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Abstract 

Introduction: Lipid hydroperoxides are compounds created through free radical attack on poly

unsaturated fatty acids and enzymatic processes. They are a common byproduct of oxidative 

stress and thus can be used as markers of oxidative stress. A method was developed using LC

MS detection to analyze several lipid hydroperoxides and their derivatives. This method was 

then applied to the analysis of lipid hydroperoxides response to pollution using Beijing Olympic 

Air Pollution (BOAP) study samples. 

Method: The saponification and extraction were optimized by looking at the degree of 

cholesteryl ester saponification. Different stationary phases were tested for optimal resolution 

(Alkyl C-18 and C-8, Aq C-18, biphenyl) and a new mobile phase adding propanol and 

ammonium acetate was tested for improved ionization. The method was partially validated 

before being applied to 150 complete and 10 incomplete sets of samples. Each set consisted of an 

individual' s plasma drawn before, during and after reduction in pollution during the Olympics. 

Results: Saponification was extended to 180min at room temperature to maximize the degree of 

saponification without creating artifacts. The best resolution was achieved with a UPLC BEH-

C18 column with the acetonitrile/propanol gradient with water. The ionization was also 

improved with ammonium acetate. The hydroxy derivatives 13-HODE and 9-HODE both had 

significant increases when pollution was reduced and 12-HETE decreased and increased by 

statistically significant amounts over the three time points. 

Conclusion: The new HPLC-MS method is both accurate and has high precision for several key 

hydroxy fatty acids. Analysis of the BOAP samples showed 12-HETE's concentration following 

the same pattern as in previous untargeted metabolomics studies. 
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Introduction 

1. Pollution and Oxidative Stress 

Air pollution has long been known to have negative impacts on human health, causing an 

increase in the occurrence of numerous diseases and causing inflammation in many body 

systems [ 1]. One of the primary ways that pollution is believed to cause damage and promote 

disease is through mechanisms promoting oxidative stress and induction of the inflammatory 

response [2]. The oxidative stress state has been implicated in numerous diseases like 

atherosclerosis, strokes, Alzheimer's disease and many cancers [1]. Inflammation is triggered by 

the immune response in defense against bacteria, viruses, and substances that appear foreign and 

harmful. Paradoxically, the inflammatory process itself may cause tissue damage while it is 

engaged in healing and repair. Thus, inflammation may play a role in such diverse disorders as 

Alzheimer disease, cancer, meningitis, atherosclerosis, cystic fibrosis , asthma, cirrhosis of the 

liver, inflammatory bowel disease (IBD), diabetes, osteoporosis, and psoriasis [3-5]. This 

research focuses on the use of liquid chromatography mass spectroscopy (LC-MS) technology to 

analyze certain molecules that are biomarkers common to both the oxidative stress and 

inflammatory pathways in a population that experienced large changes in exposure to air 

pollution during the 2008 Beijing Summer Olympic games. 

2. Oxidative Stress 

Oxidative stress is the result of an imbalance between the formation of free radicals, reactive 

oxygen species (ROS) and reactive nitrogen species (RNS), and their quenching by antioxidant 

(AOX) defense mechanisms in the body [6]. This imbalance can lead to damage to cellular 

macromolecules including lipids, proteins and DNA thereby altering their normal function and 

harming the cells normal function [ 6]. Oxidative stress has been implicated in the development 
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and progression in numerous notable diseases like diabetes, arthritis and various 

neurodegenerative diseases [7]. It has also been implicated as one of the fundamental processes 

leading to aging, by causing long term damage to cellular systems. This is especially relevant for 

mitochondria due to proximity of mitochondrial DNA to the ROS generating electron transport 

chain [6]. Numerous external factors can influence the levels of oxidative stress in the body 

including exogenous chemicals and pollution [8]. As a result, there is significant interest in both 

the causes of oxidative stress as well as the measurement of oxidative stress in the body. 

a. Reactive Oxygen Species 

Reactive oxygen species (ROS) are a broad category of compounds that include free radicals and 

other highly reactive compounds that contain oxygen [ 6] . Free radicals are compounds that 

contain one or more unpaired electrons and as a result are extremely reactive [6]. Free radicals 

can react with other compounds in the body to cause molecular damage and create other ROS 

[6] . ROS such as hydrogen peroxide are not free radicals per se but are often classified along 

with free radicals due to their ability to readily form free radicals. There are numerous 

downstream metabolites of ROS that can also react and cause harm to the cell [6]. These 

compounds are responsible for oxidative stress and thus their creation and quenching are 

important components to understanding how oxidative stress occurs and how it can be measured. 

b. Endogenous Sources of ROS 

ROS come from sources both endogenous and exogenous to the body [7]. The primary 

endogenous ROS in cells is superoxide anion radical (02._) which is a free radical created by the 

one electron reduction of molecular oxygen by various enzymes or redox reactions in the body as 

shown in Figure 1 [7]. One of the major sources of superoxide anions is through side reactions 

in the electron transport chain in the mitochondria [9]. Several steps in the pathway including 
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semi-ubiquinone and complex I and III can generate superoxide anions [9]. Additional sources of 

superoxide anions include cytochrome P450 reactions and conversion ofxanthine dehydrogenase 

to xanthine oxidase [9]. This superoxide anion is typically considered to be the primary ROS and 

can react with other molecules to form secondary ROS [6]. Some of the key secondary ROS are 

the hydroxyl radical (OH•) and its precursor hydrogen peroxide (H2O2) [ 6]. Hydrogen peroxide 

is one of the compounds formed when quenching free radicals but also can react with metals like 

iron in the Fenton reaction to produce the hydroxyl radical [6]. The final major free radical type 

are peroxyl radicals, which can vary in size from just HOO• to long fatty acid chains with a 

radical group attached (ROO•) [ 6]. The further products of these radicals are the compounds of 

interest in this research and will be covered more in depth. Free radical reactions occur in three 

phases; initiation, propagation and termination [10]. Initiation requires a redox event to form the 

initiating free radical. Many free radical reactions then continue to propagate past the initial 

reaction [ 1 O]. Often the reaction of a free radical with another compound will quench the initial 

free radical but also form a new radical. This is referred to as propagation meaning reactions 

will continue to occur until the free radical is quenched (termination) in a way that does not 

create a new one [10]. In addition to ROS there are also reactive nitrogen species beyond the 

scope of the compounds being examined in this research. 
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Pathways of ROS production and clearance 

NAD(P)H oxidases 

~ 
Q - oxidase ~Q • catalase __.....,.._ H202

2 / ~ 2 superoxide 
hypoxanthine xanthine dismutase 

(SOD)xanthine uric acid 

GSH GSSG 

GSH reductase 

NADP+ NADPH 

Fig 1. Pathways for creation and clearance of superoxide in the body [7]. 

c. Exogenous Sources of ROS 

There are a few potential external sources of oxidative stress that originate outside the body with 

one of the largest of these sources being xenobiotic substances contained in air pollution [2]. The 

key part of pollution that appears to create much of the negative health effects is the particulate 

matter (PM) [2]. PM is made up of very heterogeneous compounds in terms of chemical 

composition and are characterized by the diameter of the PM. Total Suspended Particles include 

all particles, of whatever size. PMl0 are particles less than 10 µm (10 microns) in diameter, 

PM2.5 are particles less than 2.5 µmin diameter, PMl .0 are particles less than 1 µmin diameter. 
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Particles which are 2.5 to 10 µmin diameter are called coarse particles. Particles less than 2.5 in 

diameter are called fine particles and include ultra-fine particles ofless than 0.1 µm (PM0.1) [2]. 

