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ABSTRACT

Inflammation is a critical aspect of the innate im-
mune system that can determine the outcome of several 
economically important diseases of dairy cattle such as 
mastitis. The purpose of the inflammatory response is 
to eliminate the source of tissue injury and then return 
tissues to normal function. Aggressive or uncontrolled 
inflammatory responses, however, can damage host tis-
sues and contribute significantly to the pathophysiol-
ogy associated with mastitis. A precarious balance be-
tween pro-inflammatory and pro-resolving mechanisms 
is needed to ensure optimal pathogen clearance and 
a prompt return to immune homeostasis. Therefore, 
inflammatory responses must be tightly regulated to 
avoid bystander damage to the milk-synthesizing tis-
sues of the mammary gland. Oxylipids are potent lipid 
mediators that can regulate all aspects of the inflam-
matory response. The biosynthetic profiles of oxylip-
ids are dependent on both the availability of diverse 
polyunsaturated fatty acids substrates and their subse-
quent metabolism through various oxidizing pathways. 
Changes in lipid metabolism in dairy cows around 
parturition can profoundly change the composition and 
concentration of oxylipids in the mammary gland that 
may be responsible for dysfunctional inflammatory 
responses during this time. This review will provide a 
brief overview of the bovine inflammatory response and 
the role that oxylipids play in contributing to the onset 
and resolution of inflammation especially as it pertains 
to mastitis. Factors associated with periparturient cows 
that can contribute to dysfunctional regulation of in-
flammation as a function of altered oxylipid biosynthe-
sis and metabolism also will be described. Understand-
ing the role that oxylipids may play in the development 
of mastitis is key to developing novel prevention and 
control programs for the dairy industry.

 Key words: immunity, inflammation, mastitis, oxylipin

INTRODUCTION

The incidence and severity of dairy cattle diseases are 
greatest during the periparturient period, and health 
problems occurring during this time can greatly affect 
the productive efficiency of the entire lactation cycle 
(Ingvartsen, 2006; Pinedo et al., 2010). Mastitis that 
occurs around the time of calving is especially prob-
lematic due to the deleterious effect that this disease 
has on milk production, reproductive performance, 
longevity, and overall dairy herd profitability (Halasa 
et al., 2007). The ability of dairy cattle to resist the 
establishment of periparturient diseases such as mas-
titis is related, in part, to the effectiveness of their 
inflammatory response (Sordillo and Mavangira, 2014). 
Inflammation is an essential component of the cow’s in-
nate immune system that should function to eliminate 
infections or other sources of injury, and then restore 
normal tissue structure and function. For example, an 
efficient mammary gland inflammatory response should 
promptly recognize and eliminate mastitis-causing bac-
teria without causing any noticeable changes to the 
milk or tissues. A beneficial mammary inflammatory 
response that is effective against the establishment of 
new intramammary infections should generally last less 
than a week once the pathogen is neutralized. Because 
the inflammatory cascade is meant to be transient, 
exaggerated or protracted mammary inflammatory re-
sponses can result in extensive tissue damage. Indeed, 
uncontrolled acute and chronic mastitis are excellent 
examples of dysfunctional inflammatory responses that 
contribute to mammary immunopathology and signifi-
cant milk production losses (Halasa et al., 2007; Aitken 
et al., 2011; Akers and Nickerson, 2011). Thus, optimal 
mammary gland inflammatory responses should have 
a rapid onset to neutralize bacteria during the initial 
stages of tissue invasion but a timely resolution to avoid 
the immunopathology associated with mastitis.

The onset, magnitude, and resolution of inflammation 
are controlled by a diverse array of soluble mediators 
primarily released by resident cells located at the site 
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of infection or tissue damage. Some examples of these 
inflammatory mediators include cytokines, comple-
ment, vasoactive amines, and free radicals (Aitken et 
al., 2011). This review, however, will focus on a specific 
group of potent lipid-derived inflammatory mediators 
called “oxylipids,” that also are known as oxylipins or 
eicosanoids in the literature. As the name implies, oxy-
lipids are a family of lipid metabolites derived from the 
oxygenation of n-6 (omega-6) and n-3 (omega-3) PUFA 
substrates through both enzymatic and nonenzymatic 
pathways. Depending on the fatty acid substrate and 
oxygenation pathway, oxylipids can function to either 
enhance or resolve the inflammatory cascade (Serhan 
and Chiang, 2008, Mattmiller et al., 2013). The major-
ity of early studies investigating the role of oxylipids in 
dairy cattle diseases such as mastitis only investigated 
arachidonic acid-derived mediators from the cyclooxy-
genase ( ) pathway—prostaglandins ( ), leukotCOX PG -
rienes ( ), and thromboxanes ( ; Zia et al., 1987; LT TX
Atroshi et al., 1990). The recent advent of highly sensi-
tive lipidomic technologies, however, has enabled the 
identification of a complex network of oxylipids that 
may be produced simultaneously from different PUFA 
substrates. To date, more than 130 oxylipids that have 
been identified and many characterized for biological 
activities (Wang et al., 2014). Thus, the effect that 
oxylipids may have on coordinating inflammatory re-
sponses will depend upon the timing and expression of 
certain oxylipids profiles during disease processes. This 
paper will provide a brief overview of the inflamma-
tory response and the role of oxylipids in orchestrating 
inflammation especially as it pertains to mastitis, and 
discuss current strategies to alter the biosynthesis of 
oxylipids with the goal of optimizing inflammation in 
dairy cows during times of increased susceptibility to 
mastitis.

 ONSET AND RESOLUTION OF INFLAMMATION

Inflammation is primarily a reaction of the microcir-
culation that is initiated following exposure of host tis-
sues to microbes and associated microbial components. 
Resident cell populations located within tissues are 
able to sense the presence of bacteria through pattern 
recognition receptors ( ) that can be located on PRR
the cell surface, secreted, or expressed intracellularly. 
These PRR function by recognizing the diverse array 
of conserved motifs associated with different groups of 
microbes that are referred to as pathogen-associated 
molecular patterns (PAMP; Jungi et al., 2011; Kumar 
et al., 2011). In the mammary gland, PRR were identi-
fied on various leukocyte populations, epithelial cells, 
and endothelial cells (Strandberg et al., 2005; Porcherie 
et al., 2012; Ryman et al., 2015b). The toll-like recep-

