
donic acid (AA) and linoleic acid (LA) and omega 3 (n-3) PUFA in-
cluding α-linolenic (ALA), eicosapentaenoic acid (EPA) and doc-
osahexaenoic acid (DHA) are the common substrates for oxylipid
synthesis (Raphael and Sordillo, 2013). Metabolism of the PUFA sub-
strates occurs after their hydrolysis from cell membrane phospholipids
catalyzed by members of the phospholipase (PL) enzyme family, pre-
dominantly by PLA2. Alternatively, PUFA are metabolized while still
esterified in cell membranes, which may explain their ability to modify
cell function by altering the properties of the cell membrane lipid bi-
layer (Milne et al., 2015). 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 linoleic acid and arachidonic acid when incubated with
equimolar concentrations of these PUFA (Arnold et al., 2010). 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., 2014a,b). In com-
parison to humans and animal models of diseases, the oxylipid and
other lipidomic profiles in dairy cattle continue to be defined, laying
the foundation for investigating the roles of these metabolites in in-
flammation and oxidative stress.

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. In the en-
zyme-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,
heme and non-heme iron radicals are present in CYP and LOX enzymes,
respectively. 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., 2015).

The oxygenation of PUFA generates lipid hydroperoxides that add to
the pool of ROS during oxidative stress (Sordillo and Mavangira, 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. The
active site Fe2+ is oxidized to the ferric hydroxide in the process of
dioxygen insertion into the PUFA substrate and subsequently reduced to
the Fe2+ form after reduction of the hydroperoxide ion. The hydro-
peroxides are potent ROS metabolites that were shown to participate in
the development of pathological conditions. For example, the LA de-
rived-13-hydroxyoctadecadienoic acid (13-HODE), was predominantly
formed from the enzymatic pathway during S. uberis mastitis and ex-
posure of bovine mammary endothelial cells to the upstream hydro-
peroxide, 13-hydroperoxyoctadecadienoic acid (13-HpODE) con-
tributed to vascular dysfunction (Ryman et al., 2015a,b, 2016). The
specific cellular effects of 13-HpODE and the arachidonic acid-derived
15-hydroxyperoxyeicosatetraenoic acid (15-HpETE) relevant to the
pathogenesis of mastitis and other systemic inflammatory-based disease
in dairy cattle 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 (Weaver
et al., 2001; Ryman et al., 2015a,b). Since the effects of 15-HpETE and
13-HPODE are similar to the direct effects of H2O2, the findings from
these previous studies suggest that the primary oxygenation metabolites
serve as inherent reactive electrophiles that can exacerbate oxidative
stress during acute inflammation.

The catalytic mechanism during PUFA oxygenation can produce O2
–

as a byproduct particularly when the reduction of oxygen is uncoupled
from its insertion in a PUFA substrate. Studies have suggested that both
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COX and LOX enzymes are inefficient sources of O2
– due to their uti-

lization 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 cata-
lase enzymes involved in the metabolism of O2

– and H2O2, 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
reactive metabolite with no substrate requirement. The substrate-in-
dependent reactive metabolite production by CYPs supports the ap-
parent uncoupling of NADPH reduction from the subsequent activation
and insertion of an oxygen atom into PUFA substrates. The apparent
uncoupling is greatest in the CYP2E1 isoform which was described as a
leaky enzyme demonstrating a coupling of NADPH reduction to sub-
strate oxygenation of only 0.5–3% (Lu and Cederbaum, 2008). The
catalytic production of reactive metabolite by CYP2E1 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 reactive metabolite (Westphal et al., 2015). These
data suggest that the multiplicity of the CYP enzymes generating re-
active metabolite may preclude effective modulation of oxidative stress
during disease by targeting specific isoforms. Further, inhibiting CYP
isoforms to reduce reactive metabolite production in acute illness is
complicated by generalized suppression of several CYP isoforms
(Westphal et al., 2015). Therefore, targeting the CYP-derived oxylipids
may be more beneficial to limit reactive metabolite production while
preserving essential functions of the CYP enzymes. Additional studies
are needed in dairy cattle to determine the extent to which this pathway
can be manipulated to control health disorders during the peri-
parturient period.

