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Abstract 

Oxidized lipids derived from omega-3 (n-3) and n-6 polyunsaturated fatty acids (PUFAs)—

collectively known as oxylipins—are bioactive mediators that affect functions of multiple organs. 

There are plausible mechanisms whereby excessive or inadequate exposures to specific oxylipins 

could adversely affect placenta, predispose to preterm birth and/or impact brain development. Yet 

there are large gaps in our understanding of the effects of oxylipins in pregnancy. 

The long-term objective of this research is to determine the impacts of oxylipins on human 

pregnancy and neurodevelopment. In this research I aimed to: (i) establish proof-of-concept that 

the largest alteration in dietary PUFAs in modern times (increased linoleic acid (LA) and 

preformed oxidized LA metabolite (OXLAM) consumption) alters brain biochemistry in a 

mammalian model;  (ii) design and develop an assay for targeted profiling of oxylipins and 

precursor unesterified fatty acids; (iii) determine effects of delayed processing, typical of human 

studies, on oxylipin concentrations in plasma; (iv.) profile oxylipins and unesterified precursors 

in plasma from pregnant Australian participants in the Omega-3 fats to Reduce the Incidence of 

Prematurity (ORIP) study. ORIP samples were used to investigate: (a) concentrations of specific 

oxylipins throughout pregnancy, (b) effects of docosahexaenoic acid (DHA) supplementation on 

oxylipins; and (c) whether oxylipin concentrations measured in first and second trimesters predict 

risk of preterm birth.  

In study 1, increasing dietary LA in a mouse model increased n-6 and decreased n-3 fatty 

acids, and increased OXLAMs in brain. Dietary OXLAMs had no effect on brain oxylipins but 

decreased brain PUFAs.  Thus, brain fatty acids are modulated by both dietary LA and OXLAMs, 

while brain OXLAMs are regulated by endogenous synthesis from LA, rather than incorporation 

of preformed OXLAMs.   



xv 
 
In study 2, I investigated effects of delayed blood processing typical of human studies, on 

oxylipin concentrations in plasma and established that most oxylipins were reasonably stable 

when blood is stored on wet ice for up to 2 hours prior to processing. The lone exception was 

substantial time-dependent increases in 12-lipoxygenase-derived and platelet-derived oxylipins. 

These findings gave me confidence to proceed with study 3. 

In study 3, I observed that in the placebo group without DHA supplementation unesterified 

arachidonic acid (AA) and several AA-derived oxylipins decreased between weeks 14-24 of 

pregnancy. DHA supplementation increased plasma unesterified DHA and DHA-derived 

oxylipins in plasma.  Participants with higher concentrations of 5-lipoxygenase-derived oxylipins 

at 14 weeks, or unesterified AA at 24 weeks, had higher risk of preterm birth in exploratory 

analysis. The hypothesis that 5-lipoxygenase-derived oxylipins and/or unesterified AA could 

serve as mechanism-based biomarkers for preterm birth should be evaluated in larger, adequately 

powered studies. 

     Collective findings stimulated and informed design and conduct of animal and human 

studies investigating the roles of oxylipins in pregnancy and development in humans.  Findings 

suggest the need to move past the traditional measure of esterified fatty acid levels in blood and 

tissues and to measure the likely mediators of change – unesterified fatty acids their oxylipin 

derivatives – in humans. Such work could ultimately have important implications for human 

populations by informing strategies for manipulating oxylipins as in a manner to decrease the risk 

preterm birth and/or favorably impacting neurodevelopmental trajectory. 
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1.1    Overview of oxylipins 

Oxidized lipids derived from omega-3 (n-3) and omega-6 (n-6) polyunsaturated fatty 

acids (PUFAs), collectively known as oxylipins, comprise a large, heterogeneous family of 

labile, bioactive signaling molecules that play diverse roles in human health and disease (1). 

Classic oxylipins such as prostaglandins and leukotrienes have been exhaustively investigated 

and well documented to have numerous bioactivities (reviewed in 1.1.1). More recent evidence 

has suggested that a growing list of oxylipins play pivotal regulatory roles in the initiation and 

resolution of inflammation (2-5), endothelial cell activation (6), coagulation (7), vasoconstriction 

and vasodilation (8), nociception and anti-nociception (9-13), and parturition (2, 14-18). 

Accordingly, alterations in oxylipin concentrations have been implicated in numerous 

physiological responses, and in the pathogenesis of conditions ranging from chronic pain (19), to 

cardiovascular diseases (20), neurodegenerative diseases (21), and preterm birth (22). 

The initial step in oxylipin generation is oxidation of one or more 1,4-cis-cis-pentadiene 

structures, which are unique structural features of PUFAs such as arachidonic acid (AA, 20:4n-

6), docosahexaenoic acid (DHA, 22:6:n-3), and linoleic acid (LA, 18:2n-6)(Fig 1A).  Major 

PUFA oxidation reactions include peroxidation, which involves the addition of a hydroperoxide 

moiety to the 1 or 4 carbon of the 1,4-cis-cis-pentadiene structure which shifts the double bonds 

into conjugation (Fig 1B), and epoxidation which adds oxygen to form an epoxide moiety, 

eliminating one carbon-carbon double bond (Fig 1C).  Three major iron-containing enzyme 

classes—cyclooxygenases (COX), lipoxygenases (LO), and cytochrome P450 (CYP) 

epoxygenases—are known to catalyze oxidation of PUFAs to generate regio- and stereospecific 

oxylipin derivatives.  PUFAs can also undergo free-radical mediated peroxidation under 
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conditions of oxidative stress, producing racemic mixtures of hydroperoxy- and epoxy-fatty 

acids. 

 

Figure 1. Oxidation of the 1,4-cis-cis-pentadiene structures in polyunsaturated fatty acids 

(A) Linoleic, arachidonic and docosahexaenoic acid contain one, three and five 1,4-cis-cis-

pentadiene structures, respectively (shown in blue). (B) 1,4-cis-cis-pentadiene structures are 

susceptible to enzymatic and free-radical mediated peroxidation, forming hydroperoxy-, 

hydroxy- and epoxy-fatty acids. Hydroperoxy-fatty acids are intermediates in the synthesis of 

numerous oxylipins, such as 9- and 13-hydroxy-octadecadienoic acids (9- and 13-HODEs) from 

linoleic acid. (C) Epoxy-fatty acids, such as the 19(20)-epoxy-docosapentaenoic acid derivative 

of DHA, contain one less carbon-carbon double bond than their parent fatty acid.  
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Detailed descriptions of the pathways involved in the biosynthesis of oxylipins derived 

from arachidonic acid (AA), docosahexaenoic acid (DHA), and linoleic acid (LA) are provided 

in Sections 1.1.1-1.1.3. Briefly, cyclooxygenase (COX) enzymes convert AA into endoperoxide 

prostaglandin PGG2, which is further converted to numerous prostanoids and thromboxanes 

(reviewed in Section 1.1.1). Lipoxygenase (LO) enzymes (5-LO, 12-LO, 15-LO) convert AA to 

AA-hydroperoxides, which can then be further metabolized to generate AA-monohydroxides, 

leukotrienes, lipoxins, and hepoxilins (23) (reviewed in Section 1.1.1). LO enzymes convert 

DHA to DHA-hydroperoxides, which can then be further metabolized to form monohydroxy-

DHA derivatives, resolvins, protectins, and maresins (24) (reviewed in Section 1.1.2). LA is also 

a substrate for COX and LO-mediated enzymatic peroxidation, forming LA-hydroperoxides, 

which can be further metabolized to form a variety of bioactive oxylipins (reviewed in Section 

1.1.3).  AA, DHA, and LA are also substrates for CYP-epoxygenase enzymes that generate 

epoxy fatty acids, which can be then be converted to vicinal diols by soluble epoxide hydrolase 

(sEH) (25).  Two-enzyme systems consisting of LO-mediated peroxidation followed by 

hydroperoxide isomerization (e.g. by e-LOX-3 or CYP2S1) can convert PUFAs to hydroxy-

epoxides, which can be subsequently hydrolyzed to form tri-hydroxy PUFAs (25-27). PUFAs—

including AA, DHA and LA—can also undergo non-enzymatic free-radical mediated 

peroxidation to generate the numerous additional families of oxylipins. Examples of free radical 

generated oxylipins include AA-derived isoprostanes, 8-isoPGF2α, and certain regioisomers and 

racemic mixtures of HETEs, DHA-derived neuroprostanes (28), certain regioisomers and 

racemic mixtures of HDHAs (29), and LA-derived racemic mixtures of HODEs (30).  These 

oxylipins and their downstream chain-cleavage products can serve as markers for lipid 

peroxidation and “oxidative stress” (31, 32). Profiling of labile oxylipins and their more stable 
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pathway markers and inactivation products can provide insights into biochemical processes in 

tissues (1) and can potentially serve as predictive or pharmacodynamic biomarkers.  Since 

humans lack the ability to synthesize PUFAs de novo, the levels of these compounds and their 

oxylipin derivatives can be altered by targeted dietary manipulation (19, 32, 33). These 

mechanistic insights and biomarker data could ultimately provide new targets and leads for the 

diagnosis, prevention and/or treatment of various diseases [reviewed in (1)].  

 

1.1.1. Classic eicosanoids derived from arachidonic acid (AA)  

AA is the precursor to dozens of oxylipins that have well-established biochemical and health 

effects in multiple organs and disease states (23). Bioactive oxylipins derived from AA are best 

known as potent mediators of nociception and parturition (e.g. 2-series prostaglandins) (16), 

vasodilation (e.g. prostacyclin, epoxyeicosatrienoic acids)(34), vasoconstriction and thrombosis 

(e.g. thromboxanes), immune activation (e.g. leukotriene B4) (35), inflammation-resolution (36) 

, allergy and atopy (e.g. leukotrienes C4/D4/E4) (37, 38)], and neuronal activation and pain (e.g. 

hepoxilins) (39, 40).   
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Figure 2: Molecular pathways involved in enzymatic and non-enzymatic conversion of 

arachidonic acid (AA) to representative AA-derived oxylipins.  AA contains three 1,4-cis-cis-

pentadiene structures that are susceptible to peroxidation. AA is converted by prostaglandin 

(PG)H2 synthase, also known as cyclooxygenases (COX) with subsequent conversion to PGE2, 

15-epiPGF2α, 8iso-PGF2α, or thromboxane (TX) A2 and its stable inactivation product TXB2. 

AA can be converted by 5-, 12-, and 15-lipoxygenases (LOs) to generate 5-HETE, 12-HETE or 

15-HETE, respectively.  LTB4 and 5-OxoETE are downstream products of the 5-LO pathway; 

lipoxin (LX)A4 is a downstream product of the 15-LO pathway. AA can be converted by auto-

oxidation to generate 8- and 11-HETE, or can undergo cytochrome P450 (CYP) epoxygenase-

mediated oxidation to generate multiple epoxyeicosatrienoic acids (EETs) or terminal 

hydroxylation to form 20-HETE. 
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Well-established molecular pathways involved in the synthesis of bioactive AA-derived 

oxylipins include (Fig. 2): (i) COX-mediated enzymatic conversion of AA into endoperoxide 

prostaglandin (PGG2), which is further converted to numerous prostaglandins and 

thromboxanes; (ii) 5-LO-mediated conversion of AA to form 5-HPETE, with subsequent 

conversion to 5-HETE and 5-OxoETE or leukotrienes (LTs) B4, C4, D4 and E4; and (iii) CYP-

mediated conversion of AA to form epoxyeicosatrienoic acids (EETs). These biosynthetic and 

signaling pathways for prostaglandins, thromboxanes, leukotrienes and d EETs are targets of 

many pharmacological interventions designed to prevent or treat conditions ranging from acute 

and chronic pain, to thrombosis, asthma, atopy, atherosclerosis, hypertension, and failure of labor 

progression (41-47). 

1.1.2 Oxylipins derived from n-3 DHA  

Emerging preclinical evidence suggests that oxylipins derived from n-3 docosahexaenoic 

acid (DHA), also known as docosanoids—including n-3 monohydroxides and epoxides, as well 

as resolvins, protectins, and maresins (collectively known as specialized pro-resolving mediators 

or SPMs) have potent anti-inflammatory and inflammation-resolution actions (24). Notable 

examples of SPMs exhibiting pro-resolving actions in preclinical models include E-series 

resolvins (48), D-series resolvins (RvD1-D6) (49), protectins (50), maresins (51) and related 

compounds derived from n-3 docosapentaenoic acid (52). The n-3 monoepoxides 13(14)-epoxy-

DPA, 16(17)-epoxy-DPA, and 19(20)-EpDPA, and maresins, protectins and resolvins have also 

demonstrated anti-nociceptive effects in preclinical models (53-55). These promising preclinical 

findings have spurred the development of pharmacological, nutritional supplement, and dietary 

approaches for boosting the actions of these compounds as a strategy for treating inflammatory 

conditions and neuropathic pain (56-58).  
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Figure 3: Molecular pathways involved in enzymatic and non-enzymatic conversion of 

docosahexaenoic acid (DHA) to representative DHA-derived oxylipins.  DHA contains five 1,4-

cis-cis-pentadiene structures that are susceptible to peroxidation. DHA is converted by 5-, 12-, 

and 15-lipoxygenases (LOs) to generate 4-hydroxy-DHA (4-HDHA) and 7-HDHA, 14-HDHA, or 

17-HDHA, respectively. 14-HDHA and 17-HDHA can serve as pathway precursors indicating 

activation of the 12-LO and 15-LO pathways that are used for production of bioactive maresins, 

and resolvins and protectins, respectively.  Since humans lack an 8-lipoxygnease enzyme, 10-

HDHA is generally considered to be an auto-oxidation product in humans. 
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1.1.3 Oxidized linoleic acid metabolites (OXLAMs) 

LA is the direct precursor to the classic oxidized linoleic acid metabolites, collectively 

known as OXLAMs, including hydroperoxy-octadecadienoates (HPODEs), hydroxy-

octadecadienoates (HODEs), oxo-octadecadienoates (oxo-ODEs), epoxy-octadecenoates 

(EpOMEs), and dihydroxy-octadecenoates acids (DiHOMEs)(Fig. 4A), which have reasonably 

well-established actions and are linked to various diseases (reviewed in (59)).  Several new 

families of oxidized LA derivatives have been recently described—including hydroxy-epoxide-

octadecenoates, keto-epoxide-octadecenoates, and trihydroxy-octadecenoates (TriHOMEs)(26, 

27, 60)—which have poorly understood functions (Fig. 4B). 

Classic OXLAMs are enriched in the esterified pools of oxidized lipoproteins, and as free 

acids and in esterified lipid pools (such as phospholipids, triacyglycerols, and cholesteryl-esters) 

of tissues characterized by inflammation and/or oxidative stress (61). OXLAMs have been 

mechanistically linked to several pathological conditions including steatohepatitis (62, 63), 

atherosclerosis (64), chronic pain (9), and asthma (65).  Accordingly, in preclinical models free 

HpODEs and HODEs have demonstrated pathological activities including endothelial cell 

activation, matrix degradation and remodelling (66), immune activation and foam cell formation 

(67, 68).  OXLAMs may play beneficial roles in certain conditions (reviewed in (69)). For 

example, emerging evidence suggests that specific OXLAM regio- and stereoisomers play 

important structural roles in forming the epidermal water barrier (70, 71), which is required to 

prevent transepidermal water loss, and may protect against xerotic dermatoses (72). This 

function helps account for LAs designation as an “essential fatty acid”, since LA deficiency is 

implicated in the lack of a functional epidermal water barrier and scaly dermatitis (73, 74). 

Notably, only a very small amount of LA (about 0.5% of energy) in the diet appears necessary to 
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prevent manifestations of essential fatty acid deficiency (75). LA is enriched in the esterified 

lipid pools of skin (26, 71) and genetic variants coding for non-functional variants 12-R-LO 

and/or e-LOX-3 manifest as congenital ichthyoses and loss of water barrier integrity resembling 

experimental dietary “essential fatty acid deficiency”, suggesting that as of yet unidentified LA 

derivative(s) of these enzymes is critical for proper formation or function of the water barrier 

(71). Interestingly, several OXLAMs were recently reported to be abundant components of the 

human vernix caseosa, a cheesy layer that covers the skin of the fetus during pregnancy and at 

birth and is thought to help protect the newborn from external insult after birth (76). The putative 

protective roles of specific OXLAM species in the epidermal water barrier and vernix caseosa 

are a matter of intense inquiry (71, 76). 
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Figure 4: Molecular pathways involved in enzymatic and non-enzymatic conversion of linoleic 

acid (LA) to representative LA-derived oxylipins.  LA contains one 1,4-cis-cis-pentadiene 

structure that is susceptible to peroxidation. Panel A shows molecular pathways involved in 

enzymatic and non-enzymatic conversion of LA to classic LA-derived oxylipins including 

hydroxy-octadecadienoates (HODEs), oxo-octadecadienoates (oxo-ODEs), epoxy-

octadecenoates (EpOMEs), and dihydroxy-octadecenoates acids (DiHOMEs).  Panel B shows 

proposed pathways involved in conversion to emerging, less well-established oxylipins including 

hydroxy-epoxide-octadecenoates(H-E-LAs), keto-epoxide-octadecenoates (K-E-LAs), and 

trihydroxy-octadecenoates (TriHOMEs). 
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1.2 Strategies for manipulating oxylipins by diet or supplementation 

1.2.1 Seafood and/or n-3 supplements 

Extensive evidence indicates that eating seafood or n-3 EPA and DHA supplementation 

increases the abundance of EPA and DHA and their n-3 derived oxylipins in both esterified and 

free lipid pools (77-80), in many human and mammalian tissues. This includes several EPA and 

DHA-derived epoxides and the precursors and pathway markers for E-series and D-series 

resolvins, maresins and protectins (19). There is also an extensive body of evidence indicating 

that dietary or supplemental n-3 EPA and DHA decreases the AA content of esterified lipid 

pools with subsequent reductions in AA-derived oxylipins including prostanoids, leukotrienes, 

and HETEs (19, 79, 81). Omega-3 derived oxylipins are reported to have beneficial effects in 

numerous preclinical studies (51, 53-55) and diet-induced changes n-3 fatty acids or derived 

oxylipins are associated with favorable outcomes in some but not all, human studies (81-85).  A 

large, tightly controlled randomized trial testing the effect of DHA supplementation on the risk 

of preterm birth in pregnant Australian women (n=5,544) known as ORIP (Omega-3 fats to 

Reduce the Incidence of Prematurity) Trial, and led by my Thesis supervisors Professors Maria 

Makrides and Robert Gibson, was recently published in the New England Journal of Medicine 

(86). Makrides and Gibson had previously demonstrated that DHA supplementation provided 

from week 14 through delivery produced a shift the curve of birth, decreasing the risk of preterm 

birth, while increasing the risk of caesarean section (87). DHA supplementation is known to 

increase DHA and DHA-derived oxylipins with anti-inflammatory and pro-resolving properties 

in maternal tissues including placenta (88) and could hypothetically also decrease AA-derived 

oxylipins in maternal tissues, however these effects on AA remain to be demonstrated 

experimentally.  
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The ORIP study, which supplemented DHA through week 34 as a strategy for decreasing 

preterm birth without increasing the risk of C-section, found that DHA supplementation, in a 

combination of singleton and twin pregnancies, did not alter the overall risk of early preterm 

birth (primary endpoint)(86). However, in secondary analyses limited to singleton pregnancies, 

DHA supplementation did decrease the risk of preterm and early preterm birth compared to 

placebo (86). Beneficial effects were most evident in mothers with low baseline DHA status, 

measured as the total (esterified plus unesterified) DHA; however, an equally potent effect in the 

opposite direction was seen in mothers with high DHA status at baseline (86). These results 

suggest a complex relationship between DHA supplementation and the duration of gestation.  

Notably, in plasma fatty acids esterified in triacylglycerols, cholesteryl esters, and phospholipids 

account for the vast majority of total fatty acids, with unesterified fatty acids accounting for the 

remainder.  Since unesterified fatty acids are thought to be labile and bioactive and to represent a 

more immediate oxylipin-precursor pool than their esterified counterparts (89), measurement of 

unesterified fatty acids may provide additional insights into metabolic status.  Here, we used 

unique plasma samples from ORIP to test the hypothesis that DHA supplementation would 

increase unesterified DHA and DHA-derived oxylipins including HDHAs and EpDPAs, while 

decreasing unesterifted AA and AA-derived oxylipins including HETEs, prostaglandins and 

thromboxanes. The targeted LC-MS/MS oxylipin and unesterified fatty acid profiling completed 

as part of this Thesis is intended to provide unique insights into the potential roles unesterified 

precursor fatty acids and DHA-derived and AA-derived oxylipins in pregnancy and preterm 

birth. Our extensive biochemical investigation of ORIP plasma samples may provide insights 

that could help explain the complex ORIP results. 
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1.2.2 Rising intake of linoleic acid in modern industrial diets  

Linoleic acid (LA) is the most abundant PUFA in modern human diets, currently 

accounting for about 7.2-7.5% of total energy intake and 89% of total PUFA intake in pregnant 

women and the general U.S. population (Fig 5). In Australia, LA accounts for about 4.5% of 

total energy intake and 79% of PUFA intake in reproductive age women and about 4% of total 

energy intake and 75% of PUFA the general population (90)(Fig 6). The higher LA intakes in 

the U.S. compared to Australia are due in part to higher use of LA-rich soybean oil in the U.S. 

(91), with higher use of canola oil in Australia. LA accounts for about 50% and 20% of energy in 

soybean and canola oils, respectively (Fig 7 below). 

LA intakes have increased markedly in industrialized countries in the past half century, 

primarily due to increased use of liquid vegetable oils (concentrated sources of LA)(Table 1 and 

Fig. 7A&B) as ingredients in many packaged and processed foods, and in commonly used 

cooking and frying oils (reviewed in (59)).   

High LA intakes of modern diets depend on industrial oil processing to create highly 

concentrated oils sources of LA. For example, LA accounts for 55% of the energy in corn oil 

versus <1% of energy in whole corn (Fig. 7B). 
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Fig. 5. Average polyunsaturated fatty acid intakes in U.S. adults and pregnant women  

Abbreviations: EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; AA, arachidonic acid; 

LA, linoleic acid; ALA, alpha-linolenic acid; PUFA, polyunsaturated fatty acids. 
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Fig. 6. Average intakes of polyunsaturated fatty acids in the Australian general population, 

toddlers and reproductive age women (90) 

Abbreviations: LA, linoleic acid; ALA, alpha-linolenic acid; PUFA, polyunsaturated fatty acids. 
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Table 1. Main natural sources of ALA (adapted from the reference) 

Fat source Percentage LA of the total lipid (expressed as g/100g) 

Safflower oilф 75 

Sunflower oilф 66 

Corn oil 54 

Cottonseed oil 52 

Soybean oilψ 50 

Canola oilϮ 19   

Olive oil 10 

Coconut oil 2 

Butter 2 
US Department of Agriculture, Agricultural Research Service. 2012. USDA National Nutrient 

Database for Standard Reference, Release 25. www.ars.usda.gov/nutrientdata (92).  

ф high-oleic versions of these oils with lower linoleic acid (LA) are commercially available 

ψ soybean oil is the most abundant liquid oil in the U.S. food supply  

Ϯ canola oil is the most abundant liquid oil in the Australian food supply 
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Fig. 7. Consumption and composition of vegetable and seed oils that are highly concentrated 

sources of linoleic acid.  (A) Liquid vegetable oil consumption in the United States increased 

from about 5% to 15% of food energy between 1970 and 2010, while consumption of shortenings 

and margarine declined.  (B) Liquid vegetable oils derived from corn, cottonseed, soybean and 

sunflower oils are far much more concentrated sources of LA than their unrefined precursor 

sources. 