tor ( ) family of PRR were some of the first to TLR
be discovered and are among the best characterized to 
date. Thirteen different TLR are identified in mam-
mals, of which 10 are known to exist in cattle (Menzies 
and Ingham, 2006; Kumar et al., 2011). Both TLR2 
and TLR4 are abundant PRR during IMI because 
they are primarily activated in response to PAMP 
associated with gram-positive (i.e., lipopeptides) and 
gram-negative (i.e., LPS) mastitis-causing pathogens 
(Goldammer et al., 2004; Porcherie et al., 2012). The 
initial PRR-PAMP interaction can trigger multiple 
pro-inflammatory intracellular signaling pathways in-
cluding translocation of nuclear factor ( )-κB (Liang NF
et al., 2004). During mastitis, NF-κB activation is a 
major signaling pathway by which soluble mediators 
are produced to drive the inflammatory cascade (Bou-
langer et al., 2003; Bannerman, 2009). Cytokines and 
oxylipids are the principal soluble mediators produced 
during all stages of the onset and resolution of inflam-
matory responses. Depending on the type of invading 
pathogen, the amount and timing of initial soluble me-
diator production can vary considerably. For example, 
the expressions of cytokine transcripts were greater 
and expressed more rapidly in Escherichia coli-infected 
mammary glands than in Staphylococcus aureus mas-
titis (Lee et al., 2006). The severity of mastitis also 
may be associated with specific inflammatory media-
tor profiles such as excessively high concentrations of 
tumor necrosis factor-α ( ) during severe acute TNF-α
coliform mastitis (Sordillo and Peel, 1992). Previous 
studies also showed that TXB2 and PGE2, known pro-
inflammatory oxylipids, may have important roles in 
the enhanced severity of E. coli mastitis that occurs 
during the periparturient period (Vangroenweghe et al., 
2005). Moreover, increased biosynthesis of PGE2  was 
related to bacterial growth and systemic disease sever-
ity during E. coli mastitis (Pezeshki et al., 2011). Both 
cytokines and oxylipids have the capacity to interact 
directly with blood vessels in the mammary gland to 
alter vascular tone and blood flow within the affected 
tissues, increase vasodilation of capillaries, and increase 
vascular permeability needed for the migration of blood 
leukocytes to the site of injury (Ryman et al., 2015b). 
In the case of mastitis, neutrophils are the predomi-
nant leukocyte type found in milk and mammary tis-
sues during the early stages of infection. The efficiency 
at which neutrophils are able to phagocytize and kill 
invading pathogens will influence the establishment of 
disease (Burvenich et al., 1994; Aitken et al., 2011). 
The collective responses of the vascular endothelium 
and infiltration of blood leukocytes into affected tissues 
can result in some of the classical signs of inflammation 
that include heat, swelling, redness, pain and loss of 
function.
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As briefly outlined above, the onset of inflammation 
to bacterial invasion is a complex and tightly regulated 
response. Whereas a rapid and robust inflammatory 
response is protective, however, an uncontrolled acute 
or chronic inflammatory reaction can lead to extensive 
tissue damage that is associated with diseases patho-
genesis. Indeed, dysfunctional inflammation is now 
widely appreciated as a common underlying component 
of many metabolic and infectious diseases that affect 
periparturient dairy cattle, including mastitis (Sordillo 
and Mavangira, 2014). Therefore, a timely and natural 
resolution of inflammation is fundamental to overall 
dairy cattle health and well-being. The resolution 
of inflammation is an active event involving specific 
pro-resolving pathways and mediators that expedite 
the shut-down process by limiting leukocyte infiltra-
tion, modifying soluble mediator production, removing 
cellular debris, and repairing damaged tissues (Tabas 
and Glass, 2013; Buckley et al., 2014). An essential 
requirement to turn off the inflammatory response is 
the removal of the invading pathogens that were re-
sponsible for initiating the inflammatory cascade. The 
successful neutralization of the inciting pathogen will 
signal the cessation of proinflammatory mediator syn-
thesis and lead to their catabolism. Because NF-κB is 
a major pro-inflammatory pathway activated following 
detection of bacteria, it makes sense that signaling 
through this pathway is tightly regulated to prevent 
sustained activation. An important negative regulator 
of NF-κB is the protein complex called inhibitor of κB 
(IκB; Liang et al., 2004). In the absence of bacterial 
stimulation, IκB is bound to NF-κB and retained in the 
cytoplasm in an inactive form. Activation of the NF-
κB signaling pathway is based on the degradation of 
IκB that allows for nuclear translocation of NF-kB and 
leads to pro-inflammatory gene expression. Sustained 
activation of NF-κB will normally initiate the expres-
sion of IκB, which acts as a negative feedback loop. 
The net effect of enhanced IκB activity is a decreased 
expression of proinflammatory factors such as COX-2, 
IL-1, IL-6, IL-8, and TNF-α (Liang et al., 2004; Gaspa-
rini and Feldmann, 2012). Additionally, shifts in NF-κB 
and IκB binding can enhance the expression of anti-
inflammatory cytokines such as IL-10, transforming 
growth factor-β, and IL-1 receptor antagonist, which 
collectively act to decreases pro-inflammatory media-
tors and promote tissue repair processes (Gasparini and 
Feldmann, 2012). In dairy cattle with IMI, studies have 
shown that TNF-α and IL-1β are expressed rapidly 
during the initial stages of infection and have potent 
pro-inflammatory functions, whereas IL-4, IL-10, and 
IL-17 actively promote the resolution of the inflamma-
tory cascade (Bannerman, 2009).

A relatively new area of research into the termination 
of inflammation is the production of lipid mediators 
with potent anti-inflammatory and pro-resolving activi-
ties. Studies conducted in human and laboratory species 
showed that the resolution of inflammation is an active 
process governed by several distinct families of pro-
resolving oxylipids, which include resolvins, protectins, 
and lipoxins ( ; Serhan and Chiang, 2008; Bennett LX
and Gilroy, 2016). Although metabolites derived from 
the COX pathway were traditionally associated with 
driving the onset of the inflammatory response, several 
downstream metabolites of COX metabolism including 
PGD2, PGJ2, and 15-deoxy-PGJ2 also have the capacity 
to suppress various pro-inflammatory signaling path-
ways. Considerable evidence also suggests that certain 
PG produced during the onset of inflammation, such as 
PGE2, can serve as negative feedback signals to facilitate 
the resolution of inflammation (Ricciotti and FitzGer-
ald, 2011). Although these oxylipids will be discussed 
in detail later in this review, it is important to note 
here that the active biosynthesis of pro-resolving lipid 
mediators plays an essential role in limiting neutrophil 
infiltration into affected tissues, enhancing macrophage 
clearance of apoptotic cells within affected tissues, and 
facilitates the restoration of tissues to normal function 
(Tabas and Glass, 2013). Unfortunately, there is not a 
great deal of in vivo research available in dairy cattle 
to suggest how pro-resolving or anti-inflammatory oxy-
lipids may contribute to the resolution of inflammation. 
The relative expression of plasma oxylipids with known 
roles in the resolution of inflammation was reported 
to decrease in transition cows when biomarkers of in-
flammation are often enhanced (Raphael et al., 2014). 
Others reported an imbalance between anti- (LXA4) 
and pro- (LTB4) inflammatory oxylipids in cows with 
chronic mastitis due to lower concentrations of LXA4 in 
the milk (Boutet et al., 2003). A broader understand-
ing of how oxylipids profiles shift to facilitate both 
the onset and resolution of inflammation is required 
to design efficacious intervention strategies to optimize 
bovine inflammatory responses especially during times 
of increased susceptibility to disease.