4. Non-ROS oxylipids enhance or diminish production of ROS

4.1. Cyclooxygenase-derived oxylipids

Cyclooxygenases exist as constitutively expressed COX-1 and in-
ducible COX-2 isoforms. With arachidonic acid as the PUFA substrate,
hydrogen removal and insertion of dioxygen to form the unstable PGG2

occurs at the oxygenase site followed by translocation to the peroxidase
site where reduction to PGH2 occurs. Subsequently, PGH2 is converted
to downstream prostanoids including PGD2, PGE2, PGF2, PGI2, and

PGJ2 by various PG synthases as well as conversion into thromboxanes
(TX) A2 and B2 by thromboxane synthase. Many studies showed that the
increased production of reactive metabolite 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 prostanoid production, targeting
the specific oxylipid metabolites may offer better responses and reduce
complications related to clinical use of COX 2 blockers.

A major downstream product of PGH2 during inflammation is PGE2
that mediates its effects through the PGE2 prostanoid (EP) receptor
subtypes 1, 2, 3 and 4. Production of PGE2 induces oxidative stress in a
receptor-dependent manner in models of neuronal degenerative dis-
eases such as Alzheimer's disease. For example, cerebral PGE2 produc-
tion increased ROS formation and development of neuronal oxidative
stress detected by increased concentrations of markers including ara-
chidonic acid-derived F2-isoprostanes (F2-IsoP) and DHA-derived neu-
roprostanes (Montine et al., 2002). Deletion of the EP2 and EP3 re-
ceptors in the neuronal tissue in mice and neural cell cultures
diminished oxidative-stress related changes (Montine et al., 2002). In
contrast, the deletion of EP2 receptors in a model of intracerebral he-
morrhage exacerbated O2

– production and oxidative carbonylation of
proteins suggesting that EP2 receptor activation was protective (Wu
et al., 2016a, 2016b). The specific sources of reactive metabolite after
PGE2 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). Dairy cows with
mastitis show increased PGE2 production in the face of decreasing ac-
tivities of antioxidant enzymes (Atroshi et al., 1996) and low dietary Se
(Maddox et al., 1990). Similarly, cows with endometritis showed in-
creased PGE2 concentrations. Studies using endometrial explants and
isolated stromal or epithelial cells showed that LPS was responsible for
PGE2 production, but was also associated increased expression of EP2
and EP4 (Herath et al., 2009). The possibility exists that the detrimental
effects of PGE2 may be limited by EP receptor antagonists or enhancing
the degradative PG dehydrogenase enzymes, however, further studies
are needed to refine this hypothesis.

Prostaglandin I2 is not just a vasodilator but also a modulator of
inflammatory processes, particularly in conditions characterized by
oxidative stress. Overexpression of PGI synthase in murine models of
acute lung injury prevented bleomycin-induced oxidative stress by en-
hancing the expression of antioxidant enzymes (Zhou et al., 2011). In
another model, supplementation of the PGI2 agonist, beraprost sodium,
prevented aluminum-induced hippocampal oxidative stress suggesting

Fig. 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-hydro-
peroxyeicosatetraenoic acid (15-HpETE) that can directly
damage cellular macromolecules. Other oxylipid metabo-
lites 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 dehydra-
tion product of prostaglandin D2 (15-dPGJ2) decrease re-
active metabolite production by directly decreasing pro-
duction or by stimulating antioxidant factors such as
nuclear factor E2-related factor 2 (Nrf2). + induce pro-
duction; − decrease production; green arrows, antioxidant
pathways; orange arrows, pro-oxidant pathways. (For in-
terpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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that relative deficiencies of certain oxylipids promote oxidative stress
(Pan et al., 2015). Deficiency of PGI2 may be as a result of the direct
nitration and inhibition of PGI synthase by peroxynitrite produced by
the reaction of O2

– and nitric oxide as demonstrated in endothelial cells
(Weaver et al., 2001). Oxidative stress, therefore, may have a dual ef-
fect on PGI2 synthesis, first increasing production by indirectly stimu-
lating the COX2 pathway and, secondly, by the direct inhibition of the
activity of PGI synthase. The effects nitric oxide on PGI2 synthesis and
potentially oxidative stress in bovine inflammatory conditions are un-
known, however, experimental bovine Escherichia coli mastitis was
characterized by acute increases in nitric oxide in milk (Blum et al.,
2000). Exposure of bovine mammary epithelial cells to a nitric oxide
donor alone or in combination with cytokines including TNF-α altered
production of various prostaglandins (Piotrowska-Tomala et al., 2012).
Nitric oxide production is also increased in dairy cattle with puerperal
endometritis (Li et al., 2010). Thus, the elevations of nitric oxide in
inflammatory conditions including mastitis and metritis may benefit
from supplementation of PGI2 mimetics to limit the oxidative stress
responses and therefore, the inflammatory process.