Ultrafine particles, from the burning of fossil fuels , are believed to have the greatest potential for 

harm due to their ability to penetrate into tissues [2]. Deposition and clearance of insoluble 

particles from the lungs is also varied depending on particle size. When measured by surface area 

ultrafine particles (<.1 µm) have the highest deposition followed by particles from 0.1 µm to 1 

µm in size and finally particles >1 µm in size [ 11]. Clearance from the lung can vary depending 

on which area of the lung is being observed. In one study the half-life ofparticles range from 4 to 

9 hours for bronchial clearance based on the size of the particles and after 24 hours 10 to 15% of 

particles still remain [12]. Alveolar clearance is much slower with particles having half-lives of 

up to 2 years in humans [ 11]. The rate of clearance based on particle size differs with the 

clearance rate increasing with rising particle diameter [ 13]. The rate of deposition and clearance 

together suggest that the smaller ultrafine and fine particles are present in the lungs longer than 

larger particles and thus have more time to create toxic effects. 

The first mechanism for oxidative damage from PM is the generation of free radicals directly 

from the surface ofparticles [8]. This mechanism is more likely to affect the external 

components of cells like the cell membrane compared to other potential areas of oxidative 

damage like DNA [8]. The second mechanism is through soluble transition metals carried on the 

particles [8]. These free soluble metals can react with hydrogen peroxide or the lipid 

hydroperoxides already present and initiate free radical reactions [8]. In addition to transition 

metals numerous organic molecules are carried in pollution that can cause oxidative stress [8]. 

Compounds including benzopyrene and quinone radicals that can cause oxidative damage have 

been found in pollution in bioavailable forms [8]. The final source of oxidative damage is 
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through induction of an inflammation response which can cause an increase in reactive oxygen 

and nitrogen species produced by the body itself [8]. 

d. Quenching of Free Radicals 

Due to the danger they present to the various important macromolecules, cells and organisms 

have evolved dedicated AOX mechanisms for the quenching of free radicals [10]. These 

mechanisms are both enzymatic and non-enzymatic [10]. Enzymatic pathways include three 

major groups, superoxide dismutases, catalase and glutathione peroxidases [10]. Superoxide 

dismutase functions to remove the superoxide anion by converting two molecules of superoxide 

anion with two protons to make a molecule of hydrogen peroxide, oxygen and water as shown in 

Figure 2 [14]. Hydrogen peroxide is then broken down by catalase into water and oxygen as 

shown in Figure 2 since hydrogen peroxide is capable ofreacting to form new free radicals [15]. 

The final key enzyme family are the glutathione peroxidases which function to reduce lipid 

hydroperoxides in the cell [16]. Non-enzymatic methods for quenching free radicals involve 

direct deactivation by antioxidants. These antioxidants, often referred to as "free radical 

scavengers" will react with free radicals to quench them and are then regenerated by other 

molecules [ 1 O]. One major example of a scavenger is alpha-tocopherol which has the ability to 

quench a hydroxyl radical taking on the free electron to form a relatively stable chromonoxyl 

radical. This tocopherol radical is then recycled by ascorbate. These interception methods are 

especially helpful against peroxide radicals due to the longer half-lives they possess when 

compared to hydroxyl radical which reacts too quickly to be intercepted [ 1 O]. 
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Superoxide Dismutase Catalase 

Fig 2. The chemical equations of the reactions catalyzed by superoxide dismutase and catalase 

3. Measuring Oxidative Stress 

Because of the extremely short half-life of free radicals, direct measurement in clinical samples 

and systems is impossible. Free radical measuring technologies including electron spin resonance 

(ESR) spectroscopy are not amenable to biological samples [17]. The common strategy 

employed to measure oxidative stress and to estimate free radical generation has been to measure 

their reaction with biological macromolecules or to measure the consumption of endogenous 

antioxidant compounds [18]. Free radicals interact with all biological macromolecules including 

lipids, proteins and DNA to form oxidatively modified products. Because of their indiscriminant 

nature of attack a large number of chemically distinct species are formed and a large number 

species have been proposed as biomarkers [ 17]. 

The peroxidation of cellular and plasma lipids (i.e. lipid peroxidation) is the most prominent 

manifestation of oxidative stress and therefore we focus on this class of oxidative stress products 

in this project [19]. 

4. Lipid Hydroperoxides and their Hydroxyl Alcohol Derivatives 

Lipid hydroperoxides are compounds are produced by free radical reaction with polyunsaturated 

fatty acids in the cell membrane [20]. The free radical attacks the 1,4-pentadiene double bond 

structure of the unsaturated fatty acid generating a lipid peroxyl radical [20]. This lipid peroxyl 
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radical can then react with another unsaturated fatty acid thereby propagating the reaction. The 

propagation continues until termination by two radicals reacting with each other or termination 

by an antioxidant reducing the radical as shown in Figure 3 [20]. After quenching by 

antioxidants the resultant lipid hydroperoxide is, much like hydrogen peroxide, still capable of 

reacting in the Fenton reaction to create new free radicals, causing more damage [20]. 

Glutathione peroxidase can reduce these lipid hydroperoxides into hydroxy alcohol derivatives 

that are far less reactive than hydroperoxides [16] . Lipid hydroperoxides can also be generated 

by methods besides non-specific free radical reactions [21] . They can be synthesized by 

cyclooxygenase, cytochrome p450 enzymes and lipoxygenases [21]. Of these lipoxygenases 

produce the most hydroperoxides [21] . The 12 and 15 lipoxygenases have the most relevance to 

this research since they are responsible for the creation of several of the hydroperoxides and 

hydroxy alcohol derivatives measured in this study [21]. Lipid hydroperoxides can have 

numerous negative effects on the cell as shown in Figure 4 [20]. The clearest method of harm is 

caused by disruption of the cell membrane by the addition of polar groups onto the carbon chain 

[21]. These disrupt the lipid-lipid interactions present in the membranes bilayer affecting ion 

gradients, membrane fluidity and permeability [21]. The reactive byproducts and potential new 

free radicals can also cause damage to other macromolecules like proteins and DNA [21]. 

Oxidative stress linked signaling can also occur through lipid peroxidation products eventually 

causing cell death [20]. 
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• • • 
• • • 
• • • 

R Hp 
R 

--1_.+ "OH I/ Lipid radical 
H 

Initiation 

Unsaturated lipid \ 0 2 

Propagation \ 

R R R 

I/ + 
OOH H oo • 

Lipid peroxide Lipid peroxyl radical 

Fig 3. Process of free radical initiation and propagation of lipid peroxyl radicals in the cell 

membrane [22]. 

ROS 
(

102 , Oi/H202, ONoo·, 0 3) 

~•
~ 

~/\~
OOH OOH OOH OOH OOH OOH 

~ ~ ~ ~ 
~~ ~ ~ 

OOH OOH OOH OOH 

No netLPO LowLPO Moderate LPO High LPO 
( Proox /Antiox Balance) 

• Stress Signaling Stress Signaling Gross Structural / 
Survival Metabolic Damage 

Antioxidant Death Program Membrane Lysis 
Induction Induction 

Survival Apoptotic Death Necrotic Death 

Fig 4. Effects of different levels of lipid peroxidation damage. Low levels induce creation of 

more antioxidant defenses to prevent further damage. Moderate levels cause inflammation and 
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stress signaling that can lead to cell death. High levels can cause structural damage leading to 

necrotic death [20]. 

