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ABSTRACT 

LINOLEIC ACID-DERIVED OXYLIPIDS MODIFY MAMMARY ENDOTHELIAL 

BARRIER INTEGRITY DURING INFLAMMATION 

 

By 

 

Valerie Eubanks Ryman 

 

Bovine Streptococcus uberis mastitis results in severe damage of mammary tissue due to 

uncontrolled inflammation. Endothelial dysfunction is implicated in the development of 

uncontrolled inflammation. Oxylipids are potent lipid mediators that orchestrate pathogen-

induced inflammatory responses and an abundance or imbalance of some oxylipids may 

contribute to pathogenesis of disease. Oxylipids are derived from polyunsaturated fatty acids 

(PUFA) in the cell membranes, and the enzymatic oxygenation products of linoleic acid (LA) 

were previously shown to modulate endothelial cell responses. Thus, the hypothesis for chapter 2 

was that LA metabolites, 9- and 13-hydroxyoctadecadienoic acid (HODE), are increased during 

S. uberis mastitis and contribute to an inflammatory phenotype in endothelial cells. The LA-

derived oxylipids were predominant and 9- and 13-HODE were significantly increased in S. 

uberis-infected mammary tissue. The initial oxygenation product of LA induced a pro-

inflammatory phenotype in bovine mammary endothelial cells (BMEC), but 13-HODE did not 

change BMEC phenotype. Previous research demonstrated that 13-HPODE induced apoptosis in 

endothelial cells, which may disrupt the continuous, single-cell layer necessary for mediating a 

successful, self-limiting inflammatory response to S. uberis. However, the relative contribution 

of specific LA-oxygenation products to endothelial integrity was unknown. The hypothesis for 

chapter 3 was that S. uberis-induced LA-derived 15-LOX-1 oxygenation products impair 

mammary endothelial barrier integrity by apoptosis. Findings demonstrated that the BMEC may 

not be a primary source of 13-HODE in response to S. uberis. Bovine monocytes were evaluated 



 

 

as a potential source of synthesized 13-HODE in response to S. uberis exposure. Subsequent 

results suggested that exposure of cultured BMEC monolayers to 13-HPODE, but not 13-HODE, 

reduced endothelial barrier integrity and apoptosis and necrosis may contribute, in part, to 

impairment. Based on previous literature, the proposed mechanism for 13-HPODE induced 

apoptosis was lipid peroxidation and co-exposure with an antioxidant in the current study 

prevented the adverse effects of 13-HPODE. Given the potential importance of LA-derived 

oxylipids during S. uberis mastitis, the final objective was to change the PUFA substrate in an 

effort to modify predominant oxylipid pools. Other than LA, other PUFA substrates include 

arachidonic acid (ArA), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA). 

Linoleic acid may be used for de novo synthesis of ArA and α-linolenic acid (ALA) may be used 

for de novo EPA and DHA synthesis. The hypothesis for chapter 4 was that supplementation of 

PUFA would change bovine leukocyte FA content and respective oxylipid profiles from ex vivo 

microbial-challenged leukocytes. Results demonstrated an ability to modify the ALA content of 

leukocytes following ALA supplementation but not EPA and DHA content, suggesting that 

dosing and timing of ALA supplementation may be important for increasing EPA and DHA. 

Supplementing ALA changed S. uberis-induced oxylipids derived from LA and ArA. Even 

though LA supplementation did not modify leukocyte PUFA content, S. uberis-induced LA and 

ArA-derived oxylipids were significantly decreased. Future investigations are required to 

determine how supplemental PUFA, without changing content, could mediate oxylipid 

biosynthesis. Furthermore, the ability of changing ALA content to modify ArA and LA 

oxylipids, but no change in ArA or LA content, is an important finding and supports the idea that 

the abundance of increase may not be as important as the ratio of PUFA. 
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 2 

Abstract 

The bovine mammary gland is a dynamic and complex organ composed of various cell types that 

work together for the purpose of milk synthesis and secretion. A layer of endothelial cells 

establishes the blood-milk barrier, which exists to facilitate the exchange of solutes and 

macromolecules necessary for optimal milk production. During bacterial challenge, however, 

endothelial cells divert some of their lactation function to protect the underlying tissue from 

damage by initiating inflammation. At the onset of inflammation, endothelial cells tightly 

regulate the movement of plasma components and leukocytes into affected tissue. Unfortunately, 

endothelial dysfunction as a result of exacerbated or sustained inflammation can negatively 

affect both barrier integrity and the health of surrounding extravascular tissue. The objective of 

this review is to highlight the role of endothelial cells in supporting milk production and 

regulating optimal inflammatory responses. The consequences of endothelial dysfunction and 

sustained inflammation on milk synthesis and secretion are discussed. Given the important role 

of endothelial cells in orchestrating the inflammatory response, a better understanding of 

endothelial function during mastitis may support development of targeted therapies to protect 

bovine mammary tissue and mammary endothelium.  

 Keywords: Endothelial cells, inflammation, mammary gland, mastitis 
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Introduction 

The mammary gland is a specialized organ in female mammals that evolved for the purpose of 

milk synthesis and secretion to feed offspring. Due to advancements in genetic selection, 

however, the lactating dairy cow produces milk volumes that far exceed the neonate’s nutritional 

requirement. As an example, the bovine neonate consumes approximately 25 pounds of milk at 

30 days of age if allowed ad libitum consumption, whereas the average commercial dairy cow 

produces on average 4 times more milk (Jasper and Weary, 2002). In addition to the remarkable 

milk volume synthesized by the mammary gland, milk is also rich in nutrients including protein, 

carbohydrates, fats, minerals, and vitamins (Haug et al., 2007). The ability of the mammary 

gland to synthesize and secrete milk requires a structure that is as unique as its function. In 

particular, the vascular endothelium is fundamental for the mammary gland to grow and develop 

and to initiate and sustain milk production.  A thin, single layer of mammary capillary 

endothelial cells forms a semipermeable barrier that facilitates the exchange of serum 

components to provide oxygen, remove carbon dioxide, and transfer solutes and macromolecules 

for cellular energy and metabolism (Andres and Djonov, 2010, Prosser et al., 1996). Endothelial 

cells also support the robust synthesis and secretion of milk by facilitating a high rate of transfer 

of blood-derived components including amino acids and glucose that are necessary for milk 

production (Mattmiller et al., 2011, Aleman et al., 2009). To maintain adequate delivery of milk 

components and substrates, endothelial cells directly orchestrate vascular tone, blood fluidity, 

and vascular permeability to support both the vasculature and underlying milk-producing tissue 

(Prosser et al., 1996).  
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In addition to supporting lactation physiology, the endothelium also plays a direct role in 

orchestrating host defense to infectious bacterial pathogens.  The mammary gland is exposed to 

outside environment through the teat canal.  If bacteria are able to penetrate the teat end barrier, 

then the efficiency of mammary gland inflammatory responses will determine if mastitis 

manifests. Vascular endothelial cells play a central role in the facilitating movement of soluble 

and cellular host defense mechanisms into mammary tissues during the initial stages of bacterial 

invasion. An efficient inflammatory response will recognize and eliminate invading bacteria 

promptly without causing any discernable changes to mammary tissues (Aitken et al., 2011a). 

When the initial inflammatory response fails to prevent the establishment of bacterial infection, 

however, clinical and/or chronic mastitis will cause impaired milk yield and quality. Indeed, 

mastitis costs the United States dairy industry an estimated 2 billion dollars a year due to reduced 

milk production, discarded milk following antibiotic treatment, veterinary costs, and replacement 

animal costs (National Mastitis Council, 2004).  Inadequate inflammatory responses can be 

attributed to deficiencies in normal endothelial cell functions.  Endothelial dysfunction is 

characterized as facilitating the unregulated accumulation of leukocytes at the site of infection, 

enhanced leakage of plasma proteins into mammary tissues, and disruption in blood flow that 

contributes to mammary tissue damage and loss of function (Knepler et al., 2001, Scalia and 

Lefer, 1998, Cassuto et al., 2014). Thus, optimal endothelial cell functions are needed to tightly 

regulate inflammatory responses and prevent immunopathology during bacterial invasion. 

 

Because endothelial cells play a central role in mammary gland health, knowledge of the 

delineating factors between a successful self-limiting inflammatory response and 

immunopathology is critical. The review will cover three major topics that discuss how and why: 
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1) endothelial cells are necessary for the growth and development of the unique mammary gland, 

2) endothelial cells modify their phenotype to orchestrate the initiation and resolution of 

inflammation, and 3) endothelial dysfunction contributes to immunopathology and subsequent 

tissue damage. A better understanding of the biological mechanisms regulating endothelial cell 

function is essential for optimizing mammary gland health and increasing the efficiency of milk 

production in dairy cattle.   

 

Endothelial cells contribute to the specialized structure of the mammary gland 

Mammary gland growth and development   

Mammogenesis, the first stage of mammary gland development, culminates in the formation of a 

complex epithelial and endothelial network. Previous studies show that a disruption in the 

normal progression of murine mammogenesis hinders the ability of the mammary gland to 

adequately secrete milk (Rossiter et al., 2007). Mammogenesis begins during embryogenesis and 

continues following the birth of the succeeding neonate, at which time it overlaps with the onset 

of lactation. Studies on mammogenesis were conducted in rat and mice, and from those studies 

the development of the bovine mammary endothelium can be inferred (Abdul Awal et al., 1996, 

Matsumoto et al., 1992, Rossiter et al., 2007, Yasugi et al., 1989). The mammary endothelium is 

composed of a thin layer of simple squamous endothelial cells, and along with myoepithelial 

cells and connective tissue, forms a complex vascular network known as the mammary 

vasculature. A unique feature of the mammary gland vasculature is the basket-like capillary beds 

surrounding bronchi-like alveoli clusters as demonstrated in murine models (Yasugi et al., 1989). 

Capillary beds surrounding alveoli maximize the surface area for exchange of oxygen and 

nutrients. To further facilitate exchange, but also maintain a selective barrier, the endothelial 
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surface is largely continuous with some minor areas of fenestration. A continuous endothelium is 

an uninterrupted layer of cells that restricts the free movement of large solutes and proteins, but 

allows for exchange of water and other very small molecules (Michel and Curry, 1999, Clough, 

1991, Levick and Smaje, 1987). Fenestrations are small pores in endothelial cells that permit 

passage of small molecules and proteins. Development of the murine and human mammary 

endothelium establishes a semipermeable barrier that is primarily continuous with some areas of 

fenestration, which suggests the bovine mammary gland maintains a similar structure 

(Matsumoto et al., 1992, Stirling and Chandler, 1976). To further facilitate nutrient transfer for 

optimal mammary growth, mammogenesis is characterized by an increase in cell number and 

surface area to provide a maximal interface for nutrient transfer and milk secretion. In murine 

models, the increase in surface area of the luminal endothelium occurs early in pregnancy by the 

formation of microvilli and marginal folds on individual endothelial cells (Matsumoto et al., 

1992). Evidence of increased endothelial surface area by the formation of microvilli and 

marginal folds, minor areas of fenestrations, and basket-like capillary beds surrounding alveoli 

suggest that optimal mammary function is unequivocally dependent on mammary structure. 

 

Onset of milk synthesis and secretion  

Lactogenesis is the acquisition of functional properties enabling the mammary gland to 

synthesize and secrete large volumes of milk. While much of the research regarding lactogenesis 

focuses on the differentiation of epithelial cells, endothelial cells also experience structural and 

functional changes in an effort to support initial and sustained milk production. For example, the 

number of mitochondria increases in rat mammary endothelial cells, conceivably for the 

increased energy required for maintaining blood flow, vascular tone, and regulating transport of 
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components needed for milk synthesis (Abdul Awal et al., 1996). Pinocytotic vesicles also 

increase in rat endothelial cells to support efficient transportation of plasma solutes and 

molecules, such as glucose (Abdul Awal et al., 1996). Recent research demonstrates that several 

glucose transporter molecules (GLUT) are expressed in the bovine mammary gland including 

GLUT1, GLUT3, GLUT4, GLUT5, GLUT8, and GLUT12, named according to their order of 

discovery. In the bovine mammary gland, the mRNA expression of GLUT1, GLUT8, and 

GLUT12 increased substantially from late in gestation to early lactation (Zhao and Keating, 

2007). Similarly, the mRNA and protein expression of glucose GLUT1 was significantly 

increased in mammary tissue from early lactation cows compared to non-lactating cows 

(Komatsu et al., 2005). Mammary tissue from early-lactation dairy cows exhibited increased 

GLUT1, which was localized to endothelial cells and epithelial cells, compared to 15 days prior 

to the onset of lactation (Mattmiller et al., 2011). Though the mechanisms that stimulate 

increased expression of GLUT1 during late pregnancy and early lactation are unclear, previous 

research demonstrates that hypoxia in the mammary gland elicits a hypoxia inducible factor-α 

dependent mechanism that results in GLUT1 upregulation (Shao et al., 2014). In contrast, the 

regulation of GLUT4 expression is not clear. Some research suggests GLUT4 increases during 

late lactation in bovine mammary tissue, whereas others suggest that GLUT4 is not expressed in 

mammary tissue (Komatsu et al., 2005, Mattmiller et al., 2011). However, the expression of 

glucose transporters, GLUT1 and GLUT4, by primary bovine mammary endothelial cell 

(BMEC) was confirmed in an in vitro study (Mattmiller et al., 2011). Since glucose transport is a 

rate-limiting step in optimal lactation, more investigation into the role of GLUT in mammary 

endothelial is necessary.  Nonetheless, the localization of glucose transporters to the endothelium 
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and increased mRNA expression in BMEC from lactating cows suggests endothelial cells play 

an active role in metabolism and nutrient transfer during lactation.  

 

In conjunction with increased transport molecules, murine models demonstrated increased 

capillary permeability during early lactation, which would support enhanced transfer of fluids 

and molecules for milk synthesis (Matsumoto et al., 1994). To further support nutrient transfer, 

capillaries with thinner walls were in closer contact with the alveoli during late pregnancy and 

early lactation compared to late lactation (Matsumoto et al., 1992). Perhaps most telling about 

the importance of the mammary vasculature in rats is that the development of the vasculature, 

measured as number of capillaries per individual lobular ductule, surpassed alveolar lobular 

ductule development during lactation (Ramirez et al., 2012). Though additional research is still 

required in dairy cattle, research in other species support the notion that changes in both structure 

and optimal function of the bovine vasculature during lactogenesis directly affect the ability of 

epithelial cells to synthesize milk components.  

 

Mammary gland involution  

To support maximal milk production in the next lactation, a period of involution is needed for 

regeneration of bovine mammary tissues (Holst et al., 1987). Dairy cows milked continuously 

until calving produced approximately 75% less milk compared to the twin given a 60-day non-

milking period prior to calving (Swanson, 1965). Involution across species involves a regression 

in lobulo-alveoli complexity, decreased cell number, and a loss of milk-synthesizing function 

(Djonov et al., 2001, Holst et al., 1987, Tatarczuch et al., 1997, Walker et al., 1989). Involution 

in murine, goat, and dairy cow mammary glands suggests epithelial cells experience apoptosis at 
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a very high rate following cessation of milking (Wilde et al., 1997). However, other bovine 

studies demonstrate very little epithelial cell loss during involution even though alveolar lumen 

area decreases (Holst et al., 1987). Nonetheless, previous research in lactating goats suggests that 

induction of epithelial cell apoptosis may be initiated by accumulation of milk in the mammary 

gland (Quarrie et al., 1994). Whether regression of the bovine vasculature occurs during 

involution is not clear, although changes in the endothelium during murine and sheep involution 

may be used to infer changes in the bovine. In the involuting mouse mammary gland, capillary 

density decreases to a density similar to early pregnancy (Pepper et al., 2000). Studies in sheep 

suggest that a decrease in mammary capillary density may be a result of endothelial apoptosis.  

During involution of the ovine mammary gland, apoptosis of endothelial cells was observed in 

addition to the presence of apoptotic bodies found within the cytoplasm of healthy endothelial 

cells (Tatarczuch et al., 1997). Interestingly, murine models of involution featured endothelial 

cell apoptosis that was preceded by epithelial cell apoptosis (Djonov et al., 2001). The timing of 

endothelial cell apoptosis relative to epithelial apoptosis suggests the endothelial cells may be 

adapting to or dying from an altered microenvironment. However, the major temporal 

differences between epithelial and endothelial regression during sheep and rat mammary gland 

involution was not demonstrated, thus more research is required to understand these processes 

(Tatarczuch et al., 1997, Walker et al., 1989). Degradation of the proteins in the basement 

membrane also occurs during involution and matrix metalloproteinases (MMP) are largely 

responsible for this event. Data demonstrate that MMP1 and MMP14 are increased in epithelial 

cells during late involution, whereas MMP-2 was only localized to mammary endothelial cells 

and only during involution (Rabot et al., 2007). In a human umbilical vein endothelial cell 

(HUVEC) model, withdrawal of growth factor to induce apoptosis resulted in increased MMP-2 
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expression in apoptotic endothelial cells (Levkau et al., 2002). Activation of MMP-2 in HUVEC 

enables association of MMP-2 with receptors for fibronectin and vitronectin, both glycoproteins 

responsible for the formation of the extracellular matrix and cell adhesion, suggesting apoptosis 

of endothelial cells during mammary gland involution may be integrin-mediated (Levkau et al., 

2002). Apoptosis may not be solely responsible for decreased vascular networks in the murine 

mammary gland where capillary regression was noted in the absence of apoptotic endothelial 

cells (Djonov et al., 2001). The conflicting research in rodent models and the limited amount of 

research in involuting bovine mammary glands suggests that more research is needed to better 

understand the role of endothelial cells in the remodeling process.  

 

Endothelial cells prevent mastitis by orchestrating inflammation 

The inflammatory response is a complex, tightly regulated series of events to protect the normal 

milk-synthesizing function of the bovine mammary gland from mastitis-causing organisms. 

Endothelial cells regulate a wide variety of homeostatic mechanisms including maintenance of 

proper vascular tone, regulation of vascular permeability, modulation of blood fluidity, and 

regulation of immune responses for protection of the mammary gland during pathogen exposure 

(Aitken et al., 2011a, Prosser et al., 1996). Exposure of microbes and microbial components 

initially triggers a response from epithelial cells and resident macrophages to produce and release 

a variety of inflammatory mediators including cytokines and oxylipids (Table 1). The 

inflammatory mediators initially recruit phagocytic immune cells and robustly activate 

endothelial cells. Human and murine models indicate vasodilation of capillaries and increased 

vascular permeability are necessary for the influx of neutrophils to contain pathogens and limit 

extravascular tissue damage (van Nieuw Amerongen and van Hinsbergh, 2002, Bazzoni and 
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Dejana, 2004). Endothelial cells also promote active resolution of inflammation to protect the 

integrity of the vasculature and interstitial tissue (Kadl and Leitinger, 2005). During mastitis, 

however, the inflammatory response can either be inefficient, excessive, or prolonged resulting 

in severe tissue and vascular damage. Thus, it is necessary to differentiate between a normal 

inflammatory response (self-limiting) and immunopathology (mastitis). The following sections 

will discuss the change in endothelial cell phenotype needed to orchestrate an efficient 

inflammatory response.  

 

Endothelial cells modulate changes in vascular tone and blood flow during inflammation 

A change in blood flow and vascular tone, characterized by the degree of constriction relative to 

dilation, is among the initial responses of the vasculature during pathogen exposure (Kobayashi 

et al., 2013, Lacasse et al., 1996, Prosser et al., 1996). Myoepithelial cells and endothelial cells 

work synergistically to either constrict or relax in response to signals primarily produced by 

endothelial cells (Prosser et al., 1996). Endothelial cells produce a variety of vasoactive 

mediators, such as nitric oxide (NO), prostacyclin (PGI2), endothelin-1, and histamine, that 

function in an autocrine, juxtacrine, and paracrine manner to regulate myoepithelial contraction 

or relaxation. The most well studied endothelial-derived regulators of vascular tone during 

homeostasis are NO and PGI2 in lactating goats, though less is known in the bovine (Nishida et 

al., 1992, Lacasse et al., 1996, Nielsen et al., 1995). At the onset of inflammation, eNOS is 

activated as a result of increased intracellular calcium. Activation of eNOS metabolizes arginine 

to citrulline and NO. Subsequently, NO activates guanylyl cyclase to produce cGMP, which 

inhibits calcium influx into the endothelial cell allowing relaxation of the actin cytoskeleton 

(Busse and Mulsch, 1990). In lactating goats, infusion of the mammary external pudendal artery 
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with an eNOS inhibitor significantly reduces mammary blood flow (Lacasse et al., 1996). Mice 

deficient in eNOS fail to exhibit an early change in the vasculature and the later phase is 

markedly reduced, suggesting without eNOS activation the inflammatory response cannot be 

efficiently mounted or proceed normally (Bucci et al., 2005). 

 

Similar to eNOS activation and NO biosynthesis, constitutive cyclooxygenase-1 (COX-1) is 

activated by an increase in intracellular calcium to facilitate the synthesis of PGI2, an oxylipid. 

An oxylipid is an oxidized fatty acid and may be synthesized enzymatically or non-

enzymatically from many different fatty acids, such as arachidonic acid and linoleic acid.  

Increased calcium also activates cytosolic phospholipase A2, which cleaves fatty acids from 

membrane phosphatidylcholine to generate a free fatty acid and lysophosphatidylcholine moiety 

(Lombardo et al., 1986). During early inflammation, COX-1 oxidizes arachidonic acid to 

prostaglandin G2 (PGG2), which is quickly reduced to PGH2 by intrinsic peroxidase activity of 

COX-1 (Fitzpatrick and Soberman, 2001). Next, PGH2 is converted to PGI2 by PGI2 synthase. 

Activation of the PGI2 receptor, a G-protein coupled receptor (GPCR), causes an increase in 

adenylyl cyclase-dependent cAMP and subsequent vasodilation as a result of protein kinase A 

activation (Murata et al., 1997). Furthermore, sustained PGI2 is dependent on COX-2 and also is 

activated by increased calcium, but its optimal expression and activity requires transcript and 

translation induced by pro-inflammatory mediators. Increased expression of COX-2 would aide 

in sustaining vasodilation during the progression of inflammation. In lactating goats, infusion of 

the external pudendal artery with PGI2 increased blood flow in the mammary gland, whereas 

infusion with a PGI2 synthase inhibitor significantly decreased mammary blood flow suggesting 

the endothelium is sensitive to changes in NO and can alter mammary blood flow (Lacasse et al., 
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1996, Nielsen et al., 1995). A change in mammary blood flow following PGI2 and NO exposure 

suggests that the vasculature in the bovine mammary gland is sensitive to potent vasodilatory 

mediators. By modulating vascular tone, endothelial cells strive to provide an optimal endothelial 

surface to facilitate rolling, attachment, and migration of leukocytes to control infection and 

inflammation. 

 

Though vasodilation is critical to the progression of an appropriate immune response, 

vasoconstriction during the very early stages of infection and inflammation is protective in the 

event of mechanical injury and bleeding. Because vasoconstriction limits blood flow, and 

therefore may compromise the health of the mammary tissue, the release of vasoconstrictors is 

short-lived and balanced by the sustained release of vasodilators (Prosser et al., 1996). Two 

vasoconstrictors that are rapidly synthesized at the onset of inflammation are platelet-activating 

factor (PAF) and thromboxane A2 (TXA2). Lysophosphatidylcholine, a lipid moiety generated 

following the cleavage of arachidonic acid from phosphatidylcholine, acts as a precursor for the 

production of PAF (Lombardo et al., 1986). Early production of PAF in BMEC and bovine aortic 

endothelial cells (BAEC) was confirmed following LPS exposure (Corl et al., 2008, Corl et al., 

2010). In murine pulmonary artery endothelial cells, PAF also induced increased production of 

NO suggesting the presence of a negative feedback loop to prevent sustained vasoconstriction 

(Predescu et al., 2013).  Another well-known vasoconstrictor produced during inflammation is 

TXA2, an unstable oxylipid that is degraded to TXB2. The biosynthesis of TXA2 is similar to 

PGI2 except that thromboxane synthase converts PGH2 to TXA2. Interestingly, BAEC stimulated 

with a TXA2 mimetic induced the synthesis of the PGI2, further supporting a negative feedback 

loop established by the production of vasoconstrictors (Clesham et al., 1992). In fact, the balance 
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of TXA2 and PGI2 may be more important than absolute concentrations in modulating vascular 

tone. The production of vasoconstrictors, which also contributes to vasodilator release, suggests 

that modulation of vascular tone during the initial inflammatory response is tightly regulated to 

prevent unnecessary damage to blood vessels and interstitial tissue.  

 

In conjunction with changes in vascular tone, reduced blood fluidity also is required during the 

inflammatory response. During early inflammation, endothelial cells initiate and propagate 

coagulation by increasing procoagulant properties and decreasing anticoagulants. In BAEC and 

HUVEC models, thrombus formation is initiated by up regulation of tissue factor expression in 

response to bacterial toxins and cytokines (Crossman et al., 1990, Nawroth and Stern, 1986, Fei 

et al., 1993). The coagulation cascade, initiated by the binding of tissue factor to factor VIIa, acts 

on factor X to form Factor Xa, which in turn complexes with prothrombin, Factor Va, and 

calcium to produce thrombin (Rao and Rapaport, 1987, Nawroth and Stern, 1986). Thrombin 

then converts fibrinogen to fibrin resulting in the formation of a fibrin clot, thus slowing blood 

flow at the site of coagulation. Much of the research on the modulation of coagulation in bovine 

endothelial cells is focused on the effect of cytokines. In BAEC, tumor necrosis factor-α (TNF-α) 

exposure decreases the expression of thrombomodulin, a major regulatory mechanism of 

coagulation that prevents the formation of thrombin by generating active protein C (Nawroth and 

Stern, 1986). Further supporting the effect of pro-inflammatory cytokines on BAEC, TNF-α 

dose-dependently decreased activated protein C, an antioxidant serine protease that inactivates 

Factor Va and VIIIa (Conway and Rosenberg, 1988). Antithrombin, another anticoagulant factor, 

binds to heparin-like glycosaminoglycans on the endothelial luminal surface to prevent serine 

protease activity (Olson et al., 2010). However, research suggests pro-inflammatory cytokines, 
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reduce the expression of heparin sulfate, the major target for antithrombin, by about 50% in 

porcine aortic endothelial cells (Kobayashi et al., 1990). Furthermore, thrombin increased 

cytokine-induced leukocyte migration across a HUVEC monolayer and in an in vivo rabbit 

dermal inflammation model, supporting the idea that the coagulation cascade is critical for 

inflammation (Drake et al., 1992). The purpose of coagulation is to reduce blood fluidity to 

prevent the systemic spread of bacteria and toxins, as well as, enhance leukocyte contact with the 

endothelial cells to facilitate leukocyte migration. 

 

Vascular permeability is altered during inflammation  

Endothelial cells mediate the type and quantity of solutes and leukocytes that move back and 

forth between tissue and blood using selective cellular junctions (Bazzoni and Dejana, 2004). 

Perturbation of the endothelium alters endothelial junctions and permeability leading to leakage 

of plasma proteins and leukocytes. Several endothelial junction proteins can control vascular 

permeability by regulating cell to cell contact and thus forming a highly selective barrier (Blum 

et al., 1997, Jiang et al., 1998). The series of events modulating bovine mammary vascular 

permeability during inflammation is unknown, but previous studies suggest inflammatory 

mediators and toxins produced during a normal inflammatory response directly alter endothelial 

junctions (Bannerman et al., 1998, Zhang et al., 2013). Studies using HUVEC models 

demonstrate that endothelial tight junctions are loosened by GPCR activation in response to 

various extracellular mediators, including fatty acids and cytokines (Blum et al., 1997, Jiang et 

al., 1998, Michel and Curry, 1999, Goeckeler and Wysolmerski, 1995). Tight junctions are 

composed of transmembrane proteins (e.g., claudins and occludins) and cytosolic proteins (zona 

occludins), which bridge to cytoskeleton actin filaments. Similarly, in a HUVEC model of 
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inflammation LPS decreased endothelial tight junction proteins concomitant with increased 

monolayer permeability (Zhang et al., 2013). Claudin-5 (a tight junction protein) deficient mice 

exhibited a leaky blood-brain barrier with larger molecules able to move across this extremely 

restrictive barrier (Nitta et al., 2003). Unrestricted movement of macromolecules may contribute 

to destruction of extravascular tissue and allow systemic infection. Tight junctions are not the 

only cell connections altered during inflammation. Exposure of bovine pulmonary artery 

endothelial cells to LPS destabilized endothelial adherens junctions by cleaving β-catenin, 

thereby disrupting the anchor to the cell cytoskeleton (Bannerman et al., 1998). Additionally, 

blocking VE-cadherin binding in HUVEC increased permeability to solutes and leukocytes 

suggesting any modulation in endothelial junction expression may severely alter the course of 

inflammation (Hordijk et al., 1999). Thus, without proper organization and function of tight 

junctions and adherens junctions in the mammary endothelium, exchange of solutes and cells is 

dysregulated and may contribute to tissue damage due to accumulation of plasma components. 

However, some rearrangement or modulation of endothelial junctions must occur to facilitate 

effective clearance of mastitis-causing pathogens by phagocytic immune cells.  

 

In dairy cows, most research on barrier permeability is focused on epithelial cells without 

considering the important contributions of endothelial cells. Early studies suggested that an 

increase in sodium and chloride in milk from cows with mastitis was indicative of epithelial 

barrier disruption (Linzell and Peaker, 1972). However, researchers also appreciated the presence 

of serum albumin in milk as indicative of increased permeability at the blood-milk barrier 

(Kobayashi et al., 2013). Endothelial cells and associated endothelial junctions directly 

contribute to changes in milk components, such as albumin. Albumin is one of the most 
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important proteins that regulate oncotic pressure and disruption of oncotic pressure typically 

causes edema in interstitial tissue (Rippe et al., 1979). Additionally, albumin can bind many 

different molecules and act as a chaperone across the endothelium (Spector, 1975). Thus, 

increased albumin in secretory products, i.e., milk, would indicate radical changes at the 

endothelium. A similar occurrence is demonstrated during early involution, when albumin 

concentration in milk increases (Breau and Oliver, 1985, Poutrel et al., 1983). The increase in 

serum albumin may be related to a minimal increase in vascular permeability to support passive 

immunoglobulin transfer during early involution. In contrast, the increased concentration of 

serum albumin in early involution may simply be an artifact of decreased milk production with 

no appreciable change yet in plasma protein transfer (Poutrel et al., 1983). Understanding how 

the endothelium regulates vascular permeability is necessary for discovering new and innovative 

therapies to prevent systemic infection, as well as add insight to the complex changes that occur 

during mammary regression. 

 

Leukocyte movement increases across the mammary endothelium during inflammation 

The movement of leukocytes into the infected tissue is critical to prevent the progression of 

mastitis. Leukocytes present in the blood stream are not innately adhesive, but do interact with 

the endothelium.  Under basal conditions neutrophils roll along the vascular barrier and 

communicate through random and reversible interactions with neutrophil surface selectins. 