OXYLIPID BIOSYNTHESIS

Typically, oxylipids are not stored within cells, but 
are rapidly synthesized when needed. Although the 
biosynthetic pathways involved in the production of 
different oxylipids can be complex and diverse, the 
production of oxylipids in general shares some common 
steps. The initial step in oxylipid biosynthesis is the 
release of PUFA substrates from membrane phospho-
lipids. The hydrolysis of esterified PUFA is catalyzed 



5632 SORDILLO

Journal of Dairy Science Vol. 101 No. 6, 2018

by members of the phospholipase ( ) enzyme famPL -
ily, especially the calcium-dependent PLA2 (Burke and 
Dennis, 2009). When cells become activated as a conse-
quence of pathogen exposure or tissue damage, PLA2 is 
mobilized to release key PUFA precursors that include 
the n-6 fatty acids [linoleic acid ( ) and arachidonic LA
acid ( )] and the n-3 fatty acids [α-linolenic acid ArA
(ALA), eicosapentaenoic acid ( ), docosapentaeEPA -
noic acid ( ), and docosahexaenoic acid (DPA DHA)]. 
These PUFA are bound to ester linkage in the sn-2 
position of membrane phospholipids and PLA2  acts 
as an esterase to facilitate their release (Raphael and 
Sordillo, 2013).

Enzymatic Oxygenation Pathways

The oxygenated derivatives of PUFA are produced 
by 3 major classes of enzymes, including COX, li-
poxygenase ( ), and cytochrome P450 (LOX CYP) 
epoxygenases. These enzymatic pathways function in 
general by removing susceptible hydrogen atoms from 
the PUFA structure with the subsequent insertion of 
oxygen molecules. The COX pathway is composed of 
2 major isoforms (COX-1 and COX-2) that have bi-
functional activities. Both isoforms catalyze the initial 
step in the conversion of ArA to the lipid intermediate 
PGH2 by extracting a hydrogen atom from the PUFA 
and transferring it to COX active sites containing tyro-
syl residues (Wu et al., 2011). The relatively unstable 
PGG2 is then reduced at the peroxidase site of COX to 
form the more stable PGH2, the immediate substrate 
for a series of cell-specific PG and TX synthases that 
yield several different biologically active oxylipids (Ric-
ciotti and FitzGerald, 2011). The COX-1 isoform is 
constitutively expressed in most tissues and synthesizes 
low levels of PG, such as prostacyclin (PGI2), that is 
primarily involved in the maintenance of normal physi-
ological functions. Conversely, COX-2 is highly induc-
ible in response to NF-κB activation and is primarily 
associated with the biosynthesis of pro-inflammatory 
mediators such as PGE2, PGF2α, and TXA2. The rela-
tive expression profile of PG and TX is important to 
the character of the inflammatory response because 
these COX-derived metabolites are known to have 
opposing actions on vascular tone. For example, PGI2 
causes vasodilation and inhibits platelet aggregation, 
whereas TXA2 promotes aggregation and vasoconstric-
tion. Because both PGI2  and TXA2  are derived from 
the same intermediate COX product (PGG2), the bal-
anced expression of these oxylipids through different 
downstream enzymatic pathways is crucial for optimal 
vascular health and immune capabilities (Ryman et 
al., 2015a). Indeed, previous studies using bovine en-
dothelial cells showed that oxidative stress can inhibit 

prostacyclin synthase activity and PGI2  formation, 
thus disrupting vascular homeostasis (Weaver et al., 
2001). Moreover, previous assumptions that all COX-2 
metabolites are solely responsible for propagating the 
inflammatory response are no longer supported by the 
current literature. For example, ArA-derived PGE2 de-
rived from the COX-2 pathway is recognized as having 
many proinflammatory activities, including inducing 
pain and fever. Whereas increased COX-2 expression 
during the onset of inflammation is typified by PGE2 
production, enhanced COX-2 expression during the res-
olution of inflammation is associated with the presence 
of the other COX-2-derived ArA metabolites including 
PGD2 and 15d-PGJ2. Both PGD2 and its dehydration 
end-product 15d-PGJ2  can inhibit leukocyte adhesion 
to endothelial cells and decrease cytokine expression by 
blocking NF-κB activation.

There are several different LOX isoforms, including 
5-, 8-, 12- and 15-LOX, where the nomenclature is de-
fined by the capability of each enzyme to introduce 
molecular oxygen on a specific carbon of the fatty acid 
structure (Kuhn and O’Donnell, 2006). The LOX en-
zymes utilize a nonheme Fe2+ to form ferrous hydroxide 
that extracts hydrogen and inserts molecular oxygen 
to form a peroxy radical. The unstable peroxy radi-
cal is then rapidly reduced to a peroxy fatty acid. For 
example, metabolism of ArA by the 5-LOX pathway 
gives rise to hydroxyl and hydroperoxy derivatives 
[5-hydroxyeicosatetraenoic acid ( ) and 5-hydroHETE -
peroxyeicosatetraenoic acid ( ), respectively] HPETE
that are often elevated during inflammation. The 15-
LOX isoform is characterized as an inducible enzyme 
expressed in endothelial cells, epithelial cells, reticulo-
cytes, and macrophages with the ability to oxygenate 
PUFA during inflammation. The initial oxygenated 
product formed during AA metabolism by 15-LOX is 
15-HPETE, which is the biosynthetic precursor of 15-
HETE and other LT (Natarajan and Nadler, 2004). 
Within the larger family of CYP isozymes, a subset 
of CYP (CYP4A series) uses their heme iron radicals 
in mediating the epoxygenation and hydroxylation of 
PUFA to form oxylipids directly or to further metabo-
lize some of the COX-derived metabolites such as PGE2 
and PGD2 (Spector et al., 2004).

Although both n-6 and n-3 PUFA can be oxygen-
ated through each of these enzymatic pathways, 
evidence suggests that some of these pathways may 
have substrate preferences. For example, n-3 PUFA 
are relatively poor substrates of COX compared with 
n-6 PUFA (Wada et al., 2007). In contrast, n-3 PUFA 
are efficiently metabolized by 5-, 12-, and 15-LOX in 
addition to most CYP450 isoforms. When incubated 
with equimolar concentrations of different PUFA, CYP 
enzymes will preferentially oxygenate EPA and DHA 
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over LA and ArA (Arnold et al., 2010). There are also 
considerable differences in substrate preference within 
PUFA class. For example, it has long been recognized 
that 15-LOX-1 uses LA as a substrate preferentially 
over ArA (Soberman et al., 1985). Alternatively, 15-
LOX-2 has a distinct preference for ArA as a substrate. 
Although 15-LOX-2 will metabolize LA, it will be at 
about one-third the efficiency of ArA (Brash et al., 
1997). Because mammalian cellular membranes contain 
different PUFA substrates, the extent of oxygenase ac-
tivity will depend, in part, on the reaction specificity of 
COX, LOX, and CYP enzymes.