Some COX-derived oxylipids have demonstrated roles as antioxidant
inducers through a variety of mechanisms. For example, 15-dPGJ2,
formed from the dehydration of PGD2 was shown to be protective by
activating PPARγ receptors (Haskew-Layton et al., 2013). Through the
activation of antioxidant response elements, 15-dPGJ2 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, 15-dPGJ2 inhibited in-
flammasome activation, which was associated with increased produc-
tion of reactive metabolites during innate immune defenses (Maier
et al., 2015). In vitro studies using bovine mammary epithelial cells
showed that 15-dPGJ2 partially stimulated a pro-inflammatory re-
sponse while activating anti-oxidant genes including SOD and ferritin
heavy chain (Lutzow et al., 2008). The multiple targets by which 15-
dPGJ2 may afford anti-oxidant protection and the inhibition of both
NFκB and inflammasome activation, make 15-dPGJ2 an attractive
therapeutic target as responses may be cell and tissue specific. The
oxylipid, 15-dPGJ2, could therefore represent a novel therapy modality
with unique properties that not only stimulate an inflammatory re-
sponse but also activate protective mechanisms such as the antioxidant
genes to limit damaging inflammation.

4.2. Lipoxygenase-derived oxylipids

Apart from being ROS species themselves, hydroperoxides increased
production of other reactive metabolite from sources including the
mitochondria and the NOX enzyme system. For example, the 13-HpODE
induced mitochondrial reactive metabolite production and cellular
apoptosis via cytochrome c release, loss of mitochondrial membrane
potential, and increased mitochondrial Fe2+ uptake in bovine aortic
endothelial cells targeted antioxidants (Dhanasekaran et al., 2005). The
activation of NOX was linked to subsequent mitochondrial reactive
metabolite 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 in-
duced 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 oxi-
dative 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 (Sordillo and Aitken, 2009). Both GSH and Trx are

essential co-factors in the reduction of hydroperoxides and other re-
active metabolites in reactions mediated by GPx and Trx reductase
enzymes, respectively. 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). Main-
tenance of a normal GSH/GSSG ratio is critical as the depletion of GSH
in bovine aortic and mammary endothelial cells was associated with
increased production of reactive metabolites and lipid hydroperoxides
(Cao et al., 2000; Weaver et al., 2001). In vivo, the expression of a
specific isoform of the LOX enzymes, 15-LOX1, was markedly increased
in bovine mammary tissue in the peri-parturient period (Aitken et al.,
2009). 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 oxida-
tive stress.

The activation of another LOX isoform, 5-LOX, in B-lymphocytes
was dependent on the production of O2

– and hydroperoxides produced
from granulocytes (Werz et al., 2000). The metabolism of arachidonic
acid 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
reactive metabolite 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 O2

−. Similar
oxidative stress-dependent formation of 5-oxoETE formation was also
shown in structural cells including human endothelial cells and in-
testinal and airway epithelial cells (Erlemann et al., 2006, 2007). Be-
cause 5-oxoETE is a potent chemoattractant of leukocytes to in-
flammatory sites, the overproduction of 5-oxoETE could result in
uncontrolled infiltration with inflammatory cells. Indirectly, excessive
formation of 5-oxoETE may perpetuate the oxidative stress-in-
flammatory cycle by attracting immune cells with the reactive meta-
bolite production capacity such as neutrophils and monocytes. Tar-
geting 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 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 per-
oxidation, increased SOD activity, and the induction of the antioxidant
HO-1 enzyme (Wang et al., 2014a,b). Another LOX-derived DHA me-
tabolite, protectin, inhibited ROS production in human neutrophils
stimulated by PMA by inhibiting the phosphorylation of the NOX en-
zyme complex (Liu et al., 2014). Induction of ROS in RAW264.7 murine
cells by 3-morpholinosydnonimine hydrochloride was diminished by
the downstream LOX metabolites, 9-oxo-ODE and lipoxin A4 (LXA4)
(Mattmiller et al., 2014). A possible mechanism for LXA4 may be the
demonstrated activation of NrF2 activity in an oxygen-glucose depri-
vation 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 con-
ditions 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 reactive metabolite related to LOX catalysis
is the release of Fe2+ from the active site following suicidal inactiva-
tion. The inactivation follows the oxidation of the labile histidine re-
sidues in the active site that are responsible for chelating Fe2+ in place
(Cheng and Li, 2007). The released Fe2+ becomes available for the
generation of ROS including soluble hydroxyl or lipid hydroxyl radicals
through the Fenton reaction. The use of inhibitors of ROS generation
such as deferoxamine, which chelate transition metals including Fe2+