 

Importantly, the LA exposures in pregnant women and the general population are highly 

variable, with daily intakes in U.S. women ranging from <3 to ≈20% of energy (Fig. 8); an 

estimated 25% of pregnant U.S. women get >10% of daily energy intake from LA.   
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Fig. 8. Distributions of polyunsaturated fatty acid intakes in the United States general 

population and pregnant women.  LA intakes in the United States ranges are estimated to range 

from <3 to about 20% of food energy in the general population (A) and pregnant women (B). 
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Despite this variability, modern intakes in the United States are uniformly higher than the 

historical norm of 2-3% of energy as LA provided by traditional diets, and by modern diets 

without added vegetable oils (reviewed in (59)).  Thus, modern LA intakes in the United States 

are simply not possible without industrial food processing and widespread addition of 

concentrated vegetable oils.  While current LA intakes in Australia (Fig. 6) are substantially 

lower than in the United States, intakes still tend to be higher than the historical norm of 2-3% of 

energy, especially in reproductive age women. 

LA is classically recognized as having important health effects for three reasons: (1) for 

being an “essential fatty acid” because small amounts of LA (about 0.5% of energy) in the diet 

are required for integrity of the epidermal water barrier (73, 74); (2) for decreasing serum low 

density lipoprotein cholesterol when replacing dietary saturated fats (93); and (3) for being the 

precursor to arachidonic acid (AA, 20:4n-6) (94, 95), which in turn is the precursor to 

prostanoids, which have myriad effects ranging from promoting physical pain (96) to inducing 

parturition (14, 16).  As replacing saturated fat with LA decreases low density lipoprotein (LDL) 

cholesterol, it has long been believed that high LA diets would be cardioprotective (93).  

Paradoxically, however, available evidence from randomized controlled trials indicates that 

replacement of saturated fat with vegetable oils rich in LA has neutral to unfavourable effect on 

the risks of coronary heart disease and deaths from all causes (59).  Moreover, human controlled 

trials have not yet demonstrated that altering dietary LA has any effect on AA or prostaglandin 

production in human tissues (94). Thus, there is a need to understand more about the potential 

consequences of exposure to high LA intakes in humans.  
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1.2.3 Strategies for decreasing native and oxidized linoleic acid in the diet  

One of the main reasons for potential concern about the increased abundance of LA in 

modern industrialized diets is due to the properties of the biologically active derivatives of this 

fatty acid. LA contains a 1,4-cis,cis-pentadiene structure, which is susceptible to enzymatic and 

non-enzymatic peroxidation (Fig 1). LA is the direct precursor to the oxidized linoleic acid 

metabolites known as OXLAMs (reviewed in Section 1.1.2 and Fig 4). OXLAMS can be 

created two ways. Relatively large quantities of these OXLAMs are formed when vegetable oils 

rich in LA are cooked or otherwise heated (97-99) , and published literature suggests that 

preformed OXLAMs may be either absorbed and incorporated into human tissues after 

consumption, or initiate peroxidation of endogenous LA (100, 101). Although human data are 

lacking, consumption of heated vegetable oils rich in LA has been linked to development of 

cerebellar ataxia in chicks (102, 103).  And short term feeding of heated safflower oil to rats in 

early pregnancy had teratogenic effects (104) that were partially prevented by co-administration 

of tocopherols. 

 It is therefore potentially concerning that LA-enriched oils are ingredients in many food 

products that are fried or otherwise heated, including potato chips, french fries, cooking/frying 

oils, margarines, and shortenings. Because LA can be oxidized to generate several OXLAMs, it 

is likely that the levels of these OXLAMs, like LA, in modern diets have also increased 

markedly over the past few decades. However, there is currently virtually no information on the 

level of OXLAMs in frequently consumed foods in either the United States or Australia, and 

their relationship with OXLAM concentrations in humans. 

 In addition to being consumed preformed in foods, LA can also be endogenously 

converted into OXLAMs either via the actions of several mono-oxygenase enzymes, or non-
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enzymatically via free radical-mediated oxidation (reviewed in Fig 4). Therefore, the abundance 

of OXLAMs in human tissues potentially reflects consumption of both preformed OXLAMs and 

those resulting from metabolism of their precursor LA in the body, and the higher intakes of LA 

are likely to be further contributing to increases in OXLAM concentrations in human tissues.   

Dietary LA lowering has been shown to decrease OXLAM concentrations in the total pool of 

human plasma (105). High LA diets appear to increase OXLAMs in rodents in a tissue 

dependent manner (10), suggesting the ability to reduce tissue OXLAMs by decreasing the 

amount of non-oxidized LA in the diet.  At the time these Thesis projects were initiated, the 

effects of dietary OXLAMs on tissue OXLAMs, their precursor fatty acids and degradation 

products were largely unknown. 

 
1.3    Complications of pregnancy and potential roles of oxylipins in pregnancy & preterm 
birth  

 
Despite major advancements in clinical sciences, complications in pregnancy remain a 

major source of morbidity and mortality around the world [reviewed in (106)]. Important 

pregnancy-related complications include high blood pressure (preeclampsia), gestational 

diabetes, placental abruption, intrauterine growth restriction, preterm birth (before 37 weeks), 

very preterm birth (before 32 weeks) and perinatal mortality. In the United States and Australia, 

preterm birth affects about 10%, and 8% of infants born, respectively (107, 108).  Preterm-

related causes of death together account for about 35% of all infant deaths, more than any other 

single cause. Preterm birth is also a leading cause of long-term neurological disabilities in 

children (109, 110). The incidence of complications in pregnancy continues to rise around the 

world. While the reasons for this remain unclear, the significant shifts which have occurred in 

the composition of typical diets in industrialized countries over the past few decades, especially 
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the pronounced increase in concentrated vegetable and seed oils, has been suggested as a 

potential contributing factor.  

 

1.3.1   Prostaglandins and leukotrienes in parturition  

2-series prostaglandins (e.g. PGE2 and PGF2α) are well-known to play pivotal roles in 

initiation and progression of labor by promoting cervical maturation and myometrial contraction 

(14).  Vaginal prostaglandins including PGE2 and PGF2α have been used for induction of labor 

since the 1960s (16). A 2014 Cochrane review of seventy randomized controlled trials concluded 

that vaginal application of prostaglandins at term probably reduces the likelihood of vaginal 

delivery not being achieved and the need for caesarean section (16). However vaginal 

prostaglandin treatment does increase the risk of uterine hyperstimulation with fetal heart rate 

changes (16). Inhibition of cyclooxygenase (COX)-mediated synthesis of 2-series prostaglandins 

via non-steroidal anti-inflammatory drugs (NSAIDs) can suppress preterm labor and prolong 

pregnancy in animal models and humans (14, 111) and aspirin during pregnancy appears to 

decrease risk of preeclampsia and hypoxia-related placental pathology in high risk patients (112, 

113). However, there are concerns for important fetal side effects—including renal and 

cardiovascular toxicity—with aspirin and NSAID use during pregnancy. Prostaglandin receptor 

antagonists (111, 114) have shown promise in early stage clinical trials for preventing or 

delaying preterm birth without the side effects of NSAIDs. 

The placenta in preterm birth is characterized by an inflammatory phenotype (115), 

including alterations in prostaglandin synthesis and catabolism (116). Human blood, placenta 

and fetal tissues are enriched in n-3 and n-6 fatty acids, and selected oxylipins derived from AA, 

DHA and LA have been measured in cord blood (15, 117) and aminiotic fluid (18, 118).  5-

lipoxygenase derivatives of AA (e.g. 5-HETE and leukotriene B4) may also be involved in 
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parturition (2, 17, 18). Leukotriene B4 and 5-HETE has been shown to be elevated in amniotic 

fluid during normal parturition (18), and to be elevated in amniotic fluid of mothers with 

premature rupture of membranes in the presence of infection, labor, or especially both (2).  5-

HETE and leukotriene B4 were elevated in amniotic fluid in pregnant women who had intra-

amniotic infection, suggesting that these 5-lipoxygenase derivatives could serve as potential 

biomarkers of microbial invasion of the amniotic cavity, a well-established cause of preterm 

birth (118, 119). Thus, it is possible that in addition to prostaglandins, other bioactive oxylipins 

derived from n-6 AA (e.g. leukotrienes, HETEs), n-3 fatty acids, and/or linoleic acid (discussed 

below) could impact parturition and development.  

1.3.2 Potential roles of DHA-derived oxylipins in pregnancy and development 

DHA is well-known to be concentrated in fetal tissues (biomagnification) compared to 

maternal tissues and is a major component of the placenta and developing brain (120). DHA 

supplementation in pregnancy has been investigated as a strategy for enhancing 

neurodevelopment (121, 122) and for decreasing preterm birth (87, 123).   Several plausible 

mechanisms exist whereby maternal DHA consumption could favorably influence pregnancy, 

parturition, and/or brain development. Notable example includes partial replacement of AA by 

DHA in oxylipin precursor pools following DHA supplementation, which has been reported to 

decrease PGE2 in multiple tissues (124). Such a reduction in placental AA would be expected to 

decrease uterine contractility and preterm birth (14, 111). DHA supplementation may also 

decrease inflammatory processes implicated in preterm birth by increasing the production of 

DHA-derived oxylipins with anti-inflammatory and pro-resolving properties in placenta or blood 

(88). ORIP study analyses may inform these hypotheses. 
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1.3.3 Potential roles of OXLAM exposure in pregnancy and development 

OXLAMs have been mechanistically linked to several pathological conditions and  

consumption of heated vegetable oils rich in LA or infusion of LA-hydroperoxides formed from 

heating LA, have been linked to development of cerebellar ataxia in chicks, and teratogenicity in 

rats, suggesting that dietary and circulating OXLAMs could potentially have adverse effects on 

the developing brain. However, the effects of OXLAM exposures on neurodevelopment are 

largely unknown in mammals. OXLAMs are abundant in circulating lipoproteins—particularly 

in the oxidized low-density lipoprotein (OxLDL) particles of individuals with systemic disorders 

characterized by inflammation and/or oxidative stress (reviewed in (61)). Scavenger receptors, 

which readily bind OxLDL (e.g. CD36, Stabilin-1, and LOX-1), are strongly expressed in the 

human placenta (125-127), and increase during periods of oxidative stress (128) providing a 

potential mechanism for delivery of large amounts of OXLAMs and other oxidized lipids to 

placenta during conditions of inflammation or oxidative stress. Interestingly, OxLDL and its 

scavenger receptor LOX-1 have been described together in trophoblasts at the maternofetal 

interface (126), and OxLDL concentrations in placenta are linked to intrauterine growth 

restriction (129). Together, these observations provide an intriguing clue that OXLAM exposures 

in pregnancy could potentially affect parturition or development.  Yet, despite major increases in 

LA intake, we currently have no data to assess OXLAM exposures in pregnant women, or to 

determine whether these exposures are associated with pregnancy and developmental outcomes. 

In summary, there is accumulating evidence that oxylipins could affect the function of 

multiple organs, and that one subset of oxylipins (OXLAMs) can adversely affect the function of 

certain organs including the liver, while another subset (docosanoids) could have favorable 

effects. Classic oxylipins (prostaglandins) are known to play a critical role in parturition, and 
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there are plausible mechanisms whereby other oxylipins could have favorable or unfavorable 

effects on the placenta and developing brain (see above). However, we currently have only a 

very limited understanding of whether and how oxylipins influence biochemical and clinical 

endpoints in pregnancy and neurodevelopment. Despite these plausible mechanisms and the 

potential for public health impact, there are large gaps in our understanding of the biochemical 

effects, and any effects in humans are largely unknown. 

1.4 Statement of Intent 

The overall objective of this thesis is to lay the groundwork necessary for refining 

hypotheses, and for designing and conducting future, definitive studies that can determine the 

impacts of oxylipins on human pregnancy and neurodevelopment. The Aims of the Thesis are (1) 

To first establish proof of concept that the largest alteration in dietary PUFAs in modern times 

(increased consumption of linoleic acid and preformed OXLAMs from heated high LA oils) can 

alter brain biochemistry in a mammalian model;  (2) Next, to apply the knowledge generated 

from the above to inform the development of targeted analytical tools needed to measure 

unesterified fatty acids and oxylipins in human samples from pregnant women; (3) To determine 

the temperature and time-dependent effects of delayed blood processing, which is typical of 

human studies, on oxylipin concentrations in human plasma; (4) To apply these targeted assays 

in the plasma collected from participants in the ORIP (Omega-3 fats to Reduce the Incidence of 

Prematurity) study to (a) determine the ranges of concentrations and trajectory of changes in 

specific oxylipins throughout pregnancy in Australian women; (b) determine the effects of DHA 

supplementation on plasma oxylipins concentrations; and (c)  explore whether oxylipin 

concentrations measured in the first and second trimester of pregnancy can help predict risk of 

preterm birth in Australian women. The data and variance obtained from are intended to inform 
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the design and conduct of larger, definitive studies investigating the roles of unesterified fatty 

acids and oxylipins in pregnancy and development in humans. 

Collectively, it is anticipated that this series of projects will help stimulate a new line of 

inquiry in humans, by taking initial steps needed before future research can definitively 

determine whether and how oxylipins in general, and OXLAMs and docosanoids in particular, 

affect pregnancy, parturition, and development. Such work could ultimately have important 

implications for human populations by informing strategies for manipulating oxylipins as in a 

manner to decrease the risk preterm birth and/or favorably impact developmental trajectory. 
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1.5 Structure of the thesis  

1.5.1 Thesis body   

This thesis is submitted as a Thesis by Publication in accordance with the University of 

Adelaide, Adelaide Graduate Center regulations. Christopher Ramsden was the first and primary 

author on the three publications included within this thesis. The published chapters with published 

manuscripts (Chapters 3-5) are included in the text with formatting and minor changes in wording 

made to conform to the rest of this thesis.  These three published manuscripts are also included in 

Appendix 3. 

The thesis begins with an Introduction and Context chapter (Chapter 1) comprising a detailed 

literature review of oxylipins synthesis, metabolism, and actions and potential roles in pregnancy 

and parturition and the Aims of my Thesis projects. This is followed by a chapter (Chapter 2) 

providing an overview of the methods applied in the Thesis.  Next, three chapters (Chapters 3-5) 

containing the three manuscripts that are published or currently undergoing peer review. The final 

chapter (Chapter 6) provides overall context these Thesis project findings, describes ongoing 

project that grew out of this Thesis work, and suggests future directions to move this field forward. 
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1.5.2 Appendices 

     Appendix 1. Methods used for oxylipin analyses in Projects 2 and 3 (published methods 

paper). Yuan ZX, Majchrzak-Hong S, Keyes GS, Iadarola MJ, Mannes AJ, Ramsden CE. 

Lipidomic profiling of targeted oxylipins with ultra-performance liquid chromatography-tandem 

mass spectrometry. Anal Bioanal Chem. 2018;410(23):6009-29. doi: 10.1007/s00216-018-1222-

4. 

     Appendix 2. De-identification agreement for sample analysis and exemption for analysis of 

de-identified plasma specimens is provided in Appendix 2.     

     Appendix 3. Published manuscripts and statements of authorship  

The three published manuscripts are provided in Appendix 3. In accordance with thesis 

specifications of The University of Adelaide, Statements of Authorship demonstrating the 

contributions of all co-authors precede each published manuscript. 
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CHAPTER 2: Materials and Methods (detailed methods integrated into thesis papers). 

 

2.1 Introduction: Quantitation of oxylipins and precursor fatty acids  

2.1.1 Specimens 

Detailed descriptions of the methods used for collection and processing of mouse brain tissues 

(Chapter 3), human plasma samples from the delayed processing study (Chapter 4), and human 

plasma from the ORIP plasma substudy (Chapter 5) are included in the respective sections and 

appended manuscripts. 

2.1.2 Targeted oxylipin profiling with liquid chromatography tandem mass 

spectrometry 

Targeted oxylipin profiling of solid mouse brain tissue (Chapter 3) was completed in the Taha 

laboratory at the University of California-Davis using methods adapted from Hammock et al (1). 

Oxylipin profiling of plasma samples, which provided data presented in the second and third 

manuscripts (Chapters 4 and 5), was completed in the NIH Clinical Center Department of 

Perioperative Medicine, led by analytical chemist and mass spectrometry operator Zhi-Xin Yuan, 

Ph.D. under my supervision. The full methods and their validation are provided in the 

manuscript entitled “Lipidomic profiling of targeted oxylipins with ultra-performance liquid 

chromatography-tandem mass spectrometry” (2) (see published manuscript in Appendix 1). 

Briefly, we developed and validated a sensitive liquid chromatography-tandem mass 

spectrometry (LC-MS/MS) method for simultaneous profiling of up to 57 targeted oxylipins 

derived from the oxylipin precursors LA, AA, and DHA. The assay includes oxylipins generated 

from the cyclooxygenase, lipoxygenase, CYP-epoxygenase and hydroxylase pathways, and from 

free radical mediated peroxidation. The method comprises protein precipitation and solid-phase 
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extraction, followed by LC-MS/MS with isotope dilution for quantitation (2). The separation was 

performed on a reverse phase ZorBAX RRHD Eclipse Plus C18 column using gradient programs 

consisting of 0.02% acetic acid and ammonium acetate buffer in water and acetonitrile mobile 

phases. Detection was achieved using the Qtrap 5500 system in electrospray negative ion mode 

with scheduled multiple reaction monitoring (sMRM)(2). For LC-MS/MS profiling in the second 

and third manuscripts (Chapters 4 and 5) we selected a subset of oxylipins that are generally 

quantifiable in plasma and/or that have plausible links to pregnancy and parturition-related 

outcomes based on the literature review, including prostaglandins and 5-lipoxygenase derivatives 

(reviewed in Chapter 1). Additional considerations for selecting analytes included commercial 

availability and cost of internal and authentic standards. The full list of profiled analytes and 

limits of quantitation are provided in Table 1. 

2.1.3  Targeted precursor fatty acid profiling 

During the course of this project, Professors Gibson and Makrides suggested that the abundance 

of DHA, AA, LA and other PUFAs as free fatty acids (potential immediate precursors to some of 

the oxylipins described in 2.1 above) in maternal and fetal tissues might play key roles in 

mediating pregnancy and neurodevelopmental outcomes. We therefore sought to expand our 

oxylipin profiling assay for simultaneous quantitation of oxylipins, their precursor n-3 and n-6 

fatty acids, and other selected unesterified fatty acids in a single same sample and single run. 

Development and validation of this assay was performed by Dr. Zhi-Xin Yuan under my 

supervision. This assay was used to quantify free fatty acids alongside oxylipins in ORIP 

samples (see Chapter 5 manuscript).  The detailed methods used in the unesterified fatty acid 

assay will be published in another methods paper led by Dr. Yuan. 
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Table 1:  Oxylipins and unesterified fatty acids included in LC-MS/MS assays 

Oxylipins LOQ (ng/mL) 
9-HODE 0.2 
13-HODE 0.2 
9,10-EpOME** 0.5 
9,10-DiHOME 0.1 
9,10,13-TriHOME 0.1 
9,12,13-TriHOME 0.1 
PGE2* N/A 
PGF2a* N/A 
8-isoPGF2a* N/A 
TxB2 0.02 
5-HETE 0.02 
12-HETE 0.1 
15-HETE 0.05 
4-HDHA 0.02 
10-HDHA 0.02 
14-HDHA 0.05 
17-HDHA 0.1 
19,20-EpDPA 0.02 
9,10,13-TriHOME** 0.05 
9,12,13-TriHOME 0.1 

Fatty acids*** LOQ (ug/mL) 
ALA 0.02 
GLA 0.01 
EPA 0.02 
DHA 0.04 
LA 0.40 
DGLA 0.01 
AA 0.01 
ETA (20:4n-3) 0.004 
DTA 0.01 
Mead 0.002 
DPAn-3 0.004 
DPAn-6 0.004 
SDA (18:4 n-3) 0.002 

N/A, not applicable 
* indicates below the limit of detection. 
** indicates that 9,10-EpOME & 9,10,13-TriHOME had >50% values below limit of 
quantitation (LOQ). 
***Unesterified fatty acids were profiled in Project 3 (Thesis Chapter 5). 
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3.1  Highlights 

• Linoleic acid (LA) in the diet increased LA derived oxylipins in mouse brain  

• Oxidized LA in the diet decreased brain polyunsaturated fats but had no effect on 

oxylipins  

• Neither LA nor oxidized LA in the diet altered brain 4-hydroxy-2-nonenal adducts 
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3.2 Abstract 

Background: Linoleic acid (LA) is abundant in modern industrialized diets. Oxidized LA 

metabolites (OXLAMs) and reactive aldehydes, such as 4-hydroxy-2-nonenal (4-HNE), are 

present in heated vegetable oils and can be endogenously synthesized following consumption of 

dietary LA.  OXLAMs have been implicated in cerebellar degeneration in chicks; 4-HNE is linked 

to neurodegenerative conditions in mammals. It unknown whether increasing dietary LA or 

OXLAMs alters the levels of oxidized fatty acids (oxylipins), precursor fatty acids, or 4-HNE in 

mammalian brain.  

Objectives: To determine the effects of increases in dietary OXLAMs and dietary LA, on levels 

of fatty acids, oxylipins, and 4-HNE in mouse brain tissues. 

Methods: Mice (n=8 per group) were fed one of three controlled diets for 8 weeks: (1) a low LA 

diet, (2) a high LA diet, or (3) the low LA diet with added OXLAMs.  Brain fatty acids, oxylipins, 

and 4-HNE were quantified in mouse cerebellum and cerebral cortex by gas chromatography-

flame ionization detection, liquid chromatography-tandem mass spectrometry, and immunoblot, 

respectively. 

Results: Increasing dietary LA significantly increased omega-6 fatty acids, decreased omega-3 

fatty acids, and increased OXLAMs in brain. Dietary OXLAMs had minimal effect on oxidized 

lipids but did decrease both omega-6 and omega-3 fatty acids. Neither dietary LA nor OXLAMs 

altered 4-HNE levels.  

Conclusion: Brain fatty acids are modulated by both dietary LA and OXLAMs, while brain 

OXLAMs are regulated by endogenous synthesis from LA, rather than incorporation of preformed 

OXLAMs.   

 

Key words: Oxylipins, linoleic acid, OXLAMs, cerebrum, cerebellum, peroxidation  
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3.3 Introduction 

Linoleic acid (LA) is the most abundant polyunsaturated fatty acid in modern 

industrialized diets, accounting for approximately 3 to >17% percent of energy (%E) intake in 

individuals worldwide (1-3).  Current LA intakes in industrialized populations are higher than 

historical and evolutionary norms of 2-3%E.  The importance of LA to human health has, 

classically, been attributed to three primary functions: (i) its role as an “essential fatty acid” 

because small amounts of LA (about 0.5%E) in the diet are required for integrity of the 

epidermal water barrier (4); (ii) its ability to reduce serum low density lipoprotein cholesterol 

when replacing dietary saturated fats (3,5); and (iii) for being the precursor to arachidonic acid 

(AA); AA is enzymatically converted to peroxidation products with well-established 

bioactivities, including prostanoids and leukotrienes (reviewed in (3) and (6)). 

Like AA, docosahexaenoic acid (DHA) and other polyunsaturated fatty acids, LA 

contains a 1,4 cis-cis pentadiene system and thus can serve as the substrate for enzymatic 

peroxidation to synthesize biologically active oxygenated derivatives, collectively known as 

oxylipins. The subset of oxylipins derived from LA, which are  known as oxidized linoleic acid 

metabolites (OXLAMs), include hydroperoxy-octadecadienoates (HpODEs), hydroxy-

octadecadienoates (HODEs), oxo-octadecadienoates (oxo-ODEs), epoxy-octadecenoates 

(EpOMEs), dihydroxy-octadecenoates acids (DiHOMEs), hydroxy-epoxides(6), keto-

epoxides(6), and trihydroxy-octadecenoates (TriHOMEs)(2).  HpODEs and lipid peroxides 

derived from other omega-6 fatty acids are also precursors for α,β unsaturated reactive aldehyde 

degradation products including 4-hydroxy-2-nonenal (4-HNE)(7).  Since mammals cannot 

synthesize LA de novo, the LA content of diet is likely to be a critical determinant of 

accumulation of LA, OXLAMs, and 4-HNE in many tissues (2,8).  HpODEs and other OXLAMs 
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can also be formed non-enzymatically when vegetable oils rich in LA are cooked or otherwise 

heated (9-11). A substantial portion of vegetable oils in industrialized populations, including 

those used in many processed and packaged foods, is heated prior to consumption; and these 

preformed OXLAMs could potentially be absorbed and incorporated into certain tissues 

including brain after consumption (12-14). Therefore, the abundance of OXLAMs and 4-HNE in 

human and other mammalian tissues could potentially be affected by both consumption of non-

oxidized LA, with subsequent conversion to OXLAMs in the body, and by consumption of 

preformed OXLAMs.   