Nonenzymatic Oxygenation Pathways

Nonenzymatic pathways of oxygenation are driven 
by both free radical and nonradical molecules that 
are often collectively referred to as oxidants. Although 
the majority of oxidants are reactive oxygen species 
(ROS), a portion of the total oxidant pool can consist 
of reactive nitrogen species (Halliwell, 2007). Nonen-
zymatic oxygenation of PUFA follows the same gen-
eral mechanisms associated with the major enzymatic 
pathways of oxylipid biosynthesis. The main difference 
with the nonenzymatic pathway, however, is that the 
oxidant-mediated proton removal lacks the stereospeci-
ficity demonstrated by each of the enzymatic pathways. 
Whereas the enzymatic pathways of oxylipid biosynthe-
sis primarily utilize hydrolyzed free PUFA, the main 
targets of nonenzymatic oxidation pathways are fatty 
acids that remain esterified to cell membrane phospho-
lipids (Milne et al., 2015). The nonenzymatic oxidation 
of PUFA is considered a chain reaction consisting of ini-
tiation, propagation, and termination, collectively re-
ferred to as autoxidation (Yin et al., 2011). The process 
of autoxidation is initiated during times of oxidative 
stress that is defined as an imbalance in the produc-
tion of ROS and the availability of antioxidant defenses 
needed to neutralize these oxidants (Halliwell, 2007; 
Sordillo and Aitken, 2009). An important endogenous 
source of ROS is the by-product of energy production 
in the mitochondria as part of the electron transport 
chain, resulting in increased superoxide formation. 
Periparturient cows often suffer from oxidative stress 
due to enhanced ROS production during this time of 
increased metabolic demands associated with the onset 
of lactation (Bernabucci et al., 2005; Sordillo et al., 
2007; Sordillo, 2013). Another major source of ROS is 
generated by NADPH oxidase activity in phagocytic 
cells during an inflammatory reaction (Halliwell, 2007). 
Consequently, cows with mastitis also will experience 
increased incidence of oxidative stress (Mavangira et 
al., 2016). Finally, it should be recognized that certain 
aspects of oxylipid biosynthesis during inflammation 

also could be a contributing factor to oxidative stress. 
For example, oxidation of PUFA by COX, LOX, and 
CYP can produce superoxide in the process that con-
tributes to the total ROS pool (Mavangira and Sordillo, 
2018). In addition, initial oxygenation products of enzy-
matic oxidation are themselves potent hydroperoxides. 
Metabolism of ArA through the 15-LOX pathway, for 
example, results in the biosynthesis of 15-hydroper-
oxyeicosatetraenoic acid (15-HPETE), a potent ROS 
that has the capacity to cause oxidative damage to cells 
involved in bovine inflammatory responses (Weaver et 
al., 2001; Sordillo et al., 2005). Thus, it is not surprising 
that bovine plasma and milk profiles of oxylipids gener-
ated from autoxidation pathways change with respect 
to lactation stage and during mastitis (Vernunft et 
al., 2014; Mavangira et al., 2015; Ryman et al., 2015b; 
Kuhn et al., 2017).

Isoprostanes are a unique series of prostaglandin-like 
metabolites produced by nonenzymatic peroxidation 
of PUFA esterified in the -2 position of membrane sn
phospholipids (Milne et al., 2015). Once formed, iso-
prostanes are released from phospholipids by PLA2 and 
often excreted in urine in free form. However, isopros-
tanes may be found in many animal tissues and plasma 
in both the free form and esterified to lipoproteins. 
Two main analytical approaches are used to measure 
isoprostanes in tissues and biological fluids. The gold 
standard is gas or liquid chromatography coupled with 
mass spectrometry due to the high sensitivity and 
specificity, but there are also many commercially avail-
able immunologic-based assays (Lee et al., 2016). The 
advantage of commercial ELISA is their ease of use 
and relatively low cost. Unfortunately, ELISA-based 
analyses are susceptible to cross-reactivity problems 
due to the structural similarities across the entire 
prostanoid series of molecules and thus are considered 
semiquantitative estimations that are often signifi-
cantly higher than corresponding chromatography and 
mass spectrometry methods (Klawitter et al., 2011). 
Thus, the methods used to measure isoprostanes should 
be carefully considered when comparing studies in the 
scientific literature and interpreting the information. 
The classical example of isoprostanes is the family 
of F2-isoprostanes, especially the 15-F2t-isoprostane 
(15-F2t-IsoP) isomer that is also sometimes referred 
to as 8-isoprostane. The 15-F2t-IsoP is a product of 
nonenzymatic peroxidataion of ArA in which ROS gen-
erate an ArA peroxyl radical followed by cyclization 
into an F-pentane peroxyl ring that is then immediately 
reduced to the stable peroxidation end-product. Sixty-
four different F2-IsoP compounds are derived from ArA 
that can be detected in biological samples using chro-
matography and mass spectrometry methods. However, 
15-F2t-IsoP was the first and most widely studied of all 
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the F2-IsoP compounds and the measure of this isomer 
is considered a robust biomarker for assessing oxidative 
stress in vivo (Milne et al., 2015). In human medicine, 
overproduction of 15-F2t-IsoP is generally regarded as 
being detrimental to health due to its association with 
oxidative stress; it enhances plasma expression during 
several diseases such as cancer, atherosclerosis, and 
other cardiovascular diseases (Klawitter et al., 2011). 
Several studies show the direct effects of 15-F2t-IsoP 
on biological processes associated with dysfunctional 
inflammatory responses and immunopathology. For 
example, 15-F2t-IsoP is known to increase platelet 
aggregation and adhesion in vascular endothelial cells 
in addition to acting as an PGF2α agonist (Pratico et 
al., 2001). Recent studies in bovine models of oxidative 
stress and mastitis suggest that 15-F2t-IsoP is a valid 
biomarker to assess the degree of lipid peroxidation 
due to nonenzymatic pathways (Yamada et al., 2013; 
Vernunft et al., 2014; Mavangira et al., 2016). How-
ever, the direct effect that excessive 15-F2t-IsoP may 
have on bovine cell functions during times of oxidative 
stress is unknown at this time and additional studies in 
this area are warranted to fully understand the role of 
15-F2t-IsoP in veterinary medicine.