demonstrated the involvement of free Fe2+ in mediating oxidative
stress (Cheng and Li, 2007). In endotoxin induced bovine mastitis and
in mammary epithelial cell culture, deferoxamine decreased tissue da-
mage of disease by decreasing damaging ROS production via Fe2+
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chelation (Lauzon et al., 2005, 2006). The degree to which the LOX
enzymes may contribute to the labile pools of Fe2+ with consequent
increased ROS formation thus perpetuating the oxylipid-ROS genera-
tion cycle remains to be elucidated.

4.3. Cytochrome P450-derived oxylipids

Apart from the catalytic formation of reactive metabolites by CYP
enzymes, the concurrent metabolism of PUFA into oxylipids may be
more significant in altering cellular redox balance. In dairy cattle, in-
tramammary infusion of LPS or E. coli was associated with decreased
expression and transcription of CYP450 genes in the liver (Jørgensen
et al., 2012). This was concurrent with the increased transcription of
genes involved in the responses to oxidative stress including GPxs
(Jørgensen et al., 2012). Suppression of CYP450 was also shown in
murine models particularly following exposure to LPS (Theken et al.,
2011). 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 linoleic acid in endothelial cells by activating
NFκB (Viswanathan et al., 2003). Increased permeability of endothelial
cell monolayers to albumin after exposure to linoleic acid were pre-
dominantly the result of the formation of oxylipids known as epox-
yoctadecenoic acids (EpOME). The endothelial cell permeability was
further enhanced by the subsequent conversion of the EpOMEs to di-
hydroxy metabolites (DiHOMEs) by the soluble epoxide hydrolase en-
zyme (sEH) (Slim et al., 2001). In contrast, arachidonic acid epox-
ygenation by CYP2C9 and CYP2C8 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.
Thus, by altering the proportions of available substrates, oxidative
stress responses may be attenuated in conditions where CYP expression
and activity are enhanced. Our studies in naturally occurring bovine
coliform mastitis showed increased epoxygenation products (Mavangira
et al., 2015), contrary to the demonstrated suppression of CYP genes in
other studies. The knowledge of the deferential effects of CYP-derived
epoxides that are dependent on PUFA substrate can be useful in iden-
tifying oxylipids whose protective effects can be promoted either
through substrate or functional mimetic compounds. Inhibition of the
sEH enzyme could also limit the formation of more toxic oxylipids such
as linoleic acid-derived DiHOMEs while simultaneously enhancing the
beneficial types such as the arachidonic acid-derived EETs.

The beneficial effects of EETs are mediated, in part, by their mod-
ulation of redox-sensitive transcription factors including NrF2.
Oxidative stress and apoptosis of HUVECs induced by TNFα were pre-
vented by direct exposure to 11,12-EET and transfection with CYP2C8.
The effects were attributed to EET-mediated stimulation of the anti-
oxidant regulator, NrF2 which in turn decreased TNFα-induced ROS
production (Liu et al., 2015). Another EET isomer, 14,15-EET, also
decreased oxidative stress by suppressing the expression of a tran-
scriptional repressor of the HO-1 antioxidant protein known as Bach
(Yu et al., 2015). 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 ex-
ample, the activation of Nrf2 in HepG2 cells induced the expression of
CYP2J2 (Lee and Murray, 2010).

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, suggesting a direct activation of this CYP isoform
(Park et al., 2010). In contrast, the expression of several CYP isoforms
was downregulated in-vivo during murine LPS-sepsis models with re-
covery occurring 24 to 48 h later (Theken et al., 2011). The differential

activation of CYPs in various health conditions related to periparturient
dairy cows merits future investigations based on what is known in other
species. A better understanding of CYP activation within the context of
dairy cattle health disorders may identify optimal periods for either
blocking or enhancing expression of CYP enzymes to promote the
production of antioxidant oxylipids.