5. Specific Lipid Peroxides of Interest 

Poly-unsaturated fatty acids (PUFA) are the source of the lipid peroxides and as a result they 

determine which hydroperoxides and derivatives predominate. Linoleic acid (LA) is by far the 

most abundant PUF A in mammalian systems [23] . Lipid peroxidation of LA yields 9-

hydroperoxy-10, 12-octadecadieneoic acid (9-HpODE) and 13-hydroperoxy-9,11-

octadecadieneoic acid (13-HpODE) which are quickly converted in the biological surroundings 

to corresponding monohydroxy acids, 9-hydroxy-10,12-octadecadieneoic acid (9-HODE) and 

13-hydroxy-9, 11-octadecadieneoic acid (13-HODE). Initial nonenzymatic oxidation of esterified 

arachidonic acid in cellular membranes is known to yield a variety of stable products ranging 

from monohydroperoxyeicosatetraenoate (HpETE), epoxyeicosatetraeneoate (EET) and 

monohydroxyeicosatetraeneoate (HETE) [24] . Several of these compounds are among those 

analyzed in the method developed for this research. 

6. Beijing Olympic Air Pollution Study 

The Beijing Olympics offered a unique opportunity to observe the effects large changes in 

pollution have on a population. During the 2008 Beijing Olympics there was a government 

mandated reduction in pollution. This was done by shutting down factories in the area and 

limiting the number of cars which could be on the road on a given day [25]. Pollution was 

recorded by particle mass monitors in the city and levels of PM2.5 and PMl0 went from 83 ± 

92 .7 µg/m3 and 128 ± 122.0 µg/m3 before the Olympics, to 33 ± 48.7 µg/m 3 and 56 ± 60.4 µg/m3 

during the Olympics [26]. Once the Olympics were concluded the temporary pollution reduction 

measures were ended and the pollution levels returned to levels similar to those before the 
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measures were enacted [26]. In order to investigate the effects of pollution on various human 

health measures, the Beijing Olympic Air Pollution (BOAP) study was performed [26]. Patients 

were recruited and samples were collected at three time points; before pollution reduction, during 

the Olympics and after the Olympics when pollution returned to former levels [26]. Patients were 

given questionnaires to collect demographic data and additional information including dietary 

habits, occupational history and cooking habits [27]. Biological samples included blood, urine 

and sputum samples [28]. 

7. Preliminary Data 

a. Antioxidant Enzymes and Air Pollution 

Preliminary analyses have already been performed on the samples from the BOAP study related 

to the larger study of the effects of pollution on oxidative stress. Analysis of the levels of various 

antioxidant enzymes and total antioxidant status have been conducted [27]. The enzymes 

analyzed were glutathione S-transferases, glutathione peroxidase, human serum paraoxanase 1 

and glutathione reductase [27]. Of these enzymes, only glutathione peroxidase showed 

significant changes in level decreasing by 12.00% during the Olympics and increasing by 6.51 % 

after the Olympics when pollution returned [27]. These results indicate a concerted response by 

the body in the levels of glutathione produced in response to the pollution [27]. In addition, the 

subgroups of males, the elderly and smokers had smaller increases in glutathione peroxidase 

levels after the pollution returned compared to women, younger individuals and nonsmokers 

[27]. These effects may be due to a decreasing response due to accumulating oxidative stress 

exposure from age or smoking [27]. The total antioxidant status also had significant changes 

with a decrease of 6.23% during the Olympics and a continuing decrease of 4.41 % after the 

Olympics [27]. The changes in total antioxidant status varied between different demographics 

11 



[27]. Males, the elderly and smokers showed the continued decrease in total antioxidant status 

previously stated [27]. In contrast, females, nonsmokers and younger individuals showed an 

increase in total antioxidant status after the pollution returned to higher levels [27]. These 

differences, much like the glutathione peroxidase differences, may be due to older people and 

people who smoke already having diminished antioxidant defense systems [27]. The individual's 

total antioxidant status does not respond as quickly as those ofhealthier individuals due to the 

diminished defense [27]. 

b. Metabolomics Analysis 

In addition to the specific analysis of antioxidant enzymes an untargeted, shotgun metabolomics 

analysis was also performed on the samples from the BOAP study [28]. Metabolomics is the 

analysis of the various metabolites produced in a cell or system [29]. The metabolome is the 

complete set of these metabolites in a particular cell or system [29]. Metabolomics is the 

endpoint of the central dogma of molecular biology following after proteomics and as a result is 

the closest to the actual phenotypic state of the cell [30]. It is also much more effective at looking 

at environmental effects on the body since it does not look only at what the cell itself produces, 

but can quantify metabolites created by exogenous compounds reacting within a cell [30]. The 

actual analysis of the metabolome is more complicated than that of genomics or transcriptomic 

because it generally cannot be done with one method [30]. Many times to do a full metabolomics 

profile several different extraction methods will be needed as well as several different analysis 

tools [30]. Usually a combination of GC-MS and LC-MS are used due to the flexibility of the 

compounds they can detect [30]. Even with these flexible tools however there are limitations to 

the number of compounds analyzed and often analysis will focus more on specific areas [30]. 
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Metabolomics allows a closer look at the state of a cell and in this case provides a useful tool to 

see how the body responds to pollution. 

c. Preliminary Metabolomics Data 

A preliminary set of serum samples were sent to Metabolon Inc. for broad metabolomics analysis 

[28]. A total of 570 named biochemical and 316 unnamed biochemical were identified in the 

samples and these were analyzed to look for changes between the three time points [28]. As 

shown in Table 1 several biochemical showed significant changes in concentration between the 

three time point's samples [28]. From before the Olympics to during the Olympics there was a 

general trend towards an increase in biochemical concentrations while the reverse is true from 

during the Olympics to after [28]. Of these compounds, several were of special interest in 

regards to the measurement of oxidative stress [28]. Fatty acids of various kinds were found to 

have statistically significant changes in concentrations which is important due to their interaction 

as a target of oxidative stress [28]. There were also significant changes in 12-HEPE and 12-

HETE which are involved in lipid peroxidation and inflammation pathways and have been linked 

to air pollution in the past [28]. In order to look at oxidative stress markers more specifically, a 

targeted analysis of 12-HETE and other compounds is the purpose of the research outlined here. 
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Table 1. Statistically significant changes in metabolite concentration between time points 

I Statistical Comparisons - Total I 

I RMANOVA 
Contrasts 

During 
Before 

After 
Before 

After 
During 

Total biochemicals 
p:s;0.05 

58 36 63 

Biochemicals 
(1' -J, ) 

6 I 52 19 I 17 56 I 1 

Total biochemicals 
O.OS<p<0.10 

38 25 45 

Biochemicals 
(1' -J, ) 

9 I 29 16 I 9 39 I 6 

8. Previous Method 

The method developed in the course of this research is based on a pre-existing method in our 

laboratory that was used to measure fatty acid hydroperoxides and hydroxy fatty acids after 

saponification of serum [24]. Many of the fatty acid hydroperoxide and hydroxy fatty acids are 

esterified to cholesterol in cholesterol esters [24]. To provide a more accurate estimation of total 

lipid peroxidation the method used alkaline hydrolysis of lipid esters to yield total free fatty 

acids, hydroperoxy and hydroxy fatty acids, followed by HPLC separation and direct UV 

detection of the conjugated dienes [24]. This "Lipid Peroxidation Profile" provides a substantial 

amount of information regarding the amount of total lipid peroxidation, the regioisomeric 

identity and nanomolar quantitation of the hydroperoxy and hydroxy fatty acids species as well 

as quantifying the native unoxidized PUF A precursors. Figure 5 shows an HPLC chromatogram 

demonstrating the separation and identification of a mixture of pure fatty acid standard [24]. 

There are some areas where this method can be improved however. Using a mass spectrometer 

allows for higher specificity by looking at specific mass to charge ratios instead of absorption at 

a specific wavelength. A mass spectrometer will also likely be a more sensitive method. 