Neutrophil leukocyte-selectin (neutrophil associated; L-selectin) association with the murine 

endothelium allows contact, but not tethering, capture, or firm adhesion (Ley et al., 1995, 

Kaplanski et al., 1993). The purpose of neutrophil rolling is to survey the vasculature for 

cytokines, oxylipids, or reactive oxygen species (ROS) signaling microbial infection (Ley et al., 
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1995). The production of ROS is increased during early inflammation due to increased adenosine 

triphosphate (ATP) production through the electron transport chain and as a result of respiratory 

burst by phagocytic cells (Aon et al., 2012, Parnham et al., 1987). At the initiation of 

inflammation, activation of GPCRs induces the release of pre-synthesized platelet-selectin (P-

selectin) from specialized endothelial organelles called Weibel-Palade bodies as demonstrated in 

HUVEC (McEver et al., 1989). Binding of P-selectin to leukocyte-associated P-selectin 

glycoprotein ligand-1 forms a tight, but reversible, attachment between endothelial cells and 

leukocytes. In BMEC, the mRNA expression of P-selectin is increased following exposure to 

TNF-α and in P-selectin deficient mice, rolling of neutrophils on the endothelial surface and 

neutrophil migration are reduced, illustrating the vital role of initial P-selectin binding in 

leukocyte migration (Mayadas et al., 1993, Aitken et al., 2011b). Capture, but not firm adhesion, 

of neutrophils is complete with endothelial-selectin (E-selectin), but its transcription and 

expression requires gene transcription and translation. In both BMEC and HUVEC, increased 

temporal synthesis and expression of P-selectin and E-selectin is the result of various 

inflammatory mediators, including cytokines and ROS (Scholz et al., 1996, Maddox et al., 1999, 

Aitken et al., 2011b). Stimulation of BMEC with TNF-α induced an increase in E-selectin 

expression at 3 hours and 6 hours, whereas P-selectin expression was only significantly increased 

at 3 hours (Maddox et al., 1999). The time-dependent expression of adhesion molecules involved 

in tethering and capture during inflammation further supports the temporal, cooperative effort 

between P- and E-selectin that must exist in the bovine mammary gland. The contribution of 

endothelial cells to tethering and capture of neutrophils during inflammation is unequivocal and 

necessary for an appropriate, timely response.  
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Firm adhesion follows capture of leukocytes and is necessary for diapedesis of leukocytes into 

the inflamed tissue. Firm adhesion is achieved by neutrophil ligand binding to intercellular 

adhesion molecule-1 (ICAM-1), ICAM-2, and vascular cell adhesion molecule-1 (VCAM-1) 

(Sans et al., 1999). Macrophage-1 antigen binds to endothelial ICAM-1, whereas lymphocyte 

function associated antigen-1 preferentially binds ICAM-2. In vivo data during bovine mammary 

gland inflammation is limited regarding firm adhesion, but murine and human studies provide 

information about endothelial cells in orchestrating leukocyte adhesion and migration (Hafezi-

Moghadam et al., 2007, Sans et al., 1999). Very late antigen-4 (VLA-4) is the ligand for VCAM-

1, and when VLA-4 is blocked on rat leukocytes, adhesion to the endothelium is significantly 

reduced (Hafezi-Moghadam et al., 2007). In a rat model of colitis, blockade of ICAM-1 slightly 

reduced leukocyte adhesion, but blockade of VCAM-1 prevented all adhesion of leukocytes to 

colonic venules suggesting VCAM-1 may be the predominant molecule in firm adhesion (Sans et 

al., 1999). In bovine in vitro models, several studies demonstrated the ability to increase the 

expression of ICAM-1 and VCAM-1 following exposure to TNF-α and PAF (Sordillo et al., 

2005, Corl et al., 2008). Additionally, a mixture of saturated and unsaturated fatty acids 

increased the expression of ICAM-1 in BAEC (Contreras et al., 2012a, Contreras et al., 2012b, 

Aitken et al., 2011b). In contrast, omega-3 fatty acids reduced ICAM-1 and VCAM-1 expression 

in cytokine-stimulated human endothelial cells (De Caterina et al., 1994). Furthermore, 

arachidonic acid-derived 15-hydroperoxyeicosatetraenoic acid (15-HPETE) and linoleic acid-

derived 13-hydroperoxyoctadecadienoic acid, both produced early in the inflammatory response, 

induced an increase in BAEC and HUVEC ICAM-1 expression at low doses (Sordillo et al., 

2008, Friedrichs et al., 1999). Rapid biosynthesis of oxylipids supports robust and acute 

expression of endothelial adhesion molecules to expedite neutrophil migration into the infected 
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tissue. The sensitivity of the endothelium to fatty acids and oxylipids is important because it 

suggests that the inflammatory response may be modulated with only small changes in autocrine, 

juxtacrine, and paracrine mediators.  

 

Though research focusing on the process of leukocyte migration is limited, there is no doubt that 

endothelial-leukocyte cooperation is necessary to successfully bring neutrophils to the site of 

infection. Platelet-endothelial cell adhesion molecule-1 (PECAM-1) is thought to be the primary 

molecule that mediates migration of leukocytes between across the endothelium through the 

formation of homodimers between endothelial cells and neutrophils (Schenkel et al., 2002). 

Though there was no change in BMEC PECAM-1 mRNA expression following TNF- α 

exposure, previous human studies showed that blocking neutrophil PECAM-1 or HUVEC 

prevents transmigration, suggesting without PECAM-1 binding an efficient inflammatory 

response would not occur (Muller et al., 1993, Aitken et al., 2011b). Moreover, expression of 

PECAM-1 was upregulated in an in vivo murine model following exposure to cytokines, such as 

IL-1β and TNF-α, (Thompson et al., 2001).  Additionally, PECAM-1 receptors may rearrange 

and move to junctional complexes to support leukocyte migration. For example, TNF-α and IFN-

γ induced PECAM-1 redistribution on the HUVEC (Romer et al., 1995). Expression of PECAM-

1 during bovine mammary inflammation is not well characterized and requires further 

exploration. However, based on other human and murine inflammatory models, it is appreciated 

that an optimal inflammatory response requires a coordinated effort between endothelial cells 

and surrounding cell types to facilitate neutrophil migration to the site of inflammation. 
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Resolution of inflammation is necessary to prevent vascular and mammary tissue damage  

The process of active resolution is not completely understood, but current research suggests that 

there is a switch from a pro-inflammatory to an anti-inflammatory/pro-resolving cellular 

phenotype (Serhan et al., 2008a). A proper inflammatory response is self-limiting with the final 

phase being resolution. The sequence of events that lead to resolution of inflammation and tissue 

repair is not well defined due to the involvement of many different cells and pathways. Thus, the 

topics and order of discussion for the following endothelial mechanisms is based on their 

hierarchal importance in reducing leukocyte migration and promoting tissue repair.  

 

Endothelial cells are sensitive to ROS and free radicals, collectively called pro-oxidants, and 

during inflammation there is increased pro-oxidant production surrounding and within 

endothelial cells (Zweier et al., 1994).  Intracellular pro-oxidants are derived from the 

mitochondrial electron transport chain during ATP production and extracellular pro-oxidants are 

predominantly derived from nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 

activity during phagocytic respiratory burst (Aon et al., 2012, Karlsson et al., 1995). The 

continued presence of pro-oxidants can contribute to the development of oxidative stress. 

Oxidative stress is an imbalance of antioxidant mechanisms and pro-oxidant molecules resulting 

in damage to cellular lipids, proteins, and DNA (Sordillo et al., 2009). To mediate resolution, 

antioxidants must be produced to counteract the damaging effects of pro-oxidants. The most 

well-studied enzymatic antioxidant defenses include glutathione peroxidase (GPx), superoxide 

dismutase (SOD), and thioredoxin reductase (TrxR) (Aon et al., 2012, Bowler et al., 2004). 

Superoxide dismutase either adds or removes an electron from O2- to form O2 or H2O2, which 

will be catalyzed to oxidized glutathione and H2O by GPx (Bowler et al., 2004). The in vivo 
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action of TrxR, GPx, and SOD is unknown during self-limiting bovine mammary gland 

inflammation, but in vitro models in bovine, murine, and human endothelial cells provide an 

opportunity to discuss how the lack of antioxidants defenses promotes inflammation. The 

overexpression of GPx-1 protected BAEC-derived NO production in an endothelial injury model 

(Weiss et al., 2001).  Conversely, deficiency of GPx-1 during TNF-α stimulation in human 

microvascular endothelial cells exacerbated the expression of VCAM-1 and ICAM-1 and 

subsequently enhanced ROS production (Lubos et al., 2011). Mice deficient in extracellular 

endothelial-derived SOD demonstrated significantly exaggerated lung inflammation 

characterized by robust and sustained pro-inflammatory cytokine production (Bowler et al., 

2004). Importantly, neutrophil infiltration was persistent in SOD knockout mice, which was 

consistent with sustained endothelial adhesion molecule expression, suggesting clearance of pro-

oxidants by endothelial cells is critical for decreased leukocyte migration and resolution of 

inflammation (Bowler et al., 2004).  

 

While GPx and SOD directly reduce ROS and free oxygen radicals, TrxR reduces oxidized 

thioredoxin so that it may reduce other pro-oxidants (Trigona et al., 2006). Following low dose 

H2O2 exposure in HUVEC, thioredoxin mRNA and protein expression was significantly 

increased indicating its role in antioxidant defense (Haendeler et al., 2004). Interestingly, TrxR 

can also reduce GPx in human plasma after pro-oxidant quenching suggesting redundancy in 

antioxidant defense system (Bjornstedt et al., 1994). However, it is unknown whether this occurs 

in the bovine mammary gland or in the mammary endothelial cells. Overall these studies suggest 

that for a self-limiting inflammatory response to occur, adequate antioxidants and antioxidant 

enzymes must be available to counteract increased pro-oxidants during inflammation.  
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Another new and burgeoning area of research that involves active resolution of inflammation is 

the production of anti-inflammatory and pro-resolving lipid mediators. The major classes of anti-

inflammatory and pro-resolving oxylipids include resolvins (RV), protectins (PD), and lipoxins 

(LX), which are synthesized from fatty acids. The RV are synthesized from eicosapentaenoic 

acid (EPA) and docosahexaenoic acid (DHA) and PD are derived from DHA. Resolvins derived 

from EPA are enzymatically formed by the sequential oxidation of cytochrome P450 and 5-

LOX, whereas DHA-derived RV (RvD) are generally derived by the sequential oxidation 15-

LOX and 5-LOX, similar to AA-derived LX. On the other hand, PD is formed by 15-LOX 

oxidation and subsequent hydrolysis.  There is not a great deal of in vivo bovine research 

available for review in this new area, however, research in in vitro bovine models demonstrate 

the anti-inflammatory effects of increased EPA and DHA on cellular phenotype and subsequent 

oxylipid production.  For example, in BAEC increased omega-3 fatty acid content (DHA and 

EPA) reduced pro-inflammatory cytokine expression, adhesion molecule expression, ROS 

production, and pro-inflammatory oxylipid production (Contreras et al., 2012a). Also, the 

production of DHA-derived oxylipids including RvD and PD, and AA-derived LXA4 was 

increased in BAEC exposed to increased omega-3 fatty acids (Contreras et al., 2012a). In a 

HUVEC model of inflammation, RvD1 prevented the reorganization of tight junction proteins 

and abrogated any changes in vascular permeability induced by LPS (Zhang et al., 2013). Similar 

to RV function, PD also has the ability to promote endothelial barrier function.  In human 

microvascular endothelial cells, PD1 effectively prevented the LTB4-induced migration of 

neutrophils (Serhan et al., 2006). In addition, PD1 administration also was able to abrogate the 

inflammatory response after induction of murine peritonitis (Serhan et al., 2006). Thus, research 
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suggests that administration of omega-3 derived oxylipids may be beneficial in preventing 

immunopathogenesis, however the complexity of oxylipid biosynthesis necessitates further 

research in human and veterinary species.  

 

Oxylipids derived from omega-6 fatty acids may also play a very important role in protecting the 

endothelial barrier. Arachidonic acid-derived LX are primarily synthesized with the cooperative 

effort of both 5-LOX and 15-LOX (Serhan et al., 2008b). Lipoxins inhibit chemotaxis and 

migration of neutrophils, reduce ROS production, and prevent activation of nuclear factor-κB 

(NF-κB) (Serhan et al., 2008a). In the context of endothelial barrier integrity, LXA4 prevents 

LPS- or PAF-induced increased vascular permeability suggesting LXA4 acts as an anti-

inflammatory protector of the endothelium (Ereso et al., 2009). In addition, LXA4 induces IL-10 

production in a HUVEC model while concomitantly inhibiting production of pro-inflammatory 

cytokines and vascular adhesion molecules (Baker et al., 2009). Consequently, active resolution 

is dependent on the contribution of potent anti-inflammatory oxylipids and given their ability to 

modulate many aspects of inflammation warrants continued research in human and veterinary 

species. 

 

As oxylipids may directly modulate cytokine production to promote resolution, other negative 

feedback loops and checkpoints also exist to prevent sustained inflammation. Cytokine 

expression, as a result of NF-κB signaling, is a major pro-inflammatory pathway activated 

following the detection of bacterial pathogens (Nadjar et al., 2005). Thus, it makes sense that 

NF-κB signaling should be tightly regulated to prevent sustained activation. One such checkpoint 

is inhibition of NF-κB signaling pathway by inhibitor of κB (IκB). The inhibitor IκBα prevents 
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NF-κB binding, and thus prevents activation of pro-inflammatory gene expression. Though IκBα 

is degraded at the onset of inflammation, sustained activation of NF-κB initiates the expression 

of IκB, which acts as a negative feedback loop (de Martin et al., 1993). Additionally, IκBα may 

directly decrease the expression of IL-1, IL-6, IL-8, and VCAM in porcine aortic endothelial 

cells (Wrighton et al., 1996). Aside from pro-inflammatory cytokines, endothelial cells also 

produce anti-inflammatory cytokines including IL-10, IL-1 receptor agonist (IL-1ra), and 

transforming growth factor- β (TGF-β), which decrease the expression of pro-inflammatory 

cytokines and also promote tissue repair (Cromack et al., 1993). In HUVEC, exposure to TGF-β 

decreased both baseline E-selectin and TNF-α-stimulated E-selectin mRNA and protein 

expression by more than 50% (Gamble et al., 1993). Though the mechanism by which tissue 

repair is initiated remains unclear, TGF- β contributes substantially through activation of 

angiogenesis and induction of matrix component synthesis (Ferrari et al., 2009, Ignotz and 

Massague, 1986). Decreased expression of pro-inflammatory cytokines, in conjunction with 

increased anti-inflammatory cytokines and growth factors, is necessary for controlling chronic 

inflammatory and immunopathology. 

 

Endothelial dysfunction as an underlying cause for immunopathology  

Bovine mastitis results when there is not a self-limiting inflammatory response and may be a 

result of endothelial cell dysfunction. Endothelial dysfunction can contribute to an aberrant 

inflammatory response as a result of breakdown of tight junction proteins, loss of barrier 

integrity, increased attachment of leukocytes and platelets, and in the most severe cases, leading 

to sepsis and tissue hypoperfusion (Levi et al., 1997, Winn and Harlan, 2005, van Nieuw 

Amerongen and van Hinsbergh, 2002). Based on previous in vitro BMEC and BAEC studies, as 
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well as research in other species and disease models as a reference, it is possible to speculate 

how endothelial cell dysfunction can contribute to immunopathology during mastitis (Figure 1). 

The following sections discuss the impact of sustained inflammation and accumulation of pro-

oxidants on endothelial function and survival. 

 

Oxidative stress negatively affects antioxidant pathways and oxylipid biosynthesis 

Oxidative stress contributes to immunopathology by modulating endothelial function. During 

inflammation, endothelial metabolism is increased to support a variety of mechanisms, including 

increased adhesion molecule expression, cytokine expression, and antioxidant pathways (Kadl 

and Leitinger, 2005). Functional roles of antioxidant systems may be decreased due to quenching 

by existing ROS and free radicals, down regulation of transcriptional expression, and 

inactivation of antioxidant enzymes (Blum and Fridovich, 1985). In BAEC, reduced TrxR 

activity during oxidative stress resulted in decreased heme oxygenase-1 (HO-1), an enzyme that 

catalyzes the degradation of ROS-inducing free heme (Trigona et al., 2006, Fortes et al., 2012). 

Decreased HO-1 would exacerbate oxidative stress and potentially result in endothelial cell 

death. In fact, pro-apoptotic markers were increased during oxidative stress in BAEC, a finding 

that was correlated to decreased HO-1 and TrxR (Trigona et al., 2006). In vitro BMEC models 

shed further light on how oxidative stress affects cellular function eventually leading to 

endothelial dysfunction. Endothelial cells (BMEC and BAEC) increased production of TXB2 and 

PAF, and decreased production of PGI2 during oxidative stress potentially compromising 

maintenance of vascular tone (Cao et al., 2000, Weaver et al., 2001). Additionally, changes in 

endothelial cell metabolism during oxidative stress resulted in the accumulation of bioactive 

oxylipids, such as 15-HPETE (Weaver et al., 2001). Arachidonic acid-derived 15-HPETE is a 
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lipid hydroperoxide derived by 15-LOX oxidation and can have similar effects on endothelial 

cell health as ROS. Such changes in oxylipid biosynthesis during oxidative stress can cause 

apoptosis of bovine endothelial cells, which may lead to disruption of the endothelial barrier 

(Sordillo et al., 2005). Our understanding of these mechanisms during bovine mastitis is less 

clear; however, in vitro reports support the contention that oxidative stress can compromise 

endothelial integrity.  

 

Oxidative stress contributes to decreased nitric oxide 

In human diseases, endothelial dysfunction is classically characterized as the reduced availability 

of NO resulting in altered vascular tone and blood flow. The availability of NO ensures that the 

mammary vasculature remains relaxed, as opposed to being in a state of vasoconstriction (Ohashi 

et al., 1998). Chemical inhibition of eNOS in HUVEC induces intracellular oxidative stress 

contributing to increased adhesion of neutrophils (Niu et al., 1994). During a dysfunctional 

inflammatory response, NO levels may be reduced dramatically as a result of several different 

mechanisms. First, reduced NO may be a function of eNOS uncoupling. Uncoupling of eNOS 

occurs when available O2 is oxidized to form superoxides preventing its combination with L-

arginine to generate NO (Vasquez-Vivar et al., 1998). In addition to reduced NO synthesis, 

superoxide, generated during oxidative stress, is toxic to endothelial cells and other cells if not 

reduced by superoxide dismutase. Aside from superoxide production by eNOS uncoupling, 

activated neutrophils arrested at the endothelial barrier produce superoxide and other ROS/free 

radicals by the action of NADPH oxidase (Aon et al., 2012, Karlsson et al., 1995). The excess 

ROS further uncouples eNOS by oxidizing BH4, a cofactor for eNOS activity (Xia et al., 1998). 

Though eNOS activation or uncoupling during bovine mastitis is unknown, accumulation of 
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neutrophils at the endothelial interface was demonstrated during Streptococcus uberis mastitis 

along with destruction of the surrounding tissue (Thomas et al., 1994). Levels of NO also may be 

reduced by ROS consumption. Accumulation of activated neutrophils would allow for increased 

ROS production, such as superoxide, at the endothelial surface, which would be able to act on 

NO directly rather than affecting eNOS activity. Peroxynitrite, formed by the reaction of NO and 

superoxide, induced barrier dysfunction, endothelial protein oxidation, and cytoskeleton 

rearrangement in porcine pulmonary artery endothelial cells (Knepler et al., 2001). Thus, reduced 

NO through eNOS uncoupling or quenching by oxygen radicals prevents endothelial cells from 

maintaining proper vascular tone and perpetuates a dysfunctional endothelial phenotype. 

 

Prolonged or excessive inflammation induces apoptosis of endothelial cells  

The end result of persistent endothelial dysfunction is apoptosis, which may be activated through 

both intrinsic and extrinsic pathways. Apoptosis of endothelial cells would compromise the 

mammary endothelium thereby disrupting the semi-permeable endothelial barrier. The extrinsic 

pathway is initiated through receptor activation by death ligands, including TNF-α and LPS. 

Exposure of BMEC to TNF-α induced a pro-apoptotic response suggesting cytokines meant to 

activate endothelial cells to facilitate pathogen clearance may also damage the gatekeeper cells at 

the blood-milk barrier (Aitken et al., 2011b). Furthermore, apoptosis was documented during 

oxidative stress in a BAEC model supporting the intrinsic pathway of apoptosis (Sordillo et al., 

2005, Trigona et al., 2006). The intrinsic pathway is activated by cellular DNA damage and/or 

accumulation of intracellular ROS, which causes mitochondrial damage triggering apoptosis. 

During bovine mastitis, ROS and free radicals accumulate at the endothelial barrier due to the 

activated nature of endothelial cells and activated neutrophils that are migrating or immobilized 
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at the barrier (Thomas et al., 1994). Previous HUVEC models demonstrate oxygen radicals 

activate protein kinase D and ASK-1/JNK activation, which activates the JNK/p38 MAPK 

apoptosis pathway (Zhang et al., 2005). Additionally, a HUVEC model demonstrated that 

apoptotic endothelial cells possess procoagulant and prothrombotic properties including 

increased platelet adhesion and decreased thrombomodulin, heparin sulfate, and tissue factor 

pathway inhibitor (Bombeli et al., 1997, 1999). Furthermore, caspase cleavage during apoptosis 

directly disrupts adherens junctions, allowing the transfer of plasma proteins and fluid in bovine 

pulmonary artery endothelial cells (Bannerman et al., 1998). During bovine mastitis, it seems 

likely that an inability to rectify the inflammatory response may be due to damaged and 

apoptotic endothelial cells. Unfortunately, it is unclear when the inflammatory response can be 

targeted to prevent destruction of the bovine mammary vascular endothelium and represents a 

substantial gap in our current knowledge. 

 

Conclusions  

Endothelial cells are no longer viewed as static barriers at the interface between blood and tissue. 

Endothelial cells regulate transfer of solutes and macromolecules, leukocyte migration, vascular 

tone, and blood flow during homeostasis and inflammation. The ability of a thin layer of 

endothelial cells to serve such a prominent role is directly related to their proximity to the 

circulation and to the underlying interstitial tissue. Specifically, capillaries encircling milk-

producing alveoli in the bovine mammary gland offer increased surface area for the principle 

functions of lactation and immune surveillance. However, research is still limited outlining the 

role of endothelial cell in initiation and resolution of mammary inflammation. Through 

modulation of vascular tone and blood fluidity, vascular permeability, and endothelial 
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adhesiveness, the endothelium enables the progression of a self-limiting inflammatory response 

to support clearance of the pathogen and protect the milk-producing tissue. However, mediators 

that are important for progression of mastitis and clearance of pathogens may also be responsible 

for damage to alveoli in the mammary gland. In particular, oxidative stress is especially 

detrimental to endothelial function and survival. Thus, understanding how endothelial activation 

becomes endothelial dysfunction represents a point of potential therapeutic intervention, e.g, 

preventing or ameliorating oxidative stress. Future studies should focus on the mechanisms that 

initiate the switch from activation to resolution. Such research would be important to modify 

exacerbated and sustained inflammatory responses that contribute to inflammatory-based 

diseases such as bovine mastitis. 
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Abstract 

Streptococcus uberis mastitis results in severe mammary tissue damage in dairy cows due to 

uncontrolled inflammation. Oxylipids are potent lipid mediators that orchestrate pathogen-

induced inflammatory responses, however, changes in oxylipid biosynthesis during S. uberis 

mastitis are unknown. Thus, the current objective was to determine how oxylipid concentrations 

change in milk and mammary tissues during different stages of S. uberis mastitis. Increased 

arachidonic acid and linoleic acid-derived oxylipids were significantly increased in S. uberis-

infected bovine mammary tissue. Linoleic acid metabolites, hydroxyoctadecadienoic acid 

(HODE) and oxooctadecadienoic acid, predominated in tissue and milk. Furthermore, in vitro 

exposure of bovine mammary endothelial cells to 13-hydroperoxyoctadecadienoic acid, upstream 

metabolite of HODE, significantly increased cyclooxygenase-2 expression, but 13-HODE 

exposure had no effect. The findings in the current study indicate lipidomic profiling may 

explain some of the dynamics of inflammation during bacterial challenge, however continued 

research is necessary to determine sample compartments which best reflect disease pathogenesis.  

 Keywords: Oxylipids; inflammation; mastitis; eicosanoid; cyclooxygenase; lipoxygenase  
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Introduction 

Mastitis, an inflammation of the mammary gland, negatively impacts the U.S. dairy industry by 

reducing milk yield and quality (Aitken et al., 2011). Whereas many pathogens cause bovine 

mastitis, Streptococcus uberis is a major pathogen of concern as it results in severe tissue 

damage and significant milk production losses related to an ineffective inflammatory response 

(Pedersen et al., 2003).  Mastitis causes by S. uberis infections present as acute or subclinical, 

which may persist as chronic infections with associated inflammation (Phuektes et al., 2001). 

The major cause of S. uberis-induced pathology is the sustained migration of leukocytes into the 

secretory tissue resulting in irreversible damage.  Histopathological data from S. uberis-infected 

mammary tissue indicate that colonization of S. uberis can survive aggressive neutrophil 

infiltration into mammary tissues and cause the development of chronic disease (Hill et al., 1994; 

Burvenich et al., 2004).  The underlying mechanisms regulating the initiation and resolution of 

mammary gland inflammatory responses to S. uberis are unclear. Previous research in bovine 

mastitis suggests that the composition of oxylipid profiles within affected tissues may regulate 

the severity and duration of the localized inflammatory response. For example, the milk lipoxin 

A4 (LXA4) to leukotriene B4 (LTB4) ratio was lower in cows suffering from chronic mastitis 

compared to healthy cows (Boutet et al., 2003). Similarly, the concentration of arachidonic acid 

(AA)-derived oxylipids, such as prostaglandins and thromboxane, significantly increased during 

clinical mastitis (Giri et al., 1984; Atroshi et al., 1987). As such, the ability of the host to respond 

quickly and eliminate mastitis-causing pathogens may be directly influenced by the production 

of pro- and anti-inflammatory oxylipids (Atroshi et al., 1990; Boutet et al., 2003; Aitken et al., 

2011a). Though previous research has quantified a limited number of oxylipids during clinical 

mastitis, it is now recognized that the lipidome is extensive and complex.  Advancing the current 
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understanding of the bovine lipidome can be used to develop novel, targeted therapies to control 

tissue damage related to an unregulated inflammatory response, such as mastitis.  

 

Predominant fatty acid substrates used for oxylipid biosynthesis in both humans and dairy cows 

are polyunsaturated fatty acids (PUFA), including AA and linoleic acid (LA) (Ramsden et al., 

2012; Raphael et al., 2014). Fatty acid substrates are cleaved from the phospholipid membrane 

by phospholipase A2, and may undergo non-enzymatic and enzymatic oxidation. Non-enzymatic 

pathways are primarily mediated by reactive oxygen species (ROS) and free radicals formed as 

end products of the electron transport chain and as byproducts of phagocyte-associated 

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (Morrow et al., 1990). In 

general, non-enzymatic oxidation of lipids occurs by a hydroxyl radical attack of hydrogen  and 

subsequent O2 interaction to form a lipid peroxyl radical, which can damage cell membranes and 

propagate lipid peroxidation (Micciche et al., 2005; Sordillo et al., 2005). Enzymatic pathways 

that predominantly catalyze oxylipid biosynthesis are cyclooxygenase (COX), lipoxygenase 

(LOX), and cytochrome (CYP). The COX and LOX enzymes oxidize PUFA by removing a 

hydrogen, allowing 2 O2 to interact forming a lipid hydroperoxide (Hamberg and Samuelsson, 

1967). Intrinsic peroxidase activity of COX enzymes reduces AA-derived PGG2 to the hydroxyl, 

PGH2 and subsequent enzymatic metabolism yields several different prostaglandins and 

thromboxanes (Hamberg and Samuelsson, 1967). Linoleic acid-derived hydroperoxides are 

reduced to hydroxyl oxylipids by antioxidant mechanisms, such as glutathione peroxidases or 

non-enzymatic quenching (Noguchi et al., 2002; Trigona et al., 2006; Suardiaz et al., 2013). 

Hydroxyl oxylipids can then be enzymatically dehydrogenated to ketones (Bergholte et al., 1987; 

Altmann et al., 2007). Oxidation of AA by LOX also synthesizes leukotrienes and lipoxins, 
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which require the coordination of multiple enzymes, i.e., LXA4 biosynthesis requires 15-LOX, 5-

LOX, and epoxide hydrolases (Serhan et al., 2008a). Lastly, CYP catalyzes a NADPH-dependent 

monooxygenation of AA and subsequent metabolism to form several oxylipids including 12-

HETE, epoxyeicosatrienoic acids, and dihydroxyeicosatrienoic acids. 

 

Given the breadth of oxylipid species and limited research in bovine models, it is difficult to 

pinpoint predominant pathways during bovine disease. Inflammatory-based disease models in 

humans suggest that oxylipid therapy may be used to control unregulated inflammation in 

veterinary species as well (Buckley et al., 2014). Determining how a targeted bovine lipidome 

changes during disease may be used to assess disease progression and severity. Previous research 

supports the predominance of LA as a substrate for oxidation, suggesting an abundance of LA-

derived oxylipids during health and disease (Ramsden et al., 2012; Raphael et al., 2014). The 

initial product of LA oxidation is hydroperoxyoctadecadienoic acid (HPODE) and the sequential 

metabolism of HPODE to hydroxyoctadecadienoic acid (HODE) to oxooctadecadienoic acid 

(oxoODE) synthesizes oxylipids that may have very different inflammatory functions.  For 

example, 13-HPODE is associated with increased adhesion molecules and apoptosis, whereas 

13-oxoODE is a potent ligand for an anti-inflammatory nuclear receptor (Altmann et al., 2007). 

Additionally, different isoforms of LA-derived metabolites are synthesized depending on the 

mode of oxidation. Oxidation of LA by 15-LOX-1 primarily yields 13-HPODE, whereas 9-

HPODE is primarily produced during non-enzymatic oxidation (Oliw et al., 1996). However, 

HPODE is rapidly reduced to stable HODE, and thus, are measured during disease. For example, 

9-HODE and 13-HODE are predominant in plasma from healthy individuals and may be 

increased during oxidative stress and inflammatory-based diseases, such as atherosclerosis 
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(Quehenberger et al., 2010; Ramsden et al., 2012). The purpose of this study was to document 

oxylipid changes in the milk and mammary tissue of dairy cows during different stages of S. 

uberis mastitis. The hypothesis was that LA metabolites, 9- and 13-HODE, are increased during 

S. uberis mastitis and contribute to an inflammatory phenotype in endothelial cells.   

 

Materials and Methods 

Chemicals and Reagents 

HPLC-grade acetonitrile, HPLC-grade methanol, formic acid, sodium selenite, insulin, heparin, 

transferrin, ethylenediaminetetraacetic acid (EDTA), triphenylphosphine (TPP) were purchased 

from Sigma-Aldrich (St. Louis, MO). Diethyl ether and butylated hydroxy toluene (BHT) were 

purchased from ACROS Organics (Fair Lawn, NJ). Antibiotic/antimycotic and all bovine 

Taqman® primers were purchased from Thermo Fisher Scientific (Waltham, MA). Deuterated 

and nondeuterated standards were purchased from Cayman Chemical (Ann Arbor, MI). 

Indomethacin was from Cayman Chemical (Ann Arbor, MI). Magnesium sulfate was purchased 

from Avantor Performance Materials, Inc. (Central Valley, PA) and sodium borate from Fisher 

Science Education (Nazareth, PA). Fetal bovine serum was purchased from Hyclone 

Laboratories, Inc. (Logan, Utah).  