Another major CYP-derived oxylipid formed from the hydroxylation
of arachidonic acid to 20-HETE is associated with oxidative stress-re-
lated vascular dysfunction in cardiovascular and cerebral circulations
(Waldman et al., 2016). Several mechanism for induction of ROS for-
mation were shown for 20-HETE and include increased NFκB (Ishizuka
et al., 2008) activation of NOX enzyme complex and mitochondrial ROS
production (Lakhkar et al., 2016; Waldman et al., 2016). Chemical
inhibition of 20-HETE biosynthesis in cerebral ischemia and in-vivo
models of spontaneous hypertension abolished the oxidative stress
mediated pathology (Han et al., 2013; Toth et al., 2013). The detri-
mental 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. 2013).
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,b; Senol et al.,
2016). In contrast, other studies demonstrated that murine acute in-
flammation models induced by LPS administration or the cecal ligation
and puncture technique were associated with several orders of magni-
tude in the increase of 20-HETE (Willenberg et al., 2015). In dairy
cattle, 20-HETE concentrations were previously observed to be stable
from 14 days before calving through 84 days after calving (Raphael
et al., 2014). In naturally occurring bovine coliform mastitis, significant
20-HETE production was detected simultaneously with increased oxi-
dative stress as determined by reactive metabolite production and
elevated 15-F2t-Isop lipid peroxidation products (Mavangira et al.,
2015, 2016). 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 in-
flammatory conditions.

5. Other lipid mediators and oxidative stress

Much of the focus of this paper has been devoted towards the
oxylipid products of lipid metabolism, however, other lipid mediators
can induce oxidative stress and may be relevant in inflammatory con-
ditions of the dairy cow. Other lipid mediators can be derived from the
major phospholipids such as phosphatidylcholine (PC), phosphatidy-
lethanolamine (PE), phosphatidylserine, phosphatidylinositol, cardio-
lipin, sphingomyelin and glycosphingolipids (Pamplona, 2008). Platelet
activating factor (PAF) is one such lipid mediator with signaling
properties, whose production is increased during oxidative stress as was
shown in bovine aortic endothelial cells (BAEC) cultured in se-deficient
medium (Cao et al., 2001). Exposure of monocytes to PAF and lipid
hydroperoxides from dairy cattle increased superoxide production
(Löhrke et al., 2005). It is also conceivable that changes in sphingoli-
pids could influence oxidant status of dairy cattle. This is supported by
the evidence that higher body condition dairy cows suffered greater
oxidative stress compared to those with lower body condition
(Bernabucci et al., 2005). In similarly over conditioned dairy cows
(obese), greater plasma concentrations of sphingolipids and in parti-
cular, ceramide, were reported (Rico et al., 2015). Ceramide is an in-
tracellular mediator that links NOX stimulation and the resulting in-
creased mitochondrial ROS production. Because of the various changes
described thus far in the bovine lipidome, understanding the con-
tribution of various lipid mediators to oxidative stress and inflamma-
tion is important to understanding an overall interaction of several
metabolites including those defined by proteomics, transcriptomes, and
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lipidomics.

6. Oxylipids are useful biomarkers of oxidative stress

Many studies in dairy cattle evaluating the presence of oxidative
stress or its amelioration by supplementation of PUFA substrates or
their precursors are hampered by the challenges currently recognized in
the accurate diagnosis of oxidative stress. These challenges, outlined by
Celi (2011), may be addressed by further evaluating effectiveness of
macromolecular (DNA, protein, and lipids) damage products. Because,
PUFAs are highly susceptible to peroxidation during oxidative stress,
specific peroxidation metabolites offer a better opportunity for accurate
oxidative stress diagnosis in dairy cattle. The metabolism of PUFA oc-
curring non-enzymatically with free radical-mediated hydrogen ab-
straction, followed by addition of oxygen, and intramolecular re-
arrangement generates stable oxylipid products. The metabolism of
arachidonic acid, for example, generates isomers of prostaglandins
known as isoprostanes (IsoPs) (Milne et al., 2015). Isoprostanes exist for
each COX-derived prostanoid class of which several diastereomeric
metabolites can be produced. Conversely, intramolecular rearrange-
ments in some isoprostane classes such as IsoPs D2 and E2 are possible,
adding to the pool of COX-derived oxylipid prostanoids such as PGD2

and PGE2. 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 arachidonic acid because of in-
creasing double bonds (Milne et al., 2015).