Additionally, the old method used an isocratic mobile phase so with a gradient change in mobile 
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phase a better separation of the compounds can be achieved. Finally, the old separation method 

was long, taking 60 minutes when analyzing both hydroperoxides and polyunsaturated fatty 

acids per sample, therefore a shorter run time is a major goal as well. 
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Fig 5. Simultaneous chromatograms ofhydroperoxy and hydroxy polyunsaturated fatty acid 

standards at 236 nm (A) and native unoxidized polyunsaturated fatty acid standards at 215 nm 

(B). 
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9. Goals and Specific Aims 

The primary goal of this project is to adapt the existing HPLC-PDA method for the analysis of 

lipid hydroperoxides and hydroxy fatty acids to analysis by mass spectrometry and to use that 

new method to analyze samples from the BOAP study. 

Specific aims: 

1. To transfer an existing high performance liquid chromatography method used for fatty 

acid hydroperoxide, fatty acid hydroxy alcohols and polyunsaturated fatty acid 

measurement to liquid chromatography-mass spectrometry analysis. 

2. To partially validate the LC-MS technique. 

3. To utilize the new technique to analyze oxidative stress markers in individuals across 

changing pollution levels from the Beijing Olympics Air Pollution Study. 
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Materials and Methods 

1. Standards 

The following pure fatty acid hydroperoxide and hydroxy fatty acid standards were purchased 

from Cayman Chemical (Ann Arbor, MI): (±)-9-hydroxy-10E,12Z-octadecadienoic acid (9-

HODE), (±)-13-hydroxy-9Z,11E-octadecadienoic acid (13-HODE), 9-hydroperoxy-10E,12Z

octadecadienoic acid (9-HpODE), (±)13-hydroperoxy-9Z,11E-octadecadienoic acid (13-

HpODE), 13S-hydroxy-9Z,11E,15Z-octadecatrienoic acid (13(s)-HOTrE), 13S-hydroxy-

6Z,9Z,11E-octadecatrienoic acid (13(s)-HOTrE(y)), (±)5-hydroxy-6E,8Z,11Z,14Z

eicosatetraenoic acid ( 5-HETE), ( ±) 12-hydroxy-5Z,8Z, 1 OE, 14Z-eicosatetraenoic acid ( 12-

HETE), (±)-12-hydroxy-5Z,8Z,10E,14Z,17Z-eicosapentaenoic acid (12-HEPE), 12-

hydroperoxy-5Z,8Z, 1 OE, 14Z-eicosatetraenoic acid (12-HpETE), 9Z, 12Z-octadecadienoic acid 

(linoleic acid), 9Z, 12Z, 15Z-octadecatrienoic acid (linolenic acid), 5Z,8Z, 1 lZ, 14Z

eicosatetraenoic acid ( arachidonic acid), 5Z,8Z, 1 lZ, 14Z, 17Z-eicosapentaenoic acid, 

4Z, 7 Z, 1 OZ,13Z, 16Z, 19Z-docosahexaenoic acid, 9S-hydroxy-1 OE, 12Z-octadecadienoic-

9,10,12, 13-d4 acid (9(s)-HODE-d4) and 12S-hydroxy-5Z,8Z,10E,14Z-eicosatetraenoic-

5,6,8,9,11 ,12,14,15-d8 acid (12(s)-HETE-d8). The following fatty acid methyl ester (FAME) 

standard mixes were bought from SUPELCO (Bellefonte, PA): FAME Mix C 14-C22 which 

included C14:0, C16:0, C18:0, C18:1, C18:2, C18:3, C20:0 and C22:0, FAME Mix C8-C24 all 

unsaturated and FAME Mix C20:1-C20:5 which included C20:1 , C20:2, C20:3 , C20:4 and 

C20:5 . All standards were stored at -20°C under argon to prevent exogenous oxidation and 

artifact creation. Potassium hydroxide was purchased from JT Baker (Phillipsburg, NJ). 
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2. Solvents 

Chromatography solvents of LC-MS grade were purchased from Fisher Scientific (Pittsburgh, 

PA) and included acetonitrile, water, and isopropanol. Solvents used for sample preparation 

included HPLC and GC grade hexanes and HPLC grade toluene, methanol, ethanol, ether and 

water from Fisher Scientific (Pittsburgh, PA). 

3. Miscellaneous 

Borosilicate glass, class A, HPLC vials (2 mL, 4 mL and 8 mL) from Fisher Scientific 

(Pittsburgh, PA) were used for extraction and derivatization in lieu of plastics to minimize the 

probability of adsorption of analyte or leeching of exogenous contaminants. Purified nitrogen 

and argon gas used during sample preparation as well as liquid nitrogen for LC-MS and purified 

nitrogen, hydrogen and air used for GC-FID were obtained from Jackson Welding and Gas 

(Rochester, NY) and Airgas USA LLC (Cheektowaga, NY). 

4. Sample Preparation Development 

Fatty acid oxidation products are majorly esterified to plasma lipids including triacylglycerols, 

cholesteryl esters and phospholipids. Alkaline hydrolysis (saponification) is used to free fatty 

acids from their parent lipid esters in order to generated sample containing total oxidized and 

native fatty acids. We systematically evaluated our saponification procedure to determine 

recovery and preservation of target molecules. The primary change from previous work was a 

change in saponification conditions to be at room temperature instead of the previously used 

60°C [24]. This was done to reduce chance of spontaneous oxidation. An analysis of the 

saponification of cholesteryl esters at different time points was performed using HPLC and thin 

layer chromatography (TLC) analysis to determine the time needed for complete saponification. 
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Cholesteryl esters are used because they are the lipid with the most resistance to saponification 

and thus their successful saponification indicates all lipids present should be saponified. 

a. Sample Preparation 

Plasma (200µL) was added into extraction vials in addition to l0µL of0.lg/L ofbutylated 

hydroxytoluene and 875µL of 0.5M ethanolic potassium hydroxide (KOH). The vials were 

perfused with nitrogen and sealed. Non-saponified controls contained ethanol without KOH. The 

vials were rotated on a Glass-COLTM laboratory rotator for varying lengths of time up to three 

hours. Samples were removed from the rotator each half hour and were individually neutralized 

by addition of 3 5 µL of glacial acetic acid starting after one hour until 3 hours had passed. After 

neutralization 1ml of20mM sodium citrate buffer at a pH of 3.5 was added to each vial. A 

hexane extraction was performed by adding 2 mL of hexane to each vial followed by 60 seconds 

ofvortexing. The top hexane phase was aspirated off and collected and another 2mL of hexane 

was added for a second extraction. The hexane phases were pooled and split off, one for analysis 

by TLC and the other for analysis by HPLC with a PDA detector. 

b. LC-PDA Free Cholesterol and Cholesteryl Esters Method 

Cholesteryl esters are typically the most difficult lipid esters to saponify therefore we examined 

this class closely to assess the completeness of sample lipid saponification. A previously 

developed method for the simultaneous analysis of cholesteryl esters and free cholesterol was 

used to determine degree of saponification [31]. Standards for comparison included: free 

cholesterol, cholesteryl linoleate, cholesteryl oleate, cholesteryl stearate, cholesteryl myristate, 

cholesteryl palmitate, cholesteryl arachidonate. The mobile phase was isocratic acetonitrile:2-

propanol (60:40 v/v). Analytes were detected at 206 nm by the PDA detector. 
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c. TLC 

In order to examine the completeness of all lipid esters saponification a thin layer 

chromatography analysis was performed on each of the different saponification durations. The 

following lipid standards were used for comparison: Cholesterol, triolein, phosphatidyl choline, 

cholesteryl linoleate and free fatty acid mixture. Each standard (2 mg/mL in 

chloroform/methanol, 1:1 v/v)) was spotted 10 times into separate lanes of a 20cm X 20 cm, 0.25 

silica gel G-60 TLC plate. Hexane extracts from the different saponification time point samples 

were spotted into separate lanes 30 times each. The TLC plate was chromatographed with 

Hexane:ether:acetic acid (80:20: 1 v/v/v) until it was nearly at the top. After drying, the plate was 

visualized by charring with 0.5% sulfuric acid saturated with eerie ammonium sulfate and heated 

at 120°C for 15 minutes. 