 

Streptococcus uberis 0140J challenge for quantification of oxylipids in mammary tissue 

The National Animal Disease Center animal care and use committee approved all animal-related 

procedures used in this study (Protocol ARS-2620). Five healthy, mid-lactation Holstein dairy 

cows were infused with an average of approximately 600 CFU of S. uberis, strain 0140J into 1 

mammary gland. The dose of S. uberis was based on previous preliminary experiment with this 
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strain, which gave a reproducible infection rate of >95%. The mammary gland was cleaned with 

water to remove all debris and then dried thoroughly.  The cow was milked and then the teat end 

was disinfected with a 70% ethanol solution and allowed to dry.  Using a sterile teat cannula, 

bacteria were infused into one mammary gland.  After infusion, the teat end was held closed and 

the bacterial inoculum was massaged upward into the main cistern.  The mammary gland was 

further massaged to ensure distribution of the inoculation.  All teats were then dipped in a 

standard iodine-based teat dip. Challenged cows were monitored symptoms of clinical disease 

including increased rectal temperature, increased somatic cell count in milk, and abnormalities in 

mammary gland and milk appearance. Mammary gland abnormalities included pain, swelling, 

heat, redness, or hardening of the mammary gland and milk abnormalities included a watery 

consistency, flakes, clots, or pus. At the onset of clinical symptoms, cows were euthanized and 

parenchymal mammary tissue was excised and either placed in a sterile vial alone (oxylipid 

quantification) or in RNAlater (mrNA quantification) and snap frozen in liquid nitrogen (Qiagen, 

Venlo, Limburg). Samples were stored at -80°C (oxylipid quantification) or -20°C until 

processing. Adhesion molecule, proinflammatory cytokine, and oxylipid biosynthetic enzyme 

mRNA expression was quantified by qRT-PCR using the RNeasy Mini Kit (Qiagen, Venlo, 

Limburg) following the manufacturer’s protocol. Samples were run in triplicate with ribosomal 

protein S9 (RPS9) as the endogenous control. Gene expression was calculated using the ΔCt 

method for statistical analysis and also using the 2-ΔΔCt method for graphical purposes 

(Mattmiller et al., 2014). All bovine primers are displayed in Table 2.   
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Streptococcus uberis UT888 challenge for quantification of oxylipids in milk samples 

The University of Tennessee-Knoxville Animal Care and Use Committee preapproved all animal 

use and care (Protocol 1982-0111). The challenge strain of S. uberis (UT888) was originally 

isolated from a clinical case of mastitis and has since been used in other S. uberis challenge trials 

(Rambeaud et al., 2003). A frozen stock of S. uberis UT888 was thawed and grown in Todd 

Hewitt Broth at 37°C until turbid.  The culture was serially diluted in phosphate buffered saline 

(PBS) to 2,000 CFU/mL. Prior challenge studies, both preliminary and published, demonstrated 

that the challenge dose had an infection rate of 75-80% (Rambeaud et al., 2003). Approximately 

1 week prior to calving, mammary secretion samples were aseptically collected to screen for the 

presence of bacteria in the mammary gland. Immediately following the morning milking on the 

day of challenge, 8 healthy Holstein dairy cows were infused with 5 mL of the dilute S. uberis 

inoculum. Briefly, the mammary gland was cleaned to remove debris and then the cow was 

milked.  The teat end was then disinfected with a 70% ethanol solution and allowed to dry, after 

which, bacteria were infused into one mammary gland using a sterile cannula.  The teat end was 

held closed and massaged upward into the main cistern and mammary gland. Teats were dipped 

in a standard iodine-based teat dip. All cows were challenged within 3 d of calving. Similar to 

details discussed in section 2.2, challenged cows were monitored for signs of clinical disease 

including increased rectal temperature, increased somatic cell count, abnormalities in the milk 

and mammary gland. Following intramammary challenge, post-plating revealed that dairy cows 

received an average dose of approximately 2,100 CFU/mL. Rectal temperatures were recorded 

prior to challenge (day 0) and 12 h later followed by every 24 h through 7 d post-challenge. Milk 

samples were aseptically collected on day 0 (prior to challenge) and every 12 h after 

intramammary challenge through 3.5 d and again on 7 d post-challenge.  Milk samples were 
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collected for bacterial CFU counts, somatic cell count (SCC), and oxylipid quantification. 

Samples collected for oxylipid quantification were snap frozen in liquid nitrogen and stored at -

80°C until processing. Milk bacterial CFU counts were determined by growth on blood agar 

plates and were evaluated using established guidelines (NMC, 1999). Milk SCC were determined 

by the Tennessee Dairy Herd Information Association laboratory (Knoxville, TN).  

 

Extraction and LC/mass spectrometry (LC/MS) quantification of oxylipids 

Mammary tissue ranging in weight from 56.8 mg to 150.8 mg was pulverized by a Sartorius-

Mikro Dismembrator S (Sartorius Stedium Biotech, Aubagne, France) at 1,800 rpm for 2 min 

and suspended in HPLC-grade water:MeOH (3:2 v/v) to allow a mixture of 60% MeOH for 

protein precipitation. Antioxidant reducing agent at 4 µL/mL and a mixture of internal standards 

containing 0.01% formic acid was added. Antioxidant and reducing agent was prepared with 

50% MeOH, 25% EtOH, and 25% HPLC-grade water containing 0.54 mM EDTA 0.9 mM BHT, 

3.2 mM TPP, and 5.6 mM indomethacin. The internal standards mixture contained the following 

deuterated oxylipids (0.1 ng/µl, 10 ng total):  LTB4-d4, TxB2-d4, PGF2α-d4, PGE2-d4,PGD2-d4, 13(S)-

HODE-d4, 6-keto PGF1α-d4, 9(S)-HODE-d4, 12(S)-HETE-d8, 15(S)-HETE-d8. Tissue suspensions 

were sonicated at 4°C for 1 min and stored at -20°C for 48 h. Samples were then centrifuged at 

4000 x g for 30 min at 4°C and supernatant transferred to a tube with 39 mL of HPLC water and 

39 μL formic acid to increased MeOH to 5% in preparation for solid phase extraction.  

 

An aliquot of 300 µL of milk was mixed with 2.7 mL of 6% trifluoroacetic acid using a vortex, 

and centrifuged at 14,000 x g for 10 min at 4oC to precipitate casein. Next, casein-precipitated 

supernatant was added to 5 mL -20oC methanol, antioxidant/reducing agent at 4 µL/mL 
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containing 0.01% formic acid, and 200 μL of an internal standard mixture. Antioxidant/reducing 

agent and internal standards were similar for mammary tissue and milk samples. Milk samples 

were vortexed and stored at -20°C over night then centrifuged at 4,700 x g for 20 min at 4oC.  

 

Tissue and milk oxylipids were isolated from the sample supernatant by solid phase extraction 

using Waters Oasis HLB 12cc Polymeric Reversed Phase 500 mg extraction cartridges (Waters, 

Milford, MA). Cartridges were preconditioned with 6 mL MeOH, followed by 6 mL HPLC-

grade water. Samples were loaded onto preconditioned columns followed by washing with 6 mL 

40% MeOH. Columns were then dried under full vacuum at room temperature for 4 min and 

oxylipids were eluted in 6 mL methanol:acetonitrile (50:50 v/v). Flow rate for solid phase 

extraction was maintained at 1 drip/sec. Extract was dried at room temperature in Savant 

SpeedVac (Thermo Electron Corp., West Palm Beach, FL) and resuspended in 200 µl 

acetonitrile:water:formic acid (37:63:0.02 v/v/v) for analysis. Lastly, resuspended residues were 

centrifuged at 14,000 x g for 30 min at 4oC to remove any residual debris and an aliquot of 125 

μL was transferred to a HPLC vial. Oxylipids were analyzed using 2 distinct liquid 

chromatography-mass spectrometry (LC/MS) methods based on techniques previously described 

(Contreras et al., 2012b). Briefly, both methods used reverse-phase LC on a Waters Acquity 

UPLC BEH C18 1.7 μM column (2.1 x 100 mm). The flow rate was 0.6 mL/min at 35°C. The 

quadropole MS was in electrospray negative ionization mode and voltage was -3 kV with the 

turbo ion spray source temperature at 450°C. The isocratic mobile phase for method 1 was 

acetonitrile:water:formic acid (45:55:0.01 v/v/v) and analysis time was 15 min.  Method 2 had an 

isocratic mobile phase consisting of acetonitrile:MeOH:water:formic acid (47.4:15.8:26.8:0.01 

v/v/v/v) and analysis time of 10 min. A total of 26 oxylipids were quantified by matching mass-1 
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and retention time with corresponding deuterated internal standard abundance and calibrated to a 

linear 5-point standard curve (R2>0.99). Oxylipids quantified by Waters Empower Z software 

(Waters, Milford, MA) for tissue and milk samples were as follows: 8-iso PGF2α, PGE2, PGD2, 

PGF2α, 6-ketoPGF1α, TXB2, LTB4, LTD4, LXA4, 5-HETE, 5-oxoETE, 8-HETE, 11-HETE, 12-

HETE, 12-oxoETE, 15-HETE, 15-oxoETE, 20-HETE, 7(S)-Maresin-1, Protectin D1, Resolvin 

D1, and Resolvin D2. Oxylipid concentrations in tissue were normalized per mg of tissue 

processed and milk oxylipids were normalized per μL of milk processed. The limit of detection 

was determined by spiking samples with known standard concentrations of each oxylipid and 

found to be 0.01 ng/μL, the lowest point of each standard curve. Additionally, the following 

ratios were calculated: 5-HETE:5-oxoETE, 12-HETE:12-oxoETE, 15-HETE:15-oxoETE, 9-

HODE:9-oxoODE, 13-HODE:13-oxoODE, and 13-HODE:9-HODE.  Ratios were calculated to 

determine the change, if any, in degree of metabolism or enzymatic versus non-enzymatic 

oxidation (Raphael et al., 2014). Pro- and anti-inflammatory oxylipids quantified were chosen 

based on previous research in bovine inflammation models (Anderson et al., 1986; Atroshi et al., 

1987; Contreras et al., 2012a; Contreras et al., 2012b; Raphael et al., 2014). 

 

13-HODE and 13-HPODE stimulation of bovine mammary endothelial cells (BMEC) for 

COX-2 mRNA expression  

The BMEC were isolated from the supra-mammary artery of healthy dairy cows based on limited 

dilution cloning techniques described previously (Aherne et al., 1995). The 13-HPODE was 

prepared using the procedure outlined in section 2.4.1. The 13-HODE was purchased from 

Cayman Chemicals (, Ann, Arbor, MI). The BMEC were exposed to several doses of 13-HPODE 

or 13-HODE in the current study based on previous reports (Setty et al., 1987; Friedrichs et al., 
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1999; Trigona et al., 2006). For 13-HODE and 13-HPODE exposure, BMEC were used from 

passage 8 through passage 10 in F12K medium containing 10% fetal bovine serum (FBS), 

100U/mL antibiotic/antimycotic solution, 20 mM HEPES buffer, 10 μg/l insulin, 100 μg/ml 

heparin, 5 μg/ml transferrin and 10 ng/ml sodium selenite. Prior to 13-HODE or 13-HPODE 

stimulation, BMEC were seeded on 100 mm culture dishes at 2 x 106 cells/mL and in 96-well 

dishes at 1 x 104 cells/mL for cell viability.  Approximately 12 h later, 10% FBS F12K media 

was replaced with 5% FBS F12K media with all other ingredients remaining the same. After 4 h 

of media replacement, BMEC were stimulated with 13-HODE for 1, 2, 4, and 8 h or 13-HPODE 

for 2 and 4 h. The 13-HODE doses tested were 1, 10, 50, and 100 μM. The 13-HPODE doses 

tested were 2, 10, and 30 μM. Lipopolysaccharide (LPS, Sigma-Aldrich, St. Louis, MO) at 25 

ng/μL for 2 h was used as a positive control. Cell viability was measured using the CellTiter-

Glo® luminescent cell viability assay (Promega, Madison, WI) according to manufacturer’s 

protocol and previous research (Contreras et al., 2012a). Total RNA was isolated using the 

RNeasy Mini Kit (Qiagen, Venlo, Limburg) following the manufacturer’s protocol. Samples 

were run in triplicate and RPS9, TATA-box binding protein (TBP), and phosphoglycerate kinase 

1 (PGK1) were endogenous controls. Gene expression was calculated using the ΔCt method for 

statistical analysis and also using the 2-ΔΔCt method for graphical purposes (Mattmiller et al., 

2014). All bovine primers used in the current study are displayed in Table 1.   

 

Preparation of 13-HPODE. The 13-HPODE was prepared according to previous 

research with some modifications on a Shimadzu LC-photo diode array detector system (Kyoto, 

Japan) (Funk et al., 1976). Briefly, 50 mg of LA (Sigma-Aldrich, St. Louis, MO) was stirred 

with 300,000 U of soybean lipoxidase type V (Sigma-Aldrich, St. Louis, MO) in 30 mL 0.15M 
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(pH 9) sodium borate buffer for 1 h on ice. The reaction was quenched to pH 3 with 1N HCl and 

60 mL HPLC diethyl ether was added. The extracts were washed with 30 mL water and dried 

over magnesium sulfate to remove water. Extracts were resuspended in 2 mL of mobile phase 

solution which consisted of HPLC-grade hexane:isopropanol (96.1:3.9 v/v) The extracts were 

injected in 200 μL aliquots onto a 250 x 4.6 mm Luna column (Phenomenex, Torrence, CA) at 

room temperature and the prepared 13-HPODE fraction was collected based on pre-injected 13-

HPODE standard (Cayman Chemical, Ann Arbor, MI). The method used an isocratic mobile 

phase with a flow rate was 6 mL/min and a retention time of approximately 4 min for 13-

HPODE at 234 nM. A linear 13HPODE (Cayman Chemical, Ann Arbor, MI) standard curve 

(0.096 μM-60 μM) was generated using a 150 x 4.6 Silica normal phase column (Phenomenex, 

Torrence, CA). The isocratic mobile phase was the same as for preparation of 13-HPODE and 

the flow rate was 1 mL/min. The prepared 13-HPODE fraction injected in a 20 μL aliquot and 

was quantified based on its peak area compared to the standard curve at approximately 4 min. At 

the time of experiment, solvent was dried and 13-HPODE was resuspended in serum-free F12k 

media for cell application.         

 

Statistical analysis 

Statistical analyses to determine temporal changes in milk SCC, rectal temperature, milk 

bacterial CFU, and milk production were performed for each experimental group using the 

MIXED procedure of SAS (SAS Inst Inc., Cary, NC) with time as a repeated measure and cow 

as a random effect. Least square mean differences were adjusted by the Tukey-Kramer method. 

Significant ANOVA results were further analyzed by the Student’s t-test at specific time points. 

Statistical analyses to determine differences in tissue oxylipids between uninfected and S. uberis-
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infected mammary tissue was performed using unpaired Student’s t-tests. To determine if there 

were any temporal differences in milk oxylipid profiles across time in S. uberis-infected cows, 

oxylipid concentrations were tested using the MIXED procedure of SAS (SAS Inst Inc., Cary, 

NC) with time as repeated measure and cow as a random effect. Least square mean differences 

were adjusted by the Tukey-Kramer method. Significant ANOVA results were further analyzed 

by the Student’s t-test at specific time points. To compare milk oxylipid concentrations from 

cows that failed to establish a S. uberis infection versus cows did establish an intramammary 

infection unpaired Student’s t-tests were performed for each time point (d 0, d 3, and d 7). The 

mRNA expression data from mammary tissue was analyzed by Student’s t-tests using the ΔCt to 

determine differences between uninfected control tissue and S. uberis-infected mammary tissue. 

The mRNA expression data from BMEC exposed to 13-HODE and 13-HPODE was analyzed by 

ANOVA (SAS Inst Inc., Cary, NC) using the ΔCt to determine differences between doses and 

time points. Least square mean differences were adjusted by the Tukey-Kramer method. 

Significance was declared at P ≤ 0.05 for all tests.      

 

Results 

Clinical signs of intramammary infection following S. uberis challenge  

S. uberis-infected cows challenged in both models demonstrated clinical symptoms, including 

appearance of abnormalities in the mammary gland and milk, approximately 3.5 d following 

intramammary challenge. Though milk somatic cell count and milk S. uberis CFU numerically 

increased following S. uberis challenge in all infected cows, there was not a significant change.  

However, peak rectal temperature was significantly increased to 40.6±0.3271°C and 

40.7±0.5320°C in early-lactation and mid-lactation dairy cows, respectively, infected with S. 
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uberis compared to d 0. Milk yield did not significantly change following challenge in cows 

challenged with S. uberis relative to d 0 (prior to challenge).  Uninfected cows did not display 

clinical symptoms during the challenge periods.  

 

Mammary tissue oxylipid profiles in S. uberis-infected mammary tissue  

All 26 oxylipids measured were detected in tissue samples taken from dairy cows challenged 

with S. uberis 0140J (Table 3 and Figure 2A,B). The biosynthesis of PGE2, PGF2α, 6-keto-

PGF1α, 5-oxoETE, 9-HODE, and 13-HODE was greater in S. uberis-infected tissue compared to 

uninfected tissue (Figure 2A and B). Similarly, the 9-HODE:9-oxoODE ratio was higher in S. 

uberis-infected tissue samples in comparison to uninfected tissue (Figure 2C).  

 

A significant increase in the mRNA expression of pro-inflammatory cytokines (IL-6 and IL-1β) 

and adhesion molecules ICAM-1, VCAM-1, and E-selectin was observed in S. uberis-infected 

tissue (Figure 3A). Similarly, there was a significant increase in COX-2 mRNA expression in S. 

uberis–infected mammary tissue (Figure 3B). The mRNA expression of other oxylipid 

biosynthetic enzymes (15-LOX-1, 5-LOX, and COX-1) did not significantly change following S. 

uberis challenge.  

 

Milk oxylipid profiles in S. uberis-challenged dairy cows 

In total, 23 out of 26 measured oxylipids were detected in milk samples (Table 4 and 5) with 

lipoxin A4, 7(S)-Maersin-1, and 12-oxoETE not detected in milk samples. Unexpectedly, no 

significant temporal changes in oxylipid biosynthesis were observed following the establishment 

of S. uberis mastitis (n=5) in the current study. Because there was a subset of cows that did not 
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establish an infection after S. uberis intramammary challenge (n=3) in the current study, oxylipid 

biosynthesis was compared on d 0, 3 d post-challenge, and 7 d post-challenge between cows that 

established infection and those that did not following challenge. The biosynthesis of HODE (9- 

and 13-HODE collectively) was significantly increased 7 d post-challenge in cows that 

established S. uberis mastitis following challenge compared to cows that did not establish a S. 

uberis intramammary infection (Figure 4A).  In contrast, the 13-HODE:13-oxoODE ratio and 

13-HODE:9-HODE ratio was significantly increased on the d of challenge and also 3 d post-

challenge in cows that did not establish an intramammary infection (Figure 4B and C). The 

concentration of 6-keto PGF1α was greater prior to challenge (d 0) in milk from cows that failed 

to establish a S. uberis infection compared to those that did (Figure 5A), whereas 11-HETE was 

greater prior to challenge (d 0) in milk from cows that established an intramammary infection 

compared to those that did not (Figure 5B). 

 

Response of BMEC following 13-HODE and 13-HPODE exposure 

After 8 h of exposure to 13-HODE, BMEC viability decreased by 5%, 3%, and 13% during 10, 

50, and 100 μM exposure, respectively. However, there was not a significant change in the 

mRNA expression of COX-2 at any dose (1, 10, 50, or 100 μM) or time point (1, 2, 4, or 8h) 

(Figure 6A). The results were consistent with the additional doses and time points. The mRNA 

response following 2h LPS exposure (positive control) was significantly increased. After 4 h of 

exposure to 13-HPODE, there was a significant decline in viability by 13, 16, and 21% for 2, 10, 

and 30 μM, respectively. There was a significant increase in COX-2 mRNA expression after 4 h 

exposure to 30 μM 13-HPODE (Figure 6B). There was a similar increase in COX-2 mRNA 
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expression following 2 h exposure to LPS (positive control). There was no significant difference 

at 2 h for any dose and 2 and 10 μM for 4 h.     

 

Discussion  

The current study provides a unique perspective on how oxylipid profiles change at the onset of 

clinical mastitis in tissue and the temporal expression of oxylipids in milk. In the present study, 

S. uberis-challenged cows displayed clinical symptoms of disease, which was consistent with 

mRNA expression of several pro-inflammatory markers. Thus, it was expected to find significant 

changes in oxylipid biosynthesis following S. uberis intramammary challenge. Indeed, oxylipids 

derived from different fatty acid substrates (AA and LA) and oxidation pathways (enzymatic and 

non-enzymatic) were detected and significantly increased. A change in oxylipids from various 

PUFA sources illustrates the complexity of oxylipid biosynthesis in this targeted LC/MS array 

consisting of 26 oxylipids.  It is fathomable that an expanded lipidome may demonstrate 

additional substrates and pathways sensitive to bacterial challenge in the bovine mammary gland.  

 

The findings in the current study are consistent with data from murine infection models 

suggesting a robust and rapid increase in oxylipid biosynthesis during the initial stages of the 

inflammatory response coincides with onset of clinical disease (Blaho et al., 2009; Balvers et al., 

2012; Tam et al., 2013).  Of those oxylipids measured at the onset of clinical symptoms, 

similarities between the profiles in the current study and previous murine bacterial challenge 

models, such as PGE2 and 5-oxoETE, suggest the involvement of similar biosynthetic pathways 

during initial inflammatory responses (Blaho et al., 2009; Balvers et al., 2012). However, a 

murine endotoxin challenge model highlighted the differences in oxylipid profiles depending on 
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the sample type, i.e. various tissues and plasma (Balvers et al., 2012). Comparably, in the present 

study there were no temporal changes in oxylipid biosynthesis in milk during S. uberis mastitis, 

which is in contrast to tissue oxylipid profiles from S. uberis-infected cows. One explanation for 

the difference in tissue and milk oxylipid profiles is the potential source of the lipid mediators. 

Mammary tissue samples are composed primarily of epithelial cells, leukocytes, endothelial 

cells, few myoepithelial cells, and lipid-rich membranes fragments from damaged cells.  Thus, 

intracellular oxylipids from various cell types, intracellular oxylipids transported extracellularly 

by fatty acid binding proteins, and oxylipids esterified to membrane fragments are quantifiable in 

mammary tissue (Dickinson Zimmer et al., 2004). In contrast, milk oxylipid profiles would 

represent a smaller, more specific selection of oxylipids in the mammary gland, i.e., oxylipids 

synthesized intracellularly then transported into the alveolar lumen by fatty acid binding proteins 

and oxylipids esterified to fragments of membranes. Additionally, some oxylipids may be 

formed while the fatty acid substrate is still esterified to the lipid membrane or formed in the 

cytosol and reincorporated into the lipid membrane (Kozak et al., 2002; Morgan et al., 2009). For 

example, murine peritoneal macrophages synthesize phospholipid-esterified 12-HETE following 

in vitro calcium ionophore stimulation and in lung inflammation in an in vivo murine model 

(Morgan et al., 2009). Additionally, previous research demonstrates the ability for some cell 

types, such as porcine coronary endothelial cells, to incorporate 20-HETE into the phospholipid 

membrane (Kaduce et al., 2004). Thus, esterified oxylipids would not be transported into the 

ductal lumen of alveoli and, as such, not detected in milk. Further mastitis studies quantifying 

oxylipid profiles would benefit from obtaining several different sample types during disease to 

understand how local mammary inflammation may change oxylipids in plasma, urine, milk, and 

mammary tissue. Identifying the appropriate samples indicative of disease pathology is important 
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for identifying lipid biomarkers of disease and any potential therapies that may arise as a result 

of lipidomic profiling.  

 

In addition to differences in sample type, the method of oxylipid quantification and experimental 

design in this study compared to earlier trials also warrants discussion. In the current study, there 

were no changes in the temporal expression of oxylipids in milk; however, past mastitis studies 

demonstrated robust increases in several AA-derived oxylipids including prostaglandins, lipoxin, 

leukotriene, and thromboxane (Giri et al., 1984; Anderson et al., 1986; Atroshi et al., 1987; 

Atroshi et al., 1990). However, previous studies utilized antibody-based radioimmunoassays and 

enzyme-linked immunosorbent assays to quantify oxylipids (Maskrey and O'Donnell, 2008). 

Antibodies may cross-react among oxylipids due to subtle structural differences among oxidized 

lipids, which could result in overestimation of oxylipid concentrations (Il'yasova et al., 2004).  

Thus, it is not surprising that results in the current study did not support previous reports. 

Furthermore, earlier mastitis trials quantified oxylipids during naturally occurring mastitis or 

gram-negative pathogen-induced mastitis, which does not allow for initial bacterial counts or 

assessment of oxylipid profiles during the progression of infection (Giri et al., 1984; Zia et al., 

1987; Atroshi et al., 1990). Because oxylipids are both rapidly produced and rapidly metabolized 

into different metabolites, a challenge model that can control dose and time of challenge offers a 

clearer picture of oxylipid dynamics during disease 

 

While advancements in our understanding of the field of oxylipid biosynthesis are evident, the 

contribution that different bacterial strain may have on oxylipid profiles during disease is 

unclear.  In the current study, a different encapsulated S. uberis strain was utilized in each model; 
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however, the onset of clinical disease and associated symptoms in infected cows were similar. 

Murine viral infection and sepsis models demonstrate dissimilar oxylipid profiles following 

challenge with strains having low pathogenicity versus high pathogenicity, but there are 

currently no studies that explore if different bacterial strains induce distinct oxylipid biosynthesis 

yet similar clinical outcomes (Chiang et al., 2012; Tam et al., 2013). While the two strains of S. 

uberis in the present study caused similar clinical symptoms at about 3.5 d, knowing distinct 

profiles induced by various bacterial strains would be important for tailoring dietary and 

pharmacologic treatment according to predominant mastitis-causing strains in dairy herds. 

 

Regardless of differences in oxylipid profiles from milk and tissue, the predominance of LA-

derived metabolites (HODE and oxoODE) was consistent between models in all control and 

challenged cows. The predominance of HODE and oxoODE was not surprising given the LA-

rich diet that dairy cows and humans consume (Ramsden et al., 2012; Raphael et al., 2014). With 

respect to significant changes in S. uberis-infected mammary tissue, increase in total 9- and 13-

HODE also may be a reflection of increased HPODE that is rapidly reduced to the hydroxyl form 

related to its instability (Sandstrom et al., 1995; Friedrichs et al., 1999; Aitken et al., 2011a). 

Exposure to HPODE, especially 13-HPODE, induced apoptosis in T cells and endothelial cells 

suggesting 13-HPODE is particularly detrimental to cell survival and tissue health (Sandstrom et 

al., 1995; Tampo et al., 2003). Linoleic acid-derived HODE isomers, 9- and 13-, can further be 

metabolized by NAD+ dehydrogenation to 9- and 13-oxoODE resulting in potent anti-

inflammatory oxylipids (Bull et al., 1996; Nagy et al., 1998). In epithelial cells and macrophages, 

the oxoODEs robustly activate PPARγ, which contributes to limiting pro-inflammatory 

responses by reducing the expression of pro-inflammatory cytokines (Nagy et al., 1998; Altmann 
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et al., 2007). Thus, the increased 9-HODE:9-oxoODE ratio in infected tissues following S. uberis 

0140J challenge reflects an accumulation of unstable HPODE and stable HODE, as well as 

reduced metabolism to anti-inflammatory oxoODE. Previous studies suggest that prolonged 

availability of HPODE and HODE, and less oxoODE, may result in an inability to control 

inflammation (Vangaveti et al., 2010). As such, the extent of LA metabolism may influence the 

inflammatory response by impacting vascular barrier integrity and function. In the bovine 

mammary gland, an inability to resolve inflammation may lead to death of endothelial cells and 

would allow increased exchange of plasma components contributing to edema and mammary 

tissue damage (Ereso et al., 2009).  

 

Though there is some evidence to suggest that LA-derived oxylipids modify vascular function, it 

is unknown how they contribute to mastitis pathogenesis and affect vascular phenotype. To 

address the direct impact of the most prevalent oxylipid identified from the present in vivo data 

on vascular phenotype, primary BMEC were exposed to 13-HPODE and 13-HODE, following 

which COX-2 mRNA expression was quantified. Expression of COX-2 is highly inducible in 

response to extracellular and internal pro-inflammatory stimuli, such as NF- κB activation, 

hypoxia, and ROS (Schmidt et al., 1995; Schmedtje et al., 1997; Meade et al., 1999). There was 

a significant increase in COX-2 mRNA expression following 4 h exposure to 30 μM 13-HPODE, 

whereas there were no significant changes in COX-2 mRNA expression following 13-HODE 

exposure. The significant increase in COX-2 mRNA expression following 4 h exposure to 30 

μM 13-HPODE, suggests 13-HPODE acts as a pro-inflammatory oxylipid in inducing COX-2 

expression compared to the reduced 13-HODE. Similarly, previous studies in human colorectal 

cells showed that LA hydroperoxides, which includes 9- and 13-HPODE, significantly increase 
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COX-2 mRNA (Jurek et al., 2005). In contrast, Friedrichs et al. (Friedrichs et al., 1999) 

demonstrated a more robust response in human umbilical vein endothelial cell adhesion molecule 

expression following 13-HODE exposure in contrast to 13-HPODE exposure, however the 

timing and dose of 13-HPODE was higher (50 μM) than the current study (30 μM). A higher 

dose was not used in the current study because cell viability was compromised during longer 

periods of exposure. Further studies are needed to determine the extent of 13-HPODE and 13-

HODE effects on BMEC, however in vitro data suggest a future question to be addressed is 

whether an accumulation of HPODE results in more severe disease pathology, whereas rapid 

reduction to HODE protects tissue from damage. Furthermore, the ability of 13-oxoODE to 

ameliorate inflammation needs to be explored since there seems to be reduced metabolism 

during S. uberis mastitis. Identifying and targeting specific downstream enzymatic pathways 

(e.g., dehydrogenation to divert metabolism to oxoODE) could alter the balance of oxylipids, 

which may prove to be more efficacious than current approaches targeting major upstream 

enzymatic pathways, such as NSAID therapy. 

 

Differences in the ratio of pro-inflammatory to anti-inflammatory LA-derived oxylipids suggest 

the balance of oxylipids may be important in identifying cows at risk for disease or even 

modulating inflammation to mediate disease progression. In the present study, retrospective 

assessment of milk oxylipids from cows that were challenged and developed S. uberis mastitis 

could be compared to cows challenged but did not develop a S. uberis mammary infection to 

understand if profiles potentially contributed to disease resistance or disease progression. Indeed, 

the differences in the 13-HODE:9-HODE ratio, 6-ketoPGF1α, and 11-HETE prior to challenge 

and shortly after challenge in dairy cows that established mastitis versus those that did not 
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suggest that specific oxylipid profiles or instrumental factors in the microenvironment, might 

influence the inflammatory response after bacterial challenge. In the case of an increased 13-

HODE:9-HODE ratio, oxidation of LA by 15-LOX-1 primarily yields 13-HPODE, whereas 9-

HPODE is generally formed by non-enzymatic oxidation (Vangaveti et al., 2010). Increased 

abundance of 13-HODE compared to 9-HODE suggests greater 15-LOX-1 activity or enhanced 

antioxidant defenses thus reducing non-enzymatic oxylipid biosynthesis (Friedrichs et al., 1999; 

Vangaveti et al., 2010). Previous transcriptomic data from S. uberis-infected (wild-type strain 

233) mammary tissue revealed enhanced antioxidant defenses after challenge against damaging 

oxygen and nitrogen radicals; however, these data do not explain the differences prior to 

challenge in the current study (Swanson et al., 2009). Although conjecture, an increased 13-

HODE:9-HODE ratio, in advance of an inflammatory challenge, may be advantageous in 

limiting an overwhelming immune response that controls the infection and also protects the 

surrounding tissue. Tam et al. (2013) reported a significant increase in the 13-HODE:9-HODE 

ratio during the resolution phase in a murine model of influenza infection, whereas the opposite 

was true during the clinical phase, suggesting an increased 13-HODE:9-HODE ratio is reflective 

of a healthier microenvironment. Increased antioxidant defenses in advance of bacterial 

challenge also may be supported by lower 11-HETE biosynthesis as 11-HETE is generated by 

ROS and free radical-mediated non-enzymatic oxidation of AA. However, a bioactive role of 11-

HETE at the onset of inflammation remains to be determined. Perhaps, oxylipid profiles prior to 

challenge indicate the effectiveness of other systems, such as antioxidant enzymes and redox 

pathways, rather than acting as bioactive molecules.  
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Conclusion 

The profiling of oxylipids in veterinary medicine can be an effective way of assessing the 

dynamics of the inflammatory response to microbial challenges. However, the current study 

demonstrated differential oxylipid profiles during different stages of S. uberis mastitis and in 

different sample compartments, milk versus tissue. The current findings suggest that the choice 

of biological sample type may be important in understanding how oxidized lipids change in 

response to pathogen challenge. Furthermore, current technology using LC tandem electrospray 

ionization triple quadrupole MS is capable of quantifying close to 160 oxylipids in one sample, 

(Wang et al., 2014). Expanding the profile of oxylipids measured may enable identification of 

other key biosynthetic pathways, such as the CYP oxidation pathway, that may either optimize or 

impair mammary gland inflammatory responses (Mavangira et al., 2015). Though the current 

study identified differences in the effect of LA-derived oxylipids on endothelial function, future 

studies need to be done to determine if altering oxylipid profiles can in fact protect against the 

development of mastitis or protect the mammary gland from severe damage.  
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CHAPTER 3 

APOPTOSIS OF ENDOTHELIAL CELLS BY 13-HPODE CONTRIBUTES TO 

IMPAIRMENT OF ENDOTHELIAL BARRIER INTEGRITY 
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Abstract 

Inflammation is an essential host response during bacterial infections such as bovine mastitis. 