Although IsoP generated from ArA are often associ-
ated with oxidative stress and disease, there is now an 
appreciation that certain n-3–derived IsoP have some 
beneficial health effects in humans. Although all n-3 
PUFA are susceptible to peroxidation, recent evidence 
suggests that IsoP derived from ALA (F1-phytopros-
tanes, F1-PhytoP), EPA (F3-IsoP), and DHA (F-
neuroprostanes) have beneficial biological functions as 
well as being excellent biomarkers of oxidative stress 
in humans (Joumard-Cubizolles et al., 2017). Although 
n-3–derived IsoP are in relatively low concentrations 
compared with the n-6–derived 15-F2t-IsoP, they can 
be readily detected in vivo during times of oxidative 
stress in human and murine models of disease. The 
linkage between the enhanced expression of n-3–derived 
IsoP and disease, however, is not necessarily a disad-
vantage because several in vitro and in vivo studies 
demonstrate a direct health benefit of n-3 peroxidation. 
For example, several isoforms for the phytoprostanes 
can inhibit NF-κB activation and translocation, reduce 
the expression of IL-12, and decrease platelet aggrega-
tion in human vascular endothelial cells (Pratico et al., 
2001). Similarly, F3-IsoP and F-neuroprostanes were 
shown to inhibit NF-κB activation, reduce IL-1 and 
TNF-α production, and decrease leukocyte adhesion 
with in vitro models using in human endothelial cells 
and monocytes (Joumard-Cubizolles et al., 2017). Col-
lectively, the n-3–derived IsoP are considered as not 
only sensors of oxidative stress, but also early lipid me-
diators that contribute to the proper cellular response 

to tissue damage. In addition to the isoprostanes, it 
should be noted that nonenzymatic oxidation of LA 
and ALA can also produce hydroperoxide metabolites 
such as HPETE and hydroperoxoctadecaienoic acid 
(HPODE), respectively. Different from the enzymatic 
formation of ALA and LA derived oxylipids, certain 
metabolites such as 11-HETE and 9-hydroxyoctadeca-
dienoic acid ( ) are produced nonenzymatical9-HODE -
ly and can be used as proxies during times of oxidative 
stress. Although nonenzymatic mechanisms of oxylipid 
formation are often overlooked as a source of biological 
active lipid mediators, it is important to note that both 
n-6 and n-3 fatty acids give rise to dozens of oxylipid 
metabolites, including hydroxyperoxides and isopros-
tanes that control a broad range of biological functions, 
many of which have yet to be defined in dairy cattle.

Oxylipid Metabolism

Another important control point in the biosyn-
thesis of oxylipids is the degree to which the initial 
oxygenation product is subsequently metabolized. 
The initial product resulting from either enzymatic 
or nonenzymatic fatty acid oxidation is subjected to 
additional downstream metabolism to form a diverse 
network of oxylipids. As an example, the intermedi-
ate product from the metabolism of AA through the 
either the COX-1 or COX-2 pathway is PGH2. This 
intermediate metabolite serves as the common sub-
strate for a series of specific isomerase and synthase 
enzymes that ultimately produce PGE2, PGI2, PGD2, 
PGF2α, TXA2, and TXB2. Because all prostanoids are 
derived from a single precursor metabolite (PGH2), the 
relative expression of PG and TX during health and 
disease will largely be determined by the differential 
expression and activity of their respective biosynthetic 
enzymes. For example, both PGI and PGE synthases 
are often co-induced along with COX-2 at sites of 
inflammation. Indeed, recent studies showed that in-
creased PGE2  and PGI2  biosynthesis corresponded to 
enhanced COX-2 transcript expression in Streptococcus 

uberis-infected bovine mammary tissues (Ryman et al., 
2015b). Evidence suggests that PGE2 may also play an 
important role in triggering the resolution of inflam-
mation by enhancing LOX activity and the subsequent 
formation of the ArA-derived lipoxin A4  (LXA4) that 
has potent anti-inflammatory properties (Serhan and 
Chiang, 2008). Lipoxins are generated by a process of 
transcellular biosynthesis involving the sequential ac-
tions of LOX from at least 2 different cell types. For 
example, the initial oxygenation of ArA through the 
15-LOX pathway in human epithelial cells generates a 
15-HETE precursor that is then metabolized through 
the 5-LOX pathway in macrophages to produce LXA4 
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and LXB4. Conversely, ArA metabolism by 5-LOX in 
leukocytes and the release of LTA4  can be converted 
by 15-LOX in platelets for LX biosynthesis (Serhan 
et al., 2008). Changes in the timing and ratio of oxy-
lipid biosynthesis through theses LOX pathway were 
shown to be significant in dairy cattle health. Relative 
to mastitis, for example, an imbalance of LXA4:LTB4 
occurs during chronic mastitis and was reportedly due 
to the dramatic reduction in LXA4 biosynthesis within 
infected mammary glands (Boutet et al., 2003).

Changes in the redox status of cells also can influ-
ence the degree to which initial oxygenation products 
of PUFA are metabolized to form downstream lipid 
mediators. Oxidation of LA by 15-LOX-1 results in 
the initial product 13-hydroperoxoctadecaienoic 
acid ( ), which can be reduced to 13-hy13-HPODE -
droxyoctadecadienoic acid ( ) by antioxi13-HODE -
dants and reducing agents such as glutathione (Kuhn 
et al., 2015). Then, 13-HODE can be metabolized 
further to 13-oxooctadecadienoic acid (13-oxoODE) 
by the actions of NADPH-dependent fatty acid de-
hydrogenase (Altmann et al., 2007). The significance 
of the sequential oxidation and metabolism of LA is 
that the pro-inflammatory 13-HPODE is required for 
the subsequent generation of the anti-inflammatory 
13-oxoODE. Current literature supports the contention 
that 13-HPODE biosynthesis is closely aligned with 
aberrant inflammatory responses and the pathology of 
several inflammatory-based disease (Kuhn et al., 2015). 
Because HPODE are unstable and rapidly reduced 
during sample processing, they are combined into a 
single HODE fraction during quantification that makes 
deciphering biological functions a challenge. Indeed, 
a recent study showed that 13-HODE was the most 
abundant plasma oxylipid in early lactation dairy cows 
and this oxylipid was correlated with gene expression of 
IL-12 and inducible nitric oxide synthase in peripheral 
blood leukocytes (Raphael et al., 2014). In the same 
study, the conversion of 13-HODE to 13-oxoODE was 
also decreased in early-lactation cows compared with 
cows in later stages of lactation (Raphael et al., 2014). 
The significance of diminished metabolism of 13-HODE 
to 13-oxoODE on inflammatory responses around the 
time of calving is not known at this point, but it is pos-
sible that excessive 13-HPODE or 13-HODE accumula-
tion during the periparturient period may contribute 
to dysfunctional inflammatory responses. In support 
of this conjecture, the biosynthesis of 13-HPODE/13-
HODE and 13-oxoODE was increased significantly in 
milk and mammary tissues obtained from cows with 