5. LC-MS/GC-FID Sample Preparation 

Samples were first prepared for analysis by LC-MS for fatty acid oxidation products and were 

then further processed for analysis by GC-FID for native free fatty acids. 

a. Preparation for LC-MS 

Plasma samples were stored at -80° C until use. Plasma samples (200µL) were aliquoted into 8ml 

glass vials along with a reagent blank and QC plasma samples that had been aliquoted into 

separate tubes and frozen. To the plasma, 10µ1 of0. lg/L ofbutylated hydroxytoluene and 200µL 

of the internal standard mixture (9-HODE-d4 and 12-HETE-d8 at 800 ng/mL and Cl 7:0 at 

350µg/mL) were added. Subsequently, 875µL of 0.5M ethanolic potassium hydroxide (KOH) 

was added, the vials were perfused with argon and vortexed. The vials were rotated on a Glass

COLTM laboratory rotator for 3 hours. After rotation the vials were neutralized with 35µ1 of 
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glacial acetic acid and 1ml of water was added. To acidify the sample for better extraction, 

200µL of 10% formic acid was also added and the vials were vortexed. The pH was checked 

with pH paper to make sure the mixture was acidic(< pH 3.5). A hexane extraction was 

performed by adding 3mL of hexane and vortexing each vial for one minute. The phase 

separation was sped up with a short centrifugation before aspirating the top hexane phase. A 

second hexane extraction was performed and the hexane phases were pooled and dried with a 

nitrogen evaporation manifold. The sample was resuspended in 1 00µL of ethanol and filtered 

using 0.22µm Coming® Costar® Spin-X® centrifuge tube filters that had been rinsed with 

water. The filtrate was taken and mixed with 100µ1 of water before being analysis on the LC

MS. 

b. Preparation of Fatty Acid Methyl Esters for GC-FID 

The procedure to prepare the sample for GC-FID analysis starts with the sample injected on the 

LC-MS. From the portion of the sample not injected onto LC-MS, 150 µLis taken and dried 

using the nitrogen evaporation manifold in a 4mL vial. The sample is then resuspended in 200µL 

of toluene and derivatized using 1.5mL of methanol and 300µL of 8% HCl in methanol and 

incubating at 45° C for 20 min. After allowing the vials to cool, lmL of GC hexane and lmL of 

water is added. The vials are vortexed for 30 seconds and the top phase is taken and placed into 

2mL vials and directly injected onto the GC-FID system. 

6. LC-MS Analysis 

Fatty acid hydroperoxides and hydroxy derivatives were analyzed on a Shimadzu Scientific 

( Columbia, MD) LC201 0A system equipped with two LC-1 0ADvp pumps, a low volume high 

pressure mixer, a SIL-HT autosampler, a DPD-Ml0A photo-diode array (PDA) detector, an 

LCMS-2010A mass spectrometer with electrospray ionization interface operated in negative ion 
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mode, drying gas, DGU-20A5R degassing unit, CTO-l0AC column oven and computer system 

with Lab Solutions software. Mobile phase composition was 100% water with 1 0mM ammonium 

acetate and 0.1 % formic acid to pump A and 7:3 Acetonitrile:2-propanol (v/v) with l0mM 

ammonium acetate and 0.1 % formic acid. Samples were injected with 5µL injection onto a 

Waters Acquity BEH-C18 2. lx50mm, 1.7µm UPLC column. The column oven temperature was 

60° C and the flow rate was 0.25mL/min. The mobile phase gradient was: 40% B for l0min, 

linear increase to 55% A for 15 min, wash at 100% B for 5 min, followed byre-equilibration at 

40% B for 5 min; total run time was 35 min. At the switch to wash at the 25min mark the flow 

control valve switched to waste and the MS detector was turned off Temperature settings for the 

MS were: interface at 250° C, CDL at 230° C, and heat block at 200° C. Nitrogen was used as 

the nebulizing gas at a flow rate of 1.5 L/min and drying gas at 0.3MPa. Data was acquired in 

single ion monitoring (SIM) mode for maximum sensitivity. 

7. GC-FID Analysis 

Fatty acid methyl esters were analyzed on a Shimadzu GC-QP2010+ equipped with AOC-20i 

autoinjector, a flame ionization detector (FID) and a computer with LabSolutions lite software. 

Carrier gas was purified nitrogen at 20. lmL/min with a column flow of 1.56ml/min. SPL setting 

were: pressure of 108.8kPa, temperature of 250° C and a split ratio of 10. FID settings were: 

temperature of280° C, makeup gas is nitrogen at 30mL/min, hydrogen has a flow rate of 

40mL/min and purified air has a flow rate of450mL/min. The FAMES were analyzed with a 

lµL injection onto a DB-wax column from Agilent (Santa Clara, CA) with an internal diameter 

of0.25mm and a length of 30m. Temperature profile was as follows : hold at 50° C for 1 min, 

linear increase to 200° C for 2.14 min, linear increase to 245° C for 1.8 min, hold at 245° C for 

10 min; total run time of 14.94 min. 
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8. Mass Spectra of Standards 

Each of the fatty acids, fatty acid hydroperoxide and hydroxy standards were run on the LC-MS 

in scan mode to determine the primary product ions produced. Each compound was analyzed 

separately and the highest single ion mass to charge ratio (m/z) was chosen as the target for each 

of the compounds. Figure 6 shows an example mass spectrum for 9-HODE. Once the mass to 

charge ratios were identified, selected ion monitoring (SIM) channels were set up for each of the 

corresponding m/z shown in Table 2. 
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Figure 6. Mass spectra of9-HODE showing predominance of [M - Hr peak. 
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Table 2. The mass to charge ratios of the standards. Highlighted in yellow are the predominant 

peak. The [M-Hr peaks are the expected ones but not also the largest peak. 

Molecular 
Compound Name ID Weight [M-H]- Unknown 

9-HODE 38400 296.5 295.1 
13-HODE 38600 296.5 295.1 

9(s)-HODE-d4 338410 300.5 299.15 
9-HPODE 10705 312.4 311.08 293.03 
13-HPODE 10704 312.4 311.08 293.03 

13(5)-HOTrE 39620 294.4 293.03 
13(5)-HOTrE(y) 39610 294.4 293.03 

(+/-) 5-HETE 34210 320.5 319.13 
(+/-) 12-HETE 34550 320.5 319.13 
(+/-) 12-HEPE 32540 318.5 317.07 

(+/-) 12-HpETE 10138 336.5 335.11 317 
12(s)-HETE-d8 334570 328.5 327.15 
Linoleic Acid 90150 280.5 279.05 379.05 

a-Linolenic Acid 90210 278.4 277.06 376.99 
Arachidonic Acid 90010 304.5 303.09 

Eicosapentaenoic Acid 90110 302.5 301.02 
Docosahexaenoic Acid 90310 328.5 327.12 

Major Minor 

9. Optimization of Mobile Phase 

The mobile phase of the previous method for detection ofhydroperoxides could not be used 

because one of the essential components, tetrahydrofuran, does not work well with mass 

spectrometer detection. It also used acetic acid which is less effective for promoting ionization 

during LC-MS analysis compared to formic acid. As a result, the mobile phase was changed to 

one based on acetonitrile and water with 0.1 % formic acid. Due to issues with PUF A 

fragmentation a new mobile phase combination was tried that had been previously used with 

PUFAs and hydroperoxides [32, 33]. The final mobile phase used consisted of water with lOmM 
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ammonium acetate and 0.1 % formic acid to pump A and 7:3 Acetonitrile :2-propanol (v/v) with 

1 0mM ammonium acetate and 0 .1 % formic acid. 