Endothelial cells are critical for an appropriate inflammatory response and loss of vascular 

barrier integrity is implicated in the pathogenesis of Streptococcus uberis-induced mastitis. 

Previous studies suggested that accumulation of 15-lipoxygenase-1 (15-LOX-1) oxygenation 

products of linoleic acid (LA) may contribute to vascular dysfunction. The initial 15-LOX-1 LA 

product, 13-hydroperoxyoctadecadienoic acid (HPODE), can induce endothelial death and the 

reduced metabolite, 13-hydroxyoctadecadienoic acid (HODE), can be abundantly produced 

during vascular activation. The relative contribution of specific LA-derived metabolites on 

impairment of mammary endothelial integrity is unknown. Our hypothesis was that S. uberis-

induced LA-derived 15-LOX-1 oxygenation products impair mammary endothelial barrier 

integrity by apoptosis. Exposure of bovine mammary endothelial cells (BMEC) to S. uberis did 

not increase 15-LOX-1 LA metabolism. However, S. uberis challenge of bovine monocytes 

demonstrated monocytes may be a significant source of 13-HODE. Exposure of BMEC to 13-

HPODE, but not 13-HODE, significantly reduced endothelial barrier integrity and increased 

apoptosis. Changing oxidant status by co-exposure to an antioxidant during 13-HPODE 

treatment prevented adverse effects of 13-HPODE, including amelioration of apoptosis. A better 

understanding of how the oxidant status of the vascular microenvironment impacts endothelial 

barrier properties could lead to more efficacious treatments for S. uberis mastitis.  

Keywords: 13-hydroperoxyocatadecadienoic acid, endothelial cells, barrier integrity, apoptosis 
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Introduction 

Inflammation contributes to a variety of human and veterinary diseases, including mastitis. 

Bovine mastitis caused by Streptococcus uberis results in severe damage to milk-producing 

tissues as a result of an uncontrolled inflammatory response. Previous clinical and 

histopathological data suggested disruption of the endothelial barrier contributed to disease 

pathology. For example, S. uberis intramammary challenge studies reported a loss in the blood-

milk barrier as indicated by a sustained increase of plasma proteins in milk (Bannerman et al., 

2004a). Similarly, histopathological analysis demonstrated that neutrophils accumulated in 

mammary tissue up to several days after S. uberis intramammary challenge indicating an 

inability of the endothelium to limit leukocyte influx across the blood-milk barrier (Thomas et 

al., 1994, de Greeff et al., 2013). Subcutaneous edema after intramammary S. uberis challenge 

also indicated an inability to preserve a selectively permeable vascular barrier (Pedersen et al., 

2003). The mechanisms that may cause endothelial dysfunction during S. uberis mastitis are 

undefined, but some fatty acid-derived oxylipids were implicated in contributing to development 

of dysfunctional endothelial responses (Sordillo et al., 2005, Szklenar et al., 2013).  

 

Oxylipids are synthesized from esterified PUFA that are cleaved from the phospholipid 

membrane by cytosolic phospholipase A2. Cleaved PUFA are often oxidized through several 

different enzymatic pathways including 15-lipoxygenase (15-LOX) (Morrow et al., 1990, 

Buczynski et al., 2009). Initial enzymatic oxygenation products can be further enzymatically 

metabolized by a variety of down stream enzymes including hydrolases and dehydrogenases 

(Schmelzer et al., 2005, Altmann et al., 2007). Additionally, initial oxygenation products during 

oxylipid biosynthesis may be reduced depending on the redox status of the cellular environment. 
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For example, enzymatic oxidation of linoleic acid (LA) by 15-LOX-1 predominately yields 13-

hydroperoxyoctadecadienoic acid (13-HPODE) and can be reduced to 13-

hydroxyoctadecadienoic acid (13-HODE) by antioxidants/reducing agents, such as the 

glutathione (Kuhn et al., 2015). Dehydrogenation of 13-HODE to an anti-inflammatory 13-

oxooctadecadienoic acid (13-oxoODE) can occur by the action of NADPH-dependent fatty acid 

dehydrogenases (Altmann et al., 2007).  Since LA oxidation and metabolism is a sequential 

process, 13-HPODE biosynthesis is required for the subsequent generation of 13-HODE and 13-

oxoODE. Current literature supports an important role for some LA-derived 15-LOX-1 oxylipids 

in a normal inflammatory response (Henricks et al., 1991, Friedrichs et al., 1999, Dwarakanath et 

al., 2004). However, previous data also suggested 13-HPODE biosynthesis induced death of 

various cell types and was associated with severe inflammatory-based diseases (Haimovitz-

Friedman et al., 1997, Hasdai et al., 1999).  

 

A recent study proposed that LA-derived oxylipids may be responsible for contributing to S. 

uberis pathogenesis (Ryman et al., 2015). Authors specifically highlighted the potential 

contribution of the 15-LOX-1 oxidation pathway to disruption of the endothelial barrier (Ryman 

et al., 2015). Various studies showed that 13-HODE induced vascular activation and could play a 

role in regulating endothelial barrier integrity during inflammation (Buchanan et al., 1985, 

Szklenar et al., 2013). The initial 15-LOX-1 LA oxygenation product, 13-HPODE, was 

implicated in contributing to apoptosis of endothelial cells, which could be a key event 

contributing to endothelial dysfunction (Tampo et al., 2003, Dhanasekaran et al., 2004, 

Dhanasekaran et al., 2005). However, the capacity of specific LA oxygenation products to 

compromise the mammary endothelial barrier during S. uberis mastitis is unknown. Thus, the 
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hypothesis for the current study was that S. uberis-induced LA-derived 15-LOX-1 oxygenation 

products impair mammary endothelial barrier integrity by apoptosis. 

  

Materials and Methods 

Reagents 

High performance liquid chromatography (HPLC)-grade acetonitrile, HPLC-grade methanol, 

formic acid, sodium selenite, insulin, heparin, transferrin, ethylenediaminetetraacetic acid 

(EDTA), triphenylphosphine (TPP), sodium selenite, soybean lipoxidase type V, and linoleic 

acid were purchased from Sigma–Aldrich (St. Louis, MO). Diethyl ether and butylated hydroxy 

toluene (BHT) were purchased from ACROS Organics (Fair Lawn, NJ). YOPRO®-1 and 

propidium iodide stains were from Thermo Fisher Scientific (Waltham, MA). 

Antibiotics/antimycotics, trypsin-EDTA, glutamine, and bovine collagen were from Life 

Technologies (Carlsbad, CA). All bovine Taqman® primers were purchased from Applied 

Biosystems (Foster City, CA). Deuterated oxylipid standards, nondeuterated oxylipid standards, 

and indomethacin were purchased from Cayman Chemical (Ann Arbor, MI). Magnesium sulfate 

was purchased from Avantor Performance Materials, Inc. (Central Valley, PA) and sodium 

borate from Fisher Science Education (Nazareth, PA). Fetal bovine serum was purchased from 

Hyclone Laboratories, Inc. (Logan, Utah). The HEPES buffer, HAM’s F-12k, and RPMI 1640 

was from Corning Inc. (Corning, NY). 

 

Preparation of Streptococcus uberis for in vitro challenge 

Streptococcus uberis was streaked on a blood agar plate to enable collection of 3 pure colony 

forming units (CFU). The 3 CFU were added to 100 mL RPMI 1640 medium containing 5% 
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fetal bovine serum (FBS), 300 mg/mL L-glutamine, and 0.1 μM sodium selenite. The suspension 

was shaken at 37°C for 13 hr to exponential growth phase. For BMEC challenge experiments, 

the bacterial suspension was centrifuged at 11,000 x g for 30 min at 4°C. After centrifuging, the 

supernatant was filtered through a filter with a pore size of 0.22 μM. For monocyte challenge 

experiments, filtered supernatant was utilized as described and also bacterial suspension was 

heat-killed in a 65°C water bath for 45 min.  

 

Isolation and culture of primary bovine mammary endothelial cells (BMEC) 

Mammary endothelial cells were collected from the supra-mammary artery of healthy Holstein 

dairy cows based on techniques described previously (Aherne et al., 1995). The BMEC were 

purified by limited cloning techniques and then cultured in Ham's F-12K medium containing 

10% FBS, 20 mM HEPES, antibiotics and antimycotics (100 U/mL consisting of penicillin, 

streptomycin, and amphotericin B), heparin (100 μg/mL), insulin (10 μg/mL), transferrin (5 

μg/mL), and sodium selenite (10 ng/mL). Cells were revived from liquid nitrogen at pass 4 and 

used up to passage 10. For experiments involving exposure to S. uberis, cells were seeded the 

day before at 2.5 × 106 cells/100 mm cell culture dish. The S. uberis supernatant was diluted 1:3 

for challenge and BMEC were incubated for 4 hr and 36 hr at 37°C. Lipopolysaccharide (LPS) at 

25 ng/mL was added for 4 hr as a positive control. 

 

Isolation and culture of primary bovine monocytes 

Peripheral blood mononuclear cells (PBMC) were collected from healthy Holstein dairy cows by 

methods previously described (Contreras et al., 2010). Primary monocytes were isolated from 

PBMC by the plate adherence method in RPMI 1640 medium containing 5% fetal bovine serum 
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(FBS), 300 mg/mL L-glutamine, antibiotics and antimycotics (100 U/mL consisting of penicillin, 

streptomycin, and amphotericin B), and 0.1 μM sodium selenite (O'Boyle et al., 2012).  The 

PBMC and monocytes were collected and prepared fresh for each replicate. For S. uberis 

challenge of monocytes, PBMC were seeded the day of at 8 × 107 cells/100 mm cell culture dish 

with approximately 10% cell adherence after 3 hr and 3 subsequent washes. After the washes, 

either S. uberis supernatant or heat-killed S. uberis was added for 4 hr and 36 hr. The multiplicity 

of infection for heat-killed S. uberis challenge was an average of 54:1. The S. uberis supernatant 

was diluted 1:3 for challenge. Monocytes were incubated for 4 hr and 36 hr at 37°C. 

Lipopolysaccharide at 25 ng/mL was added for 4 hr as a positive control. 

 

Primary BMEC and monocyte mRNA quantification 

Total mRNA was isolated with the RNeasy Mini Kit (Qiagen, Venlo, Limburg) following the 

manufacturer’s instructions. Samples were run in triplicate with β-actin, TATA-box binding 

protein (TBP), and phosphoglycerate kinase 1 (PGK1) as endogenous controls. Target genes to 

assess BMEC inflammatory phenotype were cyclooxygenase-2 (COX-2), 15-LOX-1, vascular 

cell adhesion molecule-1, intercellular adhesion molecule-1, and intereukin-8 (IL-8). Thermal 

cycling conditions for BMEC were as follows: 95 °C for 20 s; stage 2, 95 °C for 3 s; stage 3, 

60 °C for 30 s; with 40 replications through stages 2 and 3. Primary monocyte cDNA required 

amplification and was amplified using TaqMan PreAmp Kit (Applied Biosystems Inc.). Target 

genes to assess monocyte inflammatory phenotype were COX-2, 15-LOX-1, inducible nitric 

oxide synthase (iNOS), IL-10, and IL-6. Thermal cycling conditions for monocytes were as 

follows: stage 1: 50°C for 2 min, stage 2: 95°C for 10 min, stage 3: 95°C for 15 s, and stage 4: 

60°C for 1 min, with 40 replicates of stages 3 and 4. Gene expression was calculated using the 
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ΔCt method for statistical analysis and also using the 2−ΔΔCt method for graphical purposes 

(Aitken et al., 2011b, Raphael et al., 2014).  

 

Extraction and quantification of oxylipids 

Oxylipids were extracted from the supernatant after S. uberis challenge in monocytes and BMEC 

based on techniques previously described (Mattmiller et al., 2014).  Briefly, supernatant was 

collected and an antioxidant reducing agent at 4 μL/mL and a mixture of internal standards 

containing 0.01% formic acid was added. Antioxidant and reducing agent was prepared with 

50% MeOH, 25% EtOH, and 25% HPLC-grade water containing 0.54 mM EDTA 0.9 mM BHT, 

3.2 mM TPP, and 5.6 mM indomethacin. The internal standards mixture contained the following 

deuterated oxylipids (0.1 ng/μL, 10 ng total): LTB4-d4, TxB2-d4, PGF2α-d4, PGE2-d4,PGD2-d4, 13(S)-

HODE-d4, 6-keto PGF1α-d4, 9(S)-HODE-d4, 12(S)-HETE-d8, 15(S)-HETE-d8. The solution was 

brought up to 60% (v/v) methanol to facilitate protein precipitation. Samples were centrifuged at 

4000 x g for 30 min at 4 °C. Supernatant was aspirated and diluted to 5% (v/v) methanol and 

kept cold prior to extraction through column cartridges Prior to passing samples, the 

Phenomenex Strata-X 33u Polymeric Reverse-Phase Columns (500 mg/12 ml, Phenomenex, 

Torrance, CA) were conditioned with 6 ml methanol then 6 ml water. After conditioning, 

samples were run through the column and then washed with 40% methanol. The column was 

dried completely and then oxylipids were eluted from the columns in methanol/acetonitrile 

(50:50; v/v). Samples were dried in a Sevant SVD121P SpeedVac (Thermo Scientific, Waltham, 

MA), resuspended in acetonitrile/water/formic acid (37:63:0.02; v/v/v) and centrifuged at 14,000 

x g for 30 min. Supernatant was aspirated and transferred to chromatography vials prior to liquid 
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chromatography-mass spectrometry (LC-MS) quantification. Oxylipids were quantified 

according to previously described methods (Ryman et al., 2015). 

 

Preparation of 13-HPODE 

The 13-HPODE was prepared according to previous reports with modifications on a Shimadzu 

LC-photo diode array detector system (Kyoto, Japan) (Funk et al., 1976). Briefly, 30 mL 0.15 M 

(pH 9) sodium borate buffer was mixed with 50 mg of LA and 300,000 U of soybean lipoxidase 

type V. The suspension was stirred for 1 h on ice. The oxidation reaction was stopped by 

lowering the pH to 3 with 1N HCl. Immediately, 60 mL HPLC diethyl ether was added and 

extracts were washed with 30 mL water. After separation and dispensing of water, the extracts 

were dried over magnesium sulfate to remove remaining water. Extracts were resuspended in 

2 mL of HPLC-grade hexane:isopropanol (96.1:3.9 v/v) and injected in 200 μL aliquots onto a 

250 × 4.6 mm Luna column (Phenomenex, Torrence, CA) at room temperature. The prepared 13-

HPODE fraction was collected based on pre-injected 13-HPODE standard. The method used an 

isocratic mobile phase (hexane:isopropanol, 96.1:3.9 v/v) with a flow rate was 6 mL/min. A 

linear 13-HPODE standard curve (0.48–300 μM) was generated on a reverse-phase LC on a 

Waters Acquity UPLC BEH C18 1.7 μM column (2.1 × 100 mm). The flow rate was 0.6 mL/min 

at 35 °C and the quadropole MS was in electrospray negative ionization mode. The voltage was 

−3 kV with the turbo ion spray source temperature at 450 °C. The mobile phase was 

acetonitrile:MeOH:water:formic acid (47.4:15.8:26.8:0.01 v/v/v/v) and had an analysis time of 

10 min. The concentration of 13-HPODE in the synthesized and collected fraction was quantified 

by Waters Empower Z software (Waters, Milford, MA) according to the 5-point standard curve. 
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Electric Cell-Substrate Impedance Sensing assay: Endothelial barrier integrity 

For assessment of endothelial barrier integrity, BMEC were plated on bovine collagen-coated 

wells with gold electrodes and grown to confluence. Electric currents passing through the 

monolayer were continuously measured by the Electric Cell-Substrate Impedance Sensing 

system (ECIS, Applied Biophysics, Inc., Troy, NY). Approximately 4-6 hr prior to treatment 

addition, media was changed to 0% FBS Ham’s F12k media containing 20 mM HEPES, 

antibiotics and antimycotics (100 U/mL consisting of penicillin, streptomycin, and amphotericin 

B), heparin (100 μg/mL), insulin (10 μg/mL), transferrin (5 μg/mL), and sodium selenite (10 

ng/mL). Resistance across the monolayer was monitored up to 24 hr after treatment addition. 

Resistance was normalized to the time point immediately prior to treatment addition.  

 

Measurement of apoptosis and necrosis 

Apoptosis and necrosis was measured using by co-staining with YOPRO®-1 and propidium 

iodide from a commercial kit (Thermo Fisher Scientific, Waltham, MA). Briefly, BMEC were 

seeded in 100 mm cell culture dishes overnight. The media was then changed to 0% FBS media 

containing 20 mM HEPES, antibiotics and antimycotics (100 U/mL consisting of penicillin, 

streptomycin, and amphotericin B), heparin (100 μg/mL), insulin (10 μg/mL), transferrin (5 

μg/mL), and sodium selenite (10 ng/mL) for approximately 4 hr. Treatments were added for 6 hr 

and 24 hr depending on experiment. Fluorescence was determined by flow cytometry according 

to manufacturer’s protocols. Amount of apoptosis or necrosis was expressed as fold change over 

media control. Apoptosis was also measured by the Apo-ONE® Homogeneous Caspase-3/7 kit 

(Promega, Madison, WI) according to manufacturer’s protocols at 6 hr post-treatment. Amount 

of apoptosis or necrosis was expressed as fold change over media control. 
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Statistical analysis 

Differences in BMEC mRNA expression of select oxylipid biosynthetic enzymes, select 

adhesion molecules, and a chemotactic cytokine between respective time point controls and 

treatments (LPS and S. uberis supernatant) were determined by Student’s t-tests. Differences in 

oxylipid biosynthesis for BMEC between control and treatments at each time point were tested in 

the same manner. Similarly, differences in bovine monocyte mRNA expression of select oxylipid 

biosynthetic enzymes, a marker of monocyte activation, and inflammatory cytokines between 

respective time point controls and LPS treatments were determined by Student’s t-tests. 

Differences between control, S. uberis supernatant, and heat-killed S. uberis among time points 

was determined by ordinary one-way ANOVA with Tukey’s post hoc correction. Differences in 

oxylipid biosynthesis for bovine monocytes exposed to S. uberis supernatant and heat-killed S. 

uberis were tested in the same manner. To determine differences at specific points in normalized 

resistance for all barrier integrity experiments between control and 13-HPODE, 13-HODE, or 

LPS treatments, Mann-Whitney tests were performed. Fold change in apoptosis and necrosis 

(flow cytometry and caspase 3/7 activity) over control were determined by ordinary one-way 

ANOVA with Tukey’s post hoc correction. Effect of several doses of N-acetylcysteine co-

exposure with 13-HPODE was also tested by ordinary one-way ANOVA with Tukey’s post hoc 

correction. 
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Results 

S. uberis exposure induced inflammatory marker expression, but not oxylipid biosynthetic 

enzyme expression, in BMEC 

Oxylipid biosynthetic enzyme mRNA expression (COX-2 and 15-LOX-1) was not significantly 

increased after 4 hr or 36 hr exposure to S. uberis supernatant (Figure 7A & B). In contrast, the 

mRNA expression of ICAM-1 and IL-8 was significantly increased after 4 hr exposure to S. 

uberis supernatant and VCAM-1 mRNA expression was significantly increased after 36 hr 

exposure (Figure 7C, D, & E). Exposure to LPS (positive control) demonstrated a significant 

increase in all genes tested after 4 hr (Figure 7).    

 

BMEC 13-HODE and 13-oxoODE biosynthesis was not changed following S. uberis exposure  

Exposure to S. uberis did not induce any significant changes in 13-HODE and 13-oxoODE 

biosynthesis after 4 and 36 hr  (Figure 8A & B). Increased 13-oxoODE, but 13-HODE, was 

significant after 4 hr LPS exposure (Figure 8B). 

 

S. uberis exposure induced expression of inflammatory markers, including oxylipid 

biosynthetic enzyme expression, in bovine monocytes  

The mRNA expression of COX-2 was significantly upregulated by the following treatments and 

time points: 4 hr S. uberis supernatant, 4 hr heat-killed S. uberis, and 36 hr heat-killed S. uberis 

(Figure 9A). The mRNA expression of 15-LOX-1 was significantly upregulated the following 

treatments and time points: 4 hr S. uberis supernatant and 36 hr heat-killed S. uberis (Figure 9B). 

The mRNA expression of iNOS was significantly upregulated after 4 hr and 36 hr exposure to 

both S. uberis supernatant and heat-killed S. uberis (Figure 9C). The mRNA expression of IL-6 
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was significantly upregulated by the following treatments and time points: 4 hr S. uberis 

supernatant and 36 hr heat-killed S. uberis (Figure 9D). The mRNA expression of IL-10 was 

significantly upregulated after 4 hr exposure to heat-killed S. uberis (Figure 9E). Exposure to 

LPS demonstrated a significant increase in all genes tested after 4 hr (Figure 9).   

 

13-HODE, but not 13-oxoODE, biosynthesis by bovine monocytes was upregulated following 

heat-killed S. uberis exposure 

Increased 13-HODE, but not 13-oxoODE was significant after 36 hr heat-killed S. uberis 

exposure (Figure 10A). Exposure to S. uberis supernatant for 4 and 36 hr failed to induce 

significant changes in 13-HODE and 13-oxoODE biosynthesis (Figure 10A & B).  Similarly, 

bovine monocytes to LPS for 4 hr did not induce significant changes in 13-HODE and 13-

oxoODE biosynthesis. (Figure 10A & B). 

 

Mammary endothelial barrier integrity is decreased during 13-HPODE treatment 

Cultured endothelial barrier integrity was significantly decreased by 150 μM 13-HPODE from 2 

hr post-exposure until 12 hr post-exposure compared to media control at the respective time 

points (Figure 11A). A 6 hr time point and 24 hr time point was used for subsequent 

determination of apoptosis and necrosis following 13-HPODE treatment. Barrier integrity was 

unchanged during exposure to 100 μM 13-HODE (Figure 11B). Treatment of endothelial 

monolayers with 25 ng/mL LPS was the positive control for all ECIS experiments. Treatment 

with LPS consistently reduced barrier integrity within 2 hr post-treatment application (Figure 

11C). 
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Apoptosis and necrosis of BMEC was increased by 13-HPODE treatment 

Exposure of BMEC to 150 μM 13-HPODE for 6 hr significantly increased YOPRO®-1 staining 

over control indicating an increase in early apoptosis, whereas 0.5 μM and 30 μM 13-HPODE 

did not (Figure 12A). Similarly, exposure of BMEC to 150 μM 13-HPODE for 6 hr significantly 

increased propidium iodide staining over control indicating an increase in late apoptosis/primary 

necrosis, but 0.5 μM and 30 μM 13-HPODE did not (Figure 12B). There were no significant 

differences in apoptosis or necrosis after 24 hr 13-HPODE exposure (Figure 12C & D). 

Exposure to 2 mM H2O2 for 1 hr (positive control) demonstrated a significant increase 

YOPRO®-1 and propidium iodide staining (Figure 12A & B). Exposure of BMEC to 150 μM 

13-HPODE for 6 hr significantly increased caspase 3/7 activity but 0.5 μM and 30 μM did not 

(Figure 13). Exposure to 1 mM H2O2 for 6 hr (positive control) demonstrated a significant 

increase in caspase 3/7 activity (Figure 13).   

 

N-acetylcysteine ameliorates 13-HPODE-induced apoptosis and necrosis of BMEC  

Co-exposure of BMEC to 150 μM 13-HPODE and 3 doses of N-acetylcysteine (0.1 mM, 1 mM, 

and 10 mM) prevented 13-HPODE-induced early apoptosis as demonstrated by decreased 

YOPRO®-1 staining over control (Figure 14A). Co-exposure of BMEC to 150 μM 13-HPODE 

and 2 doses of N-acetylcysteine (1 mM, and 10 mM) prevented 13-HPODE-induced late 

apoptosis/early necrosis as demonstrated by decreased propidium iodide staining over control 

(Figure 14B). 
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N-acetylcysteine rescues 13-HPODE-induced impairment of endothelial integrity  

Co-exposure of BMEC monolayer to 150 μM 13-HPODE and 1 mM N-acetylcysteine prevented 

a significant decrease in endothelial barrier integrity compared to exposure of 150 μM 13-

HPODE alone (Figure 15). 

 

Discussion 

Endothelial cells play an active role in inflammation in response to recognition of bacteria and 

bacterial products. One way in which activated endothelial cells may mediate the inflammatory 

response is through the enzymatic production of oxylipids (Weaver et al., 2001, Sordillo et al., 

2005, Contreras et al., 2012b). Consistent with increased adhesion molecule expression in S. 

uberis-infected mammary tissue, our data demonstrated increased ICAM-1 and VCAM-1 

expression in BMEC following exposure to S. uberis supernatant (Ryman et al., 2015). In 

contrast, expression of COX-2 and 15-LOX-1 mRNA in BMEC was not significantly changed 

by S. uberis exposure (Ryman et al., 2015). Previous murine studies suggested that COX-2 

expression was dependent on recognition of pathogen associated molecular patterns by host 

pathogen receptors, such as toll like receptors (TLR) (Fukata et al., 2006). In the case of S. 

uberis, a recent study demonstrated an inability of heat-killed and live S. uberis to induce TLR-2 

signaling in mammary epithelial cells (Gunther et al., 2016). Though our study did not evaluate 

TLR activity, failure to activate the BMEC TLR-2 pathway could result in a failure to induce 

significant expression of oxylipid biosynthetic enzymes, especially 15-LOX-1. Consistent with a 

failure to induce 15-LOX-1 mRNA expression, BMEC did not significantly increase 15-LOX-1 

LA-derived oxygenation products. Additionally, the oxylipid profiles induced by BMEC during 

S. uberis exposure did not mimic previously described S. uberis-infected mammary tissue 
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profiles (Ryman et al., 2015). Most importantly, biosynthesis of 13-HODE by BMEC was not 

increased by S. uberis supernatant exposure suggesting that BMEC may not be an important 

source of 15-LOX-1 LA-derived oxygenation products in response to S. uberis supernatant.  

 

Demonstrating that endothelial cells may not be an important source of 13-HODE during S. 

uberis exposure required evaluation of other potential oxylipid sources during an inflammatory 

response. In murine studies, the macrophages demonstrated the highest expression of 12/15-LOX 

and represented a significant source of 15-LOX-derived oxylipids (Huo et al., 2004, Mattmiller 

et al., 2014). Resident macrophages also are instrumental in alerting the surrounding mammary 

cells that a perceived insult is present (Aitken et al., 2011a). Therefore, we developed a primary 

bovine monocyte S. uberis-challenge model and showed that heat-killed S. uberis increased 15-

LOX-1 expression and 13-HODE biosynthesis. Current findings were in contrast to in vivo S. 

uberis intramammary challenge, which did not demonstrate a significant increase in 15-LOX-1 

mRNA expression in S. uberis-infected mammary tissue (Ryman et al., 2015). Collection of S. 

uberis-infected tissue may have occurred after peak 15-LOX-1 expression, especially because 

increased 13-HODE biosynthesis in S. uberis-infected mammary tissue supported increased 15-

LOX-1 activity (Ryman et al., 2015). Additionally, the relative contribution of macrophages 

expression 15-LOX-1 compared to mammary epithelial cells and infiltrating neutrophils in 

infected tissue was not known (Thomas et al., 1994). Heat-killed S. uberis, but not S. uberis 

supernatant, exposure of bovine monocytes induced a significant increase in 13-HODE 

biosynthesis and may suggest optimal monocyte 15-LOX-1 activation requires recognition of 

bacteria by host pathogen recognition receptors, such as TLR-2 (Gunther et al., 2016).  

Nonetheless, our data suggested that bovine monocytes represented a more important source of 
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13-HODE, and potentially 13-HPODE, than mammary endothelial cells during S. uberis 

exposure. Investigating BMEC oxylipid biosynthesis in response to S. uberis-induced monocyte-

derived oxylipid profiles could be beneficial for further understanding S. uberis pathogenesis. 

Additionally, future studies may evaluate the relative contributions of 13-HODE during S. uberis 

exposure by other mammary cells, including mammary epithelial cells and infiltrating 

neutrophils.   

 

Our results demonstrated the capability of 13-HPODE, but not 13-HODE, to modify endothelial 

monolayer integrity. No other study evaluated the effect of 13-HODE on endothelial barriers, but 

a previous study demonstrated that arachidonic acid-derived hydroxyls were capable of reducing 

bovine microvascular retinal endothelial barrier integrity (Othman et al., 2013). The difference 

between the effects of arachidonic acid-derived hydroxyls and 13-HODE on barrier integrity 

could be due to endothelial cell origin as BMEC were from the macrovasculature whereas retinal 

endothelial cells were from the microvasculature (Kelly et al., 1998). In contrast to 13-HODE, 

we showed 13-HPODE reduced mammary endothelial barrier, but the reduction was not 

sustained throughout the duration of the treatment period suggesting an ability of the endothelial 

cells to overcome the adverse affects of 13-HPODE. During an inflammatory response to 

bacterial infection, however, there may be repeated exposure to newly synthesized 13-HPODE, 

which may not allow the endothelial barrier to recover. Though we anticipated 13-HPODE 

would decrease barrier integrity, confirmation of 13-HODE being unable to modify barrier 

integrity in our model was essential. Reduction of 13-HPODE generates 13-HODE and thus 

treatment with 13-HPODE would most likely contribute to increased exposure to 13-HODE as 

well. Other studies have showed differential effects of 13-HPODE and 13-HODE on endothelial 
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activation, but the present study was the first to demonstrate different effects on endothelial 

monolayer integrity (Friedrichs et al., 1999). In support of compromised barrier integrity, 

additional functional studies would be useful to evaluate how 13-HPODE may contribute to 

enhanced vascular permeability to macromolecules or uncontrolled leukocyte transmigration. 

 

Apoptosis and necrosis of endothelial cells disrupts the continuous, single-cell layer necessary 

for orchestrating an effective and self-limiting inflammatory response. The current study 

demonstrated induction of apoptosis and necrosis of BMEC in conjunction with decreased 

barrier integrity. Our findings were consistent with previous work that demonstrated 13-HPODE-

induced apoptosis in bovine aortic endothelial cells (Tampo et al., 2003, Dhanasekaran et al., 

2004, Dhanasekaran et al., 2005). Though not evaluated in the current study, previous data 

suggested that 13-HPODE induced mitochondrial dysfunction resulting in the activation of the 

intrinsic pathway for apoptosis (Dhanasekaran et al., 2004, Dhanasekaran et al., 2005). For 

example, exposure of bovine aortic endothelial cells to 13-HPODE increased the activity of 

intrinsic pathway caspases 3 and 9, and was associated with a loss in mitochondrial function 

(Dhanasekaran et al., 2005). The primary proposed mechanism by which 13-HPODE induces 

apoptosis is by lipid peroxidation of cell membranes (Catala, 2009). Phospholipids in cell 

membranes contain an abundance of esterified PUFA and are extremely susceptible to lipid 

hydroperoxide attack. Propagation of lipid peroxidation occurs by decomposition of lipid 

hydroperoxides by transition metals to generate lipid alkoxyls (LO�), and lipid peroxyl radicals 

(LOO�) (Buettner, 1993). The lipid peroxyl radicals can act as pro-oxidants and attack 

membrane-esterified PUFA to generate additional LO�, LOO�, and LOOH, such as 13-HPODE. 