  either Streptococcus uberis Escherichia coli or mastitis 
(Mavangira et al., 2015; Ryman et al., 2015b). The ex-
tent to which 13-HPODE metabolism could contribute 
to the pathogenesis of mastitis was examined further 

in a series of in vitro studies using bovine mammary 
endothelial models. Exposure of cultured mammary 
endothelial cells to physiological doses of 13-HPODE 
significantly increased the expression of pro-inflamma-
tory gene expression, but exposure to 13-HODE had 
no effect (Ryman et al., 2015b). Moreover, exposure 
to 13-HPODE but not 13-HODE significantly reduced 
endothelial barrier integrity by increasing bovine 
mammary endothelial cell apopotosis (Ryman et al., 
2016). Changing the redox environment by exposing 
endothelial cells to an antioxidant during 13-HPODE 
treatment prevented the adverse effects on endothelial 
barrier integrity, which emphasizes the need to reduce 
13-HPODE to the less-reactive 13-HODE during in-
flammation (Ryman et al., 2016).

The CYP epoxygenase pathways is another example 
of how oxylipid profiles reflect the degree of down-
stream metabolism following biosynthesis of the initial 
oxidation product. Isoforms of the CYP epoxygenase 
pathway (CYP2J and CYP2C) metabolize ArA to 
form 4 epoxyeicosatrienoic acid ( ) regioisomers EET
that are thought to play a significant role in regulating 
inflammatory responses. For example, 11,12-EET was 
shown to significantly attenuate endothelial cell activa-
tion and leukocyte-endothelial interactions in several 
human and mouse cell culture systems (Deng et al., 
2010). All 4 of the EET regioisomers (5,6-, 8,9-, 11,12-, 
and 14,15-EET) were able to attenuate IkB-α degra-
dation following TNF-α stimulation of bovine aortic 
endothelial cells (Liu et al., 2005). Soluble exopide 
hydrolase ( ) can rapidly hydrolyze EET to their sEH

corresponding dihydroxyeicosatrienoic acid (DHET) 
metabolites that generally have much less biological 
activity. The significance of the further metabolism of 
EET by sEH is that many of the beneficial anti-inflam-
matory functions of the initial epoxygenase metabolites 
are lost. Indeed, several in vivo and in vitro murine 
models utilize sEH inhibitors to potentiate the anti-
inflammatory properties of specific EET (Deng et al., 
2010; Gabbs et al., 2015). To date, there is no informa-
tion of how manipulation of sEH activity in dairy cows 
may influence the pathogenesis of inflammatory-based 
diseases such as mastitis. Given the predominant shift 
in CYP-derived metabolites during coliform mastitis 
(Mavangira et al., 2015), future studies are warranted 
to examine in more detail how subsequent metabolism 
of initial CYP-derived epoxygenases might influence 
disease pathogenesis.

Cell and Tissue Specificity of Oxylipid Biosynthesis

Another important aspect influencing the expres-
sion of oxylipid is that many of the requisite enzymes, 
PUFA substrates, and downstream metabolites will be 
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specific to particular types of cells located in various 
tissues through the body. For example, stimulation of 
bovine monocytes with heat-killed Strep. uberis or LPS 
resulted in a more robust increase in 15-LOX1 gene 
expression and subsequent 13-HPODE and 13-HODE 
biosynthesis compared with mammary endothelial 
cells (Ryman et al., 2016). Therefore, the production 
of specific oxylipids will vary depending on cell type. 
Previous studies also showed that bovine milk oxylipid 
profiles were different from plasma profiles detected 
during different stages of lactation (Kuhn et al., 2017). 
Similarly, plasma profiles of oxylipids were different 
from those observed in mammary tissues or milk during 
clinical bovine mastitis (Mavangira et al., 2015; Ryman 
et al., 2015b). As such, systemic changes in oxylipids 
during health and disease are not necessarily reflective 
of profiles at the tissue level. A better understanding of 
the cellular sources of oxylipids and the effect that the 
microenvironment may have on lipid mediator profiles 
could lead to more targeted therapies for inflammatory-
based diseases such as mastitis.

TARGETING OXYLIPID BIOSYNTHESIS

Although inflammatory responses can protect dairy 
cattle against infections and injury, we now recognize 
that dysfunctional inflammatory responses play a 
major role in the pathophysiology of several health 
disorders, including mastitis (Sordillo and Mavangira, 

2014). Oxylipids represent a complex network of bio-
chemical pathways that are activated during tissue 
insult to control the onset, magnitude, and duration 
of the inflammatory response. As such, considerable 
research effort has been focused on designing strategies 
to control aberrant inflammatory responses through 
the regulation of oxylipid biosynthesis. The 2 general-
ized approaches to manipulating oxylipids biosynthesis 
have been either to target mechanisms that promote 
inflammation or to enhance endogenous pathways that 
promote the resolution process. Whether targeting the 
onset or resolution of inflammation, intervention strat-
egies to modify oxylipid biosynthesis have addressed 
several layers of regulation, including substrate avail-
ability, modification of enzymatic and nonenzymatic 
pathways of oxidation, and influencing the degree of 
oxylipid metabolism (Figure 1).

 Modification of PUFA Substrates

Alterations in cellular fatty acid composition can 
modify immune responses in several ways, as exten-
sively studied in human and rodent models (Calder, 
2002). Once internalized by leukocytes and endothelial 
cells, certain fatty acids can play a significant role in 
intracellular signaling pathways that can regulate the 
magnitude and duration of inflammation. In humans, 
for example, palmitate and stearate can enhance pro-
inflammatory signaling pathways through the activa-

Figure 1. Oxylipid biosynthesis: PUFA, including linoleic acid, linolenic acid, and their respective derivatives, serve as the substrates for 
oxylipid biosynthesis. Esterified PUFA are released from the membrane phospholipid through the actions of phospholipase A2. Once released 
from the membrane, PUFA are oxidized through enzymatic pathways (cyclooxygenase, lipoxygenase, cytochrome P450 epoxygenases, and cy-
tochrome P450 ω-hydroxylases) or nonenzymatic pathways (reactive oxygen species and free radicals). The initial oxygenation products may 
then be subjected to additional metabolism by isomerases, dehydrogenases, or hydrolases. Various downstream metabolites can have either pro-
inflammatory or pro-resolving effects on inflammatory responses. Color version available online.
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tion of NF-κB (de Heredia et al., 2012). In contrast, a 
variety of n-3 PUFA, including linolenic acid, EPA, and 
DHA, are natural ligands for peroxisome proliferator-
activated receptors that can downregulate inflamma-
tory reaction in many cell types including monocyte/
macrophages and endothelial cells (Calder, 2002; de 
Heredia et al., 2012). Although the direct effects that 
plasma fatty acids may have on these signaling path-
ways was not examined specifically in the dairy cow, it 
is interesting to note that changes in the composition of 
bovine plasma fatty acids around calving are consistent 
with the fatty acid composition of human plasma that 
favors a pro-inflammatory response (Contreras et al., 
2012b; de Heredia et al., 2012).