OXLAMs and 4-HNE have been mechanistically linked to several pathological 

conditions including cardiovascular disease (15), steatohepatitis (16,17), neurodegenerative 

diseases (18), and chronic pain (6,19,20), reviewed in (3,15,21).  Consumption of heated 

vegetable oils rich in LA (22,23), or intravenous administration of HpODEs (24), produces 

cerebellar necrosis and ataxia in chicks without damaging the cerebral cortex, indicating that 

OXLAMs could potentially have brain-region specific neurotoxic effects in some species.  

Plausible mechanisms exist whereby high exposure to OXLAMs could have neurotoxic effects in 

humans, include endothelial cell activation (25), generalized lipid and membrane peroxidation 

(26,27), mitochondrial dysfunction (28), and microglial activation (29-31). 4-HNE, which forms 

chemical bonds with cysteine, lysine, and histidine residues (32) and has been implicated in 

protein misfolding and aggregation (33), is linked to the development or progression of 

neurofibrillary tangles and amyloid plaques that are characteristic of Alzheimer’s disease 

(33,34). However, despite these plausible mechanisms, there is a lack of data to assess the effects 

of increasing dietary LA and dietary OXLAMs on the fatty acid, oxylipin, and aldehyde 

compositions in mammalian brain.  
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In the present paper, we examine if high intakes of LA (from unheated corn oil), or 

exogenously produced OXLAMs (from heated corn oil), both characteristic of modern 

industrialized diets, impact mammalian brain biochemistry. Findings support the hypothesis that 

diets enriched in LA and OXLAMs alter cerebral and cerebellar lipid accumulation and 

peroxidation in mammals.  
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3.4 Materials and Methods 

Wild type male C57BL/6 mice (n=8 per group) were fed ad-libitum one of three controlled diets 

designed to contain 40% fat by weight in g/kg, for 8 weeks: (i) a low LA diet designed to contain 

4%E as LA, (ii) a high LA diet designed to contain 17%E as LA or (iii) the low 4% E LA diet 

enriched with dietary OXLAMs from thermally-stressed corn oil. The three study diets were 

prepared by Dyets Inc. (Bethlehem, PA) using unheated and thermally stressed oils of known fatty 

acid composition. Despite being designed to contain the same amount of LA as the Low LA diet, 

the Low LA + OXLAMs diet was observed to contain substantially less LA on gas chromatography 

analysis. Fatty acid and OXLAM concentrations of the three diets are shown in Table 1. Fatty acid 

percent compositions are shown in Table S1.  This animal protocol followed the National Institutes 

of Health Guide for the Care and Use of Laboratory Animals (NIH Publication No. 80-23) and 

was approved by the University of California, San Diego Institutional Animal Care and Use 

Committee (protocol number S11200). 

 

     3.4.1 Preparation of heated corn oil 

Thermally stressed corn oil was prepared by heating 2 kg of CriscoTM brand corn oil purchased 

from a local grocery store in a shallow cast iron pan in an oven at 115°C for approximately 4 

weeks, with daily stirring of the oil. Progress was monitored by 1H NMR (400MHz) in deuterated 

chloroform by comparing the decrease in integration of the bis-allylic protons (centered around 

2.76ppm) of the heated oil with the glyceryl methylene protons (multiplets at 4.13ppm and 

4.28ppm) which remained unchanged (referenced to a sample taken from the corn oil immediately 

upon opening).  Lipid peroxide composition was assessed by estimating the integration of newly 

formed peaks in regions that were sufficiently separated from potential interference of peaks 
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arising from the vitamin E in the corn oil. These corresponded to the conjugated cis, trans, and 

trans, trans dienes of HpODEs (5.40-5.55ppm, 5.86-6.11ppm, smaller multiplets at 6.12-6.32ppm) 

as described by Guillen et al (35). Based on LA composition of corn oil as 55%, in the 2KG sample 

there were 192g of HpODEs present in the total oil mixture at reaction end as calculated from the 

NMR integration results. Further oxidation products were also observed as minor aldehyde peaks 

(9.40-9.56ppm).  

     3.4.2 Fatty acid and oxylipin analysis of study diets 

Dietary fatty acids in the food pellets were analyzed by gas chromatography (GC) with a flame 

ionization detector (FID) as previously reported (36). Briefly, food pellets were crushed with pestle 

and mortar. 0.4 mL toluene, 3 mL methanol and 0.6 mL 8% HCl in methanol were added to 30 mg 

of powder after adding 1,2-diheptadecanoyl-sn-glycero-3-phosphocholine as an internal standard. 

Samples were heated for 1h at 90°C. One mL of hexane and 1 mL water were added, and the 

samples were allowed to sit at room temperature for a few minutes. The upper hexane layer 

containing the fatty acid methyl esters was transferred to a new tube containing 0.45 mL water, 

vortexed and centrifuged for 2 min at 13,000 rpm. The hexane layer was dried under nitrogen, 

reconstituted in 0.2 mL hexane and subjected to gas-chromatography analysis. Fatty acid methyl 

esters were analyzed with a Clarus 500 GC system equipped with FID (Perkin Elmer, CA, USA) 

and a fused silica capillary column (DB-FFAP, 30m, 0.25mm i.d, 0.25 µm film thickness, Agilent, 

Santa Clara, CA, USA). The injector and detector temperatures were set to 240°C and 300°C, 

respectively. The oven temperature program was set at 80°C for 2min, increased to 185°C at the 

rate of 10°C/min, then to 240°C at the rate of 5°C/min, and held at 240°C for 13 min. Helium was 

the carrier gas and was maintained at a flow rate of 1.3mL/min.  
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Diet OXLAM concentrations were measured in 30 mg of a crushed food pellet dissolved in 200 

µL ice-cold methanol containing 0.1% acetic acid and 0.1% BHT and spiked with 10 µL 

antioxidant mix and 10 µL surrogate standard containing 5 pmol of d11-11(12)-EpETrE, d11-

14,15-DiHETrE, d4-6-keto-PGF1a, d4-9-HODE, d4-LTB4, d4-PGE2, d4-TXB2, d6-20-HETE, 

and d8-5-HETE dissolved in methanol. The antioxidant solution contained three antioxidants 

mixed at a 1:1:1 ratio (v/v/v) consisting of 0.6 mg/ml ethylenediaminetetraacetic acid in water, 0.6 

mg/ml BHT in methanol, and 0.6 mg/ml triphenylphosphine in water:methanol (1:1; v/v) and 

filtered through a Millipore filter to remove solid particles. Samples were hydrolyzed and oxylipins 

extracted with solid phase extraction and analyzed by LC-MS/MS as described below.  

Table 1: Concentrations of fatty acids and oxidized linoleic acid metabolites (OXLAMs) in 
study diets  

 Low LA diet High LA dietɸ 
Low LA + OXLAM 

dietɸ 
Fatty acids (mg/g)          

LA 28.0 ± 3.9 92.0 ± 5.5 16.5 ± 0.3 
ALA  10.6 ± 1.5 11.3 ± 0.6 9.1 ± 0.3 
SFA 122.6 ± 13.1 42.7 ± 2.1 91.0 ± 3.7 
MUFA  16.0 ± 2.2 49.5 ± 12.5 18.6 ± 0.7 

OXLAMs (nmol/g)          
Total OXLAMs 20.2 ± 4.7 33.4 ± 2.0 259.6 ± 21.6 
9-HODE 6.8 ± 1.6 7.9 ± 0.5 20.0 ± 4.1 
9-oxo-ODE 0.4 ± 0.1 0.5 ± 0.1 3.6 ± 0.8 
9(10)-EpOME 0.9 ± 0.2 1.0 ± 0.1 51.8 ± 6.0 
9,10-DiHOME 1.9 ± 0.3 8.0 ± 0.4 2.2 ± 0.2 
13-HODE 7.1 ± 2.5 8.8 ± 1.0 67.5 ± 12.8 
13-oxo-ODE 0.0 ± 0.0 0.3 ± 0.1 1.9 ± 0.7 
12(13)-EpOME 1.5 ± 0.4 2.0 ± 0.4 109.3 ± 7.5 
12,13-DiHOME 1.5 ± 0.2 4.9 ± 0.1 3.4 ± 0.2 

Data are mean ± standard deviation. LA, linoleic acid; ALA, alpha-linolenic acid; SFA, saturated 
fatty acid; MUFA, monounsaturated fatty acid; HODE, hydroxy-octadecadienoic acid; oxo-ODE, 
oxo-octadecadienoic acid; EpOME, epoxy-octadecenoic acid; DiHOME, dihydroxy-octadecenoic 
acid. ɸindicates that the Low LA plus OXLAM diet had substantially less non-oxidized LA on GC 
analysis. Diets did not contain arachidonic acid, eicosapentaenoic acid, or docosahexaenoic acid. 
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     3.4.3 Mouse tissue collection and fatty acid, oxylipin, and 4-HNE analyses 

Mice were killed by CO2 overdose. Tissue samples were immediately collected, frozen on dry-

ice chilled isobutane, and stored at -80C. Tissue oxylipins were analyzed as previously described 

(37). Briefly, two hundred microliters of ice-cold methanol containing 0.1% acetic acid and 0.1% 

BHT was added to approximately 30-50 mg of frozen tissue, following the addition of 10 μL of 

the antioxidant mix and 10 μL surrogate standards as described above.  The brain samples 

containing the extraction solvent, antioxidant mix, and surrogate standards were cooled in -80°C 

freezer for 30 min and then homogenized for 2 min using a bead homogenizer. The homogenized 

samples were stored for 30 min at -80C freezer, followed by centrifugation at 13,000 rpm 

(15,870 g) in a 5424R microcentrifuge (Eppendorf) for 10 min at 0°C. The supernatant was 

transferred to a new tube for the oxylipin analysis, while the precipitate was kept at -80°C for 

fatty acid analysis.  The supernatant was hydrolyzed in equal volumes of 0.5 M sodium 

carbonate solution (26.5 mg per ml of 1:1 v/v methanol/water) at 60°C for 30 min. The samples 

were acidified to pH 4 to 6 with 25 µL acetic acid and 1575 µL water was added to dissolve the 

resulting salts. The solution containing hydrolyzed oxidized lipids (oxylipins) was subjected to 

solid phase extraction (SPE). Samples were poured onto 60 mg Waters Oasis HLB 3cc cartridges 

(Waters, Milford, MA, USA) pre-rinsed with one volume ethyl acetate and two volumes 

methanol and conditioned with two volumes of SPE buffer (5% methanol and 0.1% acetic acid in 

ultrapure water). The columns were rinsed twice with SPE buffer and subjected to a vacuum 

(≈15-20 psi) for 20 min. Oxylipins were eluted with 0.5 mL of methanol and 1.5 mL ethyl 

acetate, dried under nitrogen, reconstituted in 100 µL methanol and filtered by centrifugation in a 

Ultrafree-MC-VV centrifugal filter (0.1 µm; Millipore Sigma, MA, USA). Oxylipins were 

quantified on an Agilent 1290 Infinity UHPLC system coupled to a 6460 triple-quadrupole 
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tandem mass spectrometer with electrospray ionization (Agilent Corporation, Palo Alto, CA, 

USA), as previously described (38). The precipitate kept for fatty acid analyses was reconstituted 

in 0.4 mL toluene and subjected to direct transesterification with methanolic HCl, using the same 

protocol than described above for the diet analysis (36). Samples were analyzed by GC using the 

column and temperature program described above. The DHA peak co-eluted with nervonic acid, 

based on the retention times of the authentication standards. However, nervonic acid is negligible 

in brain tissue (39). 

 

4-HNE-modified protein adducts in one hemisphere of cerebral cortex were analyzed by 

immunoblot using Anti-4-HNE (1:1000, Abcam, Cambridge, UK) and the intensity of bands 

were quantified using ImageJ.  Briefly, cortex tissues were homogenized in RIPA buffer (Cell 

Signaling, Danvers, MA, USA) containing protease and phosphatase inhibitor cocktail (Sigma-

Aldrich, St. Louis, MO, USA). For immunoblot analysis 40ug of protein lysate was resolved on 

Any kD™ Mini-PROTEAN® TGX™ Precast polyacrylamide gels (Biorad, Hercules, CA, 

USA), transferred to nitrocellulose membrane, blocked in 5% Blotting-grade Blocker (Biorad, 

Hercules, CA, USA), and incubated with anti-4-HNE antibody (1:1000, Abcam, Cambridge, 

UK) and Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (1:10000, Genetex, Irvine, CA, 

USA) for normalization, followed by incubation with peroxidase-conjugated secondary antibody 

(Cell Signaling, Danvers, MA, USA). Protein bands were visualized with enhanced 

chemiluminescence reagent and digitized using a CCD camera (ChemiDoc®, Biorad, Hercules, 

CA, USA). Densitometric analysis was performed with ImageJ after background subtraction and 

normalization to GAPDH (1:10,000, Genetex, Irvine, CA, USA).   
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3.4.4 Data analysis and graphical representation 

Statistical analyses were performed using Stata version 13.1.  Nonparametric analyses were 

employed due to the presence of non-normal distributions. A Kruskal–Wallis test was used for 

between-group comparisons, and the Dunn’s test of multiple comparisons was used to compare 

the high LA group and Low LA + OXLAM group to the Low LA reference group.  P-values for 

the multiple comparisons were Sidak-adjusted.  Diet-induced changes in selected oxylipins and 

their precursor n-3 and n-6 fatty acids were graphed using boxplots with medians and 

interquartile ranges. 
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3.5 Results 

Body weight in the Low LA + OXLAM diet group was significantly lower than the other two 

groups (median weights in grams were 39.2g (IQR 34.1- 42.2g), 40.3g (IQR 33.5- 42.5g), and 

30.0g (IQR 27.5- 34.2g) for the Low LA, High LA, and Low LA + OXLAMs diets, respectively; 

p<0.01).   
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Fig. 1. Dietary LA and OXLAM-induced changes in n-6 fatty acid content of cerebellum and 

cerebrum  

N=8 tissue samples per group. Y-axis ranges differ in each graph. Box plots are based on the 

Tukey method. P-values are derived from Dunn’s test of multiple comparisons using rank sums, 

comparing the Low LA reference group vs each of the other two groups. P-values are Sidak-

adjusted. FAs, Fatty Acids; LA, Linoleic Acid; OXLAM, Oxidized Linoleic Acid Metabolite.    
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3.5.1 Effects of dietary LA and OXLAMs on brain n-6 fatty acids 

Increasing dietary LA significantly increased the abundance of LA (18:2n-6), the LA elongation 

product eicosadienoic acid (EDA, 20:2n-6), and the LA elongation and desaturation product 

arachidonic acid (AA, 20:4n-6), in both cerebellum and cerebrum (fig. 1)(Tables S2-S3). The 

Low LA + OXLAM diet group had lower abundance of LA and EDA in cerebellum and 

decreased LA in cerebral cortex but had no effect on arachidonic acid in either tissue. 

 

3.5.2 Effects of dietary LA and OXLAMs on brain n-3 fatty acids 

Increasing dietary LA significantly decreased the abundance of both eicosapentaenoic acid 

(EPA, 20:5n-3) and docosahexaenoic acid (DHA, 22:6-3) in cerebellum, and decreased the 

abundance of EPA but had no effect on DHA in cerebrum (fig. 2)(Tables S2-S3). The Low LA + 

OXLAM diet group had lower abundance of EPA in both cerebellum and cerebrum, and 

decreased DHA in cerebral cortex, but had no effect on DHA in cerebellum. 
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Fig 2. Dietary LA and OXLAM-induced changes in n-3 fatty acid content of cerebellum and 

cerebrum  

N=8 tissue samples per group. Y-axis ranges differ in each graph. Box plots are based on the 

Tukey method. P-values are derived from Dunn’s test of multiple comparisons using rank sums, 

reporting the Low LA reference group vs each of the other two groups. P-values are Sidak 

adjusted.  LA, linoleic acid; OXLAM, Oxidized Linoleic Acid Metabolite.  

 



67 
 

 
  

3.5.3 Effects of dietary LA and OXLAMs on brain oxylipins 

Increasing dietary LA significantly increased the abundance of OXLAMs, including epoxy- and 

hydroxy-LA derivatives, in both cerebellum (fig. 3) and cerebral cortex (fig. 4), but had 

comparatively minor effects on oxylipins derived from AA, EPA or DHA. Increasing dietary 

OXLAMs decreased the abundance of 12-HETE in cerebellum and cerebral cortex, and 

decreased TxA2 in cerebral cortex, without altering any other oxylipins (fig 4)(Tables S4-S5).  
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Fig. 3. Effects of increases in dietary LA and dietary OXLAMs on cerebellar oxylipins 

N=8 tissue samples per group. Y-axis ranges differ in each graph. Box plots are based on the 

Tukey method. P-values with asterisks are derived from Dunn’s test of multiple comparisons 

using rank sums, comparing the Low LA reference group vs each of the other two groups. These 

P-values are also Sidak-adjusted. P-values with section signs are derived from the Kruskal-

Wallis nonparametric rank-sum test across all three groups.  LA, linoleic acid; AA, arachidonic 

acid; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid.  
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Fig. 4. Effects of increases in dietary LA and dietary OXLAMs on cerebral cortex oxylipins 

N=8 tissue samples per group. Y-axis scales differ in each graph. Box plots are based on the 

Tukey method. P-values are derived from Dunn’s test of multiple comparisons using rank sums, 

reporting the Low LA reference group vs each of the other two groups. P-values are Sidak 

adjusted.  LA, linoleic acid; AA, arachidonic acid; EPA, eicosapentaenoic acid; DHA, 

docosahexaenoic acid.  
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3.5.4 Effects of dietary LA and OXLAMs on brain 4-HNE 

4-HNE, a secondary product of fatty acid peroxidation, was not significantly altered in cerebral 

cortex by increases in dietary LA or dietary OXLAMs (fig. 5). 

 

Fig. 5. Effects of increases in dietary LA and dietary OXLAMs on 4-HNE in mouse cerebral 

cortex 

N=8 tissue samples per group.  Immunoblot analysis of cerebral cortex protein lysates for the 

detection of 4-HNE-modified proteins. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

was used as a loading control.  Densitometric analysis was performed on background-subtracted 

blots and normalized to GAPDH. The Low LA group was used as a reference control and set to 

1.  
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3.6 Discussion 

Per capita mean dietary LA has increased markedly in industrialized populations over the 

past century. Current LA intakes are much higher than historical and evolutionary norms of 2-

3%E and depend on industrial oil processing to create concentrated oils, which scarcely resemble 

their unprocessed food sources. For example, LA accounts for 55% of calories in corn oil versus 

0.5% of calories in whole corn (40).  The LA in concentrated oil is susceptible to exogenous 

oxidation when oils are thermally stressed from frying, cooking, during deodorization and 

refinement of liquid vegetable oils, or when processed foods containing high LA oils are heated 

(9,41). Because a substantial portion of the dietary LA in industrialized populations is heated 

prior to consumption, modern populations have substantially increased intakes of both LA and 

preformed LA peroxidation products. Consumption of heated oils rich in LA without adequate 

vitamin E (22,23), or intravenous administration of HPODEs (24), can produce cerebellar 

necrosis and ataxia in chicks, suggesting that dietary OXLAMs might potentially have adverse 

effects in CNS tissues. However, it is not yet known whether eating non-oxidized or heated 

vegetable oils has biochemical consequences in mammalian brain tissues.  

Here we showed that increasing dietary LA specifically increased LA peroxidation 

products in cerebellum and cerebrum, without substantially affecting oxylipins derived from AA, 

EPA or DHA.  By contrast, the consumption of preformed LA peroxidation products (OXLAMs) 

had minimal effect on the concentrations of brain oxylipins. Neither dietary LA or dietary 

OXLAMs altered cerebral 4-HNE levels. These collective findings suggest that the altered 

mammalian brain lipid oxidation observed after LA feeding is driven by either endogenous 

enzymatic LA peroxidation, or endogenous free-radical mediated LA peroxidation, rather than 

by absorption of preformed LA oxidation products present in the diet.  The specific LA 
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peroxidation products that were increased by high LA diets in the brain in the present study—

including HODEs, EpOMEs, and DiHOMEs—have shown diverse bioactivities in preclinical 

models, and have been implicated in the pathogenesis of conditions outside of the CNS that are 

characterized by inflammation and oxidative stress, including cardiovascular disease (3,15), non-

alcoholic steatohepatitis (16,17), acute respiratory distress syndrome (42,43) asthma (45,46), and 

chronic pain (6,19,20), reviewed in (3,15,21).  The present finding that the body weight of the 

Low LA + OXLAM diet group was significantly lower than the other two groups, suggests that 

dietary OXLAMs could potentially have unfavorable effects on growth in mammals. However, 

future studies are needed to determine whether weight reducing effects of heated oils are due to 

decreased food intake, partial displacement of the energy provided by fatty acids with non-

caloric oxidized lipids, or to other effects on metabolism. 

Consistent with previous reports (8,19,47), results of the present study indicate that 

increasing dietary non-oxidized LA shifts the balance of brain precursor polyunsaturated fatty 

acids away from the n-3 family (EPA and DHA) towards the n-6 family (increases in LA, 

eicosadienoic acid, and AA).  However, unlike LA, the observed diet-induced changes in EPA, 

DHA, and AA did not translate to changes in their oxylipin derivatives.  Interestingly, the Low 

LA + OXLAMs diet appeared to significantly decrease the abundance of n-3 DHA and EPA in 

CNS tissues, despite containing less dietary LA than the Low LA diet alone. DHA and EPA are 

proposed to play critical structural and functional roles in CNS tissues (48,49).  Thus, future 

studies are warranted to determine the effects of high intakes of thermally stressed high LA oils 

on developmental, behavioral, or cognitive endpoints.  

Since heated oils are major source of dietary OXLAMs in modern diets, the use of heated 

corn oil is a strength of the present study. However, to gain a better understanding of the effects 
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of specific components in heated oils, future studies should consider adding specific oxidation 

products (e.g. HpODEs) and degradation products (e.g. aldehydes) that are present in heated high 

LA oils to study diets. Since inclusion of oxidized oils may also alter the taste and texture of 

food pellets to influence food consumption, future studies should consider gavaging study oils to 

optimize the controlled nature of study diets.  Future dietary OXLAM studies should consider 

using more tightly controlled diets that isolate OXLAMs as a controlled variable (keeping non-

oxidized LA constant), to isolate the specific effects of individual OXLAMs. 