Peroxidation of lipid membranes initiated by extracellular 13-HPODE may contribute to an 
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irreversible increase in mitochondrial permeability and permanent loss of function (Vercesi et al., 

1997). Thus preventing accumulation of lipid peroxides and other pro-oxidants may be 

protective or beneficial in limiting the effects of 13-HPODE (Hill-Kapturczak et al., 2003). 

Overall, the data from the current study demonstrated that shifting oxidant status in the 

endothelial microenvironment during 13-HPODE treatment by promoting reduction of pro-

oxidants with an antioxidant may limit initiation and propagation of lipid peroxidation, thus 

preventing apoptosis and impaired barrier integrity.  

 

Conclusions  

The tightly regulated, self-limiting inflammatory response is dependent on optimal endothelial 

function and maintenance of the endothelial barrier. Some oxylipids may reduce the ability of 

endothelial cells to orchestrate an optimal inflammatory response. Thus, our study defined a 

potential source and role for 15-LOX-1 LA metabolites. Our data showed that bovine 

monocytes, but not BMEC, may be an important source of 15-LOX-1 oxygenation products of 

LA during S. uberis exposure. Furthermore, exposure of BMEC to 13-HPODE, but not 13-

HODE, contributed to impaired mammary endothelial barrier integrity and apoptosis of BMEC. 

We also showed that oxidant status during 13-HPODE treatment may contribute to cell death and 

barrier integrity. Elucidating the mechanisms by which oxidant status mediates vascular function 

may be critical to developing targeted therapies for bovine mastitis.  
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Abstract 

Oxylipids are derived from polyunsaturated fatty acids (PUFA) in cellular membranes and the 

relative abundance or balance of oxylipids may contribute to disease pathogenesis. Previous 

studies documented unique oxylipid profiles from cows with either coliform or Streptococcus 

uberis mastitis, suggesting that lipid mediator biosynthesis may be dependent on type of 

microbial agonist. However, changing the essential fatty acid (FA) content of leukocytes also 

may be critical to the relative expression of oxylipid profiles and the outcome of bacterial 

infection. There is no information in dairy cows describing how changing cellular PUFA content 

will modify oxylipids in the context of a microbial challenge. Therefore, the hypothesis was that 

supplementation of essential FA would change bovine leukocyte PUFA content and the 

expression of leukocyte-derived oxylipids following ex vivo microbial-challenge. To address the 

hypothesis, blood samples were collected from 6 cows before and after PUFA supplementation 

with linoleic acid (LA) and α-linolenic acid (ALA) and fatty acid content of leukocytes was 

quantified. Oxylipid biosynthesis was assessed after culture with Streptococcus uberis or 

lipopolysaccharide and was compared to oxylipid profiles of unstimulated leukocytes. 

Supplementation of ALA significantly increased ALA content of leukocytes, whereas 

supplementing LA had no effect. Though LA supplementation did not change leukocyte content, 

it did reduce S. uberis-induced arachidonic acid- and LA-derived oxylipids compared to S. uberis 

exposure without supplementation. Notably, ALA supplementation increased 

lipopolysaccharide-induced anti-inflammatory oxylipids from arachidonic acid and LA. Future 

investigations are needed to understand how activation of the leukocyte and availability of 

membrane PUFA interact to contribute to differential oxylipid biosynthesis. 

Key words: oxylipid, polyunsaturated fatty acid, Streptococcus uberis, lipopolysaccharide    
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Introduction 

The outcome of bovine mastitis may be dependent, in part, on potent lipid mediators derived 

from polyunsaturated fatty acids PUFA. Specifically, the oxygenation of PUFA following 

cleavage from the phospholipid membrane generates a profile of pro- and anti-inflammatory 

oxylipids. The profile of pro- and anti-inflammatory oxylipids may depend on the specific 

causative pathogen and its capability to induce different immune recognition and signaling 

pathways (Bannerman et al., 2004a; Mavangira et al., 2015; Ryman et al., 2015). For example, a 

diverse oxylipid profile was robustly upregulated in milk during severe Gram-negative coliform 

mastitis, whereas oxylipid profiles were not changed in milk during clinical Gram-positive 

Streptococcus uberis mastitis (Mavangira et al., 2015; Ryman et al., 2015). Coliform mastitis is 

characterized by an acute, robust inflammatory response with clinical symptoms appearing in as 

little as 8 h after challenge (Bannerman et al., 2004b; Moyes et al., 2014). In contrast, the 

uncontrolled inflammatory response to S. uberis does not result in clinical symptoms until 

several days after infection and may develop into a chronic inflammatory disease (Pedersen et 

al., 2003; Thomas et al., 1994). Thus, understanding oxylipid biosynthesis in the context of 

different microbial challenges may be critical for developing optimal nutritional and 

pharmacological strategies to manage disease prevalence and severity. 

 

Several PUFA, including linoleic acid (LA, C18:2n-6), arachidonic acid (ArA, C20:4n-6), 

eicosapentaenoic acid (EPA, C20:5n-3), and docosahexaenoic acid (DHA, C22:6n-3), are the 

predominant substrates for oxylipid biosynthesis. The PUFA are esterified to the phospholipid 

membrane and are released by the action of calcium-dependent cytosolic phospholipase A2 

(Buczynski et al., 2009). An increase in intracellular calcium is induced by a variety of agonists 
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but a major stimulus is the recognition of bacterial pathogen-associated molecular patterns 

(PAMP) by host pathogen recognition receptors (PRR) (Chiang et al., 2012). Enzymatic and 

non-enzymatic pathways oxidize cleaved PUFA to create a complex network of oxylipids 

(Buczynski et al., 2009). Enzymatic oxidation pathways include the cyclooxygenase (COX), 

lipoxygenase (LOX), and cytochrome P450 (CYP) pathways. Non-enzymatic oxidation is 

mediated by reactive oxygen species and free radicals. Initial peroxidation products, such as 

prostaglandin (PG) G2 and hydroperoxyoctadecadienoic acid, are immediately reduced to stable 

analogues, such as hydroxyoctadecadienoic acids (HODE), and hydroxyeicosatetraenoic acids 

(HETE) (Serhan and Petasis, 2011; Smith et al., 2011; Sordillo et al., 2005). Reduced oxylipids, 

such as hydroxyls and epoxides, also may serve as substrates for metabolism to dehydrogenase 

and hydrolase products, such as oxoeicosatetraenoic acids (oxoETE) and 

dihydroxyeicosapentaenoic acid (DiHETE) (Ramsden et al., 2012). The regulatory effects of 

oxylipids on inflammation may depend on method of oxidation and the degree of metabolism. 

For example, 5-LOX-derived 5-oxoETE induced neutrophil degranulation and leukocyte 

chemotaxis in various models (Hosoi et al., 2005; O'Flaherty et al., 1994). In contrast, 15-LOX-

derived lipoxin A4 (LXA4) prevented disruption of the rat small bowel mesenteric endothelial 

barrier during LPS challenge (Ereso et al., 2009). Interestingly, the precursor to LXA4, 15-

hydroperoxyeicosatetraenoic acid, induced apoptosis of bovine aortic endothelial cells in an 

oxidative stress model (Sordillo et al., 2005).  

 

In addition to the method of oxidation and degree of metabolism, one of the major factors that 

can alter oxylipid profiles is the availability of PUFA substrate. Linoleic acid and α-linolenic 

acid (ALA, C18:3n-3) are essential fatty acids (FA) that must be provided in the diet because de 
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novo synthesis requires desaturase enzymes that are absent in mammals (Nakamura and Nara, 

2003). Dietary LA contributes to LA content in phospholipid membranes but also can be used for 

de novo ArA synthesis. Similarly, ALA can be used for EPA and DHA de novo synthesis. The de 

novo synthesis of ArA, EPA, and DHA requires a series of desaturation, elongation, and 

potentially β-oxidation events (Marcel et al., 1968; Sinclair et al., 2002). In monogastrics, 

feeding essential fatty acids (LA and ALA) or other PUFA derived from essential fats (ArA, 

EPA, and DHA) changed the FA profile of plasma and various tissues (Ramsden et al., 2012). 

Similarly, previous research showed that abundance and type of PUFA contained within the 

phospholipid membrane can be altered by the diet and influence the outcome or status of disease 

(Calder, 2008; Min et al., 2014; Raphael and Sordillo, 2013). For example, supplementation of 

obese pregnant women with 1200 mg EPA and 800 mg DHA resulted in decreased systemic 

markers of inflammation (Haghiac et al., 2015). One of the ways in which supplementation of 

PUFA is thought to mediate disease severity is through the biosynthesis of oxylipids. 

Supplementation of humans with 1008 mg EPA and 672 mg DHA contributed to greater EPA-

derived oxylipids, but not DHA-derived oxylipids (Schuchardt et al., 2014). Conversely, 

reducing nutritional LA in humans resulted in decreased abundance of plasma LA-derived 

oxylipids (Ramsden et al., 2012). In dairy cows, nutritional supplementation of PUFA is more 

challenging because isomerization and biohydrogenation of dietary PUFA by rumen microbes 

contributes to saturated FA biosynthesis from PUFA (Glasser et al., 2008; Jenkins et al., 2008). 

Recent studies utilized abomasal supplementation of PUFA to modify milk fat, but PUFA 

content of cells and tissues was not investigated, so it is unclear if abomasal supplementation 

changes cellular PUFA content as well as if there is any effect on oxylipids during inflammation. 

Thus, the hypothesis for the current study was that supplementation of PUFA would change 
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bovine leukocyte FA content and respective oxylipid profiles from ex vivo microbial-challenged 

leukocytes. 

 

Materials and Methods 

Chemicals and reagents 

Liquid chromatography/mass spectrometry (LC-MS) grade acetonitrile, LC-MS methanol, 

formic acid, ethylenediaminetetraacetic acid (EDTA), and triphenylphosphine (TPP) were 

purchased from Sigma-Aldrich (St. Louis, MO. USA). Standards, deuterated and non-deuterated, 

and indomethacin were purchased from Cayman Chemical (Ann Arbor, MI, USA).  Butylated 

hydroxy toluene (BHT) was purchased from ACROS (New Jersey, USA). 

 

Supplementation of FA by abomasal infusion  

All experimental procedures were approved by the Institutional Animal Care and Use Committee 

at Michigan State University. Six ruminally-fistulated multiparous mid-lactation Holstein cows 

(91.7 ± 8.36 days in milk) from the Michigan State University Dairy Field Laboratory (East 

Lansing, MI) were blocked by milk yield and randomly assigned to a treatment sequence in a 

replicated 3x3 Latin square design experiment with a 7-d preliminary period and three 7-d 

treatment periods separated by a 7-d washout periods (Lock et al., 2007). Prior to the first 

treatment period, all cows were fitted with an abomasal infusion line. All lines were flushed 

daily with water and ethanol during the treatment periods to ensure proper delivery of the FA 

infusion treatments into the abomasum. Treatments consisted of an ethanol carrier infusion 

(CON), LA infusion, and ALA infusion. The LA infusion blend was comprised of 82% safflower 

oil, 17% high omega flax oil, and 1% palm oil. The ALA infusion blend was comprised of 93% 
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high omega flax oil, 6% palm oil, and 2% safflower oil. Fat blends were dissolved in ethanol 

prior to infusion and administered at a dose of approximately 62 g/d with LA or ALA comprising 

approximately 40 g/d (Table 6). Daily infusions were divided and administered at 6-h intervals 

throughout each 7-d treatment period. The infusions were administered at 0500, 1100, 1700, and 

2300 h.  Blood was collected in 4 mM EDTA anticoagulant prior to each treatment period and 

after 7-d infusion period. Blood samples were transported back to the laboratory on ice for 

immediate collection to quantify FA in white blood cells (WBC) or for ex vivo challenge with 

microbial agonists. Ex vivo challenge with microbial agonists is described in the next section.  

 

Cows were housed individually in tie stalls throughout the experiment. Access to feed was 

blocked from 0800 to 1000 h daily to allow for collection of orts and distribution of feed. Feed 

intake was measured daily and cows were fed at 115% of expected dry matter intake at 1000 h 

each day. Water was available ad libitum at all times. Stalls were bedded with sawdust and 

cleaned twice daily. The cows were milked twice daily at 0330 and 1630 h. The composition of 

the diet was a standard total mixed ration with mineral and vitamin supplementation (Table 7). 

The dry matter content of the forages was determined twice weekly and the diets were adjusted 

as needed. 

 

Microbial agonist ex vivo challenge of blood leukocytes from non supplemented and 

supplemented animals 

Heat killed S. uberis was prepared by first collection 3 pure S. uberis colony forming units 

(CFU) from a blood agar plate. The 3 CFU were added to 100 mL RPMI 1640 medium (Cellgro, 

Manassas, VA) containing 5% fetal bovine serum, 300 mg/mL L-glutamine, and 0.1 μM 
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selenium. The bacterial suspension was shaken at 37°C for 13 hr to exponential growth phase. 

After that time, the suspension was heat-killed in a 65°C water bath for 45 min. Suspensions 

were aliquoted at 109 CFU S. uberis/mL and frozen at -20°C until use. Ultrapure LPS 

(Invivogen, San Diego, CA) was purchased at a stock of 5 mg/mL and kept at -20°C until use. 

Blood samples from cows abomasally infused with ethanol carrier, LA, or ALA were aliquoted 

into pre-labeled 50 mL tubes and either 107 CFU S. uberis/mL or 1 μg/mL LPS were added. 

Samples were gently rotated for mixing then incubated in a 37°C water bath for 4 h.   

 

Whole blood processing for quantification of FA and oxylipids  

Whole blood collected from animals in the 3 treatment groups (CON, LA, and ALA), but not 

cultured with microbial agonists, was collected and immediately spun at 4,816 x g for 20 min to 

enable separation of buffy coat. The buffy coat fraction was collected and deposited into a 

separate 50 mL tube. Ammonium-Chloride-Potassium lysing buffer (20 mL) was added and 

incubated for 4 min at room temperature to remove contaminating erythrocytes. To neutralize 

excess lysis buffer, 20 mL of PBS was added after incubation. The samples were spun at 4,816 x 

g for 5 min and the supernatant containing lysed erythrocyte fractions was discarded. The pellet 

was resuspended in 20 mL of PBS and washed twice. Lastly, the supernatant was discarded and 

the WBC pellet was stored at -80oC until further analysis.  Whole blood collected from animals 

in the 3 treatment groups (CON, LA, and ALA) then cultured with microbial agonists (LPS and 

heat-killed S. uberis) for 4 h was centrifuged at 4,816 x g for 20 min at room temperature. A 2 

mL aliquot of plasma then was collected and immediately flash frozen in liquid nitrogen until 

solid phase extraction.  
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Solid phase extraction of FA and oxylipids in WBC and cultured plasma 

The WBC pellets were thawed on ice and resuspended in 600 μL of PBS. A 40 μL aliquot was 

collected for quantification of total DNA in each sample to normalize FA levels (Mattmiller et 

al., 2014; Silva et al., 2013). Total DNA was quantified using Broad Range Quant-iT DNA 

Assay kit (Life Technologies) according to manufacturer’s instructions. Samples were sonicated 

after addition of 15 μL of internal standards and 4 μL of antioxidant reducing agent. The 

antioxidant reducing agent mixture was 0.9 mM of BHT, 0.54 mM EDTA, 3.2 mM TPP, and 5.6 

mM indomethacin in 50% methanol, 25% ethanol, and 25% water. Samples were immediately 

frozen in liquid nitrogen and stored at -80oC. The internal standard mixture contained 0.25 µM 

5(S)-HETE_d8, 0.25 µM 15(S)-HETE_d8, 0.5 µM 8(9)-epoxyeicosatrienoic acid (EET)_d11, 0.5 

µM PGE2_d9, 0.25 µM 8,9- dihydroxyeicosatrienoic acid (DHET)_d11, 50 µM AA_d8, 2 µM 2- 

arachidonoyl glycerol_d8 and 0.2 µM arachidonoyl ethanolamide_d8.A volume of 900 μL 

methanol was added to each sample. To release FA from cell membranes, samples were 

hydrolyzed with 3 mM potassium hydroxide and incubated at 45°C for 45 min. Samples were 

cooled, acidified to a pH < 3 using hydrochloric acid, and centrifuged at 4,816 x g for 45 min at 

4oC. Supernatants were collected for solid phase extraction. For 4 h cultured plasma samples, all 

plasma aliquots were thawed on ice. A volume of 4 µL antioxidant reducing agent, 15 µL 

internal standards, and 2 µL formic acid was added. A volume of 5 mL methanol was added and 

the sample was vigorously vortexed for 2 min. Samples were incubated for 15 min at room 

temperature and then centrifuged at 14,000 x g for 10 min at 4oC. The supernatant was aspirated 

and added to 95 mL high performance liquid chromatography (HPLC) grade water and 95 µL 

formic acid. Solid phase extraction was conducted with Oasis HLB 12cc (500mg) LP Extraction 

Columns (Waters, Medford, Mass. USA) pre-conditioned with 6 mL of methanol followed by 6 
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mL of HPLC water. Sample extracts were loaded onto the columns and then washed with 6 mL 

of 20% methanol. Columns were dried under full vacuum for 4 min and extracts were eluted 

with 6 mL of methanol:acetonitrile 50:50 (V:V). Solvents were removed under vacuum using a 

Savant SpeedVac. Oxylipid extracts were reconstituted in 150 µL of methanol:water (2:1) and 

centrifuged at 14,000 x g for 15 min at 4oC. The supernatant was transferred to a 

chromatography vial, topped with argon, and stored at -20oC until analysis. 

 

LC-MS quantification of FA 

The FA were quantified based on previously described techniques (Ryman et al., 2015). Briefly, 

reverse-phase LC on a Waters Acquity ultra performance LC BEH C18 1.7 μM column (2.1 x 

100 mm) was used at a flow rate of 0.6 mL/min at 35°C. The quadropole MS was in electrospray 

negative ionization mode and voltage was -3 kV with the turbo ion spray source temperature at 

450°C. The isocratic mobile phase for method 1 was acetonitrile:water:formic acid (45:55:0.01 

v/v/v) and 15 min analysis time.  Method 2 had an isocratic mobile phase consisting of 

acetonitrile:methanol:water:formic acid (47.4:15.8:26.8:0.01 v/v/v/v) and 10 min analysis time. 

A total of 5 PUFA, 2 SFA, and 1 MUFA were quantified by matching mass-1 and retention time 

with corresponding deuterated internal standard abundance and calibrated to a linear 5-point 

standard curve (R2>0.99). Fatty acids quantified by Waters Empower Z software (Waters, 

Milford, MA) for cultured plasma samples and hydrolyzed cell pellets were as follows: LA, 

ALA, ArA, EPA, DHA, palmitic acid, oleic acid, and stearic acid. The limit of detection was 

established as the lowest point of each standard curve. 
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LC-MS/MS quantification of oxylipids 

Oxylipids were quantified based on techniques previously described (Mavangira et al., 2015). 

Briefly, a Waters Acquity UPLC coupled to a Waters Xevo TQ-S triple quadrupole mass 

spectrometer (Waters, Milford, MA) was employed. Mobile phase A was HPLC water with 0.1% 

formic acid, and mobile phase B was acetonitrile. Flow rate across the C18 HPLC column was 

0.3 mL/min. Linear gradient steps were programmed in the following manner (A/B ratio):  time 

0 – 0.5 min (99/1), to (60/40) at 2.0 min; to (20/80) at 8.0 min; to (1/99) at 9.0 min; 0.5 min; held 

at (1/99) until min 13.0; then return to (99/1) at 13.01 min, and held at this condition until 15.0 

min. Oxylipids were detected using electrospray ionization in negative-ion mode.  Cone voltages 

and collision voltages were optimized using Waters QuanOptimize software (Mavangira et al., 

2015). 

 

Statistical analysis  

Differences in FA and oxylipid concentrations due to S. uberis or LPS stimulation compared to 

unstimulated samples without PUFA supplementation (CON group) were determined by 

Student’s t-tests. Determination of differences across treatments (CON, LA, and ALA) in WBC 

FA content was made by non-parametric one-way ANOVA with Dunn’s correction. Differences 

in plasma FA and plasma oxylipid profiles among treatments following ex vivo microbial 

agonist exposure (CON, LA, and ALA) were tested as a three-treatments three periods cross-

over analysis with random affect of cow nested within sequence by a PROC MIXED model. 

Tukey’s correction was applied for multiple tests. Significance was set at P ≤ 0.05 for all tests. 
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Results 

White blood cell FA concentrations following supplementation of LA and ALA  

There was no change in LA content of WBC following LA supplementation (Figure 16A). 

Similarly, supplementing LA did not affect other PUFA (ALA, ArA, EPA, and DHA), saturated 

fatty acid (SFA) (palmitic acid and stearic acid), or monounsaturated fatty acid (MUFA) (oleic 

acid) (Figure 16B-H). In contrast, ALA content of WBC increased (P ≤ 0.05) following ALA 

supplementation (Figure 16B). Additionally, the ratio of LA/ALA after ALA supplementation 

decreased (P ≤ 0.05) relative to the non-supplemented group (CON) and LA supplemented 

groups (Figure 17D). There were no differences in other FA following ALA supplementation 

(Figure 16A, C-H).  Similarly, there was no change in the sum of n-6 PUFA (Figure 2A), sum of 

n-3 PUFA (Figure 17B), or the ratio of n-6/n-3 following PUFA supplementation (Figure 17C).  

 

FA following microbial challenge without PUFA supplementation  

Whole blood exposed to heat-killed S. uberis for 4 h resulted in numerical decreases in all 

plasma PUFA, but only plasma ArA was significantly decreased (P ≤ 0.05) (Table 8). In 

contrast, whole blood exposed to LPS for 4 h did not reveal any differences in plasma FA (Table 

8). Heat-killed S. uberis exposure of whole blood induced an increase (P ≤ 0.05) in LA-derived, 

ArA-derived, and EPA-derived oxylipids from the LOX and CYP oxidation pathways (Table 9). 

Heat-killed S. uberis increased biosynthesis of 13-oxooctadecadienoic acid (oxoODE), 15-

oxoETE, 12-HETE, 14,15-DiHETE, and 17,18-DiHETE (P ≤ 0.05) (Table 9). Oxylipids not 

significantly changed in response to S. uberis are displayed in Table 14. 
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All oxylipids changed by LPS exposure (P ≤ 0.05) were derived from ArA and represented all 3 

enzymatic pathways: COX, LOX, and CYP (Table 9).  Lipopolysaccharide challenge increased 

12- hydroxyheptadecatrienoic acid (P ≤ 0.05), but decreased 5,6-LXA4 and 11,12-

epoxyeicosatrienoic acid (P ≤ 0.05). The ratio of 11,12-EET/11,12-DHET was also decreased (P 

≤ 0.05) suggesting a greater abundance of the downstream DHET compared to EET during LPS 

exposure relative to unstimulated plasma oxylipid profiles from bovine leukocytes. However, 

since the ratio of 11,12-EET/11,12-DHET is below 1, there is an abundance of DHET regardless 

of inflammatory challenge. Oxylipids not significantly changed in response to LPS are displayed 

in Table 14. 

 

Microbial challenge-induced FA and oxylipid changes following LA and ALA 

supplementation 

Linoleic acid supplementation increased (P ≤ 0.05) S. uberis-induced plasma ArA (Table 10) and 

changed the S. uberis-induced biosynthesis of 4 oxylipids (P ≤ 0.05): 12,13-

epoxyoctadecadienoic acid (EpOME), 9-oxooctadecadienoic acid (oxoODE), 15-oxoETE, and 9-

HETE (Table 11) compared to the non-supplemented group (CON). The S. uberis-induced 

biosynthesis of 12,13-EpOME, 9-oxoODE, and 15-oxoETE was decreased by LA 

supplementation relative to non-supplemented (CON) S. uberis exposure. Conversely, ALA 

supplementation increased (P ≤ 0.05) S. uberis-induced 9-HETE biosynthesis relative to non-

supplemented (CON). The S. uberis-induced biosynthesis of ArA-derived CYP metabolite, 20-

HETE, decreased (P ≤ 0.05) following ALA supplementation relative to LA supplementation, 

though there was no difference relative to non-supplemented (CON). A decrease (P ≤ 0.05) in S. 

uberis-induced plasma 12,13-EpOME also was demonstrated from ALA-supplemented cows 
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relative to non-supplemented (CON). S. uberis-induced oxylipids that were not significantly 

changed by treatments are in Table 15. 

 

Supplementation of LA did not change LPS-induced plasma FA relative to non-supplemented 

(CON) (Table 12). There was an increase (P ≤ 0.05) in LPS-induced ArA following ALA 

supplementation relative to LA supplementation, though there were no differences relative to 

non-supplemented (CON). Supplementation of LA did not change LPS-induced plasma 

oxylipids. In contrast, LPS-induced 9-oxoODE, 13-oxoODE, and 5,6 LXA4 were all increased (P 

≤ 0.05) due to ALA supplementation (Table 13).  The LPS-induced plasma 9-oxoODE 

biosynthesis from ALA-supplemented cows was also significantly greater than LPS-induced 

plasma 9-oxoODE in cultured plasma from LA-supplemented cows. LPS-induced oxylipids that 

were not significantly changed by treatments are in Table 16. 

 

Discussion 

 The availability or relative abundance of cellular PUFA content contributes to distinct oxylipid 

profiles during homeostasis and disease. Indeed, altering PUFA content in host cells is being 

pursued as a strategy to modify oxylipid biosynthesis in hopes of mitigating inflammation and 

reducing disease severity (Duda et al., 2009; Min et al., 2014; Raphael and Sordillo, 2013). 

Supplementation of ALA significantly increased ALA content of WBC in the present trial. 

However, supplementation of ALA did not result in increased EPA and DHA content of WBC, 

perhaps as a consequence of insufficient dose or not enough time with supplementation. A recent 

review concluded, based on a summary of ALA-supplementation trials, up to 40 g/d (a high dose 

for humans) and as many as 42 wk was required to consistently modify EPA content, with little 
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to no appreciable change in DHA content (Brenna et al., 2009). Additionally, elongase and 

desaturase enzyme activities were not evaluated in the study but may affect ALA conversion 

because the same elongase and desaturase enzymes may metabolize both LA and ALA (Guillou 

et al., 2010).  Thus, the abundance of LA in the diet and in the leukocyte may outcompete ALA 

for elongation and desaturation. While our data does not fully support this claim because there 

was no change in LA or ArA content following ALA supplementation, we also did not measure 

all intermediary PUFA that have the ability to compete for elongases and desaturases (Patterson 

et al., 2012). Previous research also suggested there is no discrimination between incorporation 

of n-6 or n-3 PUFA and that the availability of PUFA in the phospholipid membrane is reflective 

of dietary intake (Dougherty et al., 1987; Lands et al., 1982). Though the potential for a maximal 

level of PUFA incorporation has yet to be thoroughly considered, an in vitro epithelial cell line 

study demonstrated that 50% of maximal incorporation of ALA was achieved by 10-20 μg/mL, 

whereas 50% of maximal incorporation of LA was at only 5-10 μg/mL (Bryan et al., 2001). 

Furthermore, previous research also indicated a potential negative effect of excess PUFA on the 

ability to incorporate PUFA by acyltransferases. In humans pre-fed a high LA diet prior to 

receiving LA or ALA, acyltransferase activity appeared reduced compared to humans pre-fed a 

high SFA diet (Emken et al., 1994). Authors hypothesized that the high LA in the prefed diet 

might decrease acyltransferase mRNA synthesis, support increase transport to the mitochondria 

for β-oxidation, or divert excess PUFA to adipose tissue for storage. Although conjecture, 

current and previous data suggest supplementation of PUFA already in abundance may prohibit 

further incorporation or changes in WBC PUFA content.     
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A complex network of oxylipids is synthesized in response to a variety of stimuli, including 

bacteria and bacterial-derived agonists. Previous studies supported the differential biosynthesis of 

oxylipids to Gram-negative and Gram-positive agonists, perhaps as a result of PAMP recognition 

during bovine mastitis (Mavangira et al., 2015; Ryman et al., 2015; Tam, 2013). Thus, it was not 

surprising that ex vivo exposure to LPS and S. uberis resulted in different oxylipid profiles 

because LPS mediates the inflammatory response through toll like receptor (TLR)-4, whereas the 

response to S. uberis is generally considered to be TLR-2 dependent (Bannerman et al., 2004a). 

The most striking difference in oxylipid profiles within the current study was that LPS 

contributed to a reduction in oxylipids with anti-inflammatory properties, whereas the inverse 

was true for S. uberis. Exposure to LPS in the current study reduced anti-inflammatory LXA4 and 

11,12-EET biosynthesis, which previous studies demonstrated could prevent endothelial barrier 

disruption and reduce pro-inflammatory cytokine expression (Ereso et al., 2009; Schmelzer et al., 

2005). In contrast, S. uberis exposure induced biosynthesis of oxylipids that are ligands for 

activation of a nuclear receptor called peroxisome proliferator-activated receptor-γ (PPAR-γ) that 

can inhibit pro-inflammatory nuclear factor-κB (NF-κB) signaling (Shiraki et al., 2005; Snyder et 

al., 2015; Zhao et al., 2004). The significance of these changes in the context of mastitis was not 

elucidated in the current study, but highlighted a need to understand if different PRR signaling 

pathways directly mediates oxylipid biosynthesis in a similar way as the innate immune response 

(Strandberg et al., 2005). 

 

The inflammatory response to LPS during coliform mastitis contributes to the production of lipid 

mediators from many different cell types. Thus, it was not surprising that there were fewer 

changes in oxylipids induced by ex vivo LPS exposure of leukocytes compared to milk and 
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plasma profiles during coliform mastitis (Mavangira et al., 2015). The contribution of replicating 

E. coli bacteria, sustained exposure to endotoxin secretion, and the participation of a variety of 

cells and tissues probably led to a more diverse oxylipid profile. Furthermore, the ex vivo model 

could not capture the contribution of adipose tissue lipolysis, which may be important as it is 

proposed to be the primary source of nonesterified FA during endotoxin-mediated inflammation 

(Moyes et al., 2014; Zu et al., 2009). This limitation may be supported by the absence of any 

changes in nonesterified LA in the current study compared to almost a 3-fold increase measured 

in milk and plasma during bovine coliform mastitis (Mavangira et al., 2015). Though there were 

limitations with the current model, ex vivo exposure of WBC may be critical in understanding the 

specific contributions to oxylipid biosynthesis of blood leukocytes during LPS exposure. In fact, 

some similarities in oxylipid biosynthesis were detected between ex vivo and in vivo studies. 

Decreased anti-inflammatory 5,6-LXA4 and 11,12-EET in the current study was consistent with 

plasma oxylipids during coliform mastitis, but inverse to the change in milk oxylipids 

(Mavangira et al., 2015). Authors hypothesized that the inverse relationship between milk and 

plasma oxylipids may be the result, in part, of a breakdown in the blood-milk barrier. Our 

findings may suggest there also was a decrease in the oxylipid production from blood cells 

contributing to reduced plasma expression during coliform mastitis.  