10. Stationary Phase Optimization 

Four different stationary phases were tested with one stationary phase being tested with two 

different column dimensions. The tested stationary phases were: C 18 (Supelcosil and Waters), 

aqueous C18 (Restek), CS (Supelcosil), and Biphenyl (Supelcosil). The dimensional difference 

between the two C18 stationary phases were in internal diameter, particle size and length with 

the Waters column having lower values of each along with BEH instead of silica as the matrix 

particle. Each of these phases were optimized for separation and retention time by testing a mix 

of 10 standards (9-HODE, 13-HODE, 9-HpODE, 13-HpODE, 13(s)-HOTrE, 13(s)-HOTrE (y), 

12-HETE, 5-HETE, 12-HpETE, 12-HEPE) at concentrations of 4937.37, 4357.26, 6207.25 , 

5324.38, 4086.00, 5888.00, 5116.13, 5341.67, 4874.43 , 5408.93 ng/mL respectively. This 

analysis was performed with a Shimadzu 10-series HPLC with a PDA detector. 

11. Drying Gas Optimization 

A sample of 13-HODE at a concentration of 2178 .6ng/mL was injected several times to 

determine which flow of drying gas was optimal for maximum sensitivity. Each run was 

identical except for a different flow of drying gas. 

12. Solvent Calibration 

Solvent based calibration was performed by injecting pure standards at 6 different concentrations 

into the LC-MS in 50:50 water:ethanol (v/v). The standards used were the hydroxy derivatives 

13-HODE, 9-HODE, 12-HETE, and 5-HETE at one series of concentrations and the PUFAs 

linoleic acid, linolenic acid, arachidonic acid, eicosapentaenoic acid, and docsahexanenoic acid 
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at another set of concentrations as shown in Table 3. Solvent calibrations were limited to those 

hydroxy fatty acids which were detectable in a test run with extracted human plasma. 

Table 3. Concentrations of standards used for different calibration levels 

Level 1 Level 2 Level 3 Level 4 Level 5 Level 6 

Compounds Cone Cone Cone Cone Cone Cone 

Hydroxy fatty 100 250 500 750 1000 1250 

acids (ng/mL) (ng/mL) (ng/mL) (ng/mL) (ng/mL) (ng/mL) 

Free Fatty 1 10 50 100 500 1000 

Acids (µg/mL) (µg/mL) (µg/mL) (µg/mL) (µg/mL) (µg/mL) 

13. Matrix Calibration 

Another calibration was performed using delipidated BSA as a blank matrix to simulate all 

phases of sample preparation. Blank matrix was aliquoted into vials and spiked with pure 

standards in ethanol. To ensure the integrity of the matrix was preserved, the final concentration 

of ethanol added did not exceed 5% of the total volume. The calibrators were then extracted 

using the method described in sample preparation for LC-MS. The only standards used in this 

calibration are 13-HODE, 9-HODE, 9-HODE-d4, 12-HETE, 12-HETE-d7 and 5-HETE. Values 

for the preparation of the spiked matrix calibrators are detailed in Table 4. 

Table 4. Concentrations and volumes used for 8 calibrator levels 

Final standard Blank 

concentration Stock ng/ml volume delipidated Total % of ethanolic 

Levels (ng/ml) (100µ1) (µI) matrix Volume (µI) standard in matrix 

1 100 10000.00 10 990 1000 1 

2 250 10000.00 25 975 1000 2.5 

3 500 10000.00 50 950 1000 5 

4 750 50000.00 15 985 1000 1.5 

5 1000 50000.00 20 980 1000 2 

6 1250 50000.00 25 975 1000 2.5 

7 1500 50000.00 30 970 1000 3 

8 2000 50000.00 40 960 1000 4 
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14. Precision 

A precision study was performed as part of the partial method validation. Two different quality 

control samples were created with different levels of the calibrated standards. These quality 

control (QC) samples were made by spiking some standard into plasma samples supplemented 

with BSA to create one with high concentrations and one with low concentrations of the hydroxy 

fatty acids. The high QC used a previously measured plasma sample that already had a high 

concentration of 9-HODE and 13-HODE so no standard needed to be spiked in. The amounts 

spiked in are shown in Table 5. These were then aliquoted into separate tubes and stored at -

80°C. Free fatty acids were not added to the plasma to create separate high and low 

concentrations. Their concentrations remained at that of the original plasma. To test the precision 

of the method both the high and low quality controls were extracted and analyzed in replicates of 

six for three consecutive days . 

Table 5. Volumes and concentrations of standards used to make high and low QCs 

Low 

Reagent Matrix {ml) Stripped BSA 9HODE 13HODE SHETE 12HETE 

[C] Std ng/ml 49373.70 43572.61 56859.07 63031.67 

Volume (ml) 15 0 0.030 0.050 0.040 0.040 

Oil. Fx 1000 600 750 750 

Cale. Final [C] 98.75 145.24 151.62 168.08 

High 

Reagent Matrix {ml) Stripped BSA 9HODE 13HODE SHETE 12HETE 

[C] Std ng/ml 49373.70 43572.61 56859.07 63031.67 

Volume (ml) 10 5 0.000 0.000 0.060 0.060 

Oil. Fx 500 500 

Cale. Final [C] 0.00 0.00 227.44 252.13 
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15. BOAP Sample Study Design 

Plasma samples were stored at -80°C until use. Samples were divided into groups of three 

samples including before, during and after Olympics samples of an individual. The analyst was 

kept blind to the time point of individual samples as well as all other sample information. These 

groups of three were always analyzed in the same run where possible. All full groups of three 

were analyzed followed by any remaining incomplete groups. All samples were analyzed for 

hydroxy fatty acids first by LC-MS and then for native total fatty acids by GC-FID after the LC

MS run was confirmed to be successful. Every batch was preceded by a system suitability test 

(SST) sample, a reagent blank, and the high and low QC samples to evaluate the condition of the 

instrument and the batches integrity. All samples had an internal standard mix added in order to 

correct for analytical variability. Internal standards were at 800ng/mL for 9-HODE-d4 and 12-

HETE-d7 and 350ug/mL for Cl 7. 
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Results 

1. Saponification 

For the current study we changed the saponification temperature from 60°C (used in our previous 

method) to room temperature [24]. Different incubation times were then tested to find the 

minimum time that provides a complete saponification. The degree of saponification was 

evaluated by two methods, HPLC with photodiode array analyzing cholesteryl esters and thin 

layer chromatography. Both results were derived from the same reactions that were split into two 

portions at the end of the procedure. The HPLC method determines cholesteryl esters as these are 

the lipid most resistant to saponification. If the cholesteryl esters are fully saponified, other lipids 

should be as well. The chromatographs of the saponified plasma at the time points of 60min, and 

180min as well as the unsaponified plasma are shown in Figure 7. As the time of saponification 

increased the area of the cholesteryl ester peaks decreased while the area of the free cholesterol 

peak increased, indicating the saponification process was occurring. The actual percent of 

cholesteryl esters remaining from the starting plasma sample are shown in Table 6. By the 

180min mark 95% of all cholesteryl esters were converted in free cholesterol and free fatty acids. 