Another way that cellular fatty acid content can 
influence the inflammatory response is through the 
biosynthesis of lipid mediators. Oxylipids are derived 
from PUFA in cellular membranes, and it has been 
recognized for some time that the relative abundance 
or ratio of n-6 and n-3 fatty acids can influence lipid 
mediator biosynthesis that control inflammation and 
disease pathogenesis (Calder, 2002; Serhan and Chiang, 
2008). Based on promising findings in human medicine, 
there is an interest in harnessing the health benefits 
of n-3 PUFA to control inflammatory-based diseases 
in dairy cattle. Unlike in humans, however, the abil-
ity to extrapolate the amount of PUFA consumed with 
amounts and n-6:n-3 ratio actually incorporated into 
tissues is not straightforward due to the loss of PUFA 
through biohydrogenation in the rumen (Raphael and 
Sordillo, 2013). Yet, several studies have investigated 
the possibility of supplementing diets of dairy cattle 
with commercially available rumen-protected PUFA 
in the form of calcium salts with the goal of altering 
production efficiency and improving milk yields. For 
example, increasing dietary intake of calcium salts of 
fish oil, which is rich in both EPA and DHA, improved 
reproductive performance by increasing fertility and 
mitigating pregnancy losses by reducing uterine con-
centrations of PGF2α (Mattos et al., 2004; Dirandeh et 
al., 2013). The direct effect of altering the n-6 and n-3 
PUFA content of immune cells was also assessed in a 
series of experiments using cultured bovine endothelial 
cells. The in vitro exposure of bovine endothelial cells to 
nonesterified fatty acid mixtures that mimic the com-
position and concentration found in cows during the 
periparturient period not only increased the production 
of LA-derived 9- and 13-HODE, but also caused the 
upregulation of pro-inflammatory cytokines and adhe-
sion molecule transcript expression (Contreras et al., 
2012b). The pro-inflammatory response of endothelial 
cells could be reduced by increasing the n-3 content 
of the nonesterified fatty acid mixtures possibly due 
to shifts in oxylipid profiles as there were significant 

changes in the expression of pro-resolving oxylipids 
such as resolvins, protectins, and lipoxins (Contreras et 
al., 2012a). More recently, cows supplemented with n-3 
PUFA through direct infusion into the abomasum could 
effectively modify both plasma and blood leukocyte 
PUFA content. When these blood leukocytes were chal-
lenge ex vivo with heat-killed Strep. uberis or LPS, the 
potent anti-inflammatory 15-oxoODE and LXA4  were 
induced (Ryman et al., 2017). Collectively, the current 
literature supports the concept that supplementing the 
diets of cows with PUFA can affect oxylipid biosynthe-
sis and effectively alter the functional capacity of cells 
involved in immune and inflammatory responses.

 Modification of Enzyme Activities

The initial control point in the biosynthesis of most 
oxylipids is the release of PUFA substrate from the 
membrane phospholipid by the actions of PLA2. In-
creased concentrations of PLA2  can be detected in 
plasma or other biological fluids of patients suffering 
from various inflammatory-based diseases (Gabbs et 
al., 2015). Glucorticoids are widely used to treat dys-
functional acute and chronic inflammatory responses. 
Although the anti-inflammatory effects are mediated 
through several pathways, the ability to alter oxylipid 
biosynthesis by regulating PLA2  activity is a major 
mode of action (Triggiani et al., 2009). In fact, glu-
cocorticoids have the capacity to inhibit the synthesis 
of a broad range of PG, TX, and LT oxylipids with 
major pro-inflammatory functions. The uses of syn-
thetic inhibitors of PLA2 have been studied extensively 
in human medicine to control the biosynthesis of pro-
inflammatory oxylipids and oxidative stress. They func-
tion through different mechanisms of action, including 
altering the enzymatic activities of PLA2 by changing 
the physiochemical properties of phospholipid biolayers 
or by acting on allosteric sites on the enzyme to modify 
activity. Unfortunately, even the most selective PLA2 
inhibitors were reported to product undesirable non-
specific effects that preclude their utility, as is typical 
when drug discovery is faced with a complex network of 
enzymatic activity (Dennis and Norris, 2015).

The second important control point in the biosyn-
thesis of oxylipids involves the enzymes responsible for 
converting PUFA to the initial molecule in the relevant 
pathway. The nonsteroidal anti-inflammatory drugs 
( -NSAID) are some of the most widely used pharmaco
logical tools that function by blocking oxylipid synthe-
sis through inhibiting the COX pathways. Most NSAID 
compounds, such as aspirin, ibuprofen, and naproxen, 
are inhibitors of both COX-1 and COX isoforms. 
Each of these NSAID have unique modes of action. 
For example, aspirin covalently alters the enzymes, 
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which abolishes COX activity while leaving peroxidase 
activity intact. Alternatively, ibuprofen and naproxen 
function as reversible inhibitors of COX activity. The 
success in treating various human inflammatory con-
ditions with NSAID has validated the targeting of 
COX activity. However, gastrointestinal toxicities are 
associated with widespread NSAID use due to inhibi-
tion of gastroprotective PG produced via the COX-1 
pathway and this has proven to be a major limitation 
during long-term therapy. The subsequent develop-
ment of selective COX-2 inhibitors, such as celecoxib 
and rofecoxib, aimed to retain the anti-inflammatory 
and analgesic effects of the traditional NSAID without 
the adverse gastrointestinal issues. Prolonged use of 
selective COX-2 inhibitors, however, was found to have 
adverse cardiovascular events, likely due to an imbal-
ance between prothrombotic TXA2 and antithrombotic 
PGI2 (Rao and Knaus, 2008). In veterinary medicine, 
NSAID are used in dairy cows to manage the inflam-
mation and alleviate the pain associated with mastitis. 
Compared with control animals receiving no treatment, 
the use of flunixin meglumine was shown to decrease 
rectal temperatures, decrease signs of inflammation, 
and maintain rumen motility in cows with LPS-induced 
clinical mastitis. When treating natural acute toxic 
mastitis cases, both ketoprofen and flunixin meglumine 
have been used as supportive therapy and both were 
found to be effective in alleviating pain and improving 
health variables (Leslie and Petersson-Wolfe, 2012). 
The efficacy associated with the use of NSAID therapy 
for mastitis is not always consistent, however, and it 
is likely that the timing of administration relative to 
the onset of inflammation plays a major role in the 
success or failure of the treatment. Future studies that 
examine oxylipid profiles during an effective inflamma-
tory response and how the balanced expression of pro- 
and anti-inflammatory oxylipids change during disease 
pathogenesis may provide new insights into maximizing 
the effectiveness of NSAID treatment.