In summary, the present study fills an important gap by establishing proof of principle in 

a mammalian model that diets enriched in LA and OXLAMs alter cerebral and cerebellar lipid 

accumulation and peroxidation. Mammalian brain OXLAM concentrations appear to be 

regulated by endogenous synthesis from dietary LA, rather than direct incorporation of 

preformed OXLAMs that are in the diet.  Future studies are warranted to investigate whether and 

how diets enriched in LA and OXLAMs impact behavior, neurodevelopment, or 

neurodegeneration. 
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3.8 Supplementary Appendices  
 
Table S1: Fatty acid composition of study diets (% of total fatty acids) 
 
Table S2: Effects of the study diets on fatty acid composition of cerebellum (% of total fatty acids)  
 
Table S3: Effects of the study diets on fatty acid composition of cerebral cortex (% of total fatty 
acids) 
 
Table S4: Effects of the study diets on fatty acid composition of cerebellum (% of total fatty acids) 
 
Table S5: Effects of the study diets on oxylipins in cerebral cortex (pmol/g)* 
 
 
 
 
 
 
 
Table S1: Fatty acid composition of study diets (% of total fatty acids) 

 LA (% FA) ALA (% FA) SFA (% FA) MUFA (% FA) 
Diet group     
Low LA 15.8 ± 0.7  6.0 ± 0.2 69.2 ± 1.2 9.0 ± 0.3 
High LA 46.9 ± 0.3 5.8 ± 0.02 21.8 ± 0.2 25.2 ± 0.1 
Low LA + OXLAM 12.2 ± 0.3 6.7 ± 0.06 67.2 ± 0.2 13.9 ± 0.2 

 Data are mean ± standard deviation. LA, linoleic acid; ALA, alpha-linolenic acid; SFA, saturated 
fatty acid; MUFA, monounsaturated fatty acid; FA, fatty acid. 
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Table S2: Effects of the Study Diets on Fatty Acids (% of Total Fatty Acids) in Cerebellum 

  Low LA   High LA   Low LA + OxLAMs   
Kruskal-
Wallis 

  Median IQR   Median IQR   Median IQR   p-value 
Myristic Acid 0.29 (0.28, 0.32)  0.16 (0.16, 0.17)  0.21 (0.20, 0.21)  0.000 
Myristoleic Acid 0.05 (0.04, 0.06)  0.04 (0.04, 0.04)  0.05 (0.04, 0.05)  0.221 
Palmitic Acid 18.88 (18.77, 19.11)  19.15 (19.08, 19.28)  19.15 (18.95, 19.23)  0.041 
Palmitoleic Acid 0.28 (0.00, 0.57)  0.38 (0.33, 0.39)  0.44 (0.43, 0.46)  0.064 
Heptadecanoic Acid 0.16 (0.15, 0.17)  0.17 (0.16, 0.18)  0.16 (0.15, 0.17)  0.298 
Stearic Acid/Octadecanoic Acid 22.06 (21.78, 22.28)  21.74 (21.58, 21.94)  21.65 (21.55, 21.75)  0.018 
Oleic Acid +Elaidic Acid 19.79 (19.67, 19.94)  19.28 (19.16, 19.41)  20.34 (19.96, 20.54)  0.000 
Vaccenic Acid 4.47 (3.99, 4.60)  3.98 (3.80, 4.08)  4.35 (4.04, 4.52)  0.076 
Linoleic Acid 0.93 (0.89, 0.96)  1.52 (1.40, 1.64)  0.61 (0.58, 0.63)  0.000 
Linolenic Acid 0.03 (0.03, 0.04)  0.03 (0.02, 0.03)  0.02 (0.02, 0.02)  0.000 
Gamma-Linolenic Acid 0.04 (0.04, 0.05)  0.05 (0.05, 0.06)  0.04 (0.04, 0.05)  0.126 
Arachidic Acid 0.45 (0.44, 0.47)  0.46 (0.45, 0.46)  0.44 (0.43, 0.45)  0.230 
Gondoic Acid 2.87 (2.80, 2.99)  2.91 (2.85, 2.94)  2.95 (2.78, 2.99)  0.912 
Eicosadienoic Acid 0.17 (0.16, 0.20)  0.35 (0.33, 0.41)  0.13 (0.12, 0.13)  0.000 
Dihomo-gamma-linolenic acid 0.59 (0.55, 0.61)  0.59 (0.52, 0.62)  0.67 (0.60, 0.70)  0.041 
Eicosatrienoic Acid 0.02 (0.01, 0.03)  0.02 (0.02, 0.02)  0.01 (0.01, 0.02)  0.002 
Arachidonic Acid 7.61 (7.45, 7.77)  8.27 (8.10, 8.33)  7.85 (7.75, 7.95)  0.000 
Eicosapentaenoic Acid 0.15 (0.13, 0.17)  0.07 (0.07, 0.07)  0.09 (0.04, 0.10)  0.000 
Behenic Acid 0.22 (0.21, 0.23)  0.19 (0.19, 0.20)  0.20 (0.19, 0.25)  0.013 
Docosahexaenoic Acid 18.17 (18.02, 18.31)  17.76 (17.62, 17.82)  18.15 (17.85, 18.48)  0.008 
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Table S3: Effects of the Study Diets on Fatty Acids (% of Total Fatty Acids) in Cerebral Cortex 

  Low LA   High LA   Low LA + OxLAMs   
Kruskal-
Wallis 

  Median IQR   Median IQR   Median IQR   p-value 
Myristic Acid 0.24 (0.21, 0.26)  0.12 (0.11, 0.14)  0.18 (0.18, 0.19)  0.000 
Myristoleic Acid 0.08 (0.05, 0.10)  0.08 (0.05, 0.10)  0.05 (0.04, 0.06)  0.185 
Palmitic Acid 22.49 (21.70, 22.60)  22.66 (22.38, 23.02)  22.87 (22.50, 23.15)  0.151 
Palmitoleic Acid 0.50 (0.45, 0.54)  0.38 (0.35, 0.40)  0.44 (0.43, 0.45)  0.005 
Heptadecanoic Acid 0.00 (0.00, 0.17)  0.09 (0.00, 0.21)  0.16 (0.00, 0.20)  0.478 
Stearic Acid 23.73 (23.42, 24.24)  23.36 (23.18, 23.54)  23.18 (22.90, 23.47)  0.076 
Oleic Acid  14.08 (13.47, 14.41)  13.65 (13.28, 14.42)  15.08 (14.74, 15.27)  0.028 
Vaccenic Acid 2.92 (2.64, 3.05)  2.81 (2.74, 2.92)  3.19 (3.05, 3.39)  0.007 
Linoleic Acid 0.69 (0.58, 0.73)  1.09 (1.02, 1.28)  0.43 (0.41, 0.47)  0.000 
Linolenic Acid 0.03 (0.02, 0.03)  0.02 (0.02, 0.03)  0.02 (0.01, 0.02)  0.249 
Gamma-linolenic Acid 0.03 (0.02, 0.03)  0.03 (0.03, 0.03)  0.02 (0.02, 0.02)  0.017 
Arachidic Acid 0.18 (0.18, 0.21)  0.19 (0.15, 0.20)  0.18 (0.17, 0.20)  0.954 
Gondoic Acid 1.04 (0.99, 1.14)  1.04 (0.88, 1.13)  1.07 (1.00, 1.13)  0.846 
Eicosadienoic Acid 0.00 (0.00, 0.00)  0.17 (0.15, 0.19)  0.00 (0.00, 0.00)  0.000 
Dihomo-gamma-linolenic acid 0.48 (0.44, 0.51)  0.48 (0.45, 0.49)  0.55 (0.53, 0.57)  0.003 
Eicosatrienoic Acid 0.00 (0.00, 0.00)  0.00 (0.00, 0.00)  0.00 (0.00, 0.00)    
Arachidonic Acid 9.70 (9.60, 9.81)  10.22 (10.06, 10.33)  9.83 (9.71, 9.93)  0.001 
Eicosapentaenoic Acid 0.07 (0.06, 0.08)  0.03 (0.03, 0.03)  0.04 (0.04, 0.05)  0.000 
Behenic Acid 0.12 (0.11, 0.13)  0.10 (0.09, 0.11)  0.11 (0.09, 0.11)  0.025 
Docosahexaenoic Acid 20.24 (19.85, 21.02)  20.01 (19.30, 20.20)  19.42 (19.13, 19.62)  0.038 

 



 

                               
                      Table S4: Effects of the Study Diets on Oxylipins (pmol/g) in Cerebellum 

  Low LA High LA Low LA + OxLAMs 
  Kruskal- 

Wallis 
  Median IQR Median IQR Median IQR   p-value 
LA-derived                     
9-HODE 13.69 (12.24, 14.41) 22.24 (16.14, 28.39) 9.28 (8.33, 11.82) 0.006 
9-oxo-ODE 0.38 (0.10, 0.44) 0.62 (0.43, 0.82) 0.00 (0.00, 0.18) 0.003 
9,10-EpOME 3.36 (2.60, 7.12) 6.75 (5.35, 9.20) 2.84 (2.04, 3.76) 0.010 
9,10-DiHOME 0.14 (0.00, 0.64) 0.57 (0.45, 0.82) 0.76 (0.62, 0.90) 0.067 
13-HODE 13.77 (10.50, 16.19) 25.80 (13.19, 35.52) 10.62 (8.86, 15.07) 0.113 
12,13-EpOME 7.92 (6.44, 10.81) 16.11 (12.68, 16.61) 6.75 (5.40, 8.61) 0.003 
12,13-DiHOME 0.82 (0.41, 1.69) 0.80 (0.62, 1.59) 1.24 (0.98, 1.57) 0.365 
DGLA-derived                     
15-HETrE 2.51 (1.85, 3.76) 2.88 (1.42, 3.62) 2.58 (2.15, 3.57) 0.907 
AA-derived                     
5-HETE 7.98 (6.13, 11.97) 9.87 (8.13, 12.28) 6.78 (6.02, 11.51) 0.418 
5,6-EpETrE 24.60 (14.13, 66.43) 29.81 (18.58, 51.18) 20.67 (15.67, 32.80) 0.636 
5,6-DiHETrE 5.27 (4.44, 6.40) 6.58 (4.69, 7.20) 3.70 (2.77, 4.86) 0.037 
8-HETE 5.69 (2.77, 7.99) 5.72 (4.32, 8.28) 3.74 (3.19, 5.13) 0.279 
8,9-EpETrE 39.61 (21.90, 55.14) 46.62 (35.37, 52.34) 36.07 (31.05, 43.20) 0.623 
11-HETE 15.19 (12.65, 18.97) 17.75 (15.07, 22.57) 14.72 (12.08, 16.89) 0.203 
11,12-EpETrE 28.87 (16.89, 49.41) 28.23 (14.30, 37.56) 24.14 (16.87, 27.40) 0.595 
12-HETE 45.60 (29.62, 71.44) 46.26 (36.58, 60.66) 29.41 (25.98, 33.60) 0.042 
14,15-EpETrE 72.06 (30.23, 137.01) 94.18 (50.88, 139.15) 67.31 (45.80, 94.49) 0.756 
14,15-DiHETrE 0.30 (0.00, 0.40) 0.45 (0.23, 0.64) 0.31 (0.14, 0.38) 0.288 
15-HETE 24.35 (17.97, 32.77) 34.30 (19.54, 39.10) 23.83 (19.77, 29.85) 0.462 
15-oxo-ETE 12.06 (9.82, 17.47) 14.83 (12.49, 16.78) 14.23 (10.06, 15.78) 0.691 
20-HETE 14.89 (10.96, 23.20) 15.35 (6.69, 18.46) 16.35 (13.21, 20.89) 0.539 
TXB2 15.96 (13.26, 19.21) 16.11 (13.41, 17.05) 11.66 (9.96, 13.19) 0.037 
EPA-derived                     
11,12-EpETE 1.22 (0.70, 1.76) 0.89 (0.66, 1.11) 0.95 (0.31, 1.51) 0.604 
15-HEPE 20.46 (14.78, 24.39) 21.11 (15.87, 27.58) 27.24 (16.38, 34.34) 0.505 
17,18-DiHETE 0.00 (0.00, 7.61) 7.55 (2.50, 10.11) 0.00 (0.00, 0.00) 0.027 
DHA-derived                     
7,8-EpDPE 30.38 (20.98, 58.91) 38.94 (23.62, 51.04) 27.27 (20.76, 39.05) 0.442 
10,11-EpDPE 54.99 (35.39, 103.25) 69.09 (47.59, 90.23) 50.96 (47.52, 63.77) 0.564 
13,14-EpDPE 52.32 (30.11, 141.92) 69.35 (43.74, 117.58) 60.31 (47.99, 73.31) 0.728 
16,17-EpDPE 55.69 (29.57, 129.19) 74.65 (39.29, 108.58) 56.39 (41.34, 76.96) 0.773 
19,20-EpDPE 108.62 (63.99, 230.52) 150.08 (87.21, 204.28) 109.41 (91.85, 153.39) 0.724 
17-HDHA 32.49 (16.29, 55.13) 43.85 (20.44, 61.15) 29.31 (21.50, 42.45) 0.827 



 

 

                              Table S5: Effects of the Study Diets on Oxylipins (pmol/g) in Cerebrum 

  Low LA High LA Low LA + OxLAMs 
Kruskal-
Wallis 

  Median IQR Median IQR Median IQR p-value 
LA-derived                     
9-HODE 35.78 (29.66, 42.79) 54.63 (42.32, 63.32) 25.63 (19.96, 32.98) 0.003 
9-oxo-ODE 1.03 (0.66, 1.65) 1.50 (0.98, 1.93) 0.78 (0.00, 0.89) 0.044 
9,10-EpOME 41.73 (13.06, 77.15) 73.24 (29.35, 104.69) 21.58 (16.26, 28.94) 0.093 
9,10-DiHOME 1.01 (0.24, 1.56) 1.20 (1.03, 2.00) 1.56 (1.33, 1.69) 0.349 
13-HODE 33.06 (24.02, 37.28) 49.75 (38.35, 65.79) 31.30 (21.92, 32.34) 0.006 
12,13-
EpOME 28.94 (12.43, 38.58) 53.77 (35.11, 79.66) 22.17 (20.46, 24.03) 0.009 
12,13-
DiHOME 1.52 (0.86, 2.92) 2.28 (0.00, 2.85) 2.04 (1.47, 2.45) 0.933 
DGLA-
derived                     
15-HETrE 8.19 (6.13, 11.79) 6.87 (5.31, 8.68) 7.76 (5.52, 8.83) 0.505 
AA-derived                     
5-HETE 72.21 (33.47, 99.21) 67.10 (37.40, 72.66) 40.15 (34.63, 54.18) 0.334 
5,6-EpETrE 517.77 (160.91, 1034.75) 724.79 (263.89, 995.52) 418.28 (311.79, 475.78) 0.633 
5,6-DiHETrE 51.88 (24.89, 71.99) 49.56 (30.37, 66.40) 31.63 (22.20, 34.90) 0.281 
8-HETE 38.58 (19.05, 59.78) 38.44 (18.07, 49.87) 26.16 (18.07, 35.24) 0.344 
8,9-EpETrE 205.04 (119.60, 276.12) 231.52 (200.55, 350.60) 251.94 (172.04, 310.41) 0.500 
9-HETE 23.89 (8.20, 44.08) 32.88 (19.93, 42.33) 17.87 (0.00, 34.03) 0.458 
11-HETE 95.73 (84.28, 114.13) 86.10 (69.14, 95.06) 82.26 (77.10, 91.00) 0.123 
11,12-EpETrE 425.87 (170.58, 778.05) 502.42 (202.98, 644.65) 354.71 (247.69, 471.50) 0.833 
11,12-
DiHETrE 1.47 (0.94, 2.03) 1.40 (0.85, 1.76) 0.92 (0.45, 1.25) 0.127 
12-HETE 126.85 (93.09, 275.37) 102.44 (69.76, 125.08) 69.65 (60.67, 84.48) 0.032 
12-oxo-ETE 0.00 (0.00, 5.16) 4.00 (1.07, 6.23) 0.00 (0.00, 1.04) 0.105 
14,15-EpETrE 591.40 (313.77, 1389.31) 852.06 (368.64, 1409.01) 793.71 (542.61, 947.26) 0.935 
14,15-
DiHETrE 2.22 (1.56, 2.98) 1.82 (1.61, 2.23) 1.36 (1.06, 2.08) 0.251 
15-HETE 125.89 (111.89, 186.62) 141.50 (122.77, 147.65) 125.93 (90.92, 145.61) 0.619 
15-oxo-ETE 111.14 (68.30, 156.82) 95.58 (74.51, 121.70) 79.57 (70.02, 88.50) 0.242 
20-HETE 40.80 (24.34, 59.44) 34.11 (24.20, 52.49) 35.98 (24.21, 36.70) 0.566 
TXB2 82.56 (79.19, 84.94) 72.56 (69.42, 93.17) 73.63 (70.81, 84.06) 0.369 
EPA-derived                     
11,12-EpETE 12.64 (2.94, 24.64) 6.83 (3.70, 13.36) 7.14 (5.72, 12.41) 0.821 
15-HEPE 49.38 (41.56, 54.01) 46.88 (31.21, 64.40) 52.55 (39.56, 59.00) 0.925 
DHA-derived                     
7,8-EpDPE 274.22 (86.38, 436.47) 318.44 (142.60, 456.18) 196.58 (169.13, 260.23) 0.773 
10,11-EpDPE 321.99 (132.69, 526.21) 401.11 (202.09, 526.99) 276.50 (221.40, 311.23) 0.675 
13,14-EpDPE 423.61 (171.58, 905.71) 545.31 (247.31, 783.64) 395.04 (321.79, 464.88) 0.925 
16,17-EpDPE 482.88 (184.88, 1054.71) 603.02 (245.08, 796.34) 392.47 (298.31, 527.46) 0.756 
19,20-EpDPE 363.67 (239.28, 695.69) 499.39 (317.56, 753.00) 501.09 (367.97, 620.51) 0.746 
17-HDHA 104.28 (72.88, 227.18) 119.49 (89.96, 149.53) 91.70 (40.58, 100.11) 0.400 
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4.1 Highlights  

• Concentrations of certain oxylipins measured in human plasma in potassium-EDTA tubes are 

reasonably stable when stored on wet ice for up to 2 hours prior to processing 

• Substantial time-dependent increases in the 12-lipoxygenase-derived and platelet-derived 

oxylipins were observed when whole blood stored at room temperature prior to processing 

• Future studies are needed to determine the impacts of other pre-analytical variables on plasma 

oxylipin concentrations 
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4.2 Abstract  

BACKGROUND:  

Oxidized derivatives of polyunsaturated fatty acids, collectively known as oxylipins, are labile 

bioactive mediators with diverse roles in human physiology and pathology. Oxylipins are 

increasingly being measured in plasma collected in clinical studies to investigate biochemical 

mechanisms mediating disease and to assess for pharmacodynamic biomarkers in nutrient-based 

and drug-based intervention studies. Whole blood is generally stored either on ice or at room 

temperature prior to processing.  However, the potential impacts of delays in processing, and of 

temperature prior to processing, on oxylipin concentrations are incompletely understood. 

OBJECTIVE:  

To evaluate the effects of delayed processing of blood samples in a timeframe that is typical of a 

clinical laboratory setting, using typical storage temperatures, on concentrations of representative 

unesterified oxylipins measured by liquid chromatography-tandem mass spectrometry. 

DESIGN:  

Whole blood (drawn on three separate occasions from a single person) was collected into 5 mL 

purple-top potassium-EDTA tubes and stored for 0, 10, 20, 30, 60 or 120 minutes at room 

temperature or on wet ice, followed by centrifugation at 4°C and 1880g for 10 minutes with 

plasma collection.  Each sample was run in duplicate, therefore there were six tubes and up to six 

data points at each time point for each oxylipin at each condition (wet ice/room temperature). 

Seventeen representative oxylipins derived from arachidonic acid (AA), docosahexaenoic acid 

(DHA) and linoleic acid (LA) were quantified by liquid chromatography tandem mass 

spectrometry. Longitudinal models were used to estimate differences between temperature 

groups two hours after blood draw. 
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RESULTS:  

We found that most oxylipins measured in human plasma in traditional potassium-EDTA tubes 

are reasonably stable when stored on wet ice for up to 2 hours prior to processing, with little 

evidence of auto-oxidation products in either condition. By contrast, in whole blood stored at 

room temperature, substantial time-dependent increases in the 12-lipoxygenase-derived (12-

HETE, 14-HDHA) and platelet-derived (thromboxane B2) oxylipins were observed. 

CONCLUSION:  

These findings suggest that certain plasma oxylipins can be measured with reasonable accuracy 

despite delayed processing for up to two hours following blood collection, as long as blood is 

stored on ice prior to centrifugation. 12-lipoxygenase- and platelet-derived oxylipins may be 

particularly sensitive to post-collection artifact with delayed processing at room temperature. 

Future studies are needed to determine the impacts of duration and temperature of centrifugation 

on oxylipin concentrations. 

 

 

Keywords: oxylipins, plasma, stability, blood processing, peroxidation 
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4.3 Introduction 

Oxidized derivatives of 18, 20, and 22 carbon polyunsaturated fatty acids, collectively 

known as oxylipins, are increasingly recognized as bioactive mediators with diverse roles in 

human physiology and pathology [1-3]. Oxylipins can be divided into three general functional 

classes: (1) autacoids are labile signaling molecules that act locally and are rapidly inactivated or 

degraded; (2) pathway precursors are intermediates in the biosynthetic pathway leading to 

generation of more labile, bioactive autacoids; and (3) inactivation products are downstream 

metabolic derivatives that are often more stable than their autacoid precursors [4]. Oxylipins in 

these three categories are increasingly being measured in plasma collected in clinical studies to 

investigate biochemical mechanisms mediating disease [5-8], and to assess for 

pharmacodynamic biomarkers of nutrient-based and drug-based [9-11] interventions.  

Ideally, plasma oxylipin measurements provide an accurate representation of in vivo 

intravascular levels.  However, the labile nature of oxylipins and related compounds presents 

unique challenges for accurate identification, quantitation, and interpretation of concentrations in 

human plasma and other tissues [12-15]. There is potential to generate artifact during each step 

of collection, transport, pre-processing delay, processing, storage, and/or analysis due to: (1) 

degradation, inactivation, or metabolic conversion, and (2) enzymatic and/or non-enzymatic 

biosynthesis from precursor fatty acids present in the specimen. The potential for post-collection 

oxidation may be especially pronounced in polyunsaturated fatty acids containing multiple 1,4-

cis,cis-pentadiene structures, such as arachidonic acid (AA) and docosahexaenoic acid 

(DHA)(Fig. 1). 
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Fig 1. Oxidation of the 1,4-cis-cis-pentadiene structures in polyunsaturated fatty acids 

(A) Linoleic, arachidonic and docosahexaenoic acid contain one, three and five 1,4-cis-cis-

pentadiene structures, respectively. (B) 1,4-cis-cis-pentadiene structures are susceptible to 

enzymatic and free-radical mediated peroxidation, forming hydroperoxy-fatty acids, and (C) 

epoxy-fatty acids. Hydroperoxy-fatty acids are intermediates in the synthesis of numerous 

oxylipins. 
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Post-collection artifact could likely be minimized by centrifuging immediately after the 

collection of whole blood, followed by immediate pipetting, and storing at -80˚C until analysis. 

Ideally, the storage duration will not be excessive and will be uniform among all samples.  

However, this ideal approach can be challenging to achieve in a clinical setting, where logistical 

factors often lead to substantial delays before processing and variations in the duration of storage 

at -80˚C before analysis. Following collection, whole blood can be cooled or maintained at room 

temperature prior to processing, sometimes for periods of several hours. Furthermore, details 

regarding the time interval between sample collection and processing are rarely reported in 

manuscripts or discussed as a limitation in papers.   

The goal of this pilot project is to evaluate the effects of delayed processing of blood 

samples in a timeframe that is typical of a clinical setting, using a range of storage temperatures, 

on concentrations of representative oxylipins, pathway precursors, and inactivation products 

measured by liquid chromatography tandem mass spectrometry.   
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4.4 Materials and methods 

The study compares plasma levels of oxylipins in samples that were processed immediately after 

collection to those that were processed after up to 120 minutes of storage either on wet ice or at 

room temperature prior to centrifugation.  The protocol was approved by NIH (#03-AG-N322) 

and written informed consent was obtained for all blood collection procedures. Following an 

overnight fast, venipuncture of the median cubital vein in the antecubital fossa was performed 

with an 18-gauge butterfly needle, with venous whole blood collected into 5 mL ‘purple top’ 

potassium-EDTA tubes.  Whole blood was stored for 0, 10, 20, 30, 60 or 120 minutes at room 

temperature or on wet ice (Fig. 2), followed by centrifugation at 4°C and 1880g for 10 minutes.   