 

Oxylipids profiles induced by S. uberis in the current study also were in contrast to previous 

work. For example, intramammary S. uberis challenge did not induce changes in milk oxylipids 

whereas the current study demonstrated increases in ArA-, LA-, and EPA-derived oxylipids 

(Ryman et al., 2015). The lack of changes in milk oxylipids following intramammary S. uberis 

challenge compared to current findings may be attributed, in part, to the difference in oxylipid 
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profile size and dilution of oxylipids in milk. For example, the current study included a much 

wider oxylipid profile, especially including more CYP- and EPA-derived oxylipids than the 

previous work (Ryman et al., 2015). A wider profile in the current study is the reason we were 

able to report increased 14,15-DiHETE and 17,18-DiHETE, though their functions in the 

inflammatory response are unknown. Similarly, 12-HETE was not previously quantified in milk 

or tissue from S. uberis challenge, but the inflammatory properties are contradictory depending 

on the model and warrant further investigation (Bolick et al., 2005; Kronke et al., 2009).  While 

13-oxoODE and 15-oxoETE, both ligands for PPAR-γ, were quantified in milk and tissue from 

S. uberis challenge animals similar to the current study, only ex vivo exposure of leukocytes to S. 

uberis resulted in increased biosynthesis. The inconsistency of 13-oxoODE and 15-oxoETE 

biosynthesis between the current study and intramammary S. uberis challenge may be a function 

of different stages of inflammation, in the case of S. uberis tissue, and dilution of oxylipids in 

milk limiting the detection of appreciable changes. A final important finding was that, in general, 

significantly changed S. uberis-induced oxylipids (oxoODEs, oxoETEs, and DiHETEs) 

represented a greater degree of metabolism from their precursors. It is unknown how S. uberis 

recognition may influence the activity of downstream enzymatic metabolism in leukocytes, but 

may be important when developing pharmacologic intervention strategies during mastitis.    

 

Aside from the potential effect of pathogen recognition pathways, oxylipid profiles heavily 

depend on availability of cellular PUFA content. In the current study, the goal of LA 

supplementation was to modify cellular PUFA content and also alter microbial agonist-induced 

oxylipid profiles. However, we showed in the present study that LA supplementation did not 

modify PUFA content, but could have affected other levels of oxylipid biosynthesis regulation, 
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including oxidation pathway and degree of metabolism, during microbial exposure (Mavangira et 

al., 2015; Ramsden et al., 2012). Our data supports a potential effect of LA supplementation on 

oxidation pathway during S. uberis exposure because oxylipids that changed represented 

different enzymatic (12,13-EpOME from CYP and 15-oxoETE from 15-LOX-1) and non-

enzymatic oxidation pathways (9-oxoODE). However, the effect of LA supplementation on 

degree of metabolism was not conclusive as there were no changes in the ratios of upstream 

hydroxyls (e.g., HETE) to downstream ketones (e.g., oxoETE) following S. uberis exposure. The 

reason for a decrease in these specific oxylipids is unclear, but previous data demonstrated an 

inhibitory effect of PUFA on some CYP isoforms and the ability of 15-LOX-1 to undergo 

suicide inactivation due to its own metabolites (Wiesner et al., 2003; Yao et al., 2006). 

Additional studies are required to understand how supplemental PUFA, without a change in 

cellular PUFA content, may negatively affect enzymatic FA oxidation pathways, especially in 

the context of microbial challenge.  

 

Feeding whole linseed as a source of ALA rather than fish oil supplementation is a more 

common approach to increase n-3 fats in milk because milk composition is negatively affected 

(Petit et al., 2002). Thus, it is important to understand if ALA supplementation is beneficial in 

promoting anti-inflammatory and pro-resolving oxylipid biosynthesis during microbial exposure. 

Our results suggested that supplementing ALA at the current dose and duration is not sufficient 

to alter oxylipids from EPA- and DHA, which was consistent with an inability to alter EPA and 

DHA content. In fact, supplementation with ALA suggested increased lipid peroxidation because 

S. uberis-induced non-enzymatically-derived 9-HETE relative to no PUFA supplementation. 

Increased ALA content in leukocytes, with no appreciable decreases in other PUFA, would 
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increase the availability of PUFA for lipid peroxidation (Guido et al., 1993). Lipid peroxidation 

is implicated in dysfunctional inflammatory responses and inflammatory-based diseases (Catala, 

2009). However, other markers of lipid peroxidation like the ArA-derived isoprostanes were not 

increased with ALA supplementation, thus it cannot be concluded that the synthesis of 9-HETE 

was reflective of a detrimental event. In contrast to 9-HETE during S. uberis exposure, ALA-

supplementation contributed to greater LPS-induced biosynthesis of anti-inflammatory oxylipids, 

9-oxoODE, 13-oxoODE, and 5,6-LXA4. Biosynthesis of LXA4 is instrumental in decreasing 

leukocyte recruitment and migration, as well as promoting resolution of inflammation (Serhan, 

1994). Similarly, 9- and 13-oxoODE are ligands for anti-inflammatory PPAR-γ (Itoh et al., 2008; 

Nagy et al., 1998). Adding exogenous 9-oxoODE to a macrophage model of oxidative stress 

deficient in 9-oxoODE decreased TNF-α release (Mattmiller et al., 2014). Perhaps decreasing the 

ratio of LA/ALA in leukocytes, as our study showed after ALA supplementation, contributed to 

the presentation of a more anti-inflammatory profile regardless of the oxylipid substrate (Poulsen 

et al., 2008). Our study strongly illustrated the need to evaluate a diverse array of oxylipids 

following manipulation of PUFA content or PUFA supplementation. Evaluation of PUFA 

supplementation, both n-6 and n-3, through the careful analysis of a more diverse oxylipid 

profile may be critical to identifying specific and novel methods of controlling disease severity 

and duration. Additionally, given the use of linseed for ALA rather than fish oil for EPA and 

DHA in dairy cattle, future studies are needed to determine whether it is possible to sufficiently 

increase EPA- and DHA-derived oxylipids with ALA supplementation. Perhaps increased EPA- 

and DHA-derived oxylipids are not required if increasing the abundance of anti-inflammatory n-

6 derived oxylipids, such as lipoxins and oxoODEs, can be consistently achieved. 
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Conclusions 

Oxylipid biosynthesis during microbial exposure is dependent on several factors, including type 

of agonist and PUFA availability. Supplementation of ALA increased ALA content of WBC and 

decreased the ratio of LA/ALA, but no change in EPA and DHA content suggested that dose or 

duration of ALA supplementation may be important for enhanced EPA and DHA content. 

Consistent with no change in EPA and DHA content after ALA supplementation, microbial-

induced EPA- and DHA-derived oxylipids were not increased after ALA supplementation. 

However, LPS-induced anti-inflammatory oxylipids from n-6 FA were increased following ALA 

supplementation. Perhaps the ratio of LA/ALA content is equally, if not more, important in 

mediating oxylipid biosynthesis during microbial challenge than absolute abundance. 

Furthermore, data indicated that LA supplementation could affect S. uberis-induced oxylipid 

biosynthesis without changing PUFA content in bovine leukocytes suggesting that supplemental 

PUFA can affect other levels of oxylipid biosynthesis, like method of oxidation or degree of 

oxylipid metabolism. Though oxylipid profiles are inherently dependent on phospholipid PUFA 

content, the interaction with pathogen recognition pathways could contribute to modification of 

other regulatory levels of oxylipid biosynthesis, such as method of oxidation. The data presented 

in this manuscript are essential to enhancing our understanding of PUFA and oxylipid 

biosynthesis during different microbial exposures in the dairy cow. 

 

Acknowledgements 

This work funded from the Matilda R. Wilson Fund (Detroit, MI), the Agriculture and Food 

Research Initiative Competitive Grants Program of the USDA National Institute for Food and 

Agriculture (2011-67015-30179 and 2015-67011-23012), Rackham Research Endowment, and 



 

 96

Michigan State University AgBioResearch. Technical assistance provided by Jeff Gandy and 

Courtney Preseault was instrumental in the completion of these experiments. 

 

  



 

 97

 

CHAPTER 5 

SUMMARY AND CONCLUSIONS 
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The broad goal of this dissertation was to determine the contribution of linoleic acid oxygenation 

products on endothelial integrity and viability during inflammation. Inflammation is necessary to 

quickly and sufficiently resolve bacterial infections. Previous data in our lab and others 

suggested that an imbalance in fatty acid oxygenation products, called oxylipids, could 

contribute to dysfunctional inflammatory responses during mastitis. Oxylipids are synthesized 

from lipid membrane-derived polyunsaturated fatty acids (PUFA) by enzymatic and non-

enzymatic pathways. Endothelial cells robustly produce and respond to oxylipids, which can 

modulate inflammatory responses. However, during Streptococcus uberis mastitis endothelial 

dysfunction is implicated as a potential cause for uncontrolled inflammation. Since linoleic acid 

(LA) is the most predominant PUFA in dairy cows and LA oxygenation products were 

previously shown to influence vascular activation and viability, this dissertation focused on the 

potential contribution of LA-derived oxylipids to mediate endothelial dysfunction during S. 

uberis mastitis. Chapter 2 demonstrated that the LA hydroxyl metabolite, 13-

hydroxyoctadecdienoic acid (13-HODE), was increased following intramammary S. uberis 

challenge. In chapter 2 and other studies, 13-HODE and the initial oxygenation product of LA 

metabolism, 13-hydroperoxyoctadecadeinoic acid (13-HPODE), were demonstrated to activate, 

and in some cases, kill endothelial cells. The contribution of the specific LA metabolites to 

compromise endothelial barrier integrity was not known. Thus, chapter 3 sought to define a role 

for 13-HODE and 13-HPODE in compromised barrier integrity. We showed that 13-HPODE, 

but not 13-HODE reduced endothelial barrier integrity. Apoptosis and necrosis were implicated 

in contributing to the adverse effects of 13-HPODE. Finally, chapter 4 defined the ability to 

change the PUFA content of leukocytes and subsequently modify the oxylipid profiles during 

microbial challenge.  Understanding the limitations of changing microbe-induced oxylipid 
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profiles may be essential to develop strategies to modify fatty acid metabolism in the oxylipid 

network and potentially alter the inflammatory phenotype. 

 

Chapter 2 

Oxylipid profile induced during S. uberis mastitis was unknown prior to completion of objective 

1. Thus, chapter 2 aimed to define changes in a carefully selected oxylipid profile during 

different stages of S. uberis mastitis. The most interesting finding in the first study was the 

predominance of LA-derived oxylipids, HODE and 13-oxooctadecadeinoic acid (13-oxoODE), 

regardless of infection status. Greater quantities of LA-derived oxylipids were not necessarily 

surprising given that dairy cows receive a diet high in LA and previous work demonstrated a 

predominance of 9 and 13-HODE in plasma from periparturient dairy cows (Raphael et al., 

2014). This was the first study, however, to show increased 9- and 13-HODE in S. uberis-

infected mammary tissue relative to uninfected tissue. In contrast, 9- and 13-HODE were not 

increased in milk from S. uberis challenged animals, possibly from oxylipid retention within the 

mammary tissues due to oxygenation of esterified PUFA or re-esterification of products after 

synthesis (Kozak et al., 2002, Morgan et al., 2009). These findings also highlighted the 

difference in microbial agonists in inducing oxylipid biosynthesis because a previous study 

found increased 9- and 13-HODE in milk from cows with severe bovine coliform mastitis 

(Mavangira et al., 2015). The difference in HODE biosynthesis between coliform mastitis and S. 

uberis mastitis could be related to pathogen signaling pathways and subsequent magnitude of 

response.  
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In particular, the findings in chapter 2 indicated the potential importance of the 15-LOX-1 

derived linoleic acid oxygenation products. The initial oxygenation product is capable of killing 

cells in various models, but especially endothelial cells (Tampo et al., 2003, Dhanasekaran et al., 

2004, Dhanasekaran et al., 2005). Several previous reports indicated that 13-HODE was capable 

of inducing vascular activation, cytokine production, and even oxylipid biosynthesis (Setty et al., 

1987, Friedrichs et al., 1999, Szklenar et al., 2013). Thus, the final piece of this chapter 

demonstrated that bovine mammary endothelial cells (BMEC) were capable of differentially 

responding to 13-HPODE versus 13-HODE by assessing the mRNA expression of the inducible 

oxylipid biosynthetic cyclooxygenase-2 enzyme.  Our data showed that 13-HPODE at 30 μM 

significantly increased cyclooxygenase-2 mRNA expression, whereas 13-HODE did not induce 

any change. The importance of 13-HPODE and its ability to compromise the inflammatory 

response, especially by inducing death of endothelial cells, was illustrated in previous studies 

and provided the framework and rationale for in vitro investigation in chapter 3.    

 

Lastly, the final point reflects on differences in oxylipid profiles from chapter 2 compared to the 

findings in chapter 4 following ex vivo challenge with S. uberis. The assessed oxylipid profile 

compromised a snapshot of the total lipidome, but was carefully selected based on criteria to 

include variety of oxylipids (Wang et al., 2014). Thus, inclusion factors included published 

evidence of pro- and anti-inflammatory functions, expression within tissue of interest, diversity 

of PUFA substrates, diversity of oxidation pathways, and representative of varying degrees of 

metabolism. A limitation in the second chapter of this dissertation is that the oxylipid profile did 

not include a larger selection of oxylipids from the CYP and non-enzymatic oxidation pathways, 

as well as an abundance of EPA- and DHA-derived oxylipids. However, this limitation is 
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retrospective because at the time experiments from chapter 2 were conducted, the importance 

and functions of oxylipids included in our later array were less well defined than our chosen 

profile. Additionally, technical advancements in lipidomics allowed for an expanded, yet still 

focused, oxylipid profile in chapter 4.     

 

Chapter 3 

The first task in chapter 3 was to develop an endothelial cell S. uberis challenge model to 

investigate the potential relative contribution of BMEC to 13-HODE biosynthesis. The BMEC 

responded to S. uberis exposure with increased adhesion molecules and IL-8 mRNA expression, 

but failed to induced COX-2 and 15-LOX-1 mRNA. Expression of COX-2 is considered highly 

inducible in all cell types by various agonists, however, there is some evidence to support that 

COX-2 expression may be dependent on pathogen recognition pathways during bacterial 

infection (Fukata et al., 2006). In in vitro human and murine macrophage models, activation of 

TLR-7 was responsible, in part, for activation of DHA oxidation and metabolism pathways 

(Koltsida et al., 2013). Perhaps optimal activation of oxylipid biosynthetic enzymes in BMEC 

requires activation of a pathogen recognition pathway, though the specific pathway to implicate 

is not clear. Nonetheless, BMEC did not produce 13-HODE in response to S. uberis supernatant. 

Similarly, previous studies demonstrated that bovine aortic endothelial cells were capable of 

synthesizing 13-HODE, however there was not a significant increase during LPS exposure 

(Contreras et al., 2012a, Contreras et al., 2012b). It appeared that BMEC may not represent a 

predominant source of 13-HODE in response to S. uberis alone though we cannot rule out the 

possibility that BMEC could produce 13-HODE in response to other inflammatory mediators, 

including oxylipids.  
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Because endothelial cells did not represent a significant source of 13-HODE in our current model 

other potential sources were considered. The tissue macrophage is the predominant leukocyte in 

the healthy mammary gland and is capable of contributing a variety of inflammatory mediators, 

including oxylipids, to the inflammatory milieu.  In mice, a 15-LOX-1 equivalent is expressed in 

the highest amounts in macrophages (Huo et al., 2004). It is unknown if the same is true in the 

bovine species, but a previous study was able to detect 15-LOX-1 mRNA in peripheral blood 

mononuclear cells (Raphael et al., 2014). Though correlations could not be established between 

15-LOX-1 mRNA and HODE biosynthesis, the protein abundance and activity of 15-LOX-1 was 

not quantified and may be different than mRNA expression. Given the importance of 

macrophages and the potential activity of 15-LOX-1, developing a primary bovine monocyte S. 

uberis challenge model was the next logical step and demonstrating increased 13-HODE 

biosynthesis by monocytes would recapitulate, to a degree, the in vivo findings from S. uberis-

infected mammary tissue.  

 

We were able to demonstrate a significant increase in 13-HODE biosynthesis in conjunction with 

increased 15-LOX-1 mRNA expression following exposure of bovine monocytes to heat-killed 

S. uberis.  Interestingly, S. uberis supernatant did not induce 13-HODE biosynthesis and only 

minimally induced 15-LOX-1 mRNA expression at 4 hr, which may support the claim made 

previously that optimal biosynthesis of LA oxygenation products requires activation of pathogen 

recognition pathways (Fukata et al., 2006). Though demonstrating increased 13-HODE by 

bovine monocytes suggested that they represent a potential significant source of 15-LOX-1 

oxidized products from LA, it does not negate the contribution of other cells to the oxylipid pool 
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in S. uberis-infected mammary tissue. Mammary epithelial cells would be one of the first cell 

types to recognize and respond to S. uberis, aside from leukocytes in the milk, and  previous 

work demonstrated the ability of human airway and bovine mammary epithelial cells to 

synthesize oxylipids in response to various non-microbial agonists (Erlemann et al., 2007, 

Piotrowska-Tomala et al., 2012). Given the interaction of many different cell types within the 

mammary gland, defining S. uberis-induced oxylipid profiles in a dual cell monocyte/endothelial 

cell or epithelial cell/endothelial cell model may be a critical next step.  

 

The second part of chapter 3 was to determine if 13-HODE or 13-HPODE decreased endothelial 

barrier integrity and if apoptosis may contribute to this phenotype.  Findings demonstrated that 

13-HPODE, but not 13-HODE, decreased barrier integrity.  Subsequently, data showed that 

induction of apoptosis and necrosis may contribute to decreased barrier integrity. The ability to 

prevent apoptosis, necrosis, and impaired barrier integrity by co-exposure to an antioxidant 

provided support for the potential involvement of lipid peroxidation in mediating the detrimental 

effects of 13-HPODE (Catala, 2009). Reduction of the pro-oxidant load by antioxidants may 

limit pro-oxidant attack of lipid membranes thus enabling endothelial cells to overcome adverse 

outcomes induced by 13-HPODE. In chapter 3, a proposed result of lipid peroxidation is 

mitochondrial dysfunction induced by the irreversible enhancement of mitochondrial membrane 

permeability (Vercesi et al., 1997). Activation of the intrinsic apoptotic pathway may also be 

mediated by the end product of lipid peroxidation, 4-hydroxynonenal (4-HNE), of which 13-

HPODE is a primary precursor. The mechanisms of its action are incompletely understood but 

several reports provided evidence for the ability of 4-HNE to activate cytoplasmic p53, thus 

promoting transcription and translation of pro-apoptotic proteins (Chaudhary et al., 2010, 
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Abarikwu et al., 2012). Additionally, 4-HNE may also activate the extrinsic pathway of 

apoptosis but it can diffuse out of the cell and interact with the Fas death ligand (Chaudhary et 

al., 2010, Dalleau et al., 2013). Thus, future investigations are warranted to determine the 

pathways by which 13-HPODE mediates apoptosis as it most likely contributes to multiple 

events.  

 

Chapter 4 

Since our findings in the chapters 2 and 3 demonstrated the potential importance of oxylipids 

profiles during microbial exposure, identifying an ability to modify profiles may be instrumental 

in altering the course of a disease. Several strategies are currently employed to modify oxylipid 

profiles and include nutritional modulation of dietary PUFA, pharmacologic inhibition of major 

oxidation pathways, and recently, pharmacologic inhibition of some downstream oxylipid 

metabolic pathways.  Whereas pharmacologic intervention can be used to limit clinical 

symptoms or prevent severe disease, nutritional modulation with supplementation of dietary 

PUFA can be preemptive by contributing to the formation of oxylipids with pro- and anti-

inflammatory properties. Thus, the goal of chapter 4 was to modify microbial-induced oxylipid 

biosynthesis through the manipulation of leukocyte PUFA content by PUFA supplementation.  

 

There were three major findings in chapter 4. First, we demonstrated that the pathogens that are 

known to activate different recognition signaling pathways, such as toll like receptors, in host 

cells contributed to different oxylipid profiles (Aitken et al., 2011, Gunther et al., 2016). Ex vivo 

exposure of leukocytes to Gram-positive S. uberis induced the biosynthesis of several oxylipids 

with anti-inflammatory properties, where LPS exposure reduced the biosynthesis of some anti-
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inflammatory oxylipids. Our findings for each microbial agonist was compared to previous in 

vivo work and both similarities and differences were found.  Milk and plasma from cows with 

coliform mastitis demonstrated a more diverse profile compared to ex vivo LPS exposure which 

would be expected given the contribution of a wide variety of tissues and complex milieu of 

inflammatory mediators (Mavangira et al., 2015). Specifically, reduced biosynthesis of 5,6-LXA 

and 11,12-EET after ex vivo LPS exposure was consistent with plasma oxylipids in cows with 

coliform mastitis, suggesting that a reduction in some oxylipids in the blood during coliform 

mastitis may be the result of decreased biosynthesis by blood leukocytes. Of course, the impact 

of blood-milk barrier disruption on plasma oxylipid profiles should not be negated.  Previous in 

vivo findings may be a reflection of both barrier disruption and decreased oxylipid biosynthesis 

from leukocytes (Ereso et al., 2009, Kobayashi et al., 2013).  

 

No similarities in oxylipid profiles were detected between ex vivo S. uberis exposure of blood 

leukocytes and milk or mammary tissue from S. uberis-challenged cows (Ryman et al., 2015). 

We were unable to draw any comparisons with the DiHETEs because they were not included in 

the in vivo profile panel, but others hypothesize that DiHETEs may not have any relevant 

biological activity and are only an indication that the anti-inflammatory precursor was 

biosynthesized(Zhao et al., 2004, Ryman et al., 2015). Similarly, 12-HETE was not included our 

in vivo profile, but the likelihood of detection is unclear. Origin of 12-HETE is generally 

considered platelet-derived, though there is some evidence a bovine leukocyte-type 12-LOX 

exists (Wong et al., 2001, Porro et al., 2014). Lastly, 13-oxoODE and 15-oxoETE were 

measured in the current ex vivo model and were increased, whereas the previous in vivo S. uberis 

challenge study found no significant change (Ryman et al., 2015). A marginal change in milk 
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oxylipids could be a result of fluid dilution or oxylipids were retained within mammary tissues 

by esterification to phospholipids  (Morgan et al., 2009). Though we measured oxylipids in S. 

uberis mammary tissue, samples were not hydrolyzed and thus would not capture the expression 

of potentially retained oxylipids. The inconsistency with S. uberis-infected mammary tissue may 

be a result of different stages of lactation at collection, as tissue was obtained 3 days post-

challenge compared to a 4 hr exposure period in the ex vivo model (Ryman et al., 2015). Though 

additional studies are needed to understand how prominent a role oxylipid biosynthesis by blood 

leukocytes plays in S. uberis mastitis, our findings indicate that different pathogens are capable 

of inducing different oxylipid profiles. 

 

The second major finding was that even though LA supplementation did not alter leukocyte 

PUFA content, oxylipid biosynthesis was significantly altered. Supplementation with LA 

decreased LA- and ArA-derived oxylipids from the CYP and LOX pathways. Since PUFA 

substrate in leukocytes did not change and may not have contributed to a change in lipid 

mediator biosynthesis, differential oxylipid profiles may be due to modification of oxidation 

pathways or an effect of the degree of metabolism of oxygenation products. Previous work 

demonstrated the ability of LA to inhibit some CYP isoforms (Yao et al., 2006). Similarly, 

suicide inactivation of 15-LOX-1 by its own metabolites can contribute to decreased biosynthetic 

activity (Wiesner et al., 2003). Indeed, our ex vivo model demonstrated increased 15-oxoETE, 

the ketone derivative of 15-LOX-1 ArA metabolism, before LA supplementation and then was 

decreased after LA supplementation. The functional properties of the oxylipids significantly 

decreased by LA supplementation (12,13-EpOME, 9-oxoODE, and 15-oxoETE) were 

collectively  shown by others to have anti-inflammatory or protective functions during disease 
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(Zhao et al., 2004, Shiraki et al., 2005). Our findings may further support the idea that excessive 

intake of LA may promote an imbalance of pro- and anti-inflammatory oxylipids (Patterson et 

al., 2012).  

 

The third major finding was that ALA supplementation increased ALA content of leukocytes and 

changed microbial agonist-induced oxylipid biosynthesis, but did not specifically change EPA- 

and DHA-derived oxylipids. The present study was the first to investigate the effect of ALA 

supplementation on cellular PUFA content in bovine cells. Fish oil negatively affects milk 

composition and for this reason linseed is instead supplemented as a source of ALA to increase 

beneficial n-3 content in milk (Petit et al., 2002). However, our findings suggest that 

supplementation of ALA may not necessarily be positive in all respects, though we did not 

evaluate the effect of supplementation on the inflammatory phenotype. An increase in S. uberis-

induced 9-HETE after ALA supplementation indicated that non-enzymatic lipid peroxidation had 

occurred (Guido et al., 1993). In contrast to the potential detrimental effect of lipid peroxidation 

by ALA supplementation, LPS-induced biosynthesis of ArA-derived and LA-derived oxylipids 

with anti-inflammatory functions were increased relative to non-supplemented. It is possible that 

by reducing the ratio of LA/ALA in leukocytes, the biosynthesis of anti-inflammatory oxylipids 

over pro-inflammatory oxylipids was fostered, though the mechanism is unclear (Patterson et al., 

2012). Thus, our data showed that it was not necessary to decrease n-6 PUFA content, or 

increase EPA and DHA content, to modify oxylipid profiles. Perhaps intermediary PUFA and 

oxygenation productions that we did not measure contributed to differential oxylipid 

biosynthesis (Levin et al., 2002). Our data suggested that perhaps supplementation with ALA, 

instead of EPA and DHA, in dairy cows may still promote biosynthesis of anti-inflammatory 
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oxylipids derived from n-6 fatty acids. However, additional studies are needed to determine if 

any functional differences in the immune response are evident with increased cellular ALA 

content and increased anti-inflammatory oxylipids from n-6 PUFA.   
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Appendix A. Authorization to publish Chapter 1 in dissertation 
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Appendix B. Authorization to publish Chapter 2 in dissertation 
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Appendix C. Tables 

 

 

Table 1. Summary of inflammatory mediator production during bovine mastitis 

Models  Selected findings References 

Experimental intramammary challenge 

LPS � mammary tissue TNFα, COX-2, LF, LZ, and 

iNOS mRNA  

(Schmitz et al., 

2004) 

LPS � plasma PGE2, 15-keto-PGF2α, LTB4, and LTC4 

and milk TXB2  

(Piotrowska-Tomala 

et al., 2012, 

Anderson et al., 

1986) 

E. coli Severity correlated with � plasma TNF-α and milk 

PGE2  

(Pezeshki et al., 

2011) 

E. coli  � milk IL-1, IL-6, IL-8, complement fragment 

C5a, and TNFα  

(Shuster et al., 1997) 

E. coli   � milk IL-1β, IL-12, IFN-γ, IL-8, IL-10, and TNFα  (Bannerman et al., 

2004b) 

K. pneumoniae � plasma PGF2α and milk histamine, 5-HT, TxB2, 

PGE2, and PGF2α  

(Zia et al., 1987) 

S. marcescens � milk IL-1β, IL-8, IL-10, IL-12, IFN-γ, TNF-α, 

and C5a 
(Bannerman et al., 

2004a) 

S. aureus � milk IL-1β, IL-12, IFN-γ, IL-10 (Bannerman et al., 

2004b) 

S. uberis  � milk IL-1β, IL-8, IL-10, IL-12, IFN-γ, TNF-α, 

and C5a  

(Bannerman et al., 

2004a, Rambeaud et 

al., 2003) 

Natural infection 
Mixed bacteria � milk PGF2α, PGE2, and TXB2, LXA4, and LTB4 

in milk 

(Boutet et al., 2003, 

Atroshi et al., 1987) 

E. coli  � milk 6-keto PGF1α, PGE2, HODE, 5-HETE, 15-

HETE and plasma 6-keto PGF1α, PGE2, and RvD2  
(Mavangira et al., 

2015) 

E. coli or 

S. aureus 

� plasma coagulation parameters including ATT, 

and PT time  

(Ismail and 

Dickinson, 2010) 

S. aureus � mammary tissue TGF-β protein expression (Andreotti et al., 

2014) 

�=Increased, LF=Lactoferrin, LZ=lysozyme, LPS=Lipopolysaccharide, IL=Interleukin, TNF-

α=Tumor necrosis factor-α, COX-2=Cyclooxygenase-2, iNOS=Inducible nitric oxide synthase, 

PG=Prostaglandin, LT=Leukotriene, TX=Thromboxane, IFN-γ=Interferon-γ, 5-HT=Serotonin, 

HODE=Hydroxyoctadecadienoic acid, HETE=Hydroxyeicosatetraenoic acid, RvD=Resolvin, 

ATT=Activated partial thromboplastin time, PT=Prothrombin time, TGF=Transforming growth 

factor-β 
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Table 2. Bovine primers for qRT-PCR. 