The 5-LOX pathway is a major drug target for the 
control of aberrant inflammatory responses and the 
inhibitor zileuton has the ability to block the biosyn-
thesis of all downstream metabolite formation (Den-
nis and Norris, 2015). Leukotrienes act in a paracrine 
fashion through interaction with G-protein coupled 
receptors (GPCR), of which 4 have been cloned to 
date, consisting of the cysteinyl leukotriene receptors 
(CysLT1 and CysLT2) and the LTB4 receptors (BLT1 
and BLT2). Other strategies to control the actions of 
the 5-LOX pathway is by the use of LT receptor an-
tagonists that can effectively inhibit CysLT1 (Dennis 
and Norris, 2015). However, treatment strategies that 
target only a single enzymatic oxygenation pathway 
have some significant limitations due to unexpected 

effects on the entire oxylipid network. For example, 
blocking the COX pathway with NSAID will result in 
the switching of PUFA oxidation to other pathways 
such as 5-LOX. This observation has given rise to the 
concept of a polypharmacological approach, in which 
drugs target several different stages in the biosynthesis 
of oxylipids (Meirer et al., 2014). An example of capi-
talizing on the crosstalk within the oxylipid network 
would be combining NSAID that result in the increase 
in LT metabolites with 5-LOX inhibitors or the use 
of LT receptor antagonist that may be more effective 
(Dennis and Norris, 2015). Similar strategies were used 
in the treatment of bovine mastitis where a combina-
tion of COX inhibitors (flunixin meglumine) and LOX 
inhibitor (nordihydroguaiaretic acid) was efficacious in 
decreasing PGE2 and TXA2 concentraion in milk and 
improved the clinical symptoms of inflammation (Rose 
et al., 1991).

Modifying Degree of Metabolism

Oxidative stress and oxylipid biosynthesis are tightly 
linked. Changes in redox status and the development of 
oxidative stress are known to have profound effects on 
oxylipid profiles, especially during inflammatory events 
(Mattmiller et al., 2013). Likewise, oxylipid biosynthe-
sis has the capacity to contribute to oxidative stress by 
contributing to local ROS pools. This is accomplished 
through several mechanisms that include superoxide by 
product formation during the enzymatic oxidation of 
PUFA and by the formation of potent lipid hydroperox-
ides as the initial oxygenation product of lipid metabo-
lism (Mavangira and Sordillo, 2018). As such, there is 
potential for oxylipid biosynthesis and oxidative stress 
to form deleterious feedback loops that can exacerbate 
inflammation and enhance the immunopathology as-
sociates with diseases such as mastitis (Aitken et al., 
2011). There is a growing interest in trying to control 
both oxidative stress and oxylipid biosynthesis through 
nutritional intervention (Sordillo, 2016). An area that 
holds considerable promise is the modification of oxy-
lipid biosynthesis by antioxidant micronutrient supple-
mentation. In both human and veterinary medicine 
to date, most of this research has focused on dietary 
selenium (Se) and its effect on the biosynthesis of a 
diverse array of oxylipids in several different species 
(Mattmiller et al., 2013). A study conducted decades 
ago showed that dairy cows deficient in Se had signifi-
cantly more pro-inflammatory TXB2, PGE2, and LTB4 
in mastitis milk compared with cow on a Se-sufficient 
diet (Maddox et al., 1991). Subsequent studies using 
bovine endothelial cells showed that reduced Se status 
not only caused oxidative stress, but also increased 
the expression of 15-HPETE, a highly reactive hydro-
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peroxy intermediate formed during the metabolism of 
ArA through the 15-LOX1 pathway (Cao et al., 2000; 
Weaver et al., 2001; Trigona et al., 2006). Moreover, 
the increased accumulation of 15-HPETE during Se de-
ficiency increased the pro-inflammatory phenotype and 
rates of apoptosis in bovine endothelial cells and mu-
rine macrophages (Sordillo et al., 2005; Mattmiller et 
al., 2014). The influence that Se nutritional status has 
on oxylipid biosynthesis is due to the relative expres-
sion the selenoproteins and their effect on regulating 
the intracellular redox environment (Mattmiller et al., 
2013). Redox regulation by glutathione peroxidase and 
thioredoxin reductase couples was shown to have con-
trol over several levels of oxylipid biosynthesis, includ-
ing the expression of oxidizing enzymes (COX, LOX, 
and CYP), the activity of select PG and TX synthases, 
and the capacity needed to reduce highly reactive lipid 
hydroperoxides to their less-reactive hydroxyl product 
(Mattmiller et al., 2013). A better understanding of 
how micronutrients with the capacity to regulate in-
tracellular oxidant status can regulate oxylipid profiles 
will lead to more efficient and consistent nutritional 
strategies to optimize host inflammatory responses.

CONCLUSIONS

During uncontrolled inflammation, a likely combi-
nation of enhanced production of pro-inflammatory 
oxylipids and reduced expression of anti-inflammatory 
oxylipids prevents the full resolution of inflammation 
and the return to immune homeostasis. With recent im-
provements in lipidomic methodologies, it is now pos-
sible to explore comprehensively how oxylipid networks 
change during health and disease. Historically, it was 
thought that oxylipids derived from n-6 PUFA (i.e., PG, 
LT, and TX) were primarily pro-inflammatory, whereas 
oxylipids biosynthesized from n-3 PUFA (i.e., protectin 
and resolvins) primarily promoted the resolution of in-
flammation. With advances in analytical capabilities, it 
is now widely recognized that these earlier assumptions 
were too simplistic and that the oxylipid network is 
complex, highly interactive, and often cell-specific in 
orchestrating the onset or resolution of inflammatory 
responses. At present, ample evidence in dairy cattle 
suggests that oxylipid biosynthesis is controlled at 
several levels, including the amount and availability of 
PUFA substrates, the relative activity and substrate 
preference of oxidizing enzymes, and the degree to 
which intermediate metabolites are catabolized to their 
end products. The biosynthetic profiles of oxylipids and 
the subsequent effect that these metabolites have on 
the character of the inflammatory response also likely 
depend on the timing of their subsequent metabolism 
through various oxidizing pathways. The simultaneous 

evaluation of diverse pathways of oxylipid biosynthesis 
has already provided new opportunities to evaluate 
dysfunctional inflammatory responses that may be 
unique to specific cells or affected tissues. A greater un-
derstanding of the factors that can regulate the delicate 
balance between the initiation and resolution of inflam-
matory responses is needed to diminish the morbidity 
and mortality associated with health disorders of dairy 
cattle such as mastitis.
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