 
Figure 2: Sampling timeline used to assess temperature and time-dependent effects of delayed 

processing on oxylipin concentrations in human plasma. 

 

4.4.1 Sample collection 

Following centrifugation, plasma was carefully pipetted into an empty tube with care taken not 

to disturb the buffy coat.  The entire experiment was repeated in three separate rounds on one 

subject, on three different dates. On each of the three experimental days, each sample was run in 
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duplicate, therefore there were six tubes and up to six data points at each time point for each 

oxylipin at each condition (wet ice/room temperature). 

 

4.4.2 Quantitation of oxylipins in plasma 

To quantify concentrations of lipid mediators in plasma, lipid extracts were purified using solid 

phase extraction (SPE) and quantified using liquid chromatography-tandem mass spectrometry 

(LC-MS/MS) as previously described [3]. Briefly, SPE of bioactive lipids from biological 

matrices was performed using Strata X cartridges (33 u, 200 mg/6 mL, Phenomenex, PA). The 

cartridges were conditioned with 6 mL of methanol, followed by 6 mL of water before samples 

were extracted. Samples were washed with 6 mL of 10% methanol. The lipids were eluted with 

6 mL of methanol into a glass tube containing 10 μL of 30% glycerol in methanol. The eluate 

was evaporated to dryness under a stream of nitrogen and reconstituted with 40 μL of methanol, 

and an aliquot (10 μL) was injected into a UPLC (Shimadzu Scientific Instruments, Columbia, 

MD) system coupled with a Qtrap 5500 (AB SCIEX, USA) for quantitative analysis. Briefly, 

separation was performed on a ZorBAX RRHD Eclipse Plus C18 column (100 mm x 4 mm; 1.8 

µm) (Agilent Corporation, Palo Alto, CA) consisting of (A) 12 mM ammonium acetate solution 

and acetic acid (100:0.02 v/v) and (B) 12 mM ammonium acetate and was composed of 

acetonitrile / water / acetic acid (90:10:0.02, v/v/v). The flow rate was 0.5 mL/min.  The column 

oven temperature was set at 30 °C. The elution gradient conditions were as follows: 25-40% B 

from 0-2.0 min, 40–46% B from 2 to 8 min, 46–57% B from 8 to 9 min, 57–66% B from 9 to 20 

min, 66–76% B from 20 to 22 min, 76–100% B from 22 to 27 min, held at 100% B from 27 to 

33 min, 100–25% B from 33.1 to 35 min. The mass spectrometer was operated in electrospray 

negative ionization mode using scheduled multiple reaction monitoring (sMRM) acquiring MRM 
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data for each analyte within a retention time window of 90s. The source parameters were set as 

follows: ion spray voltage, −4500 V; nebulizer gas (GS1), 65 psi; turbo-gas (GS2), 70 psi; and 

the turbo ion spray source temperature (TEM), 500 °C. The analytes were quantified using 

MRM, as previously described [3]. 

 

4.4.3 Data analysis 

To explore and graphically depict the effects of temperature and time on oxylipin concentrations, 

we plotted individual data points separately by temperature group, for oxylipins that were above 

the limit of quantitation in at least half of the samples.  The limit of quantitation for each 

oxylipin was defined as a signal-to-noise ratio of >5. Oxylipin values that were below the limit 

of quantitation were imputed by substituting one half of the limit of quantitation value for each 

respective oxylipin.  We hypothesized that TXB2, as a platelet derived mediator generated from 

TXA2, could be particularly sensitive blood clotting with delayed processing. TXB2 values were 

above the LOQ in only 33% of samples, and had peaks present in only 53% of samples. Despite 

this, we included TXB2 in these graphs and our analysis in an exploratory manner. To determine 

the between-group difference at minute 120, we used longitudinal mixed models for repeated 

measures controlling for the time, time by group interaction, and measurement round.   
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4.5 Results 
 

Temperature and time-dependent effects of delayed processing on the concentrations of 

sixteen oxylipins derived from AA, DHA and LA that were above the limit of quantitation in 

half or more of the study samples, plus TXB2, are shown in Figs. 3-5, respectively. Model 

predicted oxylipin estimates after 120 minutes of exposure to either wet ice or room temperature 

and between-group comparisons of wet ice to room temperature are shown in Table 1.  

4.5.1 AA-derived oxylipins 

Biosynthetic pathways for production of six AA-derived oxylipins (PGE2, 8-isoPGF2α, 

5-HETE, 12-HETE, 15-HETE, TXB2) are shown in Figure 3A. Prostaglandin E2 and 8-

isoPGF2α were below the limit of quantitation in all samples.  Since 8-isoPGF2α is generally 

considered to be an auto-oxidation product in humans [20], the finding that PGE2 and 8-

isoPGF2α remained below the limit of quantitation and did not differ between ice and room 

temperature, suggests that auto-oxidation likely did not occur to a substantial extent in the 

conditions of this study.  Concentrations of 12-HETE increased substantially over time in 

samples that had been stored at room temperature prior to processing (Fig. 3A), however these 

effects were not evident with delayed processing on wet ice. Since 12-HETE can be synthesized 

by platelet-derived 12-lipoxygenase, this increase suggests that alterations in platelet activation 

and the coagulation cascade occurred with delayed processing at room temperature [21-24]. 

Concentrations of TXB2, a more stable inactivation product of labile, bioactive platelet precursor 

TXA2 [4] (Fig. 3A), also increased over time in samples that had been stored at room 

temperature prior to processing, however since TXB2 was above the limit of quantitation in only 

33% of samples, this finding should be interpreted with some caution.  The concentrations of the 

other two measured AA-derived oxylipins biosynthesized by 5-lipoxygenase (5-HETE) and 15-
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lipoxygenase (15-HETE), did not change substantially over time and did not differ between the 

ice and room temperature groups.   

 

 

 
Fig 3: Arachidonic acid-derived oxylipins: Molecular pathways for synthesis and change from 

baseline by time and temperature.  Panel A shows the molecular pathways involved in 

enzymatic and non-enzymatic conversion of arachidonic acid (AA) to AA-derived oxylipins.  

Panel B shows individual data points for plasma concentrations of each of the AA-derived 

oxylipin measured at baseline and following delayed processing of up to 120 minutes on wet ice 
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or at room temperature.  One half of the LOQ was imputed for values below LOQ. Differences 

between cold and room temperature at minute 120 minute are based on longitudinal mixed 

models with repeated observations controlling for the data collection round. P-values: *<0.05, 

**<0.01, ***<0.001. 

 

4.5.2 DHA-derived oxylipins 

Biosynthetic pathways for production of five DHA-derived oxylipins (4-hydroxy-docohexaenoic 

acid (4-HDHA), 10-HDHA, 14-HDHA, 17-HDHA and 19,20-epoxy-docosapentaenoic acid 

(19,20-EpDPA)) are shown in Figure 4A. Three of these oxylipins (4-HDHA, 10-HDHA, 19,20-

EpDPA) appeared stable over time when stored on wet ice or at room temperature. 10-HDHA is 

generally considered to be an auto-oxidation product in humans because unlike rodents, humans 

lack 8-lipoxygenase [25]. Thus, the observation that plasma 10-HDHA did not change over time 

or differ between ice and room temperature, confirms a lack of substantial auto-oxidation in the 

conditions of this study. 14-HDHA, a 12-lipoxygenase generated product of DHA, increased 

substantially in the room temperature samples compared to wet ice, in a similar manner as 

observed for 12-HETE, suggesting that 12-lipoxygenase activation during clotting is not specific 

to one substrate. 17-HDHA values varied widely and appeared to be independent of time and 

temperature.  
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Fig 4: Docosahexaenoic acid-derived oxylipins: Molecular pathways for synthesis and change 

from baseline by time and temperature.  Panel A shows the molecular pathways involved in 

enzymatic and non-enzymatic conversion of docosahexaenoic acid (DHA) to DHA-derived 

oxylipins.  Panel B shows individual data points for plasma concentrations of each of the DHA-

derived oxylipin measured at baseline and following delayed processing of up to 120 minutes on 
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wet ice or at room temperature. One half of the LOQ was imputed for values below LOQ. 

Differences between cold and room temperature at minute 120 minute are based on longitudinal 

mixed models with repeated observations controlling for the data collection round. P-values: 

*<0.05, **<0.01, ***<0.001. 

 

 
 

 



105 
 

 
  

Fig 5: Linoleic acid-derived oxylipins: Molecular pathways for synthesis and change from 

baseline by time and temperature.  Panel A shows the molecular pathways involved in 

enzymatic and non-enzymatic conversion of linoleic acid (LA) to LA-derived oxylipins.  Panel B 

shows individual data points for plasma concentrations of each of the DHA-derived oxylipin 

measured at baseline and following delayed processing of up to 120 minutes on wet ice or at 

room temperature.  One half of the LOQ was imputed for values below LOQ. Differences 

between cold and room temperature at minute 120 minute are based on longitudinal mixed 

models with repeated observations controlling for the data collection round. P-values: *<0.05, 

**<0.01, ***<0.001. 

 

 

4.5.3 LA-derived oxylipins 

Proposed biosynthetic pathways for production of eight LA-derived oxylipins are shown in 

Figure 5A. Like 12-HETE (derived from AA) and 14-HDHA (derived form DHA), 9-HODE is 

reported to be a 12-lipoxygenase derivative of LA [26]. However, unlike 12-HETE and 14-

HDHA, plasma 9-HODE concentrations were not significantly higher when whole blood was 

stored at room temperature compared to ice, for up to 2 hours. Potential explanations for this 

discrepancy include that 9-HODE can be synthesized via several other enzymatic and non-

enzymatic sources including cyclooxygenases [27,28], 12-lipoxygenase (non-platelet), and free-

radical mediated oxidation [29]. Moreover, AA and DHA contain three and five 1,4-cis,cis-

pentadiene structures respectively (Figure 1), and therefore are considered to be more 

susceptible to oxidation compared to LA which contains a single 1,4-cis,cis-pentadiene structure.  
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Table 1. Model-predicted oxylipin estimates after 120 minutes of exposure to room 
temperature or wet ice (ng/ml) 
 
  Wet ice Room temperature   Difference (Room-Wet Ice)* 
  Estimate (95% CI) Estimate (95% CI)   Estimate (95% CI) p-value 
AA      

5-HETE 0.22 (0.18, 0.26) 0.21 (0.16, 0.25)  -0.01 (-0.07, 0.05) 0.69 
12-HETE 0.25 (0.07, 0.43) 0.62 (0.43, 0.80)  0.37 (0.11, 0.62) 0.005 
15-HETE 0.41 (0.35, 0.48) 0.36 (0.30, 0.43)  -0.05 (-0.14, 0.04) 0.246 
TXB2** 0.05 (0.03, 0.08) 0.10 (0.07, 0.12)  0.05 (0.01, 0.08) 0.009 

DHA      
4-HDHA 0.13 (0.12, 0.15) 0.11 (0.10, 0.13)  -0.02 (-0.04, 0.00) 0.069 
10-HDHA 0.05 (0.04, 0.06) 0.05 (0.04, 0.05)  -0.00 (-0.01, 0.01) 0.466 
14-HDHA** 0.07 (0.02, 0.12) 0.20 (0.14, 0.25)  0.13 (0.06, 0.20) 0.001 
17-HDHA** 0.34 (0.27, 0.42) 0.33 (0.26, 0.40)  -0.01 (-0.12, 0.09) 0.787 
19,20-EpDPA 0.07 (0.06, 0.07) 0.07 (0.06, 0.08)  0.00 (-0.01, 0.01) 0.713 

LA      
9-HODE 7.86 (6.87, 8.86) 8.58 (7.59, 9.57)  0.72 (-0.68, 2.12) 0.316 
13-HODE 16.66 (14.70, 18.62) 17.58 (15.63, 19.54)  0.93 (-1.85, 3.70) 0.513 
9,10-EpOME** 0.79 (0.67, 0.91) 0.72 (0.61, 0.84)  -0.07 (-0.23, 0.10) 0.428 
9,10-DiHOME 5.33 (4.85, 5.82) 4.83 (4.34, 5.31)  -0.51 (-1.19, 0.18) 0.149 
9-H-12-E-LA 0.30 (0.25, 0.35) 0.28 (0.23, 0.33)  -0.02 (-0.09, 0.04) 0.479 
13-H-9-E-LA** 0.39 (0.14, 0.63) 0.32 (0.08, 0.57)  -0.07 (-0.41, 0.28) 0.714 
9,10,13-TriHOME 0.83 (0.67, 0.99) 0.92 (0.76, 1.08)  0.09 (-0.14, 0.31) 0.453 
9,12,13-TriHOME 2.49 (1.86, 3.12) 2.79 (2.16, 3.41)   0.30 (-0.59, 1.18) 0.513 

* Based on longitudinal mixed models for repeated measures controlling for the data collection round. 
** Some observations were below the limit of quantitation (LOQ) and were imputed with ½ of the LOQ. 
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4.6 Discussion  

Oxylipins hold promise as biomarkers for predicting diseases in observational settings 

and as pharmacodynamic markers for targeting diet or drug interventions [9,10]. Since plasma 

oxylipins are derived from more abundant polyunsaturated fatty acids containing 1,4-cis,cis-

pentadiene structures that are highly susceptible to oxidation, any pre-analytical variable that 

alters synthesis or degradation could potentially create post-collection artifact in measured 

metabolites [12, 16-18, 30], including oxylipins. 

In the present study we sought to determine the effect of delayed processing of whole 

blood samples in a timeframe that is typical of a clinical setting, using typical storage 

temperatures on concentrations of unesterified oxylipins including pathway precursors, and 

inactivation products measured by LC-MS/MS.  Findings suggest that the concentrations of 

many oxylipins measured in human plasma using traditional potassium-EDTA tubes are 

reasonably stable when stored for up to 2 hours prior to processing, particularly when stored on 

wet ice, with little evidence of auto-oxidation products in either condition. The substantial 

increases observed for 12-lipoxygenase-derived (12-HETE, 14-HDHA) and platelet-derived 

(TXB2) oxylipins with delayed processing at room temperature indicate that these compounds 

may be particularly sensitive to post-collection artifact. These findings suggest that certain 

plasma oxylipins can be measured with reasonable accuracy despite delayed processing for up to 

two hours following blood collection, as long as blood is stored on ice prior to centrifugation. 

The pronounced post-collection artifact in 12-lipoxygenase and platelet-derived oxylipins with 

delayed processing at room temperature could potentially be due to activation of clotting cascade 

[21,23,24]. 
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Factors that limit the generalizability of this study include the small sample size, non-

independent samples, and the substantial number of samples below the limits of quantitation.  

Experiments used standard clinical “purple top” potassium EDTA tubes for blood collection and 

therefore findings are not necessarily generalizable to blood collected using other tubes (i.e. 

plasma citrate, heparin) or for serum or other blood fractions. Use of heparin tubes has 

previously been reported to markedly increase oxylipin concentrations [31]. Since serum is 

generated via activation of the clotting cascade, one could speculate that use of serum separator 

tubes might alter the production of oxylipins derived from platelets (e.g. 12-HETE, 14-HDHA, 

thromboxanes) in a similar manner as observed with delayed processing at room temperature in 

the present study, however this requires experimental confirmation. The finding that oxylipins 

that were below the limit of quantitation with immediate processing were not increased with 

delayed processing suggests that the oxylipins profiled in the present study were not synthesized 

ex vivo.  Importantly, some oxylipins have potent bioactions at very low concentrations, and it is 

possible that certain labile oxylipins were already degraded even with immediate processing. 

Future studies should examine whether more rapid centrifugation (e.g. 1-2 min) impacts results.  

Summary and conclusions 

Plasma samples derived from whole blood that was kept on ice for up to 2 hours prior to 

centrifugation appear suitable for measuring many oxylipins with the caveats noted above. 12-

lipoxygenase and platelet-derived oxylipins are sensitive to post-collection artifact with delayed 

processing at room temperature. Results may have implications for design, implementation, and 

interpretation of clinical studies measuring oxylipins in plasma.  Future studies are needed to 

determine the impacts of other pre-analytical variables including venipuncture location, needle 
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gauge, blood collection tube type, duration and temperature of centrifugation, and post-

processing storage conditions. 
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4.8 Supplementary Appendices (additional exploratory data analysis graphs and graphs that 

were not submitted with manuscript) 

 

 

Exploratory data analysis 

In an additional exploratory analysis, we explored and graphically depicted the effects of 

temperature and time on oxylipin concentrations by plotting the median percent change from 

baseline over time for each temperature group.  The limit of quantitation for each oxylipin was 

defined as a signal-to-noise ratio of >5. Oxylipin values that were below the limit of quantitation 

were imputed by substituting one half of the limit of quantitation value for each respective 

oxylipin.  To determine the between-group difference at minute 120, we used longitudinal mixed 

models with repeated observations per blood samples, time by group interaction terms, and 

adjustment for measurement round.  The results of this analyses are shown in Table S1 and 

graphically depicted in Figures S1-S3 for AA-derived, DHA-derived, and LA-derived oxylipins, 

respectively.  Table S2 shows the percentage of samples that were below the limit of 

quantitation. 
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Table S1. Crude and model-predicted oxylipin estimates after 120 minutes of exposure to 

room and cold temperatures 

  

This exploratory (change from baseline) analysis produced comparable results as the main 

longitudinal analyses that did not convert to change from baseline, with the 12-lipoxygenase 

derivatives 12-HETE and 14-HDHA significantly increased over time in the room temperature 

group compared to the ice group. The exception was for TXB2, which in these change from 

baseline models produced paradoxical results, likely due to the difficulty of calculating change 

from baseline for variables with missing data (TXB2 had values above the limit of quantitation 

Cold (n=6) Room (n=6) Coef z p-value
5-HETE 0.21 0.18 -0.01 -0.40 0.69 -0.07 0.05
12-HETE 0.27 0.71 0.37 2.82 0.005 0.11 0.62
15-HETE 0.40 0.38 -0.05 -1.16 0.25 -0.14 0.04
TXB2 0.06 0.03 0.05 2.60 0.009 0.01 0.08
10-HDHA 0.05 0.04 0.00 -0.73 0.47 -0.01 0.01
14-HDHA 0.07 0.15 0.13 3.47 0.001 0.06 0.20
17-HDHA 0.30 0.27 -0.01 -0.27 0.79 -0.12 0.09
19,20-EpDPA 0.07 0.08 0.002 0.37 0.71 -0.01 0.01
9-HODE 9.42 9.60 0.72 1.00 0.32 -0.68 2.12
13-HODE 19.6 19.1 0.92 0.65 0.51 -1.85 3.70
9,10-EpOME 1.11 0.73 -0.07 -0.79 0.43 -0.23 0.10
9,10-DiHOME 5.8 5.0 -0.51 -1.44 0.15 -1.19 0.18
9-H-12-E-LA 0.28 0.32 -0.02 -0.71 0.48 -0.09 0.04
13-H-9-E-LA 0.35 0.30 -0.07 -0.37 0.71 -0.41 0.28
9,10,13-TriHOME 0.60 0.77 0.09 0.75 0.45 -0.14 0.31
9,12,13-TriHOME 0.52 0.86 0.30 0.65 0.51 -0.59 1.18

          

* Based on longitudinal mixed models for repeated measures controlling for th
  data collection round.

 p      p

Median

95% CI

Adjusted Difference of Room 
Temperature Minus Cold Group*



117 
 

 
  

in 33% of samples). These exploratory results contributed to our interpretation that TXB2 

findings should be interpreted cautiously.  

 

Table S2. Percentage of samples below the limit of quantitation  

Mediator Percent 

 Cold Room 
5-HETE 0 0 
12-HETE 0 0 
15-HETE 0 0 
8-IsoPGF2a 100 100 
PGE2 100 100 
PGF2a 100 100 
TXB2 47 47 
4-HDHA 0 0 
10-HDHA 0 0 
14-HDHA 31 25 
17-HDHA 11 6 
19,20-EpDPA 0 0 
9-HODE 0 0 
13-HODE 0 0 
9,10-EpOME 33 33 
9,10-DiHOME 0 0 
9-H-12-E-LA 0 0 
13-H-9-E-LA 0 3 
9,10,13-TriHOME 0 0 
9,12,13-TriHOME 0 0 
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Fig S1: Arachidonic acid-derived oxylipins as percent change from baseline by time and 

temperature. Percent changes in median plasma concentrations of AA-derived oxylipins 

measured at baseline and following delayed processing of up to 120 minutes on wet ice or at 

room temperature.  Percent change from baseline defined as [(median at each time point / 

median at baseline - 1) * 100%]. One half of the limit of quantitation (LOQ) was imputed for 

values below LOQ. * P-values are for the between-group difference at minute 120, which were 

derived from longitudinal mixed models with repeated observations per blood sampling time, 

time by group interaction terms, and adjustment for measurement round. Only p-values ≤ 0.05 

are shown.  
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Fig S2: Docosahexaenoic acid-derived oxylipins: percent change from baseline by time and 

temperature. Percent changes in median plasma concentrations of each of the DHA-derived 

oxylipins measured at baseline and following delayed processing of up to 120 minutes on wet ice 

or at room temperature.  Percent change from baseline defined as [(median at each time point / 

median at baseline - 1) * 100%].  One half of the limit of quantitation (LOQ) was imputed for 

values below LOQ. * P-values are for the between-group difference at minute 120, which were 

derived from longitudinal mixed models with repeated observations per blood sampling time, 

time by group interaction terms, and adjustment for measurement round. Only p-values ≤ 0.05 

are shown. 
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Fig S3: Linoleic acid-derived oxylipins: percent change from baseline by time and 

temperature. Percent changes in median plasma concentrations of each oxylipin at baseline 

following delayed processing of up to 120 minutes on wet ice or at room temperature.  Percent 

change from baseline defined as [(median at each time point / median at baseline - 1) * 100%]. 

One half of the limit of quantitation (LOQ) was imputed for values below LOQ. * P-values are 

for the between-group difference at minute 120, which were derived from longitudinal mixed 

models with repeated observations per blood sampling time, time by group interaction terms, 

and adjustment for measurement round. Only p-values ≤ 0.05 are shown. 
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5.1 Highlights 

• DHA supplementation increased plasma unesterified DHA and several DHA-derived 

oxylipins in plasma 

• Participants with higher concentrations of 5-lipoxygenase derived oxylipins at 14 weeks, 

or unesterified AA at 24 weeks had higher risk of spontaneous preterm birth in 

exploratory analysis 

• The hypothesis that 5-lipoxygenase-derived oxylipins and/or unesterified AA could serve 

as biomarkers for spontaneous preterm birth should be evaluated in larger, adequately 

powered studies 
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5.2 Abstract  

Oxidized lipids derived from omega-6 (n-6) and omega-3 (n-3) polyunsaturated fatty acids, 

collectively known as oxylipins, are bioactive signaling molecules that play diverse roles in 

human health and disease. Supplementation with n-3 docosahexaenoic acid (DHA) during 

pregnancy has been reported to decrease the risk of preterm birth in singleton pregnancies, which 

may be due to effects of DHA supplementation on oxylipins or their precursor n-6 and n-3 fatty 

acids. There is only limited understanding of the levels and trajectory of changes in plasma 

oxylipins during pregnancy, effects of DHA supplementation on oxylipins and unesterified fatty 

acids, and whether and how oxylipins and their unesterified precursor fatty acids influence 

preterm birth. In the present study we used liquid chromatography-tandem mass spectrometry to 

profile oxylipins and their precursor fatty acids in the unesterified pool using plasma samples 

collected from a subset of pregnant Australian women who participated in the ORIP (Omega-3 

fats to Reduce the Incidence of Prematurity) study. ORIP is a large randomized controlled trial 

testing whether daily supplementation with n-3 DHA can reduce the incidence of early preterm 

birth compared to control. Plasma was collected at study entry (≈pregnancy week 14) and again 

at ≈week 24, in a subgroup of 48 ORIP participants—12 cases with spontaneous preterm (<37 

weeks) birth and 36 matched controls with spontaneous term (≥40 weeks) birth. In the combined 

preterm and term pregnancies, we observed that in the control group without DHA 

supplementation unesterified AA and AA-derived oxylipins 12-HETE, 15-HETE and TXB2 

declined between weeks 14-24 of pregnancy. Compared to control, DHA supplementation 

increased unesterified DHA, EPA, and AA, DHA-derived 4-HDHA, 10-HDHA and 19,20-

EpDPA, and AA-derived 12-HETE at 24 weeks.  In exploratory analysis independent of DHA 

supplementation, participants with concentrations above the median for 5-lipoxygenase 
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derivatives of AA (5-HETE, Odds Ratio (OR) 8.2; p=0.014) or DHA (4-HDHA, OR 8.0; 

p=0.015) at 14 weeks, or unesterified AA (OR 5.1; p=0.038) at 24 weeks had higher risk of 

spontaneous preterm birth. The hypothesis that 5-lipoxygenase-derived oxylipins and 

unesterified AA could serve as mechanism-based biomarkers predicting spontaneous preterm 

birth should be evaluated in larger, adequately powered studies.  