Genea Reference sequence TaqMan® assay IDb 

RPS9 NM_001101152.2 Bt03272016_m1 

PGK1 NM_001034299.1 Bt03225857_m1 

ACTB NM_173979.3 Bt03279174_g1 

ICAM-1 NM_174348.2 Bt03213911_m1 

VCAM-1 NM_174484.1 Bt03279189_m1 

E-selectin NM_17418.2 Bt03213082_m1 

IL-6 NM_173923.2 Bt03211905_m1 

IL-8 NM_173925.2 Bt03211906_m1 

IL-1β NM_174093.1 Bt03212741_m1 

15-LOX-1 NM_174501.2 Bt03214775_m1 

15-LOX-2 NM_001205703.1 Bt04284773_m1 

5-LOX NM_001192792.1 Bt04297609_m1 

COX-1 NM_001105323.1 Bt03817775_m1 

COX-2 NM_174445.2 Bt03214492_m1 
a RPS9=ribosomal protein S9; PGK1=phosphoglycerate kinase; ACTB=β-actin; ICAM-

1=intercellular adhesion molecule-1; VCAM-1=vascular adhesion molecule-1; 15-LOX-1=15-

lipoxygenase-1; 15-LOX-2=15-lipoxygenase-2; 5-LOX=5-lipoxygenase; COX-

1=cyclooxygenase-1; COX-2=cyclooxygenase-2. 
b Life Technologies, Carlsbad, CA. 
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Table 3. Oxylipid concentrations in mammary tissue obtained from uninfected cows and cows 

challenged with S. uberis (pg/ng of tissue)1  

Oxylipid2 
Uninfected (n=3) Infected (n=5) 

Mean SEM Mean SEM 

8-iso PGF2α 0.19  0.19 1.61  0.80 

TXB2 0.00  0.00 0.27  0.24 

PGD2 0.16  0.16 0.00  0.00 

LXA4 0.99  0.53 2.26  0.16 

LTB4 0.69  0.35 1.59  0.81 

LTD4 105.67  56.10 57.21  26.54 

RvD1 0.13 0.04 0.20  0.07 

RvD2 0.05  0.02 0.14 0.09 

PD1 6.37  2.80 18.18  6.78 

7(S)-Maresin 1 0.28  0.16 0.32  0.28 

5-HETE 0.35  0.25 0.39  0.10 

8-HETE 2.40  1.38 6.72  4.34 

11-HETE 0.48  0.41 0.19 0.08 

12-HETE 0.24  0.14 0.35  0.09 

12-oxoETE 0.34  0.15 1.21  0.90 

15-HETE 0.65  0.41 0.81  0.29 

15-oxoETE 0.74  0.30 0.73  0.20 

20-HETE 0.16  0.07 0.51  0.25 

9-oxoODE 5.49  3.09 12.70  5.01 

13-oxoODE 2.74  1.10 8.83  5.51 

5-HETE:5-oxoETE 1.11  0.60 0.49  0.07 

12-HETE:12-oxoETE 0.78  0.31 2.29  1.24 

15-HETE:15-oxoETE 0.74  0.34 1.27  0.44 

13-HODE:13-oxoODE 0.38  0.04 5.90  3.78 

13-HODE:9-HODE 0.43  0.09 0.48  0.11 
1 Table displays oxylipids that were not different between S. uberis-infected mammary tissue and 

control tissue. 
2 PG = prostaglandin; TX = thromboxane; LT = leukotriene; RvD = resolvin D; PD = protectin; 

HETE = hydroxyeicosatetraenoic acid; HODE = hydroxyoctadecadienoic acid; oxoODE = 

oxooctadecadienoic acid. 
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Table 4. Oxylipid concentrations in milk from cows that did not establish S. uberis mastitis after 

intramammary challenge (pg/μL of milk) 

Oxylipid1 
02 3 7 

Mean SEM Mean SEM Mean SEM 

8-iso PGF
2α

 0.00  0.00 0.07  0.07 0.07  0.07 

PGE
2
 0.44  0.44 0.07  0.07 0.30  0.20 

PGF
2α

 0.59  0.20 0.52  0.27 0.44  0.13 

TXB2 1.78  1.22 1.63  1.21 0.52  0.41 

PGD
2
 1.63  1.19 0.30  0.07 0.22  0.22 

LTB
4
 0.15  0.15 0.19  0.10 0.00  0.00 

LTD
4
 24.53  24.53 31.59  24.75 30.44  27.85 

RvD
1
 0.22  0.13 0.00  0.00 0.00  0.00 

RvD
2
 0.30  0.20 0.07  0.07 0.00  0.00 

PD
1
 3.43  1.06 5.13 0.77 6.55  1.07 

5-HETE 0.00  0.00 0.12  0.07 0.00  0.00 

5-oxoETE 4.98  2.57 0.17  0.03 0.66  0.29 

8-HETE 0.00  0.00 0.25  0.13 0.47  0.11 

12-HETE 18.40  9.54 0.12  0.07 0.11  0.11 

15-HETE 0.13  0.13 3.92  1.94 0.71  0.24 

15-oxoETE 20.46  10.70 0.17  0.03 0.26  0.07 

20-HETE 0.00  0.00 0.20  0.02 0.77  0.40 

13-HODE 1.92  0.47 1.34 0.06 2.13  0.50 

13-oxoODE 2.83  1.01 2.05  1.31 3.64   0.79 

9-HODE 1.64  0.72 1.85  0.75 3.31  0.49 

9-oxoODE 6.83  1.27 7.71  4.76 22.27  3.31 

9-HODE:9-oxoODE 0.22  0.06 0.31  0.06 0.15  0.03 

5-HETE:5-oxoETE 6.83   1.27 7.71  4.76 22.27  3.31 

15-HETE:15-oxoETE 0.22  0.06 0.31  0.06 0.15  0.03 
1 PG = prostaglandin; TX = thromboxane; LT = leukotriene; RvD = resolvin D; PD = protectin; 

HETE = hydroxyeicosatetraenoic acid; oxoETE = oxoeicosatetraenoic acid; HODE = 

hydroxyoctadecadienoic acid; oxoODE = oxooctadecadienoic acid. 
2 0 = prior to intramammary infusion on d of challenge, 3 = 3 d post-challenge, 7 = 7 d post-

challenge, n=3 for all time points.  
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Table 5. Oxylipid concentrations in milk from cows that established S. uberis mastitis after 

intramammary challenge (pg/μL of milk) 

Oxylipid1 
02 3 7 

Mean SEM Mean SEM Mean SEM 

8-iso PGF
2α

 0.04 0.04 0.09 0.09 0.18 0.08 

PGE
2
 0.22 0.10 0.30 0.18 0.22 0.10 

PGF
2α

 0.42 0.13 0.40 0.18 0.46 0.15 

TXB2 0.44 0.34 1.24 0.87 0.36 0.15 

PGD
2
 0.22 0. 12 0.40 0.19 0.36 0.23 

LTB
4
 0.24 0.24 0.16 0.12 0.24 0.15 

LTD
4
 17.38 6.36 123.29 95.72 414.53 317.41 

RvD
1
 0.10 0.06 0.40 0.18 0.24 0.15 

RvD
2
 0.22 0.07 0.27 0.13 0.18 0.08 

PD
1
 14.67 5.48 53.11 33.24 90.00 55.27 

5-HETE 0.80 0.69 0.98 0.40 0.98 0.56 

5-oxoETE 0.40 0.22 0.93 0.42 2.76 2.20 

8-HETE 0.31 0.21 0.49 0.25 0.98 0.60 

12-HETE 0.31 0.19 0.44 0.20 1.33 0.84 

15-HETE 0.71 0.45 0.84 0.28 0.98 0.30 

15-oxoETE 1.24 0.45 2.31 1.54 2.22 1.67 

20-HETE 2.09 1.65 1.20 0.50 8.20 5.54 

13-HODE 4.93 2.58 3.02 0.90 5.69 2.01 

13-oxoODE 91.47 62.51 33.42 13.39 45.33 19.05 

9-HODE 8.31 3.64 9.82 3.45 6.71 1.74 

9-oxoODE 132.71 112.51 30.71 11.93 33.42 19.57 

9-HODE:9-

oxoODE 
0.29 0.10 0.61 0.31 0.03 0.16 

5-HETE:5-

oxoETE 
132.71 112.51 30.71 11.93 33.42 19.57 

15-HETE:15-

oxoETE 
0.29 0.10 0.61 0.31 0.03 0.16 

1 PG = prostaglandin; TX = thromboxane; LT = leukotriene; RvD = resolvin D; PD = protectin; 

HETE = hydroxyeicosatetraenoic acid; oxoETE = oxoeicosatetraenoic acid; HODE = 

hydroxyoctadecadienoic acid; oxoODE = oxooctadecadienoic acid. 
2 0 = prior to intramammary infusion on d of challenge, 3 = 3 d post-challenge, 7 = 7 d post-

challenge, n=5 for all time points.  
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Table 6. Fatty acid composition of linoleic acid (LA) and α-Linolenic acid (ALA) infusions 

Fatty Acid 
LA ALA 

g/d g/d 

Myristic acid (C14:0) 0.06 0.05 

Palmitic acid (C16:0) 4.06 3.98 

Palmitoleic acid (C16:1 9c) 0.11 0.03 

Stearic acid (C18:0) 1.55 1.58 

Oleic acid (C18:1 9c) 10.2 9.52 

LA (C18:2n-6) 38.6 8.39 

ALA (C18:3n-3) 6.77 37.8 

Σ SFA 6.10 5.90 

Σ MUFA 10.8 10.0 

Σ PUFA 45.4 46.3 

Σ n-3 PUFA 6.79 37.9 

Σ n-6 PUFA 38.7 8.41 
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Table 7. Ingredient and nutrient composition of the treatment diet1 

Ingredient % DM 

Corn silage 28.4 

Alfalfa silage 16.7 

Wheat straw  3.2 

Dry ground corn  17.5 

High moisture corn  8.5 

Soybean meal  14.8 

Cottonseed with lint 7.4 

Vitamin-mineral mix1 2.1 

Limestone 0.76 

Sodium bicarbonate 0.75 

Nutrient Composition  % DM 

DM 58.7 

NDF 30.6 

CP 17.5 

Starch 26.3 

FA 3.3 
1 Vitamin and mineral mix contained 34.1% dry ground shell corn, 25.6% white salt, 21.8% 

calcium carbonate, 9.1% Biofos, 3.9% magnesium oxide, 2% soybean oil, and < 1% of each of 

the following: manganese sulfate, zinc sulfate, ferrous sulfate, copper sulfate, iodine, cobalt 

carbonate, vitamin E, vitamin A, vitamin D, and selenium. 
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Table 8. Concentration (mM) of plasma FA following ex vivo microbial exposure1 

Fatty acid2 
Unstimulated S. uberis LPS 

Mean3 SEM Mean4 SEM Mean SEM 

LA 225.56 44.13 188.15 41.84 273.01 82.56 

ArA 28.68 7.41 13.26* 2.25 30.48 12.22 

ALA 54.09 10.34 45.76 9.46 57.04 16.00 

EPA 5.69 1.81 2.52 0.52 5.72 2.33 

DHA 1.61 0.33 1.26 0.26 1.84 0.47 

Palmitic acid 933.34 326.46 744.19 201.83 1,861.58 1,010.93 

Oleic acid 105.49 18.89 95.94 32.72 144.16 56.42 

Stearic acid 39.23 14.67 59.27 38.8 90.90 46.85 
1Blood samples from the non-supplemented group (CON) were collected and exposed to heat-

killed S. uberis or LPS for 4 h. Plasma then was collected and plasma FA were quantified by LC-

MS. 
2LA=Linoleic acid, ArA=Arachidonic acid, ALA= α-Linolenic acid, EPA=Eicosapentaenoic 

acid, DHA=Docosahexaenoic acid. 
3Arithmetic means are shown for unstimulated, heat-killed S. uberis-challenged, and LPS-

challenged plasma FA concentrations. 
4Fatty acid concentrations within microbial agonist columns with an asterisk (*) are significantly 

different from control as determined by Student’s t-tests (P ≤ 0.05). 
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Table 9. Concentration (μM) of significantly changed plasma oxylipids following ex vivo 

microbial exposure1,2  

Oxylipid3 
PUFA 

substrate4 

Oxidation 

pathway5 

Unstimulated S. uberis LPS 

Mean6 SEM Mean7 SEM Mean7 SEM 

13-oxoODE LA LOX 13.62 4.97 19.78* 5.63 15.08 1.76 

15-oxoETE ArA LOX 0.25 0.06 0.92* 0.19 0.37 0.08 

12-HETE ArA LOX 48.12 10.56 87.28* 15.91 81.48 27.07 

5,6-LXA4 ArA LOX 1.60 0.35 1.18 0.31 0.68* 0.18 

11,12-EET ArA CYP 0.10 0.00 0.09 0.04 0.04* 0.02 

12-HHTrE ArA COX 2.58 0.79 2.67 0.86 3.83* 0.76 

14,15-DiHETE EPA CYP 25.32 3.55 38.65* 6.29 37.60 7.71 

17,18-DiHETE EPA CYP 244.40 33.69 328.55* 44.80 291.70 28.07 

11,12-

EET/11,12-

DHET 

EPA  

0.042 0.011 0.018 0.006 0.009* 0.003 
1Blood samples from the non-supplemented group (CON) were collected and exposed to heat-

killed S. uberis or LPS for 4 h. Plasma then was collected and oxylipids were quantified by LC-

MS/MS. 
2Only oxylipids significantly changed following S. uberis or LPS exposure relative to control are 

displayed. 
3oxoODE=oxooctadecadienoic acid, oxoETE – oxoeicosatetraenoic acid, 

HETE=hydroxyeicosatetraenoic acids, LX=Lipoxin, EET=epoxyeicosatrienoic acid, DHET= 

dihydroxyeicosatrienoic acid, HHTrE= hydroxyheptadecatrienoic acid, TX=Thromboxane, 

DiHETE= dihydroxyeicosatetraenoic acid. 
4LA=Linoleic acid, ArA=Arachidonic acid, EPA=Eicosapentaenoic acid, 

DHA=Docosahexaenoic acid, ALA=α-Linolenic acid, DGLA=Dihomo-γ-Linoleic acid. 
5LOX=Lipoxygenase, CYP=Cytochrome P450, COX=Cyclooxygenase 
6Arithmetic means are shown for unstimulated, heat-killed S. uberis-challenged, and LPS-

challenged plasma oxylipid concentrations. 
7Oxylipid concentrations within microbial agonist columns with an asterisk (*) are different from 

control as determined by Student’s t-tests (P ≤ 0.05). 
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Table 10. Changes in plasma FA from PUFA-supplemented cows following ex vivo S. uberis 

challenge 

Fatty acid1 
CON2 LA ALA 

ΔMean3,4 SEM ΔMean SEM ΔMean SEM 

LA �37.41 54.73 �93.37 68.90 �86.07 113.24 

ArA �15.42a 6.27 �8.19a,b 5.18 �9.30b 6.62 

ALA �8.34 11.82 �51.76 13.86 �3.95 93.56 

EPA �3.18 1.43 �1.25 0.98 �0.74 0.90 

DHA �0.36 0.35 �0.18 0.40 �0.58 0.55 

Palmitic acid �189.16 175.84 �59.86 543.60 �399.64 238.69 

Oleic acid �9.55 24.11 �34.59 27.34 �72.61 76.61 

Stearic acid �20.04 26.05 �1.22 9.63 �58.04 24.75 
1LA=Linoleic acid, ArA=Arachidonic acid, ALA= α-Linolenic acid, EPA=Eicosapentaenoic 

acid, DHA=Docosahexaenoic acid. 
2CON=Ethanol carrier, LA=Linoleic acid supplementation, ALA=α-Linolenic acid 

supplementation. 
3ΔMean for each replicate was quantified by subtracting S. uberis-induced plasma FA 

concentration (mM) from unstimulated plasma FA concentration (mM). Means in table represent 

arithmetic means. A � indicates greater plasma FA following S. uberis exposure compared to 

unstimulated samples, whereas � indicates less plasma FA following S. uberis exposure 

compared to unstimulated samples.    
4Different letters within each FA row represent statistically significant differences among 

treatments (P ≤ 0.05).     
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Table 11. Changes in plasma oxylipids from PUFA-supplemented cows following ex vivo S. uberis challenge1 

Oxylipid2 
PUFA 

substrate3 

Oxidation 

pathway4 

CON5 LA ALA 

ΔMean 6,7 SEM ΔMean SEM ΔMean SEM 

12,13-EpOME LA CYP �2.00a 4.49 �12.26b 4.53 �8.33b 4.49 

9-oxoODE LA LOX �25.3a 11.50 �47.6b 13.96 �11.12a,b 11.50 

9-HETE ArA Non �0.36a 0.26 �0.44a,b 0.28 �0.68b 0.26 

15-oxoETE ArA LOX �0.67a 0.17 �0.17b 0.18 �0.23a,b 0.17 

20-HETE ArA CYP �0.07a,b 0.22 �0.37a 0.24 �0.30b 0.22 
1Only significant changes in oxylipids are displayed. 
2EpOME=epoxyoctadecenoic acid, oxoODE=oxooctadecadienoic acid, HETE=hydroxyeicosatetraenoic acid, 

oxoETE=oxoeicosatetraenoic acid.  
3LA=Linoleic acid, ArA=Arachidonic acid. 
4CYP=Cytochrome P450, LOX=Lipoxygenase, Non=Non-enzymatic. 
5CON=Ethanol carrier, LA=Linoleic acid supplementation, ALA=α-Linolenic acid supplementation.   
6ΔMean for each replicate was quantified by subtracting S. uberis-induced plasma oxylipid concentrations (μM) from unstimulated 

plasma oxylipid concentrations (μM). Means in table represent arithmetic means. A � indicates greater plasma oxylipids following S. 

uberis exposure compared to unstimulated samples, whereas � indicates less plasma oxylipids following S. uberis exposure compared 

to unstimulated samples.   
7Different letters within each oxylipid row represent statistically significant differences among treatments (P ≤ 0.05).     

exposure, whereas a negative value indicates less abundant oxylipid biosynthesis as a result of S. uberis exposure.    
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Table 12. Changes in plasma FA from PUFA-supplemented cows following ex vivo LPS 

challenge 

Fatty acid1 
CON2 LA ALA 

ΔMean3,4 SEM ΔMean SEM ΔMean SEM 

LA �47.45 68.94 �29.59 45.98 �120.79 27.12 

ArA �1.80 14.25 �8.51 10.88 �4.27 2.66 

ALA �2.94a,b 12.31 �21.05a 9.25 �60.83b 26.00 

EPA �0.02 2.88 �1.80 1.60 �0.67 0.60 

DHA �0.23 0.52 �0.05 0.21 �1.07 0.29 

Palmitic acid �928.23 745.06 �37.33 413.70 �678.18 292.73 

Oleic acid �38.67 48.62 �22.28 30.73 �74.13 25.23 

Stearic acid �51.67 51.58 �2.38 17.26 �72.20 55.02 
1LA=Linoleic acid, ArA=Arachidonic acid, ALA= α-Linolenic acid, EPA=Eicosapentaenoic 

acid, DHA=Docosahexaenoic acid. 
2CON=Ethanol carrier, LA=Linoleic acid supplementation, ALA=α-Linolenic acid 

supplementation.   
3ΔMean for each replicate was quantified by subtracting LPS-induced plasma FA concentration 

(mM) from unstimulated plasma FA concentration (mM). Means in table represent arithmetic 

means. A � indicates greater plasma FA following LPS exposure compared to unstimulated 

samples, whereas � indicates less plasma FA following LPS exposure compared to unstimulated 

samples.    
4 Different letters within each FA row represent statistically significant differences among 

treatments (P ≤ 0.05).   
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Table 13. Changes in plasma oxylipids from PUFA-supplemented cows following ex vivo LPS 

challenge1 

Oxylipid2 
PUFA 

substrate3 

Oxidation 

pathway4 

CON5 LA ALA 

ΔMean 6,7 SEM ΔMean SEM ΔMean SEM 

9-

oxoODE 
LA LOX/Non �12.5a 8.30 �30.3a 9.59 �30.4b 8.3 

13-

oxoODE 
LA LOX �1.77a 3.93 �0.75a,b 4.54 �15.4b 3.93 

5,6 LXA4 ArA LOX �0.92a 0.35 �0.23a,b 0.39 �0.37b 0.35 
1Only significant changes in oxylipids are displayed. 
2oxoODE=oxooctadecadienoic acid, LX=Lipoxin. 
3LA=Linoleic acid, ArA=Arachidonic acid. 
4LOX=Lipoxygenase, Non=Non-enzymatic. 
5CON=Ethanol carrier, LA=Linoleic acid supplementation, ALA=α-Linolenic acid 

supplementation. 
6ΔMean for each replicate was quantified by subtracting LPS-induced plasma oxylipid 

concentrations (μM) from unstimulated plasma oxylipid concentrations (μM). Means in table 

represent arithmetic means. A � indicates greater plasma oxylipids following LPS exposure 

compared to unstimulated samples, whereas � indicates less plasma oxylipids following LPS 

exposure compared to unstimulated samples.   
7Different letters within each oxylipid row represent statistically significant differences among 

treatments (P ≤ 0.05).     
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Table 14. Concentration (μM) of plasma oxylipids not significantly changed following ex vivo microbial exposure1,2 

Oxylipid3 
PUFA 

substrate4 

Oxidation 

pathway5 

Control S. uberis LPS 

Mean SEM Mean SEM Mean SEM 

9-HODE LA LOX/Non 69.00 6.07 82.50 13.94 60.00 6.76 

9-oxoODE LA LOX/Non 38.88 9.56 64.20 17.28 26.40 3.61 

13-HODE LA LOX 221.25 21.28 243.25 33.99 203.08 15.00 

9,10-EpOME LA CYP 24.67 2.29 23.33 2.46 21.00 1.44 

9,10-DiHOME LA CYP 142.00 29.68 163.50 48.84 156.83 22.70 

12,13-EpOME LA CYP 73.00 6.38 75.00 10.34 69.67 11.61 

12,13-DiHOME LA CYP 2305.5 374.1 2812.8 767.3 3020.5 586.8 

PGE2 ArA COX 2.17 1.19 0.67 0.28 1.22 0.36 

PGD2 ArA COX 0.42 0.09 0.29 0.06 0.83 0.29 

6-keto PGF1α ArA COX 0.88 0.33 1.35 0.42 1.13 0.20 

TXB2 ArA COX 2.22 1.23 3.13 1.24 3.37 0.85 

8-iso-PGA1 ArA Non 1.27 0.57 1.50 0.24 1.83 0.89 

8-iso-PGA2 ArA Non 0.23 0.08 0.18 0.09 0.37 0.09 

8-iso-PGE2 ArA Non 1.58 0.71 1.13 0.53 1.97 0.77 

8-iso-PGF2α ArA Non 0.85 0.16 0.60 0.23 0.88 0.22 

5-HETE ArA LOX 4.85 0.62 5.15 0.84 4.67 0.69 

5-oxoETE ArA LOX 1.43 0.44 1.08 0.46 0.74 0.27 

15-HETE ArA LOX 5.55 0.56 2.35 0.49 5.78 0.87 

11-HETE ArA Non 2.48 0.27 2.68 0.29 2.78 0.40 

20-HETE ArA CYP 0.93 0.23 1.00 0.12 0.38 0.18 

9-HETE ArA Non 1.75 0.85 0.26 0.15 0.50 0.30 

LTB4 ArA LOX 0.63 0.20 0.53 0.16 0.33 0.14 

14,15-EET ArA CYP 0.53 0.16 0.58 0.15 0.28 0.09 

14,15-DHET ArA CYP 25.32 3.55 38.65 6.29 37.60 7.71 

8,9-DHET ArA CYP 0.60 0.12 0.54 0.14 0.48 0.14 

11,12-DHET ArA CYP 3.50 0.94 4.53 1.43 3.90 0.90 

5,6-DiHETE EPA CYP 3.45 1.03 10.77 4.79 6.60 1.12 
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Table 14. (cont.) 

19,20-EpDPE DHA CYP 2.08 0.51 3.21 1.22 2.32 0.31 

19,20-DiHDPA DHA CYP 1.45 0.20 1.25 0.37 1.20 0.32 

RD1 DHA LOX 0.25 0.06 0.38 0.11 0.18 0.05 

RD2 DHA LOX 0.63 0.15 0.93 0.27 1.22 0.38 

15-HETrE DGLA LOX 2.55 0.23 2.35 0.49 2.02 0.49 

5-HETE/5-oxoETE ArA  13.29 6.81 14.74 8.57 26.25 13.01 

15-HETE/15-oxoETE ArA  28.38 7.10 9.59 1.79 18.36 3.91 

14,15-EET/14,15-DHET ArA  0.020 0.004 0.055 0.016 0.010 0.005 

9-HODE/9-oxoODE LA  2.44 0.68 1.46 0.16 2.45 0.41 

13-HODE/13-oxoODE LA  20.50 8.00 12.09 5.00 14.16 1.38 

9,10-EpOME/9,10-DiHOME LA  0.218 0.056 0.174 0.022 0.154 0.029 

12,13-EpOME/12,13-DiHOME LA  0.036 0.006 0.031 0.005 0.026 0.004 
1Blood samples from the non-supplemented group (CON) were collected and exposed to heat-killed S. uberis or LPS for 4 h. Plasma 

then was collected and oxylipids were quantified by LC-MS/MS . 
2Oxylipids not significantly changed following S. uberis or LPS exposure relative to control are displayed. 
3HODE= hydroxyoctadecadienoic acid, oxoODE=oxooctadecadienoic acid, oxoETE – oxoeicosatetraenoic acid, EpOME= 

epoxyoctadecenoic acid, DiHOME=dihydroxyoctadecenoic acid, PG=Prostaglandin, HETE=hydroxyeicosatetraenoic acid, 

oxoETE=oxoeicosatetraenoic acid, LT=Leukotriene, EET= epoxyeicosatrienoic acid, DHET= dihydroxyeicosatrienoic acid, 

DiHETE= dihydroxyeicosatetraenoic acid, EpDPE=epoxydocosapentaenoic acid, DiHDPA= dihydroxydocosapentaenoic acid, 

RD=Resolvin, HOTrE= hydroxyoctadecatrienoic acid, HETrE=hydroxyeicosatrienoic acid. 
4LA=Linoleic acid, ArA=Arachidonic acid, EPA=Eicosapentaenoic acid, DHA=Docosahexaenoic acid, ALA=α-Linolenic acid, 

DGLA=Dihomo-γ-Linoleic acid. 
5LOX=Lipoxygenase, Non=Non-enzymatic, CYP=Cytochrome P450, COX=Cyclooxygenase. 
6Arithmetic means are shown for unstimulated, heat-killed S. uberis-challenged, and LPS-challenged plasma oxylipid concentrations. 
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Table 15. Changes in plasma oxylipids from PUFA-supplemented cows following ex vivo S. uberis challenge1 

Oxylipid2 
PUFA 

substrate3 

Oxidation 

pathway4 

CON5 LA ALA 

ΔMean6 SEM ΔMean SEM ΔMean SEM 

9-HODE LA LOX/Non �13.50 9.31 �7.62 10.34 �4.58 9.31 

13-HODE LA LOX �22.00 31.46 �28.13 35.85 �36.42 31.46 

13-oxoODE LA LOX �6.17 9.58 �3.47 10.63 �9.08 9.58 

9,10-EpOME LA CYP �1.33 3.09 �1.20 3.20 �6.33 3.09 

9,10-DiHOME LA CYP �21.50 25.67 �18.26 28.93 �1.67 25.67 

12,13-DiHOME LA CYP �507.33 431.69 �477.22 478.19 �258.83 431.69 

PGE2 ArA COX �1.50 0.65 �0.52 0.72 �0.18 0.65 

PGD2 ArA COX �0.13 0.14 �0.41 0.15 �0.04 0.14 

6-keto PGF1α ArA COX �0.47 0.24 �0.30 0.27 �0.47 0.24 

TXB2 ArA COX �0.92 0.77 �0.66 0.87 �0.12 0.77 

12-HHTrE ArA COX �0.08 0.55 �0.08 0.62 �0.25 0.55 

8-iso-PGA1 ArA COX �0.23 0.41 �0.14 0.46 �0.58 0.41 

8-iso-PGA2 ArA COX �0.05 0.12 �0.14 0.12 �0.12 0.12 

8-iso-PGE2 ArA COX �0.45 0.73 �1.28 0.83 �0.53 0.73 

8-iso-PGF2α ArA COX �0.25 0.43 �0.63 0.48 �0.34 0.42 

5-HETE ArA LOX �0.30 1.24 �0.76 1.37 �2.18 1.24 

5-oxoETE ArA LOX �0.35 0.70 �1.32 0.80 �0.18 0.70 

15-HETE ArA LOX �1.87 0.79 �0.06 0.88 �0.12 0.79 

11-HETE ArA Non �0.20 0.30 �0.02 0.33 �0.53 0.30 

12-HETE ArA LOX �39.17 17.88 �8.08 19.83 �13.52 17.88 

LTB4 ArA LOX �0.10 0.26 �0.54 0.29 �0.30 0.26 

5,6 LXA4 ArA LOX �0.42 0.43 �0.13 0.48 �0.23 0.43 

14,15-EET ArA CYP �0.05 0.16 �0.13 -0.03 �0.16  

14,15-DHET ArA CYP �3.02 1.40 �0.93 1.56 �1.72 1.40 

11,12-EET ArA CYP �0.02 0.06 �0.05 0.07 �0.02 0.06 

11,12-DHET ArA CYP �1.03 0.84 �0.75 0.97 �0.83 0.84 

8,9-DHET ArA CYP �0.06 0.18 �0.20 0.20 �0.35 0.18 



 

 128

Table 15. (cont.) 

5,6-DiHETE EPA CYP �7.32 3.37 �3.05 3.58 �1.65 3.37 

14,15-DiHETE EPA CYP �13.33 5.57 �1.34 6.68 �6.03 5.57 

17,18-DiHETE EPA CYP �84.15 46.82 �26.20 51.94 �61.7 46.82 

19,20-EpDPE DHA CYP �1.13 0.57 �0.28 0.64 �0.42 0.57 

19,20-DiHDPA DHA CYP �0.20 0.54 �0.32 0.62 �0.35 0.54 

RD1 DHA LOX �0.13 0.29 �0.51 0.32 �0.13 0.29 

RD2 DHA LOX �0.30 0.32 �0.64 0.35 �0.33 0.32 

15-HETrE DGLA LOX �0.20 0.79 �1.45 0.91 �0.45 0.79 

5-HETE/5-oxoETE Ara  �1.45 30.72 �10.88 35.08 �52.14 30.72 

15-HETE/15-oxoETE Ara  �18.79 5.89 �4.62 6.53 �9.96 5.89 

11,12-EET/11,12-DHET Ara  �0.02 0.02 �0.007 0.02 �0.003 0.02 

14,15-EET/14,15-DHET Ara  �0.005 0.02 �0.00 0.02 �0.009 0.02 

9-HODE/9-oxoODE LA  �0.98 1.02 �0.40 1.19 �2.58 1.02 

13-HODE/13-oxoODE LA  �14.71 9.11 �8.82 10.11 �0.24 9.11 

9,10-EpOME/9,10-DiHOME LA  �0.04 0.03 �0.004 0.03 �0.05 0.03 

12,13-EpOME/12,13-DiHOME LA  �0.003 0.004 �0.006 0.005 �0.004 0.004 
1Changes in table represent oxylipids not significantly changed due to PUFA supplementation. 
2HODE= hydroxyoctadecadienoic acid, oxoODE=oxooctadecadienoic acid, oxoETE – oxoeicosatetraenoic acid, EpOME= 

epoxyoctadecenoic acid, DiHOME=dihydroxyoctadecenoic acid, PG=Prostaglandin, HETE=hydroxyeicosatetraenoic acid, 

oxoETE=oxoeicosatetraenoic acid, LT=Leukotriene, EET= epoxyeicosatrienoic acid, DHET= dihydroxyeicosatrienoic acid, 

DiHETE= dihydroxyeicosatetraenoic acid, EpDPE=epoxydocosapentaenoic acid, DiHDPA= dihydroxydocosapentaenoic acid, 

RD=Resolvin, HOTrE= hydroxyoctadecatrienoic acid, HETrE=hydroxyeicosatrienoic acid. 
3LA=Linoleic acid, ArA=Arachidonic acid, EPA=Eicosapentaenoic acid, DHA=Docosahexaenoic acid, ALA=α-Linolenic acid, 

DGLA=Dihomo-γ-Linoleic acid. 
4LOX=Lipoxygenase, Non=Non-enzymatic, CYP=Cytochrome P450, COX=Cyclooxygenase. 
5CON=Ethanol carrier, LA=Linoleic acid supplementation, ALA=α-Linolenic acid supplementation.   
6ΔMean for each replicate was quantified by subtracting S. uberis-induced plasma oxylipid concentrations (μM) from unstimulated 

plasma oxylipid concentrations (μM). Means in table represent arithmetic means. A � indicates greater plasma oxylipids following S. 

uberis exposure compared to unstimulated samples, whereas � indicates less plasma oxylipids following S. uberis exposure compared 

to unstimulated samples.   
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Table 16. Changes in plasma oxylipids from PUFA-supplemented cows following ex vivo LPS challenge1 

Oxylipid2 
PUFA 

substrate3 

Oxidation 

pathway4 

CON5 LA ALA 

ΔMean6 SEM ΔMean SEM ΔMean SEM 

9-HODE LA LOX/Non �9.00 6.46 �1.94 7.17 �0.50 6.46 

13-HODE LA LOX �18.17 20.73 �26.51 23.00 �30.67 20.73 

9,10-EpOME LA CYP �3.67 2.72 �3.15 3.02 �5.33 2.72 

9,10-DiHOME LA CYP �14.83 25.00 �53.67 27.73 �2.5 25.00 

12,13-EpOME LA CYP �3.33 7.10 �0.38 7.87 �9.67 7.10 

12,13-DiHOME LA CYP �715.00 412.24 �1571.3 476.01 �220.17 412.24 

PGE2 ArA COX �0.95 0.55 �0.46 0.63 �0.33 0.55 

PGD2 ArA COX �0.42 0.20 �0.12 0.22 �0.15 0.20 

6-keto PGF1α ArA COX �0.25 0.22 �0.31 0.25 �0.15 0.22 

TXB2 ArA COX �1.15 1.72 �2.01 1.96 �3.45 1.72 

12-HHTrE ArA COX �1.25 1.47 �2.08 1.63 �3.42 1.47 

8-iso-PGA1 ArA COX �0.57 0.80 �0.68 0.89 �0.05 0.80 

8-iso-PGA2 ArA COX �0.13 0.15 �0.09 0.17 �0.18 0.15 

8-iso-PGE2 ArA COX �0.38 0.26 �0.19 0.30 �0.32 0.26 

8-iso-PGF2α ArA COX �0.03 0.65 �0.65 0.72 �1.02 0.65 

5-HETE ArA LOX �0.18 1.39 �0.06 1.54 �0.77 1.39 

5-oxoETE ArA LOX �0.69 0.54 �1.02 0.60 �0.63 0.54 

15-HETE ArA LOX �0.23 0.91 �2.09 1.00 �0.72 0.91 

15-oxoETE ArA LOX �0.12 0.15 �0.10 0.17 �0.18 0.15 

11-HETE ArA Non �0.30 0.53 �1.04 0.59 �1.20 0.53 

12-HETE ArA LOX �33.37 14.78 �5.80 16.40 �11.25 14.78 

20-HETE ArA CYP �0.55 0.31 �0.19 0.36 �0.03 0.32 

9-HETE ArA Non �1.25 0.62 �0.13 0.71 �0.33 0.62 

LTB4 ArA LOX �0.30 0.17 �0.06 0.19 �0.33 0.17 

14,15-EET ArA CYP �0.25 0.12 �0.11 0.14 �0.07 0.12 

14,15-DHET ArA CYP �1.35 1.63 �1.79 1.86 �4.25 1.63 

11,12-EET ArA CYP �0.06 0.05 �0.01 0.05 �0.02 0.05 
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Table 16. (cont.) 