Isoprostanes are currently considered the gold standard markers of
oxidative stress and were utilized in human conditions with oxidative
stress including sepsis, atherosclerosis, coronary heart disease (Milne
et al., 2015). The F2-isoprostanes, specifically, were shown to reliably
detect oxidative stress induced by the free radical generators, carbon
tetrachloride induced and 2,2′-azobis-2-methyl-propanimidamide, di-
hydrochloride (AAPH), and in LPS-induced sepsis in mice. Across an-
imal species with various disease conditions, urinary concentrations of
a specific F2-IsoP (15-F2t-IsoP) were explored in an attempt to de-
termine the contribution of oxidative stress (Soffler et al., 2010). In
dairy cattle specifically, 15-F2t-IsoP concentrations were elevated
during coliform mastitis (Mavangira et al., 2016) and in cattle with
retained fetal membranes (Kankofer, 2002). Retained fetal membranes
frequently predispose dairy cattle to the development of metritis. Both
mastitis and metritis are examples of dairy cow diseases whose in-
cidence increases with declining antioxidant capacity (Miller et al.,
1993), and the demonstration of 15-F2t-IsoP in these diseases suggests a
utility of this oxylipid in assessing the role of oxidative stress in in-
flammatory conditions of dairy cattle.

In addition to their utility as biomarkers of oxidative stress, IsoPs
have potent effects on inflammatory processes, through differential
effects on oxidative stress responses depending on the PUFA substrate.
For example, F2-IsoPs from arachidonic acid exacerbate oxidative stress
by mediating TXA2-like effects through TP receptor activation
(Comporti et al., 2008; Bauer et al., 2014). In contrast, arachidonic
acid-derived J2 and A2 IsoPs and the EPA-derived F3-isoprostanes lim-
ited proinflammatory responses through the inhibition of NFκB acti-
vation by stimuli including LPS, TNFα and IL-1β in macrophages
(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, PGE2 and PGD2 may be biosynthesized in-
dependent 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 F2α is another prostanoid also produced
through free radical peroxidation adding to the enzymatically derived
PGF2α (van't Erve et al., 2016). The combined source of PGF2α may
increase its pool which may also be associated with increased oxidative
stress. 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, arachidonic acid- derived and linoleic acid-
derived hydroxyl metabolites have been utilized as oxidative stress
markers. For example, 9-HETE was substantially increased in athero-
sclerotic plaques from clinically symptomatic coronary heart disease
patients (Mallat et al., 1999). Similarly, 9-HODE from linoleic acid
metabolism was increased at levels even greater than the F2-IsoPs in
unstable atherosclerotic plaques (Jira et al., 1998). Although the oxi-
dant status was not investigated, oxidized linoleic acid oxylipids were
abundant in mammary tissues during Streptococcus uberis bovine mas-
titis (Ryman et al., 2015a,b). These data suggest that other oxylipids
may detect oxidative 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.

7. Regulation of oxylipid metabolizing systems – opportunities for
intervention

The importance of regulating oxidative stress in pathological in-
flammatory conditions in dairy cattle was recognized for a long time.
For example, diseases including mastitis, metritis and retained placenta
have increased incidence because of underlying oxidative stress.
Conversely, the supplementation of antioxidants including Se and vi-
tamin E in the periparturient period was associated with decreased
post-partum disorders (Miller et al., 1993). However, not all anti-
oxidant supplementation result in beneficial outcomes. Bouwstra et al.
(2010a,b) showed an increased occurrence of mastitis following sup-
plementation of vitamin E at low or high doses in animals starting with
plasma vitamin E concentration of> 14.5 μg/mL. Such a discrepancy
may be explained by the possibility of vitamin E participating in the
sequential free radical formation as a consequence of a deficient vi-
tamin E regeneration system (VERS) (Bouwstra et al., 2010a,b). It is
also possible that excess vitamin E might have decreased the physio-
logical amounts of RM required for normal signaling processes, a si-
tuation referred to as reductive stress. Considering the work by
Bouwstra et al., it is important to recognize the following points. First,
Vit E supplementation appears to work better when the VERS is con-
currently enhanced. For example, combined Vit E and Se supple-
mentation offered better protection than either alone, probably because
of free radical chain termination and efficient regeneration of the VERS
through the Se-dependent GPx system. Secondly, there was no direct
determination of more sensitive oxidative stress markers including
DNA, protein and better lipid peroxidation markers. MDA, despite
being a commonly utilized lipid peroxidation marker in the past, has
major draw backs due to poor specificity and sensitivity (Celi, 2011).
The lack of beneficial effects of Vit E supplementation in dairy cows
developing mastitis is similar to the lack of clinical improvement in
antioxidant supplementation in humans which have been explained by
reasons including 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 (Biswas,
2016). Targeting oxylipid biosynthesis not only offers alternative
markers for oxidative stress diagnosis, but also the potential for limiting
oxidative stress-related disease pathology by diminishing pro-oxidant
or enhancing antioxidant oxylipids formation. The feasibility of tar-
geting oxylipids and other lipid mediators will rely on first defining
oxylipid profiles during health and their patterns of change during
various inflammatory disorders of dairy cattle. The regulation of oxy-
lipid biosynthesis occurs at several levels including modification of type
and abundance of available substrate, modulation of the lipid biosyn-
thetic pathways through pharmacologic, and the degree of metabolism
of specific oxylipids.
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7.1. Modification of oxylipids through supplementation of PUFA substrate