 

Keywords:  oxylipins, plasma, docosahexaenoic, arachidonic, linoleic, preterm, development 
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5.3 Introduction  

Oxidized lipids derived from polyunsaturated fatty acids (PUFAs), collectively known as 

oxylipins, comprise a large, heterogeneous family of labile, bioactive signaling molecules that 

play diverse roles in human health and disease (1). Oxylipins derived from arachidonic acid 

(AA), docosahexaenoic acid (DHA) and linoleic acid (LA) are reported to play pivotal regulatory 

roles in physiological processes that are relevant for pregnancy—including immune activation 

(2, 3), resolution of inflammation (4, 5), endothelial cell activation (6), and coagulation (7)—and 

have been proposed to play a role in gestational age at birth (8). Most notably, 2-series 

prostaglandins (e.g. PGE2 and PGF2α) are well-known to play pivotal roles in initiation and 

progression of labor by promoting cervical maturation and myometrial contraction (9, 10).  

The placenta in preterm birth is characterized by an inflammatory phenotype (11), 

including alterations in prostanoid synthesis and catabolism (12), and women who delivered 

preterm had higher AA in maternal red blood cells and trophoblast tissue than women who 

delivered at term (13). Human blood, placenta and fetal tissues are enriched in n-3 and n-6 fatty 

acids, and selected oxylipins derived from AA, DHA, and LA have been measured in cord blood 

(8, 14). Moreover, gene variants in fatty acid desaturase (FADS) enzymes involved in AA and 

DHA synthesis are associated with gestation duration among women with spontaneous labor 

(15). 

Thus, it is possible that in addition to prostanoids, other bioactive oxylipins derived from 

AA (e.g. leukotrienes) (3, 16, 17), n-3 fatty acids, and/or LA could impact parturition; however, 

this line of inquiry has not been fully investigated.  DHA is well-known to be concentrated in 

fetal tissues and the developing brain (18) and DHA supplementation in pregnancy has been 

investigated as a strategy for enhancing neurodevelopment (19, 20) and decreasing the risk of 
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preterm birth (21, 22).  Several, but not all, studies reported that DHA supplementation 

decreased the risk of preterm birth and/or increased the risk of post-term births requiring 

obstetric intervention (induction or caesarean section) (19, 21, 23). Such a shift in the curve of 

gestation length may be due to partial replacement of AA by DHA in placental oxylipin 

precursor pools (24-26), with subsequent reduction in PGE2 and uterine contractility.  However, 

the effect of DHA supplementation on unesterified AA or PGE2 has not yet been demonstrated 

in pregnant women. DHA supplementation may also decrease inflammatory processes 

implicated in preterm birth by increasing the production of DHA-derived oxylipins with anti-

inflammatory and pro-resolving properties in placenta or blood (27).  

Most studies have focused on the role of AA, DHA and their metabolites during 

pregnancy. Little is known about LA or its metabolites (oxidized linoleic acid metabolites; 

OXLAMs), which have been mechanistically linked to several pathological conditions (reviewed 

in (28)).  The combination of relatively high concentrations of OXLAMs in lipoproteins and 

strong expression of scavenger receptors in human placenta (29-31), provides a mechanism for 

delivery of OXLAMs to placenta (31, 32), particularly during periods of inflammation and/or 

oxidative stress (reviewed in (33))  Feeding heated safflower oil (source of OXLAMs) to rats in 

early pregnancy had teratogenic effects (34). However, the effects of OXLAM exposures on 

pregnancy are understudied in mammals (35).  

Together, these observations indicate that exposures to oxylipins derived from DHA, AA, 

and LA in pregnancy could potentially play an important role in pregnancy.  However, there is 

currently only limited understanding of whether and how oxylipins influence biochemical and 

clinical endpoints in pregnancy. Here we take an initial step toward filling these gaps by 

profiling oxylipins and their precursor fatty acids using plasma samples collected from a subset 
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of pregnant Australian women enrolled in the ORIP (Omega-3 fats to Reduce the Incidence of 

Prematurity) study, a large randomized controlled trial testing whether daily supplementation 

with n-3 DHA can reduce the incidence of early preterm birth in Australian women.  The ORIP 

team collected plasma from a subgroup of participants at study entry (<20 weeks of gestation, 

median 14 weeks) and again at pregnancy week 24, providing a unique opportunity to: (1) 

describe the levels and trajectory of changes in plasma unesterified oxylipins and precursor fatty 

acids in early pregnancy and near the threshold for viability of pregnancy; (2) determine the 

impact of DHA supplementation on oxylipins and precursor fatty acids; and (3) explore whether 

differences in oxylipins and precursor fatty acids at pregnancy weeks 14 and 24 hold promise as 

biomarkers for predicting risk of spontaneous preterm birth.  This analysis is restricted to 

spontaneous births because obstetrical interventions (i.e. induced births, Caesarean sections) may 

occur for multiple reasons, some of which may be unrelated to endogenous biochemical 

mediators. Given the small size of the ORIP plasma subgroup, the latter exploration is 

anticipated to inform sample size calculations for larger, more adequately powered studies 

testing associations between these variables and spontaneous preterm birth.  
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5.4 Materials and methods 

5.4.1 ORIP Study design 

A protocol paper (22) and primary outcome (23) detailing the main ORIP study have been 

previously published. Briefly, ORIP is a large randomized controlled trial testing whether daily 

supplementation with long-chain omega-3 (n-3) fatty acids (docosahexaenoic acid (DHA) 800mg 

plus eicosapentaenoic acid (EPA) 100mg) provided from trial entry (<20 weeks of gestation) 

until 34 weeks or delivery (whichever occurred first), can reduce the incidence of early preterm 

(<34 weeks) and preterm (<37 weeks) birth and other secondary maternal and fetal endpoints, 

compared to control. The baseline and demographic characteristics of the plasma subgroup 

(n=48) analyzed here and the full ORIP cohort of randomized participants (n=5,544) are shown 

in Table 1.  Compared to the full ORIP cohort, the plasma subgroup tended to be slightly older, 

less racially diverse, more likely to drink alcohol, less likely to be primiparous, and more likely 

to have a previous preterm delivery.  The ORIP study (23) showed that DHA supplementation 

did not decrease risk of early preterm birth (primary endpoint) or preterm birth (key secondary 

endpoint) in the total population. However, there was a significant reduction in the risk of 

preterm birth in singleton pregnancies (a prespecified subgroup analysis).  

 

 

 

 

 



Table 1: Baseline characteristics of pregnancies in the plasma subgroup and the full ORIP trial 

 

 
DHA denotes docosahexaenoic acid, IQR denotes interquartile range. N is the total number of pregnancies unless otherwise indicated. 
* N is the total number of fetuses.  
 

 Plasma Subgroup ORIP Trial 

Characteristic Case 
(N=12) 

Control 
(N=36) 

n-3 Group 
(N=27) 

Control Group 
(N=21) 

Total 
(N=48) 

n-3 Group 
(N=2770) 

Control 
Group 

(N=2774) 

Age (yr): Median (IQR) 33.0 (31.0-
34.2) 

33.0 (30.0-
33.2) 

33.0 (30.0-
34.0) 

33.0 (31.0-
34.0) 

33.0 (30.8-
34.0) 

30.0 (26.0-
34.0) 

30.0 (27.0-
33.0) 

Gestation (wk): Median (IQR) 13.4 (12.4-
15.1) 

13.4 (12.7-
14.6) 

13.4 (12.6-
15.1) 

13.1 (12.4-
14.6) 

13.4 (12.5-
14.8) 

14.1 (12.7-
16.4) 

14.1 (12.7-
16.6) 

Primiparous: n/N (%) 3/12 (25.0) 9/36 (25.0) 6/27 (22.2) 6/21 (28.6) 12/48 (25.0) 1223/2754 
(44.4) 

1209/2765 
(43.7) 

Pregnancy with multiple fetuses: n/N (%) 1/12 (8.3) 0/36 (0.0) 0/27 (0.0) 1/21 (4.8) 1/48 (2.1) 52/2698 
(1.9) 

48/2721 
(1.8) 

Weight (kg): Median (IQR) 67.2 (63.6-
71.6) 

67.5 (57.8-
73.8) 

70.6 (57.6-
73.5) 

66.9 (60.1-
73.0) 

67.2 (58.0-
73.4) 

69.7 (60.9-
81.5) 

69.0 (60.9-
81.0) 

Caucasian race: n/N (%) 10/12 (83.3) 32/36 (88.9) 24/27 (88.9) 18/21 (85.7) 42/48 (87.5) 2057/2764 
(74.4) 

2041/2767 
(73.8) 

Completed a high-school education: n/N 
(%) 11/12 (91.7) 31/36 (86.1) 23/27 (85.2) 19/21 (90.5) 42/48 (87.5) 2246/2756 

(81.5) 
2194/2764 

(79.4) 
Smoked cigarettes at trial entry or leading 
up to pregnancy: n/N (%) 0/12 (0.0) 7/36 (19.4) 4/27 (14.8) 3/21 (14.3) 7/48 (14.6) 435/2755 

(15.8) 
430/2766 

(15.5) 
Drank alcohol at trial entry or leading up to 
pregnancy: n/N (%) 10/12 (83.3) 26/36 (72.2) 20/27 (74.1) 16/21 (76.2) 36/48 (75.0) 1513/2755 

(54.9) 
1562/2764 

(56.5) 
Previous preterm birth <37 weeks of 
gestation: n/N (%) 

3/12 (25.0) 2/36 (5.6) 4/27 (14.8) 1/21 (4.8) 5/48 (10.4) 185/2754 
(6.7) 

184/2766 
(6.7) 

 

Consumed dietary supplements containing 
n-3 long-chain polyunsaturated fatty acid in 
the previous 3 months: n/N (%) 

4/12 (33.3) 3/36 (8.3) 2/27 (7.4) 5/21 (23.8) 7/48 (14.6) 374/2770 
(13.5) 

368/2774 
(13.3) 

DHA level (% of total fatty acids in capillary 
whole blood): Median (IQR) 2.8 (2.1-3.2) 2.7 (2.5-3.0) 2.7 (2.5-3.0) 2.7 (2.4-3.1) 2.7 (2.4-3.1) 2.7 (2.3-

3.1) 
2.7 (2.3-

3.1) 

Male fetus: n/N(%)* 9/13 (69.2) 19/36 (52.8) 15/27 (55.6) 13/22 (59.1) 28/49 (57.1) 1395/2758 
(50.6) 

1409/2770 
(50.9) 
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5.4.2 Sample collection, processing and selection  

The protocol was approved by the Institutional Review Board of the Women’s and Children’s 

Health Network and written informed consent was obtained for all blood collection procedures. 

Following an overnight fast, venipuncture of the median cubital vein in the antecubital fossa was 

performed with an 18-gauge butterfly needle, with venous whole blood collected into 5 mL 

‘purple top’ potassium-EDTA tubes.  Whole blood was stored for up to 120 minutes at room 

temperature, followed by centrifugation. Plasma was carefully pipetted into each aliquot with 

care taken not to disturb the buffy coat. Samples were stored at -80°C in Adelaide and shipped 

with ample dry ice and tracking information for analysis in the National Institutes of Health in 

Bethesda, Maryland, USA. Samples were analyzed in a de-identified, blinded manner, without 

knowledge of treatment group or case versus control status.  Since each of these participants 

provided two samples (≈14 and 24 weeks), a total of 96 samples were analyzed.    

 

5.4.3 Quantitation of oxylipins and precursor fatty acids in plasma 

Liquid chromatography tandem mass spectrometry oxylipin assays were based on our previously 

published methodology (1), adapted to include free fatty acids. In this method, human plasma 

samples were deproteinized with ice-cold methanol and extracted with solid-phase extraction. 

The separation was performed on a reverse phase ZorBAX RRHD Eclipse Plus C18 column 

using gradient programs consisting of 0.02% acetic acid and ammonium acetate buffer in water 

and acetonitrile mobile phases. Detection was achieved using the Qtrap 5500 system in 

electrospray negative ion mode with scheduled multiple reaction monitoring (sMRM). 
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5.4.4 Experimental design and matching strategy 

To explore the hypothesis that an imbalance between unesterified LA, AA, and DHA and their 

respective oxylipin derivatives could create a biochemical predisposition to preterm delivery we 

matched the 12 participants who provided plasma at both of these time points and went on to 

have spontaneous preterm (<37 weeks) birth with 36 controls who went on to have spontaneous 

term (40+0-40+6 weeks) birth. The two groups were matched on maternal age and parity. 

Treatment group was not considered in the matching process, as the trial was still blinded at the 

time of selection for the plasma subgroup. Exact matching was performed first on parity and then 

age was matched using the nearest neighbor approach with Mahalanobis distance allowing for 

1.5 SD of distance (36), resulting in a matched age range within 3 years. 

 

5.4.5 Data analysis 

Compounds were only reported if values were above the limit of quantitation (LOQ) in at least 

half of the samples with LOQ defined as a signal-to-noise ratio of >5.  LOQ for profiled 

oxylipins are provided in Table S1. In the main analysis, we use only the oxylipin samples that 

are not below LOQ. In the sensitivity analysis reported in the supplementary appendix, we 

impute the values below the LOQ by substituting one half of the LOQ value for each respective 

plasma oxylipin.  For the precursor unesterified fatty acids, all values were above the LOQ.  

The aim of the first analysis was to determine if there was a significant change in the 

plasma fatty acid concentrations between weeks 14 and 24 separately in the control group and 

DHA group through a Wilcoxon matched-pairs signed-ranks test.  The aim of the second 

analysis was to determine the difference in plasma fatty acid concentrations between the DHA 

and control groups at week 24 through a nonparametric local-linear regression controlling for the 
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plasma fatty acid concentration at week 14. Each regression had 200 bootstrap replications.  The 

aim of the third analysis was to explore if the plasma unesterified fatty acid or oxylipin 

concentrations could be biomarkers for spontaneous preterm birth. To account for non-linear 

associations, this analysis was performed conservatively by analyzing the sample according to 

groups of below and above median concentrations at each time point. Odds ratios of the above 

median group versus the below median group were calculated for each plasma oxylipin or fatty 

acid at each time point using logistic regressions adjusted for age and parity. Analyses were 

performed using Stata 15. Statistical significance was assessed at the P<0.05 level with no 

adjustment for multiple comparisons due to the exploratory nature of the study. 

 

  



134 
 

 
  

5.5 Results  

We investigated the levels and trajectory of changes of plasma oxylipins and precursor 

(unesterified) fatty acids during pregnancy, by measuring concentrations of these variables at 14 

weeks and 24 weeks (shortly before the gestational limit for viable pregnancy) in the participants 

(n=21) from the control group without DHA supplementation. Within-group changes in 

precursor fatty acids and oxylipin concentrations in the control group are shown in Table 2. 

Without DHA supplementation, we observed that unesterified concentrations of three n-6 fatty 

acids (AA, docosatetraenoic acid, and gamma-linolenic acid) and one n-9 fatty acid (mead acid) 

significantly declined during pregnancy. However, there was no evidence of any changes in n-3 

fatty acids. Concentrations of three AA-derived oxylipins—12-HETE, 15-HETE and TXB2—

also significantly declined between weeks 14-24 of pregnancy, however no changes were 

observed for DHA-derivatives or other oxylipins. 
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Concentrations: fatty acids (ug/mL); oxylipins (ng/mL) 
 

Table 2: Changes in unesterified precursor fatty acids and oxylipins between weeks 14 
and 24 in pregnancy without DHA supplementation (n=21) 

 Week 14   Week 24   p-value* 
  Median (IQR)   Median (IQR)   
Omega-6 fatty acids and oxylipins 
LA** 7.6 (4.8, 11)   7.3 (4.1, 9.9)   .24 

9-HODE 4.2 (1.4, 11)   3.4 (1.3, 7.9)   .42 
13-HODE 11 (3.4, 23)   7.6 (5, 21)   .54 
9,10-DiHOME 2.4 (1.1, 5.1)   1.6 (1.1, 4.3)   .56 
13H-9,10E-LA .25 (.16, .48)   .22 (.16, .36)   .73 
9H-12,13E-LA .16 (.067, .38)   .16 (.12, .24)   .93 
9,12,13-TriHOME .12 (.088, .19)   .14 (.098, .17)   .95 

GLA .086 (.044, .13)   .049 (.036, .074)   .030 
DGLA .12 (.086, .15)   .094 (.077, .11)   .059 
AA .18 (.14, .25)   .14 (.12, .17)   .011 

5-HETE .17 (.14, .23)   .16 (.12, .17)   .08 
12-HETE .13 (.1, .24)   .088 (.08, .12)   .039 
15-HETE .29 (.26, .5)   .21 (.17, .22)   .001 
TxB2 .11 (.066, .22)   .053 (.039, .11)   .048 

DTA 
.045 (.034, 

.067)   .035 (.028, .048)   .033 

DPA n-6 
.042 (.033, 

.067)   .044 (.036, .05)   .45 
Omega-3 fatty acids and oxylipins 
ALA .44 (.23, .79)   .26 (.18, .51)   .08 
SDA (18:4 n-3) .012 (.0061, .016)   .0058 (.0045, .0093)   .11 
ETA (20:4 n-3) .014 (.011, .018)   .012 (.0089, .014)   .15 
EPA .093 (.086, .1)   .083 (.056, .099)   .12 
DPA n-3 .024 (.015, .038)   .023 (.016, .032)   .91 
DHA .65 (.43, .75)   .54 (.4, .78)   .97 

4-HDHA .066 (.042, .09)   .05 (.03, .076)   .57 
10-HDHA .026 (.021, .035)   .019 (.014, .038)   .11 
14-HDHA .12 (.085, .22)   .078 (.059, .12)   .06 
17-HDHA .17 (.13, .23)   .12 (.1, .19)   .55 
19,20-EpDPA .032 (.018, .047)   .034 (.019, .063)   .31 

Other           
Mead .016 (.011, .02)   .011 (.0073, .013)   .003 
* Based on the Wilcoxon matched-pairs signed-ranks test 
** 9,10-EpOME & 9,10,13-TriHOME had >50% values below LOQ. 
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Concentrations of unesterified fatty acids and oxylipins in the DHA supplementation 

group in pregnancy weeks 14 and 24 are shown in Table 3.  With DHA supplementation, within-

group analysis suggested that unesterified concentrations of three n-3 fatty acids (EPA, DPAn-3, 

and DHA) and one n-6 fatty acid (DPAn-6) increased, while LA (18:2n-6), GLA (18:3n-6) and 

SDA (18:4n-3) decreased. Unesterified AA did not change. Two DHA-derived oxylipins (4-

HDHA and 19,20-EpDPA) increased and one AA-derivative (15-HETE) decreased.  

Importantly, these within-group changes in this DHA cohort reflect a combination of effects of 

DHA supplementation and normal trajectory of change, and as such should be interpreted 

cautiously. 

In order to determine the effects of DHA supplementation on plasma oxylipins and 

precursor fatty acids, we compared levels of each variable at week 24 in the DHA group versus 

the control group in the combined term and preterm pregnancies, with each variable adjusted for 

baseline values.  We observed that DHA supplementation significantly increased concentrations 

of unesterified n-3 DHA, DPA(n-3), EPA, as well as n-6 AA and DPAn-6, but did not alter 

linoleic acid, alpha-linolenic acid, or other fatty acids (Table 4). DHA supplementation also 

significantly increased three DHA-derived oxylipins (4-HDHA, 10-HDHA and 19,20-EpDPA), 

and one AA-derived oxylipin (12-HETE).  
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Table 3: Changes in unesterified precursor fatty acids and oxylipins 
between weeks 14 and 24 in pregnancy with DHA supplementation 

(n=27) 

 Week 14   Week 24   p-value* 
  Median (IQR)   Median (IQR)   
Omega-6 fatty acids and oxylipins 
LA** 8.5 (6.4, 13)   7.6 (4.8, 11)   .038 

9-HODE 4.4 (2.7, 6.8)   2.6 (1.1, 6.2)   .26 
13-HODE 8.4 (5.6, 15)   5.6 (2.6, 13)   .15 
9,10-DiHOME 2 (1.1, 2.6)   1.3 (.64, 4.1)   .61 
13H-9,10E-LA .25 (.21, .37)   .19 (.12, .31)   .21 
9H-12,13E-LA .19 (.13, .24)   .1 (.075, .28)   .85 
9,12,13-TriHOME .13 (.09, .22)   .11 (.086, .17)   .26 

GLA .083 (.05, .13)   .05 (.028, .075)   <0.001 
DGLA .096 (.081, .13)   .098 (.082, .12)   .71 
AA .15 (.12, .18)   .18 (.13, .21)   .20 

5-HETE .19 (.14, .28)   .14 (.12, .19)   .012 
12-HETE .21 (.1, .28)   .17 (.1, .23)   .36 
15-HETE .33 (.25, .6)   .19 (.12, .32)   <0.001 
TxB2 .098 (.06, .22)   .057 (.036, .14)   .16 

DTA .04 (.03, .055)   .035 (.028, .048)   .54 
DPA n-6 .04 (.03, .055)   .054 (.042, .085)   <0.001 
Omega-3 fatty acids and oxylipins 
ALA .59 (.3, .82)   .29 (.18, .51)   <0.001 
SDA (18:4 n-3) .011 (.007, .02)   .008 (.004, .014)   .008 
ETA (20:4 n-3) .012 (.009, .02)   .014 (.011, .019)   .28 
EPA .075 (.049, .1)   .14 (.11, .19)   <0.001 
DPA n-3 .02 (.014, .03)   .031 (.022, .04)   .023 
DHA .62 (.47, .8)   1.1 (.84, 1.6)   <0.001 

4-HDHA .07 (.04, .12)   .12 (.069, .17)   .004 
10-HDHA .03 (.024, .041)   .034 (.021, .072)   .058 
14-HDHA .19 (.15, .31)   .2 (.12, .31)   .71 
17-HDHA .19 (.12, .3)   .21 (.15, .28)   .60 
19,20-EpDPA .03 (.02, .05)   .077 (.057, .11)   <0.001 

Other           
Mead .01 (.008, .018)   .009 (.006, .016)   .041 
* Based on the Wilcoxon matched-pairs signed-ranks test 
** 9,10-EpOME & 9,10,13-TriHOME had >50% values below LOQ. 