The results of the TLC detection method are shown in Figure 8. The TLC allows visualization of 

some of the major groups oflipids including free cholesterol, cholesteryl esters, triglycerides, 

phospholipids and free fatty acids. In this case it can be seen that the spots for cholesteryl esters 

and phospholipids disappear with increasing saponification time and the free fatty acids appear 

only after saponification. By the 180min time point the cholesteryl esters were nearly 

undetectable and the phospholipids were completely undetectable. Based on these two detection 

techniques it was determined that 180 min ofreaction time was required to convert >95% of 

cholesteryl esters to free fatty acids and free cholesterol. While 150min appears to have lower 
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amounts of unsaponified lipids this is due to having lower total lipids with a combined area of 

2,673 ,203 compared to 3,181 ,779 for 180 min. This lower area causes the 150min mark to 

appear more saponified when compared to the unsaponified plasma. 
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Mim"5 

500~~-------------------~500 

GO min 
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500~~~~-----------------~500 

180 min 

5 

Minies 

Fig 7. Chromatograms of the cholesterol esters present in a plasma sample without 

saponification and after 60 and 180 minutes of room temperature saponification. Ch-20:4 = 
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cholesteryl arachidonate, Ch-18:2 = cholesteryl linoleate, Ch-14:0 = cholesteryl myristate, Ch-

18:1 = cholesteryl oleate, Ch-16:0 = cholesteryl palmitate, Ch-18:0 = cholesteryl stearate 

Table 6. Percent of cholesteryl ester remaining with increasing duration of saponification 

Time (min) 20:04 18:02 18:01 

0 100% 100% 100% 

60 20% 39% 41% 

90 4% 13% 12% 

120 3% 10% 9% 

150 0% 1% 1% 

180 2% 4% 2% 

CE 

Trig 

FFA 

FC 
· PL • 

Trig FC CE PL FFA Mix 0min 60min 90min 120min 150min 180min 

Fig 8. Thin layer chromatography of plasma after cold saponification for differing lengths of 

time. Lipid standards are placed in first six rows, Trig= triglycerides, FC = free cholesterol, 
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CE = cholesteryl ester, PL = phospholipid, FF A = free fatty acid. Time points from unsaponified 

at 0min to 180 min listed along bottom. 

2. Mobile Phase Optimization 

We altered the original HPLC mobile phase to a mobile phase including propanol and 

ammonium acetate in order to improve the ionization of the analytes in the MS detector as 

reported by [24, 32, 33]. We examined the effect of this mobile phase on the m/z ratios and 

relative abundance of ions generated from linoleic acid and hydroxy fatty acids. Linoleic acid 

has a molecular weight of278 and a predicted m/z of 277 as the [M-Hr ion. As shown Figure 

9A the original mobile phase resulted in an unknown 379 m/z peak being predominant when 

analyzing linoleic acid. After adding ammonium acetate and propanol the 379 peak was still 

predominant but the predicted [M-H]- peak of 277 was greatly increased as shown in Figure 9B. 

The abundance (measured as peak area) of the total peak increased as well from 12794 area units 

with the original mobile phase to 4623309 with the new mobile phase, a 361 times increase. In 

addition, the peak area of equivalent concentrations of the hydroxy fatty acid 13-HODE 

increased from 739439 to 2828242, a 4 times increase, when analyzing the same concentration 

sample. 
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Fig 9. Mass spectra oflinoleic acid analyzed with the original mobile phase (A) and the new 

mobile phase (B). Relative intensity of the 277 m/z target peak ([M-H]-) increased compared to 

the unknown 379 m/z peak. 

3. Stationary Phase Optimization 

Using the newly implemented mobile phase, different stationary phases were compared. The 

relative separation of the four stationary phases tested is shown in Figure 10. The C 18 stationary 

phase provided good separation with initial testing. The separate isomers of 9 and 13 HODE 

show some small amount of separation that can be further optimized with a more gradual 

gradient. The C8 and Aq C 18 stationary phases had a similar time of elution but worse 

separation when compared to C18. The biphenyl column had good separation apart from 

separating 9 and 13 HODE. It was decided that the better resolution of the C 18 column was 

preferable to the shorter run time, but poorer resolution, of the biphenyl column. In order to help 
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increase resolution and better adapt the method for the flow rate limitations of the LC-MS, a 

smaller particle size and dimension C 18 column was implemented. This column was a Waters 

Acquity UPLC, BEH-C18 2.lx50mm, 1.7µm UPLC column and had several advantages. The 

ESI detection method used had a maximum flow rate of0.4mL/min which is much lower than 

the lmL/min used on the HPLC with a PDA detector. The narrower bore of the UPLC column 

allowed a similar linear velocity with a decreased flow rate. The UPLC column also had more 

theoretical plates due to the smaller 1.7-micron particle size. This column improved resolution 

so that the critical pairs of 13-HODE and 9-HODE, 13-HpODE and 9-HpODE and 13(s)-HOTrE 

and 13(s)-HOTrE (y) were all clearly resolved. An example chromatogram with this column on 

the LC-MS is shown in Figure 11. This column was the one chosen for analysis of the study 

samples. 
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Figure 10. Chromatograms of each of the different mobile phases. All are shown in the same 

time window and the stationary phase is diagrammed next to the peaks. Where peaks are labelled 

as HODE or HpODE with specifying isomer both isomers are co-eluting. 
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Figure 11. An example chromatogram of standards separated by the Waters Acquity BEH-C 18 

UPLC column as analyzed by LC-MS. 
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4. Drying Gas Optimization 

In order to optimize the flow of drying gas for sensitivity, 13-HODE was injected onto the 

HPLC-MS multiple times. MS detector signal was monitored as the drying gas was increased in 

0.1 MPa increments until the maximum flow rate was achieved. The flow rate was further varied 

0.05MPa around the highest recorded MS signal. The drying gas flow rates and the resulting MS 

signal (measured as peak area) are shown in Table 7. It was determined that a flow rate of 

0.3MPa was optimal because it provided the highest area. 

Table 7. Drying gas flow rates and areas of 13-HODE peak 

Drying gas flow (MPa) Area 

0.10 541,607 
0.20 692,624 
0.25 783,052 
0.30 870,399 
0.34 834,273 

5. Linearity 

A calibration curve was generated with all solvent based standards. Each of the standards were 

prepared at 6 levels in order to meet FDA guidelines which specify a minimum of 6 levels for 

method validation [34]. Linear regression was performed, the concentration of each standard was 

back calculated based on the linear regression and compared to the original assigned, nominal 

concentration. FDA guidelines specify that each of the levels should fall within ±15% deviation 

of the nominal concentration in order to be acceptable. The lowest calibrator is allowed to be 

within ±20%. We employed a 1/x2 weighted linear regression method to achieve acceptable % 

deviations. The actual linear regressions for representative hydroperoxy and hydroxy fatty acid 

standards are shown in Figure 12. 
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Figure 12. Example linear regressions after the solvent calibration. X-axis is the concentration in 

ng/mL and the y-axis is the area. 
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6. Internal Standard Calibration 

Based on the assay linearity, a second, solvent based, internal standard calibration was 

performed. We used only the compounds that were detectable in a test plasma sample and 

therefore determined to be the most critical to measure; 13-HODE, 9-HODE, 12-HETE, and 5-

HETE. This calibration introduced 9-HODE-d4 and 12-HETE-d7 as internal standards at 

concentrations of 800ng/mL each. Since they are deuterated standards they have distinct m/z 

ratios allowing easy differentiation. Both 13 and 9-HODE are paired with 9-HODE-d4 and both 

12 and 5-HETE are paired with 12-HETE-d7 for calibration. All of the standards passed FDA 

guidelines within the ±15% limits as shown in Table 8. 