Modification of dietary PUFA substrate may be the obvious ap-
proach to modifying oxylipid biosynthesis. In humans (Calder, 2008)
and in pigs (Bruins et al., 2013), the supplementation of PUFA altered
oxylipid profiles in peripheral blood leukocytes and plasma, respec-
tively. The ruminant however, presents specific challenges of ruminal
degradtion and/or modification of dietary PUFA effectively limiting
what becomes available for intestinal aborption (Lock and Bauman,
2004). Recent studies in dairy cattle found that supplementation with
n-3 PUFA through direct infusion into the abomasum could effectively
modify both plasma and peripheral blood leukocyte PUFA content
(Ryman et al., 2017). Further, ex-vivo agonist challenges of these leu-
kocytes showed differential oxylipid production with S. uberis inducing
15-oxoODE while LPS induced 5,6-LXA4, both oxylipids with pre-
dominantly antiinflammatory properties (Ryman et al., 2016). Evidence
suggestive of the potential for n-3 PUFA supplementation in reducing
inflammatory gene expression including IL-6, and IL-8 was accom-
panied by decreased ROS production in BAEC (Contreras et al., 2012).
These changes were also associated with decreases in 9-HODE, an
oxylipid linked to the non-enzymatic lipid peroxidation. Although
supplementation of some fatty acids such as conjugated linoleic acids
afforded protection from oxidative damage in mammary epithelial cells
(Basiricò et al., 2015, 2017), benefits have not always translated to in-
vivo use in cattle (Hanschke et al., 2016). Similarly, use of forages in-
cluding flaxseed and linseed that have high concentrations of ALA, the
precursor for the anti-inflammatory and anti-oxidative n-3 PUFA (EPA
and DHA), showed conflicting results. Increased oxidative capacity by
PUFA supplementation was explained by increased substrate available
for peroxidation because co-supplementation with a combination of
vitamin E and polyphenols as antioxidants (Gobert et al., 2009) and an
antioxidant supplement (Wang et al., 2010) ameliorated lipid perox-
idation. The challenge in balancing the resulting pro- and anti-oxidative
oxylipids following n-3 supplementation may explain the variable re-
sults from human studies including clinical trials as well as in dairy
cattle. Much remains to be determined on how substrate supple-
mentation can be fine-tuned to balance the anti-oxidative oxylipids and
those with pro-oxidative effects during disease in dairy cattle.

7.2. Pharmacological partial inhibition and preservation of specific
oxylipids

Oxylipids can be modified by pharmacological inhibition of bio-
synthetic pathways involved; however, use of inhibitors may be asso-
ciated with the development of complications. For example, prolonged
non-steroidal anti-inflammatory drug (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, which may provide an alternate explanation for the cardio-
vascular complications other than the altered PGI2/TXA2 ratio due to
prolonged NSAID use (Liu et al., 2010). The complications associated
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 that only exert intended effects due to com-
bined pharmacodynamic interactions (Meirer et al., 2014). This ap-
proach is expected to ensure partial production of oxylipid species ne-
cessary for mediating effective proinflammatory effects as well as those
that promote inflammation resolution. Examples of poly-
pharmacological 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. Treatment of bovine Klebsiella pneumoniae mastitis
with a combination of flunixin meglumine (COX-blocker) and

nordihydroguaiaretic acid (LOX-blocker) decreased PGE2 and TXA2

concentrations in milk and improved signs of mammary gland in-
flammation (Rose et al., 1991). Further studies are required to de-
termine whether improved inflammatory and oxidative responses are
the result of oxylipid profile changes and determine optimal drug
combinations for different inflammatory states.