Concentrations: fatty acids (ug/mL); oxylipins (ng/mL) 
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Table 4: DHA supplementation vs Control at week 24  

  Control (n=21)   DHA (n=27)   Nonparametric ANCOVA* 

  Median (IQR)   Median (IQR)   Difference (95% CI) 
p-

value 
Omega-6 fatty acids and oxylipins           
LA** 7.3 (4.1, 9.9)   7.6 (4.8, 11)   .64 (-1.1, 2.6) .50 

9-HODE 3.4 (1.3, 7.9)   2.6 (1.1, 6.2)   -.58 (-4.7, 4.4) .78 
13-HODE 7.6 (5, 21)   5.6 (2.6, 13)   -1.3 (-11, 8.3) .77 
9,10-DiHOME 1.6 (1.1, 4.3)   1.3 (.64, 4.1)   .39 (-2, 2.9) .74 
13H-9,10E-LA .22 (.16, .36)   .19 (.12, .31)   -.029 (-.22, .18) .77 
9H-12,13E-LA .16 (.12, .24)   .1 (.075, .28)   .028 (-.19, .26) .80 
9,12,13-

TriHOME .14 (.098, .17)   .11 (.086, .17)   -.021 (-.089, .041) .53 
GLA .049 (.036, .074)   .05 (.028, .075)   -.000018 (-.018, .016) .99 
DGLA .094 (.077, .11)   .098 (.082, .12)   .016 (-.00089, .031) .052 
AA .14 (.12, .17)   .18 (.13, .21)   .037 (.015, .062) .002 

5-HETE .16 (.12, .17)   .14 (.12, .19)   .02 (-.052, .098) .58 
12-HETE .088 (.08, .12)   .17 (.1, .23)   .071 (.0082, .13) .036 
15-HETE .21 (.17, .22)   .19 (.12, .32)   .023 (-.055, .1) .55 
TxB2 .053 (.039, .11)   .057 (.036, .14)   .011 (-.051, .069) .73 

DTA .035 (.028, .048)   .035 (.028, .048)   .0051 (-.0038, .013) .25 
DPA n-6 .044 (.036, .05)   .054 (.042, .085)   .024 (.013, .037) <0.001 
Omega-3 fatty acids and oxylipins           
ALA .26 (.18, .51)   .29 (.18, .51)   .021 (-.1, .13) .71 

SDA (18:4 n-3) 
.0058 (.0045, 

.0093)   
.0079 (.004, 

.014)   .0013 (-.0019, .004) .40 
ETA (20:4 n-3) .012 (.0089, .014)   .014 (.011, .019)   .0025 (-.0013, .0055) .16 
EPA .083 (.056, .099)   .14 (.11, .19)   .072 (.049, .099) <0.001 
DPA n-3 .023 (.016, .032)   .031 (.022, .04)   .008 (-.00029, .015) .035 
DHA .54 (.4, .78)   1.1 (.84, 1.6)   .56 (.36, .78) <0.001 

4-HDHA .05 (.03, .076)   .12 (.069, .17)   .099 (.011, .21) .048 
10-HDHA .019 (.014, .038)   .034 (.021, .072)   .019 (.0037, .036) .010 
14-HDHA .078 (.059, .12)   .2 (.12, .31)   .12 (-.0085, .25) .06 
17-HDHA .12 (.1, .19)   .21 (.15, .28)   .019 (-.15, .16) .81 
19,20-EpDPA .034 (.019, .063)   .077 (.057, .11)   .033 (.01, .055) .002 

Other             
Mead .011 (.007, .013)   .009 (.006, .016)   .0028 (-.0005, .006) .09 
* Difference is estimated using a nonparametric ANCOVA controlling for the mediator at Week 14. 
  A negative difference means the DHA group had a lower concentration than the control group. 
** 9,10-EpOME & 9,10,13-TriHOME had >50% values below LOQ. 

Concentrations: fatty acids (ug/mL); oxylipins (ng/mL) 
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To explore whether differences in precursor fatty acids at week 14 (initial visit) or 24 

(shortly before the gestational limit for viable pregnancy) hold promise as biomarkers for 

predicting risk of preterm birth, we compared the proportion of cases (spontaneous preterm 

births, n=12) vs controls (spontaneous matched term births, n=36), independent of DHA 

supplementation, that were above the median level at 14 and 24 weeks using logistic regression 

adjusting for age and parity.  This analysis showed that participants with concentrations of 

unesterified AA above the median at 24 weeks had higher risk of spontaneous preterm birth 

(Odds ratio (OR) 5.1; p=0.038) (Table 5, Figure 1 and 2).  None of the other fatty acids were 

predictive of spontaneous preterm birth at week 14 or 24.   
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Table 5: Risk of spontaneous preterm birth according to concentrations of oxylipins & 
precursor fatty acids (n=48 including 12 cases of spontaneous preterm birth (25 %))     

 Week 14 (n=48)   Week 24 (n=48) 

 Below Above Odds p-
value 

  Below Above Odds p-value 
  Median Median Ratio   Median Median Ratio 
Omega-6 fatty acids and oxylipins 
LA** 17% 35% 2.8 .14   21% 30% 1.7 .43 

9-HODE 39% 14% 0.2 .05   22% 26% 1.2 .75 
13-HODE 26% 26% 1.0 .98   29% 21% 0.6 .49 
9,10-DiHOME 25% 25% 1.0 .99   24% 26% 1.1 .87 
13H-9,10E-LA 16% 28% 2.0 .41   27% 23% 0.8 .70 
9H-12,13E-LA 25% 26% 1.1 .92   24% 19% 0.7 .62 
9,12,13-TriHOME 17% 33% 2.5 .18   24% 25% 1.1 .93 

GLA 17% 35% 2.8 .14   21% 30% 1.7 .44 
DGLA 33% 17% 0.4 .20   29% 22% 0.7 .64 
AA 24% 27% 1.2 .79   12% 39% 5.1 .038 

5-HETE 8% 42% 8.2 .014   21% 29% 1.6 .49 
12-HETE 21% 29% 1.6 .50   21% 29% 1.6 .50 
15-HETE 12% 38% 4.4 .050   17% 33% 2.7 .16 
TxB2 13% 32% 3.7 .10   25% 25% 1.0 .97 

DTA 29% 22% 0.7 .53   29% 22% 0.7 .58 
DPA n-6 25% 26% 1.1 .94   25% 26% 1.1 .91 
Omega-3 fatty acids and oxylipins 
ALA 17% 35% 2.9 .13   17% 35% 2.8 .15 
SDA (18:4 n-3) 15% 38% 3.6 .07   25% 26% 1.1 .93 
ETA (20:4 n-3) 29% 22% 0.6 .51   25% 26% 1.0 .94 
EPA 21% 30% 1.7 .46   25% 26% 1.1 .93 
DPA n-3 25% 26% 1.0 .99   21% 30% 1.7 .45 
DHA 25% 26% 1.1 .91   21% 30% 1.7 .42 

4-HDHA 8% 42% 8.0 .015   25% 26% 1.1 .91 
10-HDHA 17% 33% 2.6 .17   22% 30% 1.6 .48 
14-HDHA 17% 33% 2.8 .15   25% 25% 1.0 .98 
17-HDHA 18% 36% 2.8 .15   18% 33% 2.3 .24 
19,20-EpDPA 12% 39% 4.8 .041   17% 35% 2.6 .16 

Other                   
Mead 21% 30% 1.7 .45   25% 26% 1.1 .87 
* Each compound was dichotomized according to median split at each timepoint. Odds 
 ratios and p-values were from logistic regressions adjusted for age and parity. Due to the 
 selection process for inclusion in this substudy, the overall risk of preterm birth is 25%. 
** 9,10-EpOME & 9,10,13-TriHOME had >50% values below LOQ. 
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Figure 1.  Concentrations of n-6 fatty acids and oxylipin derivatives in the ORIP plasma 
substudy (n=48)  

 

*corresponds to p<0.05 Table 5. 
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Figure 2.  Concentrations of n-3 fatty acids and oxylipin derivatives in the ORIP plasma 
substudy (n=48)  

 

*corresponds to p<0.05 in Table 5. 

 

None of the oxylipins were predictive of spontaneous preterm birth at pregnancy week 

24. However, at 14 weeks of gestation, participants with concentrations of 5-lipoxygenase 

derivatives of two different precursor fatty acids—5-HETE (OR 8.2; p=0.014) from AA and 4-

HDHA (OR 8.0; p=0.015) from DHA—above the median had higher risk of spontaneous 

preterm birth. Participants with concentrations of 15-HETE and 19,20-EpDPA above the median, 

or 9-HODE below the median, also tended to have higher risk of spontaneous preterm birth 

(Table 5, Figure 1 and 2). 
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5.6 Discussion 

Preterm birth is a leading cause of infant death and long-term neurological disabilities in 

children (37, 38). A better understanding of the molecular mechanisms underlying early 

parturition and the identification of non-invasive mechanism-based biomarkers predicting 

preterm birth are urgently needed.  Supplementation with n-3 DHA during pregnancy has been 

shown to decrease the risk of preterm birth in singleton pregnancies (19), which may be due, at 

least in part, to consequent increases in DHA-derived oxylipins with anti-inflammatory and pro-

resolving properties, reductions in AA-derived oxylipins that are implicated in immune 

activation (e.g. leukotrienes, HETEs), or cervical ripening and uterine contractility (e.g. 

prostanoids), or both.  In the present study, DHA supplementation did produce the anticipated 

increases in unesterified DHA and several DHA-derived oxylipins in plasma. Unexpectedly, 

however, DHA supplementation did not decrease measured AA-derived oxylipins but rather 

appeared to increase unesterified AA and one of its oxylipin derivatives (12-HETE). This 

increase in unesterified AA stands in contrast to the finding that DHA supplementation in the full 

ORIP cohort decreased total AA in whole blood (23). Given the small sample size these 

unexpected findings could be a random error.  Alternatively, they may reflect different effects of 

DHA supplementation on the abundance of AA and AA-derived oxylipins in unesterified versus 

total lipid pools. Since AA and oxylipins in the unesterified pool are bioactive and could 

potentially affect early parturition, the effect of supplemental DHA on the unesterified pool of 

AA and AA-derived oxylipins is a topic that is worthy of investigation in future, larger studies. 

Concentrations of prostanoids were below the limit of quantitation in all plasma samples, thus 

the effects of DHA supplementation on plasma prostaglandins could not be tested. 
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Unesterified fatty acids as potential biomarkers of spontaneous preterm birth 

Unesterified PUFAs and their oxylipin derivatives are attractive candidate biomarkers for 

predicting risk of spontaneous preterm birth because they may reflect underlying biological 

mechanisms and are likely to be readily modifiable via diet or supplementation. In the present 

study, women with AA above the median at 24 weeks of gestation had a higher risk of 

spontaneous preterm birth than women with AA below the median.  Since AA is the precursor to 

2-series prostaglandins that promote initiation and progression of labor (9, 39) and 5-

lipoxygenase derivatives (e.g. leukotriene B4) that are also involved in parturition (3, 16, 17) in 

pregnancy, there are plausible biological mechanisms that could account for this finding. 

However, given the small size of the ORIP plasma subgroup, larger, more adequately powered 

studies are needed to test the hypothesis that unesterified AA could serve as a mechanism-based 

biomarker for spontaneous preterm birth.  

Unesterified oxylipins as potential biomarkers of preterm birth 

At 14 weeks of gestation, participants with concentrations of 5-lipoxygenase derivatives 

of AA (5-HETE) and DHA (4-HDHA) above the median had 8-fold higher odds of spontaneous 

preterm birth compared to participants with concentrations below the median. The 5-

lipoxygenase metabolite of AA, leukotriene B4, has previously been shown to be elevated in 

amniotic fluid during normal parturition (17), and to be elevated in amniotic fluid of mothers 

with premature rupture of membranes in the presence of infection, labor, or both (3).  In 2016, 

Maddipati at al (40) reported that two 5-lipoxygenase derivatives of AA (5-HETE and 

leukotriene B4) were elevated in amniotic fluid in pregnant women who had intra-amniotic 

infection, and suggested that these 5-lipoxygenase derivatives could serve as potential 

biomarkers of microbial invasion of the amniotic cavity, a well-established cause of preterm 
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birth (41). The above authors did not measure unesterified AA or 5-lipoxygenase derivatives of 

DHA such as 4-HDHA that was reported in the present study. However, these collective findings 

in amniotic fluid, together with our findings of higher risk of preterm birth in mothers with 

higher concentration of 5-HETE and 4-HDHA at 14-weeks, and higher AA concentrations at 24-

weeks of gestation, provide an intriguing clue that 5-lipoxygenase derivatives of AA and/or 

DHA could potentially help identify mothers at risk for spontaneous preterm birth and/or 

chorioamniotic infection. These preliminary findings should be followed-up in adequately 

powered studies. 

Oxidized linoleic acid metabolites (OXLAMs) in pregnancy 

In the present study LA and unesterified LA-derived oxylipins did not change during 

pregnancy, were not altered by DHA supplementation, and did not appear to have any 

relationship with preterm birth. Given the small sample size of this study, these findings do not 

rule out an effect of OXLAMs or LA in spontaneous preterm birth. Nevertheless, the findings 

here suggest that follow-up studies emphasizing the relationships between plasma AA, DHA and 

their respective oxylipin derivatives and spontaneous preterm birth are likely to be more 

productive.  Since the majority of OXLAMs in oxidized lipoproteins are esterified in 

phospholipids and cholesteryl-esters pools, future studies in this domain should consider 

quantifying total or esterified OXLAMs rather than the unesterified pool. 

Limitations 

This study had several important limitations. First, although participants were chosen 

from a randomized trial of DHA supplementation, treatment group was not considered in the 

selection procedure for this study. Treatment group comparisons may be subject to confounding 
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and the small sample size precludes adequate controls for confounding. Results of comparisons 

between treatment groups should thus be interpreted with some caution.  Additional limitations 

include the lack of dietary fatty acid data, incomplete understanding of bioavailability and 

metabolic fate of unesterified fatty acids and small sample sizes. Findings from this substudy are 

not necessarily generalizable to a more general population of pregnant women.  A substantial 

number of samples had oxylipin values that were below the LOQ.  Blood was kept in EDTA 

tubes at room temperature for up to 2-hours prior to centrifugation and therefore changes in 12-

lipoxygenase (12-HETE, 14-HDHA) and platelet derived (TXB2) should be interpreted with 

some caution in this setting. 

Summary and Conclusion 

Here we take an initial step toward understanding the role of oxylipins and their precursor 

unesterified fatty acids during pregnancy using plasma samples collected from a subset of 

pregnant Australian women enrolled in the ORIP trial. We showed that DHA supplementation 

produced marked alterations in unesterified fatty acids and several of their oxylipin derivatives 

and suggest that unesterified AA and/or 5-lipoxygenase derivatives of AA and DHA hold 

promise as candidate biomarkers for predicting spontaneous preterm birth.   
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5.8 Appendices 

Table S1: Oxylipins and unesterified fatty acids included in LC-MS/MS assays 

Table S2: Changes in unesterified precursor fatty acids and oxylipins between weeks 14 and 24 

in pregnancy without DHA supplementation (n=21), missing values imputed 

Table S3: Changes in unesterified precursor fatty acids and oxylipins between weeks 14 and 24 

in pregnancy with DHA supplementation (n=27) 

Table S4: DHA supplementation vs Control at week 24, missing values imputed 

Table S5: Risk of spontaneous preterm birth according to concentrations of oxylipins & 

precursor fatty acids, missing values imputed 
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Table S1:  Oxylipins and unesterified fatty acids included in LC-MS/MS assays 

Oxylipins LOQ (ng/mL) 
9-HODE 0.2 
13-HODE 0.2 
9,10-EpOME** 0.5 
9,10-DiHOME 0.1 
9,10,13-TriHOME 0.1 
9,12,13-TriHOME 0.1 
PGE2* N/A 
PGF2a* N/A 
8-isoPGF2a* N/A 
TxB2 0.02 
5-HETE 0.02 
12-HETE 0.1 
15-HETE 0.05 
4-HDHA 0.02 
10-HDHA 0.02 
14-HDHA 0.05 
17-HDHA 0.1 
19,20-EpDPA 0.02 
9,10,13-TriHOME** 0.05 
9,12,13-TriHOME 0.1 

Fatty acids LOQ (ug/mL) 
ALA 0.02 
GLA 0.01 
EPA 0.02 
DHA 0.04 
LA 0.40 
DGLA 0.01 
AA 0.01 
ETA (20:4n-3) 0.004 
DTA 0.01 
Mead 0.002 
DPAn-3 0.004 
DPAn-6 0.004 
SDA (18:4 n-3) 0.002 

* indicates below the limit of detection  
** indicates that 9,10-EpOME & 9,10,13-TriHOME had >50% values below limit of 
quantitation (LOQ). 
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Table S2: Changes in unesterified precursor fatty acids and oxylipins between weeks 14 and 
24 in pregnancy without DHA supplementation (n=21), missing values imputed 

 Week 14   Week 24   p-
value*   Median (IQR)   Median (IQR)   

Omega-6 fatty acids and oxylipins 
LA** 7.6 (4.8, 11)   7.1 (4.1, 9.6)   .17 

9-HODE 4.1 (1.1, 11)   3.1 (1.2, 7.4)   .50 
13-HODE 8.1 (2.7, 19)   7.6 (5, 21)   .63 
9,10-DiHOME 2.4 (1.1, 5.1)   1.6 (1.1, 4.3)   .56 
13H-9,10E-LA .17 (.05, .29)   .21 (.15, .34)   .57 
9H-12,13E-LA .14 (.066, .36)   .14 (.1, .22)   .75 
9,12,13-TriHOME .12 (.088, .19)   .1 (.05, .15)   .27 

GLA .086 (.044, .13)   .048 (.033, .063)   .023 
DGLA .12 (.086, .15)   .092 (.077, .11)   .034 
AA .18 (.14, .25)   .14 (.12, .17)   .006 

5-HETE .17 (.14, .23)   .16 (.12, .17)   .08 
12-HETE .13 (.1, .24)   .088 (.08, .12)   .039 
15-HETE .29 (.26, .5)   .21 (.17, .22)   .001 
TxB2 .096 (.057, .21)   .053 (.039, .11)   .054 

DTA .045 (.034, .067)   .034 (.027, .047)   .019 
DPA n-6 .042 (.033, .067)   .042 (.036, .049)   .28 
Omega-3 fatty acids and oxylipins 
ALA .44 (.23, .79)   .26 (.17, .48)   .06 
SDA (18:4 n-3) .012 (.0061, .016)   .006 (.0045, .0093)   .11 
ETA (20:4 n-3) .014 (.011, .018)   .012 (.0089, .014)   .15 
EPA .093 (.086, .1)   .082 (.054, .095)   .07 
DPA n-3 .024 (.015, .038)   .023 (.015, .031)   .66 
DHA .65 (.43, .75)   .52 (.4, .73)   .71 

4-HDHA .066 (.042, .09)   .05 (.03, .076)   .57 
10-HDHA .026 (.021, .035)   .018 (.013, .037)   .056 
14-HDHA .12 (.085, .22)   .078 (.059, .12)   .06 
17-HDHA .16 (.1, .19)   .11 (.094, .19)   .34 
19,20-EpDPA .028 (.018, .044)   .034 (.018, .056)   .30 

Other           
Mead .016 (.011, .02)   .011 (.0071, .013)   .002 
* Based on the Wilcoxon matched-pairs signed-ranks test 
** 9,10-EpOME & 9,10,13-TriHOME had >50% values below LOQ. 

Concentrations: fatty acids (ug/mL); oxylipins (ng/mL) 
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Table S3: Changes in unesterified precursor fatty acids and oxylipins between weeks 14 and 
24 in pregnancy with DHA supplementation (n=27) 

 Week 14   Week 24   p-value* 
  Median (IQR)   Median (IQR)   
Omega-6 fatty acids and oxylipins 
LA** 8.3 (5.3, 13)   7.6 (4.8, 11)   .07 

9-HODE 4.4 (2.7, 6.8)   2.4 (1, 6.2)   .21 
13-HODE 8.4 (5.6, 15)   5.6 (2.6, 13)   .15 
9,10-DiHOME 2 (1.1, 2.6)   1.3 (.64, 4.1)   .61 
13H-9,10E-LA .24 (.16, .37)   .17 (.077, .28)   .46 
9H-12,13E-LA .19 (.13, .24)   .1 (.025, .23)   .41 
9,12,13-TriHOME .13 (.09, .22)   .086 (.05, .12)   .007 

GLA .081 (.047, .13)   .05 (.028, .075)   <0.001 
DGLA .096 (.08, .13)   .098 (.082, .12)   .96 
AA .15 (.12, .18)   .18 (.13, .21)   .14 

5-HETE .19 (.14, .28)   .14 (.12, .19)   .012 
12-HETE .21 (.1, .28)   .17 (.1, .23)   .36 
15-HETE .33 (.25, .6)   .19 (.12, .32)   <0.001 
TxB2 .095 (.056, .22)   .057 (.036, .14)   .23 

DTA .036 (.026, .055)   .035 (.028, .048)   .76 
DPA n-6 .037 (.03, .055)   .054 (.042, .085)   <0.001 
Omega-3 fatty acids and oxylipins 
ALA .58 (.3, .82)   .29 (.18, .51)   <0.001 
SDA (18:4 n-3) .011 (.0069, .015)   .008 (.004, .014)   .008 
ETA (20:4 n-3) .012 (.0092, .018)   .014 (.011, .019)   .28 
EPA .067 (.047, .1)   .14 (.11, .19)   <0.001 
DPA n-3 .021 (.014, .03)   .031 (.022, .04)   .015 
DHA .62 (.43, .8)   1.1 (.84, 1.6)   <0.001 

4-HDHA .074 (.041, .12)   .12 (.066, .17)   .004 
10-HDHA .03 (.024, .041)   .034 (.021, .072)   .058 
14-HDHA .19 (.15, .31)   .2 (.12, .31)   .71 
17-HDHA .18 (.12, .3)   .2 (.14, .28)   .59 
19,20-EpDPA .033 (.018, .049)   .077 (.057, .11)   <0.001 

Other           
Mead .01 (.0071, .018)   .009 (.006, .016)   .08 
* Based on the Wilcoxon matched-pairs signed-ranks test 
** 9,10-EpOME & 9,10,13-TriHOME had >50% values below LOQ. 

Concentrations: fatty acids (ug/mL); oxylipins (ng/mL) 
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Table S4: DHA supplementation vs Control at week 24, missing values imputed 

  Control (n=21)   DHA (n=27)   Nonparametric ANCOVA* 
  Median (IQR)   Median (IQR)   Difference (95% CI) p-value 
Omega-6 fatty acids and oxylipins           
LA** 7.1 (4.1, 9.6)   7.6 (4.8, 11)   .75 (-.99, 2.5) .43 

9-HODE 3.1 (1.2, 7.4)   2.4 (1, 6.2)   .039 (-4.5, 3.9) .98 
13-HODE 7.6 (5, 21)   5.6 (2.6, 13)   -.79 (-8.5, 8) .86 
9,10-DiHOME 1.6 (1.1, 4.3)   1.3 (.64, 4.1)   .39 (-2, 2.9) .74 
13H-9,10E-LA .21 (.15, .34)   .17 (.077, .28)   .0037 (-.18, .19) .96 
9H-12,13E-LA .14 (.1, .22)   .1 (.025, .23)   .013 (-.2, .23) .89 
9,12,13-TriHOME .1 (.05, .15)   .086 (.05, .12)   -.019 (-.066, .033) .44 

GLA .048 (.033, .063)   .05 (.028, .075)   .0014 (-.019, .019) .88 
DGLA .092 (.077, .11)   .098 (.082, .12)   .02 (.0023, .034) .019 
AA .14 (.12, .17)   .18 (.13, .21)   .044 (.016, .072) .002 

5-HETE .16 (.12, .17)   .14 (.12, .19)   .02 (-.052, .098) .58 
12-HETE .088 (.08, .12)   .17 (.1, .23)   .071 (.0082, .13) .036 
15-HETE .21 (.17, .22)   .19 (.12, .32)   .023 (-.055, .1) .55 
TxB2 .053 (.039, .11)   .057 (.036, .14)   .01 (-.038, .064) .69 

DTA .034 (.027, .047)   .035 (.028, .048)   .007 (-.0015, .015) .09 
DPA n-6 .042 (.036, .049)   .054 (.042, .085)   .027 (.012, .04) <0.001 
Omega-3 fatty acids and oxylipins           
ALA .26 (.17, .48)   .29 (.18, .51)   .03 (-.1, .13) .60 
SDA (18:4 n-3) .006 (.0045, .009)   .008 (.004, .014)   .0013 (-.0019, .004) .40 
ETA (20:4 n-3) .012 (.0089, .014)   .014 (.011, .019)   .0025 (-.001, .0055) .16 
EPA .082 (.054, .095)   .14 (.11, .19)   .078 (.05, .1) <0.001 
DPA n-3 .023 (.015, .031)   .031 (.022, .04)   .009 (-.00005, .016) .022 
DHA .52 (.4, .73)   1.1 (.84, 1.6)   .63 (.4, .86) <0.001 

4-HDHA .05 (.03, .076)   .12 (.066, .17)   .095 (.008, .2) .055 
10-HDHA .018 (.013, .037)   .034 (.021, .072)   .02 (.0044, .036) .008 
14-HDHA .078 (.059, .12)   .2 (.12, .31)   .12 (-.0085, .25) .06 
17-HDHA .11 (.094, .19)   .2 (.14, .28)   .052 (-.095, .16) .40 
19,20-EpDPA .034 (.018, .056)   .077 (.057, .11)   .035 (.018, .054) <0.001 

Other             
Mead .011 (.0071, .013)   .009 (.006, .016)   .003 (.0001, .007) .049 
* Difference is estimated using a nonparametric ANCOVA controlling for the mediator at Week 14. 
  A negative difference means the DHA group had a lower concentration than the control group. 
** 9,10-EpOME & 9,10,13-TriHOME had >50% values below LOQ. 