11,12-DHET ArA CYP �0.40 0.73 �1.13 0.83 �2.47 0.73 

8,9-DHET ArA CYP �0.12 0.22 �0.03 0.26 �0.43 0.22 

5,6-DiHETE EPA CYP �3.15 2.52 �5.63 2.86 �0.63 2.52 

14,15-DiHETE EPA CYP �12.28 5.42 �8.87 6.12 �15.93 5.42 

17,18-DiHETE EPA CYP �47.30 42.59 �58.68 47.25 �134.50 42.59 

19,20-EpDPE DHA CYP �0.23 0.40 �0.02 0.46 �0.93 0.40 

19,20-DiHDPA DHA CYP �0.25 0.26 �0.02 0.30 �0.60 0.26 

RD1 DHA LOX �0.07 0.14 �0.06 0.16 �0.26 0.14 

RD2 DHA LOX �0.58 0.42 �0.49 0.44 �0.32 0.42 

5-HETE/5-oxoETE ArA  �12.96 5.12 �9.35 5.76 �2.35 5.12 

15-HETE/15-oxoETE ArA  �10.02 6.82 �1.48 7.78 �0.31 6.82 

11,12-EET/14,15-DHET ArA  �0.03 0.02 �0.00 0.02 �0.01 0.02 

11,12-EET/14,15-DHET ArA  �0.01 0.00 �0.01 -0.01 �0.01 0.00 

9-HODE/9-oxoODE LA  �0.01 0.93 �0.29 1.03 �3.01 0.93 

13-HODE/13-oxoODE LA  �6.39 5.31 �6.31 5.90 �22.16 5.31 

9,10-EpOME/9,10-DiHOME LA  �0.06 0.03 �0.00 0.03 �0.02 0.03 

12,13-EpOME/12,13-DiHOME LA  �0.01 0.00 �0.00 -0.01 �0.00 0.00 
1Changes in table represent oxylipids not significantly changed due to PUFA supplementation. 
2HODE= hydroxyoctadecadienoic acid, oxoODE=oxooctadecadienoic acid, oxoETE – oxoeicosatetraenoic acid, EpOME= 

epoxyoctadecenoic acid, DiHOME=dihydroxyoctadecenoic acid, PG=Prostaglandin, HETE=hydroxyeicosatetraenoic acid, 

oxoETE=oxoeicosatetraenoic acid, LT=Leukotriene, EET= epoxyeicosatrienoic acid, DHET= dihydroxyeicosatrienoic acid, 

DiHETE= dihydroxyeicosatetraenoic acid, EpDPE=epoxydocosapentaenoic acid, DiHDPA= dihydroxydocosapentaenoic acid, 

RD=Resolvin. 
3LA=Linoleic acid, ArA=Arachidonic acid, EPA=Eicosapentaenoic acid, DHA=Docosahexaenoic acid, ALA=α-Linolenic acid, 

DGLA=Dihomo-γ-Linoleic acid. 
4LOX=Lipoxygenase, Non=Non-enzymatic, CYP=Cytochrome P450, COX=Cyclooxygenase. 
5CON=Ethanol carrier, LA=Linoleic acid supplementation, ALA=α-Linolenic acid supplementation.  
6ΔMean for each replicate was quantified by subtracting LPS-induced plasma oxylipid concentrations (μM) from unstimulated plasma 

oxylipid concentrations (μM). Means in table represent arithmetic means. A � indicates greater plasma oxylipids following LPS 

exposure compared to unstimulated samples, whereas � indicates less plasma oxylipids following LPS exposure compared to 

unstimulated samples.  
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Appendix D. Figures 

 

 

 
Figure 1A. During homeostasis, endothelial cells maintain adequate vascular tone, permeability, 

and leukocyte migration. B. At the onset of infection-induced inflammation, endothelial cells 

acquire new properties to facilitate clearance of the bacteria.  Activated endothelial cell 

expression adhesion molecules and produce increased concentrations of reactive oxygen species, 

vasoactive lipid mediators, and cytokines. Increased vasodilation and chemokines elicit 

neutrophils to adhere to and cross the endothelium. Some endothelial cells may exhibit 

morphological changes during inflammation, those of which are eliminated during the resolution 

and wound healing phase of inflammation. C. An unregulated immune response results in 

prolonged activation of endothelial cells and accumulation of activated neutrophils at the 

endothelial surface causing irreversible cell damage. Oxidative stress as a result of accumulated 

ROS, free radicals, and lipid hydroperoxides further contributes to cellular damage and apoptosis 

of endothelial cells. 
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Figure 1. (cont.) 
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Figure 2. Means of oxylipid concentrations in tissue from uninfected cows (n=3) are displayed in 

open bars and means of oxylipid concentrations in tissue from S. uberis-infected cows (n=5) are 

displayed in closed bars. The concentration of tissue 6-keto-PGF1α, PGE2, PGF2α, and 5-oxoETE 

(A) was significantly greater in S. uberis-infected mammary tissue. Similarly, the concentration 

of 9-HODE and 13-HODE (B), and the 9-HODE:9-oxoODE ratio (C) was significantly greater 

in S. uberis-infected mammary tissue. Values are means ± SEM expressed in pg of oxylipid per 

mg of tissue or as a ratio of oxylipids. *Significance declared at P ≤ 0.05. 

 

  

6-keto PGF1α PGE2 PGF2α 5-oxoETE
0.0

0.5

1.0

1.5

p
g

 o
f 
o

x
y
lip

id
 /
 m

g
 o

f 
ti
s
s
u

e

*

* *

*

A)

9-HODE 13-HODE
0

10

20

30

40

p
g

 o
f 
o

x
y

lip
id

 /
 m

g
 o

f 
ti
s

s
u

e

*

*

B)

Uninfected S. uberis-infected 
0

1

2

3

4

5

R
a
ti

o
 o

f 
9
-H

O
D

E
:9

-o
x
o

O
D

E

*
C)



 

 134

 

 

Figure 3. Means of relative mRNA expression in tissue from uninfected cows (n=3) are 

displayed in open bars and means of relative mRNA expression in tissue from S. uberis-infected 

cows (n=5) are displayed in closed bars. Pro-inflammatory marker (A) and oxylipid biosynthetic 

enzyme (B) mRNA expression of tissue from uninfected (n=3) and S. uberis (014J)-infected 

cows (n=5).  The mRNA expression is expressed as 2-ΔΔCt ± SE. Significance declared for 

differences in ΔCt at P ≤ 0.05. 
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Figure 4. Means of oxylipid concentrations in milk from cows that failed to establish S. uberis 

mastitis (n=3) are displayed in open bars and means of oxylipid concentrations in milk from 

cows that established S. uberis mastitis (n=5) are in closed bars. Increased HODE was significant 

7 d post-challenge in cows that established a S. uberis intramammary infection (A). In contrast, 

the milk 13-HODE:13-oxoODE ratio (B) and the milk 13-HODE:9-HODE ratio (C) was greater 

on the d of challenge and 3 d post-challenge in milk from cows that did not establish S. uberis 

mastitis compared to milk from cows that established mastitis. Values are means ± SEM 

expressed in pg of oxylipid per µL of milk or as a ratio of oxylipids. *Significance declared at P 

≤ 0.05.  
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Figure 5. Means of oxylipid concentrations in milk from cows that failed to establish S. uberis 

mastitis (n=3) are displayed in open bars and means of oxylipid concentrations in milk from 

cows that established S. uberis mastitis (n=3) are in closed bars. The concentration of milk 6-

keto-PGF1α (A) and 11-HETE (B) was different on the d of challenge between dairy cows that 

did not establish S. uberis mastitis compared to cows that established mastitis. Values are means 

± SEM expressed in pg of oxylipid per µL of milk. *Significance declared at P ≤ 0.05. 
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Figure 6. A) The mRNA expression of pro-inflammatory COX-2 was not different after 4 h 13-

HODE exposure. (10 and 50 μM n=7 and 100 μM n=4). B) The mRNA expression of pro-

inflammatory COX-2 was significantly greater after 4 h exposure to 30 μM 13-HPODE (n=5). 

The positive control was LPS and was significantly greater during both experiments (A, B). The 

mRNA expression is expressed as 2-ΔΔCt ± SE. Significance declared for differences in ΔCt at P 

≤ 0.05. 
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Figure 7. Mean changes in BMEC mRNA expression of oxylipid biosynthetic enzymes (A, B), 

adhesion molecules (C, D) and a chemotactic cytokine (E). Media controls are displayed as open 

bars. Positive control is 4 hr lipopolysaccharide (LPS) and displayed in closed bars are displayed. 

Light grey bars represent S. uberis supernatant exposure for 4 hr and 36 hr. The mRNA 

expression is expressed as 2−ΔΔCt ± SE. Asterisks (*) denote differences between media control 

and treatments including S. uberis and positive control, LPS, as tested by Student’s t-tests. 

Significance declared for differences in ΔCt at P ≤ 0.05 (n=3 for all genes). 
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Figure 7. (cont.) 
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Figure 8. Oxylipid biosynthesis following 4 hr LPS (black bars) or S. uberis supernatant 

exposure for 4 hr and 36 hr (light grey bars) is displayed. Media controls are displayed as open 

bars. Mean oxylipid biosynthesis is expressed as ng of oxylipid/mL of media. Asterisks (*) 

denote differences between media control and positive control (LPS) as tested by Student’s t-

tests. Significance for differences declared at P ≤ 0.05 (n=3). 
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Figure 9. Mean changes in mRNA expression of bovine monocyte oxylipid biosynthetic 

enzymes (A, B), a marker of monocyte activation (C) and inflammatory cytokines (D, E). Media 

controls are displayed as open bars. Positive control is 4 hr LPS and displayed in closed bars. 

Light grey bars represent S. uberis supernatant exposure for 4 hr and 36 hr. Dark grey bars 

represent heat-killed S. uberis exposure for 4 hr and 36 hr. The mRNA expression is expressed as 

2−ΔΔCt ± SE. Asterisks (*) denote differences between media control and positive control (LPS) 

as tested by Student’s t-tests. Letters that differ between control time points, 4 hr and 36 hr 

separately, denote significant differences between control and among treatments as measured by 

an ordinary one-way ANOVA with Tukey’s post hoc correction. For example, 4 hr exposure to 

heat-killed S. uberis upregulated COX-2 mRNA expression compared to control but 4 hr 

exposure to S. uberis supernatant did not (Figure 3A). Additionally, COX-2 mRNA expression 

after heat-killed S. uberis is not different from COX-2 mRNA expression after S. uberis 

supernatant exposure (Figure 3A). A similar relationship can be described for 36 hr exposure of 

bovine monocytes to heat-killed and S. uberis supernatant. Significance declared for all tests 

using ΔCt at P ≤ 0.05 (n=4 for 15-LOX-1, IL-6, and IL-10; n=3 for COX-2 and iNOS). 
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Figure 9. (cont.) 
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Figure 10. Oxylipid biosynthesis following 4 hr LPS (black bars) or S. uberis exposure. Media 

controls are displayed as open bars. Light grey bars represent S. uberis supernatant exposure for 

4 hr and 36 hr. Dark grey bars represent heat-killed S. uberis exposure for 4 hr and 36 hr. Mean 

oxylipid biosynthesis is expressed as ng of oxylipid/mL of media. Asterisks (*) denote 

differences between media control and positive control (LPS) as tested by Student’s t-tests. 

Letters that differ between control time points, 4 hr and 36 hr separately, denote significant 

differences between control and among treatments as measured by an ordinary one-way ANOVA 

with Tukey’s post hoc correction. For example, 4 hr exposure to S. uberis supernatant or heat-

killed S. uberis did not modify 13-HODE biosynthesis, whereas 36 hr exposure to heat-killed S. 

uberis did increase 13-HODE biosynthesis. No letters are displayed in Figure 4B as no 

differences were detected in any time points. Significance for differences declared at P ≤ 0.05 

(n=4). 
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Figure 11. Mean normalized resistance across time during media control ( ) and 150 μM 13-

HPODE ( ) is displayed in Figure 5A. Mean normalized resistance for 100 μM 13-HODE (

) exposure up to 6 hr is displayed in Figure 5B. Mean normalized resistance across time 

during media control ( ) and 25 ng/mL LPS ( ) is displayed in Figure 5C. Resistance for 

each group is normalized to prior to treatment addition. Significance declared for differences 

between media control and 13-HPODE at specific time points by Mann-Whitney tests (P ≤ 0.05). 
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Figure 11. (cont.) 
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Figure 11. (cont.) 
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Figure 12. YOPRO®-1 and propidium iodide staining displayed as fold change over media 

control after 6 hr (Figure 6A & B) and 24 hr (Figure 6C & D) 13-HPODE exposure. Media 

controls are displayed in open bars and 13-HPODE treatments are in light grey bars. Positive 

control (1 hr 2mM H2O2 exposure) YOPRO®-1 and propidium iodide staining is displayed in 

Figure 6A & B and are the black bars. Different letters demonstrate a significant difference 

among media control and 13-HPODE treatments determined by one-way ANOVA with Tukey’s 

post hoc correction. An asterisk (*) represents a significant difference between medial control 

and H2O2 as determined by Student’s t-tests. Significance declared at P ≤ 0.05. 
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Figure 12. (cont.) 
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Figure 13. Mean change in caspase 3/7 activity displayed as fold change over media control 

(open bar) after 6 hr 13-HPODE (light grey bars) or 1 mM H2O2 exposure for 6 hr (black bar, 

positive control). Different letters demonstrate a significant difference among media control and 

13-HPODE treatments determined by one-way ANOVA with Tukey’s post hoc correction. An 

asterisk (*) represents a significant difference between medial control and H2O2 as determined by 

Student’s t-tests. Significance declared at P ≤ 0.05. 
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Figure 14. YOPRO-1 and propidium iodide staining displayed as fold change over media control 

(open bar) after 6 hr 150 μM 13-HPODE (light grey bars) or 6 hr co-exposure with 150 μM 13-

HPODE or N-acetylcysteine (NAC, light grey bars). Different letters demonstrate a significant 

difference among media control and treatments as determined by a one-way ANOVA with 

Tukey’s post hoc correction. Significance declared at P ≤ 0.05. 
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Figure 15.  Mean normalized resistance across time during media control ( ), 150 μM 13-

HPODE ( ), and 150 μM 13-HPODE  + 1 mM N-acetylcysteine (NAC) ( ) exposure is 

displayed in Figure 9. Resistance for each test group is normalized to prior to treatment addition. 

Significance declared for differences between media control and 13-HPODE at specific time 

points by Mann-Whitney tests (P ≤ 0.05). There were no significant differences detected 

between media control and 13-HPODE + 1mM NAC. 
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Figure 16. Normalized amount (ng FA/ ng DNA) of PUFA, SFA, and MUFA in bovine 

leukocytes following supplementation of the ethanol carrier (CON), LA at 45 g/d, or ALA at 45 

g/d. Figures 1A-E depicts quantified PUFA (LA, ALA, ArA, EPA, and DHA). Figures 1F-G 

depicts quantified MUFA and SFA (palmitic acid, oleic acid, and stearic acid). Letters in Figure 

1B represent significant differences across treatments groups as determined by a non-parametric 

one-way ANOVA with Dunn’s correction (P ≤ 0.05).  
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Figure 16. (cont.) 
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Figure 17. Normalized average sum of n-6 FA (ng FA/ ng DNA), n-6 FA (ng FA/ ng DNA), 

ratio of n-6/n-3, and ratio of LA/ALA in bovine leukocytes following supplementation of the 

ethanol carrier (CON), LA at 45 g/d, or ALA at 45 g/d. Figure 2A represents the normalized sum 

of n-6 PUFA (LA and ArA). Figure 2B represents the normalized sum of n-3 PUFA (ALA, EPA, 

and DHA). Figure 2C represents the ratio of total n-6 to n-3 (n-6/n-3). Figure 2D represents the 

ratio of LA to ALA (LA/ALA). Letters in Figure 2C & D represent significant differences across 

treatments groups as determined by an non-parametric one-way ANOVA with Dunn’s correction 

(P ≤ 0.05). 

  

CON LA ALA
0

2×103

4×103

6×103

8×103

Σn
-6

 

Abomasal infusion
(Ethanol carrier)

A

CON LA ALA
0

200

400

600

800

Σn
-3

Abomasal infusion
(Ethanol carrier)

B

CON LA ALA
0

10

20

30

40

R
a
ti
o
 o

f 
n

-6
/n

-3

a,b
a

b1

Abomasal infusion
(Ethanol carrier)

C

CON LA ALA
0

20

40

60

80

100

R
a
ti
o
 o

f 
L

A
/A

L
A

Abomasal infusion
(Ethanol carrier)

a
a

b

D



 

 155

 

Figure 18. Summary of proposed mechanisms for 13-HPODE-induced apoptosis. (1) 13-

hydroperxyoctadecadienoic acid (13-HPODE) may promote lipid peroxidation of endothelial 

membranes and contribute to increased lipid peroxyl radicals capable of propagating lipid 

peroxidation in the mitochondrial membrane.  An inability to reduce pro-oxidant contributes to 

sustained increase in the permeability of the mitochondrial membrane and likely results in 

activation of intrinsic pathway of apoptosis. (2) 4-hydroxynonenal (4-HNE) may be formed as an 

end product of lipid peroxidation or from 13-HPODE cleaved from the membrane. Increased 4-

HNE may activate cytoplasmic p53, which can promote transcription and translation of proteins 

that promote apoptosis. Conversely, 4-HNE is diffusible and can interact with the Fas death 

ligand to contribute to activate of the extrinsic apoptosis pathway through either caspase 8 

activation or apoptosis signal-regulating kinase 1 (ASK-1). 



 

 156

Appendix E. Preparation of 13-HPODE 

 

Preparation of 13-HPODE 
 

Chemicals and solvents needed 

 

Sodium borate (Fisher Science Education – blk bottle) 

Linoleic acid (Sigma) 

Lipoxidase type V from glycine max – soybean (Sigma) #L66632-IMU 

Diethyl ether (JT Baker) 

Millipure ddH20 

Magnesium sulfate (JT Baker) 

n-Hexane 99% (Fisher Scientific) 

2-propanol (JT Baker) lot #151392 

Ethyl Alcohol (Sigma) 

 

Method 

 
1) Rinse all glassware 3x with sterile EtOH.  

a. Glassware needed: 2 250 mL bottles, 100 mL bottle (or 250 if not available), 2 100 mL 

graduated cylinders, 250 mL graduated cylinder, separation flask, rotary ball, solvent 

collector, several amber 5 mL bottles and clear 1.5 mL chromatography vial. 

 
2) Fill water bath with DI water to 1 in. from top using beaker from precision water bath. Turn on 

Ecoline Rotary Evaporator to cool to -10°C and BUCH water bath to heat to 37°C. 

 
3) Mix 14.29 g sodium borate in 250 mL millipure ddH20 in a rinsed 250 mL bottle with stir bar.  

a. Stir on heat (100°C at 300rpm) for approximately 45 minutes. 

 
4) Chill: 

a. millipure ddH20 (at least 30 mL place in fridge across from sink) 

b. diethyl ether (at least 60 mL pour in hood into an amber colored bottle in -20°C freezer) 

c. 788mL:32mL hexane:propanol mixture until cold (in -20°C freezer) 

 

5) Hexane and Propanol 1L bottles above Shimadzu machine – Dump old and replace with fresh 

each time protocol run (hexane in TC hood beaker and Propanol in white jug in Mol. Bio. Lab). 

Gentle handling of line and filter when laying down. Be careful to do one at a time to keep line A 

for hexane ONLY and line B for propanol ONLY. Add enough for a full bottle each. 

a. Hexane below hood – fill in hood 

b. Propanol –fill in hood 

6) Turn on Shimadzu computer + 4 Shimadzu parts (buttons on machines to left of computer): 2 

pumps, main controller, and PDA. � see Shimadzu Start-up Protocol 

a. Make sure stopper in jug on floor sealed. 

 

7) Once sodium borate buffer completely dissolved, pH to ≈ 9 (8.9 – 9.1 acceptable) and filter 

vacuum into new rinsed 250 mL bottle.   

a. Chill at -20°C freezer until cold. 
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8) Transfer 30 mL sodium borate buffer in graduated cylinder to rinsed 100 mL round bottom bottle 

with stir bar.  

a. Place bottle in gallon freezer bag on stirrer and get stirring well at gentle speed (75-100 

rpm) BEFORE packing ice around bottle. 

 

9) Linoleic acid suspension prep: 

a. Shake liquid in vial down before popping top off (serrated).  

b. Add 1 mL of borate buffer to new vial of linoleic acid with glass pipette (1 vial = 100mg; 

need 50mg) 

c. Mix thoroughly with Pasteur pipette (gets very clumpy; will never go completely into 

solution). 

d. Transfer 0.5 mL linoleic acid suspension to 30 mL borate buffer on ice, continue stirring, 

and LIGHTLY cap. 

 

10) Add 118.89 uL (300,000 U) of lipoxidase type V to linoleic acid suspension- adding straight into 

buffer. 

a. Stir bottle on ice for 1 h with cap off.  Ensure bottle is in bag surrounded by ice to keep 

cold. (SEE SHIMADZU START-UP DURING THIS INCUBATION) 

 

11) Stop reaction by adjusting pH to 3 (at least 3, below 3 ok too; slow down addition at 6 – quick 

drop after) with 1 N HCl using pipette filler (in drawer below pH meter). 

 

12) Screw round bottom flask on ratavapor machine with clamp. 

 

13) Chill 2 blue topped waters vials + place sodium borate solution on ice. 

 
14) Add 60 mL cold diethyl ether (in freezer) to linoleic acid suspension in hood and transfer to 

rinsed separation flask that has been purged with argon (make sure valve in closed position); cap. 

Complete these steps in the fume hood:  
a. Invert separation flask and shake vigorously.  

b. Burp/release valve to release gas.   

c. Continue shaking and burping at least 5-10x. 

d. Let separation of phases occur: upper = diethyl ether and lower = water. 

e. Decant lower phase (water) to separation line.  

f. Flip back over, release cap, and let separate into two phases again. 

 

15)  Add 30 mL cold millipure ddH20 and repeat step 14, waiting 30s at separation step. 

a. Final release of water and shake/burp. 

 

16)  Add magnesium sulfate until it no longer “sticks” and crystals begin to move/roll with 

movement. (movement = all water has bound to magnesium sulfate) 

 

17)  Ensure rinsed rotary ball flask is flushed with argon and transfer diethyl ether extract slowly 

straight down into bottom of rotary ball flask. Attach flask to rotavapor, clamp down, and twist 

until locked into position. 

 
18)  Lower flask into water bath using lever. Slowly turn on rotary evaporator to a speed of 15 rpm, 

turn on vacuum, increase rotation speed to 115 rpm and vacuum to 22psi. (Watch for bubbles 

whole time!) 
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a. If bubbles appear, release gas by turning valve on rotary evaporator arm. 

 

19) Add ice around new rotary ball flask at bottom of condenser, packing around sides up to neck. 

 

20)  Once all liquid is gone (may be a slight oily residue) ie nothing actively dripping off coils, use 

lever to lift up flask in water bath slowly (not enough to disturb ice around condenser flask) and 

wipe water off side of flask and rotate (make sure not liquid left in water bath flask). If no liquid, 

shut off vacuum and release water bath flask and transfer to ice (this is now your extract 

collected). 

 

21)  Raw Fraction Extract = Resuspend extract collected first in 1 mL cold hexane:propanol (788 

mL hexane:32 mL propanol or mobile phase) using a glass pipette.   

a. Tilt flask to a flat orientation and roll ball around to ensure extract is collected.  Remove 

extract and transfer to rinsed amber colored vial. Record volume of collection. 

b. Top with argon. Place on ice. 

 

22) Raw Fraction Extract = Add an additional 1 mL hexane:propanol (mobile phase) using a glass 

pipete and swirl/rotate ball to ensure extract is collected from the entire surface.  

a. Remove extract and transfer to rinsed vial from step 15. Record volume of collection. 

b. Top with argon. Place on ice. 

 

23)  Prepare 13-HPODE standard mixture (3 uL in 400 uL mobile phase should work). This standard 

doesn’t have to exact as quantification will be done on LC/MS. 

 

24) When ready to inject, press “load data” to load appropriate flow parameters for the method. 

 
25) Ensure that pressure remains stable before injecting (355-370 psi). 

 

26) Inject 2 syringe fulls (1000 µL) of mobile phase solution to injection site on column. 

a. Hit “Start Stable Run” 

b. Change name to standard prep or fraction# (13 HPODE standard prep 2_4_16) 

c. Copy & paste to sample ID 

d. Open semi prep methods (yellow folder icon) � new date folder � save 

e. BEFORE clicking ok, make sure injector lever in up position. 

f. Click ok. 

 

27) Inject 200 uL 13-HPODE standard to determine approximate time of collection. 

a. Take note of retention time. 

b. If standard does not look clean, re-inject and if need be, make a new standard mixture. 

 

28)  Inject 200 uL raw fraction and collect at respective time. May not be able to collect first injection 

if peaks are a bit “messy”.  

a. Collect into blue topped waters bottles.  

b. Top with argon. 

 

29) Continue injecting and collecting all fractions until done with prepared extract.  Top with argon 

each time. 

a. At end of run (14min long) take out syringe and turn lever to up position. 

 



 

 159

30) Clean up: 

a. Clean separation column/flask with DI water to clean out magnesium. Rinse 1x with 

ethyl alcohol. 

b. Sodium borate can go down sink. 

c. Turn off bath, column, and machine. 

Pour out condenser column flask liquid. Rinse 1x with ethyl alcohol. 
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Appendix F. Electric Cell-Substrate Impedance Sensing Experimental Protocol 

 

BMEC ECIS EXPERIMENTS 

 

ECIS: Day 1 

 

1. Warm L-cysteine (10mM solution in sterile water, Morgan and Katie know how to make if 

you give them a couple days warning) to room temperature. Warm 0.15M NaCl solution, sterile 

ddH2O, sterile HBSS, several tubes of trypsin, 10% FBS F12k +Se BMEC media, and 5% FBS 

F12k +Se BMEC media.  

 

2. Make sure you close out any open runs on the ECIS system and reopen software.  

 

3. Add 200 uL 10mM L-cysteine to each well and allow to sit at room temperature for 10 

minutes. 

 

4. Make up bovine collagen at 4 uL/mL (usually make 5 mL for 2 arrays) with warmed NaCl 

solution. 

 

5. Aspirate L-cysteine from each well and wash 2x with ddH2O. Ensure all water has been 

aspirated before moving to step 6. Avoid bubbles. 

 

6. Add 200 uL bovine collagen solution to each well and incubate for approximately 45 minutes 

to 1 hr at 37C. While this is incubating, go trypsinize, collect, count cells, and resuspend cells 

with the following steps. 

 

7. Aspirate media from desired flasks and wash with 10 mL HBSS. Aspirate all HBSS from 

flasks and add 4.5 mL trypsin. Incubate for 2 min, then tap cells loose, and quench with at least 9 

mL 10% FBS F12k +Se BMEC media per flask. Collect all cell suspensions from flasks and 

deposit into 50 mL tube. Collect an aliquot for cell counting. Take note of media volume. 

 

8. Spin cell suspensions at 1000 rpm for 10 min. Count cells while spinning and resuspend at 

2x10^6 cells/mL or 4x10^6 cells/mL. 

 

9. Resuspend cells in 5% FBS F12k +Se BMEC media and make a cell suspension at 2x10^5 

cells/mL. In addition to the cell suspension, aliquot about 10 mL 5% FBS F12k +Se BMEC 

media into another tube. This will be used to wash arrays and to fill cell-free well of array. 

 

10. Seed 100 mm plates in 5% FBS F12k +Se BMEC media if necessary at 2x10^6 and seed 

back flasks in 10% FBS F12k +Se BMEC media at desired concentration (usually either 2x10^6 

for about 4 days time to confluent or 1x10^6 for about 6 days time to confluent).   

 

12. Remove ECIS arrays and wash 2x with 5% FBS F12k +Se BMEC media. Gently mix cell 

suspension by pipetting and seed 500 uL into all but one array. I leave top left array “empty”, but 

this well still needs 500 uL 5% FBS F12k +Se BMEC media. 
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13. Allow cells to sit in the hood at room temperature for 10-15 minutes. 

 

14. Carefully place/slide array in holder and screw the holder to “finger tight” while limiting the 

time the door is open. 

 

15. Press setup and ensure that all arrays in holder are green in the bottom left corner. Also select 

8W10E+ below the boxes that light up. 

 

16. On the right side of the screen, select MFT (multiple frequency) and change time interval to 

180 seconds. 

 

17. Press check connection and wait to ensure all wells are transmitting. 

 

18. Once resistances are displayed and look “normal”, press start. Add comments as necessary. 

 

19. Ensure that the initial data displays on the graph. 

 

20. Let incubate until resistances stabilize (observe at the default of 4000Hz).  

 

ECIS: Day 2 (Part 1) 

 

1. Warm media at least 30 min before needed. You need 0% FBS F12k +Se BMEC media and 

5% FBS F12k +Se. I usually warm the media in tissue culture and pull out about 10 mL from 

each bottle into prelabeled tubes. These tubes I will take to BacT. Do NOT take media bottles 

out of tissue culture. 

*Be sure media is thoroughly warmed to 37C as temperature can affect the measurements* 

 

2. Press pause on the ECIS software and wait for box to pop up indicating the measurements are 

paused.  

 

3. Carefully unscrew the holder and carefully remove the array from the holder without shaking. 

 

3.  Slowly aspirate all media from each well (500 uL) and slowly add 400 uL fresh media to each 

well. I usually aspirate and add in a corner, not straight onto the monolayer. 

*Be careful not to introduce any bubbles. Also, be diligent, but move quickly because a drastic 

reduction in temperature will affect the measurements* 
 

4. Carefully replace array in holder and screw the holder to “finger tight” while limiting the time 

the door is open. 

 

5. Press check connection and wait to ensure all wells are transmitting. 

 

6. Once resistances are displayed and look “normal”, press continue. 
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7. Allow BMEC and measurements to equilibrate for approximately 4.  The length of time 

depends on the severity of the change due to the temperature, flow from media change, and 

difference in media. I have had to wait up to 8 hours before, but hopefully this does not become 

an issue. 

 

ECIS: Day 2 (Part 2) 

 

1. Warm media at least 30 min before needed. You need 0% FBS F12k +Se BMEC media and 

5% FBS F12k +Se. I usually warm the media in tissue culture and pull out about 10 mL from 

each bottle into prelabeled tubes. These tubes I will take to BacT. Do NOT take media bottles 

out of tissue culture. 

*Be sure media is thoroughly warmed to 37C as temperature can affect the measurements* 

 

3.  Prepare experimental reagents at 5x the required concentration in warm media.   

 

4. Press pause on the ECIS software and wait for box to pop up indicating the measurements are 

paused.  

 

5. Carefully unscrew the holder and carefully remove the array from the holder without shaking. 

 

6. Slowly add 100 uL of either % FBS F12k +Se BMEC media and 5% FBS F12k +Se to control 

wells or treatments to respective wells. Make sure they are labeled or diligently recorded in your 

notebook. 

 

12. Carefully replace array in holder and screw the holder to “finger tight” while limiting the 

time the door is open. 

 

13. Press check connection and wait to ensure all wells are transmitting. 

 

14. Once resistances are displayed and look “normal”, press continue. 

 

15. Allow instrument to collect measurements for however long you prefer. At the conclusion 

press finish and add comments as needed. Save the data file 

 

16. Export data as a CSV. 
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