7.3. 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
EETs that are beneficial in both being anti-oxidative and anti-in-
flammatory during murine LPS-induced sepsis. In turn, the elevated
EETs were associated with decreased proinflammatory oxylipids in-
cluding PGE2 and TXB2 (Schmelzer et al., 2005). In other diseases,
humans with severe asthma characterized by oxidative stress had de-
creased concentrations of the anti-inflammatory and anti-oxidative li-
poxin A4. 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 acet-
ylation of the active site using aspirin to switch from PGH2 to 15R-
HETE which is further converted to a more potent anti-inflammatory
isomer of LXA4, 15-epi-LXA4, by peripheral blood leukocytes (Serhan,
1997). It is unclear if the use of salicylate in dairy cattle will be bene-
ficial given that 3rd or greater lactation cows treated with salicylate
had an increased risk of metritis (Farney et al., 2013). In a related
study, the removal of salicylate treatment in drinking water for early
lactation dairy cows resulted in increased production of the proin-
flammatory oxylipids including 9- and 13-HODE and TXB2 (Farney
et al., 2013). Thus, pharmacological inhibitors can be used to pre-
ferentially promote the production of oxylipids with anti-oxidant
properties while simultaneously inhibiting those with pro-oxidant
properties.

7.4. 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 with particular emphasis
on the role played by the trace mineral Se (Mattmiller et al., 2013). Se is
essential for maintaining the glutathione-peroxidase system vital for
cellular redox balance. 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., 2000; Weaver et al., 2001; Sordillo
et al., 2005; Mattmiller et al., 2014). Supplementation of other anti-
oxidants such as vitamins C and E in mice fed low and high fat diets
decreased F2-IsoP and 9-HETE concentrations while increasing CYP-
derived and LOX-derived oxylipids (Picklo and Newman, 2015). The
use of Se and its benefits in modulating inflammation in dairy cattle has
been reviewed elsewhere (Sordillo, 2013). Research continues to ex-
plore ways of enhancing the Se availability in dairy cow diets such as
utilizing more bioavailable Se sources like Se-yeast and Se-fertilized
forages (Hall et al., 2014; Seboussi et al., 2016). Improving oxidant
status in postpartum dairy cattle can also be achieved by other methods
using rumen protected ingredients such as methionine (Osorio et al.,
2014). Further research is needed to determine if use of antioxidants
improves outcomes of inflammatory diseases by modifying lipid med-
iator profiles.

The positive feedback link between oxylipid production and oxi-
dative stress is illustrated classically by the dependency of the LOX
pathway on cellular redox status. Depletion of Se in RAW264.7 cells
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modulated the production of several oxylipids (Mattmiller et al., 2014)
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. Thus,
understanding the changes in the LOX-derived oxylipid metabolite
profiles in inflammatory diseases is crucial to determine whether in-
terventions should target the production of and limiting the degrada-
tion of the anti-oxidative oxylipids.

8. 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 of the periparturient dairy cow. Approaches for
enhancing oxylipids with antioxidant benefits include substrate mod-
ification, pharmacological inhibition of metabolic pathways, and tar-
geting regulatory aspects of oxylipid biosynthesis such as Se-dependent
regulation. The success of any of these approaches in diminishing oxi-
dative stress depends on understanding many aspects of oxylipid bio-
synthesis 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 dis-
ease-specific oxylipid profiles will not only allow customized inter-
ventions 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 strate-
gies such as utilizing PUFA supplementation and combined pharma-
cological modification of pathways may be the more efficacious at al-
tering oxylipid profiles to impact oxidative stress responses. Finally, the
continual improvements in diagnostic methods such as the mass spec-
trometry and nuclear magnetic resonance techniques will be useful in
defining interactions of relevant oxylipid 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 con-
sequently their contribution to pathological processes during disease.
The comprehensive metabolomics approaches may be utilized to de-
termine the contributions of various metabolites in oxidative stress and
particularly explore the roles played by oxylipids to identify opportu-
nities for limiting inflammatory pathology in humans and animals.
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