Concentrations: fatty acids (ug/mL); oxylipins (ng/mL) 
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Table S5: Risk of spontaneous preterm birth according to concentrations of oxylipins & 
precursor fatty acids, missing values imputed* 

 Week 14 (n=48)   Week 24 (n=48) 

 Below Above Odds p-
value 

  Below Above Odds p-
value   Median Median Ratio   Median Median Ratio 

Omega-6 fatty acids and oxylipins 
LA** 17% 33% 2.7 .16   21% 29% 1.6 .48 

9-HODE 32% 17% 0.4 .22   25% 25% 1.0 .98 
13-HODE 25% 25% 1.0 .99   29% 21% 0.6 .49 
9,10-DiHOME 25% 25% 1.0 .99   24% 26% 1.1 .87 
13H-9,10E-LA 29% 21% 0.6 .52   25% 25% 1.0 .99 
9H-12,13E-LA 25% 25% 1.0 .98   25% 25% 1.0 .99 
9,12,13-TriHOME 17% 33% 2.5 .18   21% 29% 1.6 .52 

GLA 17% 33% 2.7 .16   21% 29% 1.6 .46 
DGLA 32% 17% 0.4 .23   25% 25% 1.1 .90 
AA 25% 25% 1.0 .99   12% 38% 4.4 .050 

5-HETE 8% 42% 8.2 .014   21% 29% 1.6 .49 
12-HETE 21% 29% 1.6 .50   21% 29% 1.6 .50 
15-HETE 12% 38% 4.4 .050   17% 33% 2.7 .16 
TxB2 21% 29% 1.6 .49   25% 25% 1.0 .97 

DTA 29% 21% 0.6 .50   25% 25% 1.1 .93 
DPA n-6 25% 25% 1.0 .98   25% 25% 1.0 .95 
Omega-3 fatty acids and oxylipins 
ALA 17% 33% 2.7 .16   12% 38% 4.3 .053 
SDA (18:4 n-3) 15% 38% 3.6 .07   25% 26% 1.1 .93 
ETA (20:4 n-3) 29% 22% 0.6 .51   25% 26% 1.0 .94 
EPA 21% 29% 1.6 .51   21% 29% 1.6 .48 
DPA n-3 25% 25% 1.0 .94   20% 30% 1.8 .39 
DHA 24% 26% 1.1 .85   21% 29% 1.6 .49 

4-HDHA 8% 42% 8.0 .015   21% 29% 1.6 .49 
10-HDHA 17% 33% 2.6 .17   21% 29% 1.6 .47 
14-HDHA 17% 33% 2.8 .15   25% 25% 1.0 .98 
17-HDHA 12% 38% 4.5 .049   17% 33% 2.5 .18 
19,20-EpDPA 12% 38% 4.4 .050   17% 33% 2.5 .19 

Other                   
Mead 17% 33% 2.5 .18   25% 25% 1.0 .97 
* Each compound was dichotomized according to median split at each timepoint. Odds 
 ratios and p-values were from logistic regressions adjusted for age and parity. Due to the 
 selection process for inclusion in this substudy, the overall risk of preterm birth is 25%. 
** 9,10-EpOME & 9,10,13-TriHOME had >50% values below LOQ. 
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CHAPTER 6:  

GENERAL DISCUSSION 
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6.1 Significance/contributions to the discipline and future directions 

6.1.1 Perspective: Oxylipins in pregnancy and neurodevelopment as a nascent field 

The ultimate motivation that led to this Thesis was the prospect of determining roles that specific 

oxylipins play in pregnancy and neurodevelopment. However, at the time this Thesis was 

initiated, little was known about oxylipin exposures or actions in pregnancy or development, and 

many of the tools needed to address these gaps were not widely available. Thus, much of the 

work for this Thesis was directed toward filling research gaps to enable, and stimulate, future 

research to definitively determine whether and how specific oxylipins affect pregnancy, 

parturition, and neurodevelopment.  The collective work has advanced the field by distilling new 

questions and hypotheses, and by generating findings and scientific leads that can inform the 

design of future, definitive studies.  This future work could ultimately have important 

implications for human populations by informing strategies for manipulating oxylipins as in a 

manner to decrease the risk preterm birth and/or to favorably impact neurodevelopmental 

trajectory.  Accomplishments and future studies that grew out of these Thesis projects are 

summarized below. The most direct accomplishment of this Thesis is the publication of two 

manuscripts in peer-reviewed scientific journals, and a third manuscript that is currently being 

reviewed for publication. Key findings from these three Thesis projects and future studies that 

grew out of each project are summarized below.  
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6.1.2 Thesis Project 1: Effects of diets enriched in linoleic acid and its peroxidation 

products on brain fatty acids, oxylipins, and aldehydes in mice 

A literature review identified manuscripts from the 1960s-1980s that demonstrated in chicks that 

consumption of heated oils rich in LA without adequate vitamin E or intravenous administration 

of HPODEs (1-4) produces cerebellar necrosis and ataxia, suggesting that dietary or 

endogenously produced OXLAMs could potentially have adverse effects in CNS tissues. 

However, it was not yet known whether eating non-oxidized or heated vegetable oils has 

biochemical consequences in mammalian brain. To help fill this gap, in Project 1 we tested 

biochemical consequences of feeding of either non-oxidized high LA oil or heated high LA corn 

oil to mice. The central finding of Project 1 was that increasing dietary non-oxidized LA 

significantly increased n-6 fatty acids, decreased n-3 fatty acids, and increased OXLAMs in 

brain. Dietary OXLAMs had minimal effect on oxidized lipids but did decrease both n-6 and n-3 

fatty acids. Together, findings indicate that brain fatty acids are modulated by both dietary LA 

and OXLAMs, while brain OXLAMs are regulated by endogenous synthesis from LA, rather 

than incorporation of preformed OXLAMs.  These findings represent an important first step by 

demonstrating that there are biochemical consequences in the mammalian brain from consuming 

high LA diets. Two projects in rats (Section 6.3.1) have grown out of these findings, further 

investigating the brain-related biochemical, pathological and behavioral effects of exposure to 

high amounts of either dietary LA or amounts of dietary OXLAMs that are consistent with 

industrialized diets containing heated high-LA oils, respectively.   
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6.1.3 Thesis Project 2: Temperature and time-dependent effects of blood processing 

on oxylipin concentrations in human plasma 

The second and third Thesis projects are closely related and share the overarching goal of 

investigating whether oxylipins measured in plasma can serve as mechanism-based, 

pharmacodynamic biomarkers to help predict the risk of preterm birth and/or developmental 

endpoints in humans.  The term pharmacodynamic here signifies that these compounds can likely 

to altered with targeted provision of dietary interventions or supplements. These studies required 

the design, development and validation of a targeted lipid mediator profiling assay that 

prioritizes the most relevant oxylipins and unesterified fatty acids. I planned to use these assays 

to profile oxylipins and unesterified fatty acids on the highly unique plasma samples collected in 

pregnant Australian women at weeks 14 and 24 of gestation as part of the ORIP study. Like most 

clinical studies, however, whole blood collected in ORIP was not immediately processed to 

plasma, which this could potentially impact results and interpretation. Thus, in Project 2, I 

systematically tested effects of delays in processing, and of temperature (cold versus room 

temperature) prior to processing, on oxylipin concentrations.  Using the ORIP procedures and 

using plasma EDTA tubes, I observed that many plasma oxylipins can be measured with 

reasonable accuracy despite delayed processing for up to two hours, even at room temperature. 

12-lipoxygenase- and platelet-derived oxylipins were observed to be sensitive to post-collection 

artifact with delayed processing at room temperature, however these were stable when whole 

blood is stored on ice prior to centrifugation. These observations could have important 

implications for design, implementation, and interpretation of clinical studies measuring 

oxylipins in plasma. For the current thesis, these findings indicated that our team could proceed 

with the ORIP plasma analyses with confidence, with the caveat that any findings related to 12-
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HETE, 14-HDHA and TXB2 should be interpreted with some caution.  In Manuscript 2, I also 

emphasized several additional pre-analytical variables—including venipuncture location, needle 

gauge, blood collection tube type, duration and temperature of centrifugation, and post-

processing storage conditions—that have not been adequately assessed and are worthy of 

investigation. While these investigations are beyond the scope of our current work, it is 

anticipated that the unexpected results presented here will spur other investigators to 

systematically investigate the impacts of each of these pre-analytical variables on measured 

oxylipin concentrations in relevant tissues. 
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6.1.4 Thesis Project 3: Plasma oxylipins and unesterified precursor fatty acids are altered 

by DHA supplementation in pregnancy: Can they help predict risk of preterm birth? 

Plausible mechanisms exist whereby oxylipins derived from DHA, AA and LA could have 

favorable or unfavorable effects on the placental function and brain development. However, 

there is currently a limited understanding of whether and how oxylipins influence biochemical 

and clinical endpoints in pregnancy and development. In Thesis project 3, I sought to help fill 

these gaps by profiling oxylipins and their precursor fatty acids using plasma samples collected 

from pregnant Australian women enrolled in the ORIP (Omega-3 fats to Reduce the Incidence of 

Prematurity) study.  ORIP collected plasma from a subgroup of participants at study entry 

(pregnancy week 14) and again at ≈pregnancy week 24, providing a unique opportunity to: (1) 

describe the levels and trajectory of changes in plasma unesterified oxylipins and precursor fatty 

acids in early pregnancy and when nearing the time of preterm or term birth; (2) determine the 

impact of DHA supplementation on oxylipins and precursor fatty acids; and (3) to explore 

whether differences in oxylipins and precursor fatty acids at pregnancy weeks 14 and 24 hold 

promise as biomarkers for predicting risk of preterm birth.  Our team therefore used liquid 

chromatography-tandem mass spectrometry to profile precursor fatty acids and oxylipins in 

plasma collected at study entry (≈pregnancy week 14) and again at ≈week 24, in a subgroup of 

48 ORIP participants—12 cases with spontaneous preterm (<37 weeks) birth and 36 matched 

controls with spontaneous term (>40 weeks) birth. I observed that: (1) unesterified AA and AA-

derived oxylipins 12-HETE, 15-HETE and TXB2 declined between weeks 14-24 of pregnancy 

without DHA supplementation; (2) compared to placebo, DHA supplementation increased 

unesterified DHA, EPA, and AA, DHA-derived 4-HDHA, 10-HDHA and 19,20-EpDPA, and 

AA-derived 12-HETE; (3) participants with concentrations above the median for 5-lipoxygenase 
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derivatives of AA (5-HETE) or DHA (4-HDHA) at 14 weeks or unesterified AA at 24 weeks had 

higher risk of preterm birth. These results provide an intriguing clue that 5-lipoxygenase-derived 

oxylipins and/or unesterified AA, which are indicative of one arm of immune activation, could 

potentially serve as mechanism-based biomarkers for predicting preterm birth.  One important 

limitation of the present studies is that PGE2 was below the limit of quantitation in most of our 

plasma samples. Thus, we were not able to adequately test whether plasma PGE2 is a useful 

biomarker for predicting preterm birth.  Since PGE2 and other 2-series prostaglandins are known 

to play a central role in cervical ripening and uterine contractility, future studies are needed to 

determine whether circulating levels of PGE2 are predictive. This may require collecting another 

tissue (i.e. serum, urine) or using a different methodology (i.e. enzyme linked immunosorbent 

assay, or a different mass spectrometry method). Together with previous work by others, the 

findings of this ORIP plasma substudy, suggest candidate mechanism-based biomarkers that hold 

promise for predicting preterm birth (Fig. 1). 

My hypothesis is that 5-lipoxygenase-derived oxylipins, unesterified AA, and/or 2-series 

prostaglandins should be evaluated in larger, adequately powered studies. Given the small size of 

this plasma cohort I examined, the latter exploration is anticipated to inform sample size 

calculations for larger, more adequately powered studies testing and associations between these 

variables and preterm birth.  I anticipate that these data will be used to perform sample size 

calculations and to inform the design of such studies. Such studies could ultimately determine 

whether specific oxylipins (or combinations as part of a risk metric) measured in plasma can 

serve as mechanism-based, pharmacodynamic biomarkers to help predict the risk of preterm 

birth and/or neurodevelopmental endpoints (see planned future study in Section 6.4).   
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Figure 1.  Candidate mechanism-based biomarkers for predicting preterm birth. Preliminary 

evidence suggests that 5-lipoxygenase (5-LO) derivatives of AA and DHA, cytochrome P450 

(CYP) derivatives of DHA and 2-series prostaglandins could potentially serve as prognostic 

markers for birth.  1indicates that alternative tissues or methods may be required to measure 

these compounds; 2indicates that these oxylipins are present in both free and esterified lipid 

pools. Future studies should assess both pools as candidate biomarkers. 
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6.2. Research limitations   

Central limitations of each of these projects are included in the respective Discussion 

sections of each published manuscript and will be briefly summarized here.  An important 

limitation of Project 1 was the use of chow rather than gavage to control the nutrient 

compositions of the diet interventions. Like chow, gavage allows for precise control of the 

nutrient composition of provided foods. However, because gavage also controls the amount of 

food provided, gavage allows for a tighter control over nutrient intakes. To address this 

limitation of Project 1, gavage is used in follow-up Study 1 (described in Section 6.3.1). Project 

2 and 3 limitations included the small sample sizes and the substantial number of samples with 

oxylipin values that were below the limits of quantitation.  Some oxylipins have potent actions at 

low concentrations, and it is therefore possible that certain labile oxylipins were already 

degraded before quantitation or during sample preparation.  Projects 2 and 3 used standard 

clinical “purple top” potassium EDTA tubes for blood collection and therefore findings are not 

necessarily generalizable to blood collected using other tubes or for serum or other blood 

fractions.  As with all clinical biomarker studies, an inherent limitation of these two studies is 

that measured compounds could potentially be altered by numerous pre-analytical variables and 

are therefore do not exactly reflect in vivo conditions. The potential for preanalytical oxidation or 

degradation of oxylipins and/or precursor fatty acids is a limitation shared by all research in this 

field that should be considered when interpreting findings. We analyzed oxylipins as free acids 

only and therefore did not account for the oxylipins present in the phospholipids, triglycerides, or 

cholesteryl esters that are abundant in circulating lipoproteins. Due to the observational nature of 

Project 3, findings should not be interpreted as causal.  Findings form Project 3 also require 

replication and expansion, as described in the Future Directions section 6.3 below. 
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6.3 Future directions 

The findings presented in this Thesis have provided a foundation for, and helped to stimulate, 

ongoing research into the roles of oxylipins and their manipulation in pregnancy and 

neurodevelopment. Here I summarize three projects that have grown out of the Thesis work. 

6.3.1 New Research resulting from Thesis Project 1 

Follow-up project 1: Role of excess maternal LA intake on infant neurodevelopment (A. Taha, 

R21-HD095391-01A1) 

Since LA itself (rather than dietary OXLAMs) appears to be the primary source of brain 

OXLAMs in vivo (Thesis Project 1), understanding how this process is regulated during 

development is an important next step. Ameer Taha, PhD, and his UC-Davis team submitted a 

successful NIH R21 grant to test the overall hypothesis that early maternal exposure to excess 

(non-oxidized) dietary LA will impair neurodevelopment by in vivo generation of excessive 

levels of OXLAMs in the developing brain. The specific aims are to: (1) Determine the 

accumulation of specific OXLAMs in the developing brain in response to varying levels of 

maternal dietary LA during pregnancy, lactation and both periods to identify potential windows 

of maternal LA vulnerability; (2) Assess neurodevelopmental endpoints— including 

neuroinflammation, neurogenesis, dendritic arborization, and apoptosis in the neocortex and 

hippocampus—in offspring of dams fed varying levels of LA during pregnancy, lactation or both 

periods; and (3) Test specific OXLAMs identified in vivo in primary neuron-glia co-cultures 

derived from the developing rat neocortex and hippocampus to investigate links between 

OXLAMs and neuronal viability and morphogenesis in brain regions critical to development. 
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6.3.2 Follow-up project 2: Effects of Heated Oil and Hydroperoxy Fatty Acid 

Consumption on Rodent Behavior and Neuropathology (NIH animal protocol# ASP-1409). 

My Unit in the intramural program of NIA/NIAAA is conducting a tightly controlled 

feeding study that is designed to isolate the effects of heated high-LA oils, or a specific 

component of heated oils (hydroperoxy-octadecadienoic acids), on biochemical, 

histopathological, and cognitive endpoints in male and female rats (led by A. Domenichiello and 

J. Jensen in my Unit).  

 

Figure 2. Timeline of rat HPODE and french fry lipid extract feeding study 

The goal is to investigate the overall hypothesis that heated high-LA oil, or HPODEs that 

enriched in such oils, could affect vascular and central nervous system (CNS) biochemistry and 

contribute to CNS pathologies. Specific aims are to determine the effects of heated oil lipid 

extract and HPODEs, versus control gavage on: (1) markers of CNS pathologies including 

endothelial activation, blood brain barrier dysfunction, and neuroinflammation; (2) levels of 

specific oxylipins and related peroxidation products in blood, liver and brain tissues; and (3) to 
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explore effects on cognition and behavior.  In Project 1 of the Thesis, we observed that mice 

consuming chow made with heated corn oil gained less weight than those consuming normal 

chow. It was not clear whether this was due to biochemical effects of the components of the 

heated oil or an aversion to the chow containing it, with lower dietary consumption. To address 

this gap, and to ensure tightly controlled alterations in dietary variables, we are currently 

delivering the interventions via gavage with otherwise identical background diets. The timeline 

for gavage and study endpoints are shown in Fig 2.  Notably, commercially available rodent 

chows are generally supplemented with 10-50-times higher amounts of vitamin E than is relevant 

for humans consuming modern diets. Since tocopherols can protect against lipid peroxidation (5, 

6), these unnaturally high amounts of Vitamin E may mask any effects of eating high amounts of 

LA or OXLAMs. We therefore designed the background diets and gavage components to ensure 

that levels of tocopherols are adequate but consistent with normal human diets.  Together, these 

two follow-up studies that grew out of Thesis Project 1 will fill key evidence gaps and advance 

our understanding of the effects of exposures to high amounts of dietary LA and heated high-LA 

oils on central nervous system biochemistry, pathology, and cognitive endpoints. 

6.3.3 Follow-up study 3: Oxylipins and the molecular pathways involved in their 

biosynthesis, transport and inactivation in human placenta  

Omega-6 and omega-3 fatty acids and their oxylipin derivatives are proposed to play 

important roles in pregnancy, parturition, and neurodevelopment (reviewed in Thesis section 

1.3). However, our understanding of the specific oxylipins and molecular pathways involved in 

their biosynthesis, transport and inactivation in human placenta is incomplete. In follow-up 

project 3, we are applying a systems approach to characterize a broad range of oxylipins and 

their precursor fatty acids in human placental tissues. We also extracted open data allowing for 
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quantitative characterization of the expression of genes coding for proteins involved in oxylipin 

biosynthesis, transport, signaling and inactivation from placental specimens, collected from the 

maternofetal interface.  The observed oxylipins, precursor fatty acids, and gene expression 

signatures are intended to provide clues for molecular pathways and specific oxylipins that are 

active in placenta and modulated by parturition. For this project, we are focusing on pathways 

involved in the synthesis and signaling of several families of oxylipins with plausible links to 

parturition including prostaglandins, 5-lipoxygenase derivatives of AA (leukotrienes, 5-HETE), 

monohydroxy- and epoxy- and specialized pro-resolving mediators derived from DHA. 

These pathways and mediators could potentially play a role in preterm and normal term 

parturition, as well as the synthesis and maternofetal transport of lipids during this period of 

rapid brain growth. Therefore, improved understanding of the pathways investigated in this 

project could have implications for pregnancy, parturition, and/or neurodevelopment.  These 

studies are intended to determine whether any oxylipins derived from DHA, AA, or LA, 

including prostaglandins, leukotrienes, n-3 epoxides and monohydroxy-fatty acids and oxidized 

linoleic acid metabolites, are abundant in placenta following normal spontaneous delivery, or 

following uncomplicated C-section (no labor). Further, in combination with gene expression 

profiles and precursor fatty acids, placental oxylipin concentrations will provide insight into the 

molecular pathways involved in biosynthesis, transport and inactivation of oxylipins. Collective 

findings are intended to help refine our hypotheses and to serve as a basis for future, more 

targeted studies characterizing the molecular pathways regulating oxylipin biosynthesis, 

transport and inactivation in human placenta.  This project will further expand and refine the 

target list of oxylipins that should be assessed as mechanism-based biomarkers in future, larger, 

prospective observational cohorts. 
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6.3.4 Follow-up study 4: Can oxylipins serve as mechanism-based biomarkers for 

risk of preterm birth?  

The intriguing results of Thesis project 3 (ORIP Plasma Substudy (see Chapter 5)) suggest that 

5-lipoxygenase-derived oxylipins and/or unesterified AA (or combinations as part of a risk 

metric) measured in plasma could potentially serve as mechanism-based, pharmacodynamic 

biomarker to help predict the risk of preterm birth and/or neurodevelopmental endpoints.  Drs. 

Taha, Gibson, Makrides and I are currently using the results of Thesis Project 3 as the basis for 

sample size calculations to inform the design of a much larger observational study to definitively 

test this hypothesis.   
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6.4 Summary and conclusion 

The series of projects undertaken for this Thesis has helped open-up a new line of inquiry 

with the long-term goal of determining whether and how oxylipins derived from AA, DHA 

and/or LA and their unesterified precursor fatty acids affect pregnancy, parturition, and 

development.  Important findings include the demonstration that increasing dietary LA alters 

brain biochemistry in a mammalian model, effects of delayed processing on clinical plasma 

samples, and identification of candidate oxylipins as mechanism-based biomarkers in plasma that 

may help predict preterm birth in humans.  Findings suggest the need to move past the traditional 

measure of esterified fatty acid levels in blood and tissues and to measure unesterified fatty acids 

their oxylipin derivatives as likely mediators of change in humans. The work described herein 

has revealed important insights and has stimulated ongoing and future research into the roles of 

oxylipins in pregnancy and development.  Such work is likely to have important implications for 

human populations by informing strategies for manipulating oxylipins as in a manner to decrease 

the risk preterm birth and/or favorably impact developmental trajectory. 
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