Similar calibrations with fatty acid standards on the other hand did not pass calibration. As seen 

in an example linear regression of linoleic acid in Figure 13 there is a loss of linearity at the 

higher concentrations (as encountered in human plasma) that results in large, negative deviations 

from nominal concentration. Because of this non-linearity, it was decided to use GC-FID to 

measure the fatty acids as fatty acid methyl esters. This method was established in our lab and is 

very well proven in literature. [35 , 36]. 
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Table 8. Solvent calibration with internal standard correction 

13-HODE 9-HODE 

Area Area 
Level Ratio Cone ng/mL % Dev Level Ratio Cone ng/mL % Dev 

100 ng/mL 0.358 102.095 2.1 100 ng/mL 0.139 100.415 0.42 

250 ng/mL 1.090 251.599 0.64 250 ng/mL 0.545 261.524 4.61 

500 ng/mL 2.263 458.742 -8.25 500 ng/mL 1.136 465.275 -6.95 

750 ng/mL 3.672 705.844 -5.89 750 ng/mL 1.936 757.247 0.97 

1000 ng/mL 4.564 972.731 -2.73 1000 ng/mL 2.261 952.497 -4.75 

1250 ng/mL 5.803 1229.933 -1.61 1250 ng/mL 2.774 1159.000 -7.28 

12-HETE 5-HETE 
Area Area 

Level Ratio Cone ng/mL % Dev Level Ratio Cone ng/mL % Dev 

100 ng/mL 0.158 96.253 -3.75 100 ng/mL 0.067 95.443 -4.56 

250 ng/mL 0.561 273.540 9.42 250 ng/mL 0.265 300.231 20.09 

500 ng/mL 1.148 531.743 6.35 500 ng/mL 0.517 526.190 5.24 

750 ng/mL 1.680 721.902 -3.75 750 ng/mL 0.762 744.663 -0.71 

1000 ng/mL 2.042 940.531 -5.95 1000 ng/mL 1.017 999.235 -0.08 

1250 ng/mL 2.591 1084.538 -13.24 1250 ng/mL 1.162 1124.989 -10 
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Figure 13. Calibration of the PUF A standard for linoleic acid. It can be seen that the standards 

do not create a linear response at higher concentrations due to ion suppression. X-axis is the 

concentration in ng/mL and the y-axis is the area. 
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7. Matrix Internal Standard Calibration 

A matrix calibration includes the use of standards incorporated into a biological matrix and 

includes all the sample processing steps necessary for the analysis of a biological sample. As our 

target compounds are endogenously present in plasma, we used delipidated BSA as a matrix to 

better approximate the conditions of actual samples. Standards were spiked at a concentration 

that maintained less than 5% of methanol by volume into any one sample. We used 8 calibrators 

for matrix calibration to allow for error. FDA guidelines require only 7 of 8 standards be within 

±15% deviation from the nominal concentration for the calibration to pass. The lowest calibrator 

can be within a ±20% deviation from nominal concentration but is required to be one of the 7 

that pass. Included internal standards were used to reduce the effects of varied extraction 

efficiency and analytical variability. The analyte concentrations were expressed as a ratio 

between the area of a specific analyte and its corresponding internal standard. This calibration 

used 1/x2 curve weighting and example chromatograms can be seen in Figure 14. All of these 

calibrations passed with none of the% deviations exceeding 15%. The calibration data can be 

seen in Table 9. This calibration was the one applied to the actual study samples. 
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Figure 14. Linear regression of the 8 calibrators for 13-HODE. X-axis is the concentration in 

ng/mL and the y-axis is the area ratio of the 13-HODE peaks area and the internal standards peak 

area. 

Table 9. Back calculated concentrations and% deviations from matrix calibration 

13-HODE 9-HODE 
Area Area 

Level Ratio Cone ng/mL % Dev Level Ratio Cone ng/mL % Dev 

100 ng/ml 0.265 102.101 2.1 100 ng/ml 0.179 103.777 3.78 
250 ng/ml 0.604 239.291 -4.28 250 ng/ml 0.355 232.104 -7.16 

500 ng/ml 1.171 468.091 -6.38 500 ng/ml 0.630 432.546 -13.49 

750 ng/ml 1.970 790.751 5.43 750 ng/ml 1.183 835.093 11.35 
1000 ng/ml 2.549 1024.742 2.47 1000 ng/ml 1.479 1050.643 5.06 
1250 ng/ml 2.897 1165.401 -6.77 1250 ng/ml 1.611 1146.238 -8.3 

1500 ng/ml 3.919 1578.151 5.21 1500 ng/ml 2.086 1491.973 -0.54 

2000 ng/ml 5.073 2044.286 2.21 2000 ng/ml 3.039 2185.961 9.3 
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12-HETE 5-HETE 
Area 

Level Ratio Cone ng/mL % Dev Level Area Cone ng/mL % Dev 

100 ng/ml 0.175 101.624 1.62 100 ng/ml 0.120 103.597 3.6 
250 ng/ml 0.414 244.297 -2.28 250 ng/ml 0.250 228.936 -8.43 

500 ng/ml 0.782 462.980 -7.4 500 ng/ml 0.500 470.902 -5.82 

750 ng/ml 1.341 796.173 6.16 750 ng/ml 0.815 776.133 3.48 
1000 ng/ml 1.705 1012.514 1.25 1000 ng/ml 1.087 1038.771 3.88 
1250 ng/ml 1.909 1133.862 -9.29 1250 ng/ml 1.238 1185.183 -5.19 
1500 ng/ml 2.628 1562.021 4.13 1500 ng/ml 1.634 1568.093 4.54 
2000 ng/ml 3.559 2116.181 5.81 2000 ng/ml 2.161 2078.642 3.93 

8. Precision 

A precision study was performed in order to help partially validate the method. All of the 

samples were analyzed for all successfully calibrated compounds including 13-HODE, 9-HODE, 

12-HETE and 5-HETE as well as the fatty acid methyl esters. The results of the precision study 

for the analysis of hydroxy fatty acid by LC-MS are shown in Table 10. The intra-day and inter

day coefficient of variations were all below 15% with the exception of 9-HODE in the low 

calibrator. The fatty acid methyl esters results are shown in Table 11 using the ratio of the fatty 

acids area to that of the internal standards area. 

Table 10. Average concentration and inter-day variation of the high and low quality control 

(QC) samples analyzed by LC-MS 

Compound n High QC (ng/mL) %CV Low QC (ng/mL) %CV 

13-HODE 18 496.76 5% 136.02 5% 

9-HODE 18 594.91 8% 69.95 20% 

12-HETE 18 397.47 8% 135.95 6% 

5-HETE 18 317.75 7% 121.57 7% 
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Table 11. Average area ratio and inter-day variation of detected fatty acids analyzed by GC-FID 

Compound 

C 14:0 
C 16:0 
C 16:1 

C 17:0 (Internal 

standard) 
C 18:0 

C 18:1 (cis/trans) 

C 18:2 
C 18:3 
C 20:4 
C 20:5 

n High QC Ratio 

18 0.0256 
18 0.7548 
18 0.0656 

18 
1.0000 

18 0.2751 
18 0.7843 

18 1.6210 
18 0.0176 
18 0.2781 
18 0.0159 

%CV 

11.59% 
5.19% 
14.97% 

0.00% 
3.23% 
3.48% 

3.38% 
3.04% 
2.56% 
4.18% 

Low QC Ratio %CV 

0.034 11.76% 
1.039 4.08% 
0.088 3.98% 

1.000 0.00% 
0.338 2.03% 
1.106 2.93% 

1.885 3.05% 
0.031 2.70% 
0.339 2.93% 
0.025 3.84% 

9. BOAP Study Analysis 

150 samples were analyzed for hydroxy and hydroperoxy fatty acids by LC-MS and then 

subsequently analyzed for total fatty acids by GC-FID. The data from both the LC-MS and GC

FID were combined generating 25 different fatty acids and fatty acid peroxidation analytes . Five 

of these variables, 13-HODE, 9-HODE, 13-HpODE, 12-HETE and linolenic acid were selected 

for preliminary statistical analysis. The mean values of the selected analytes in relation to 

various demographics at the start point are shown in Table 12. To determine if any significant 

changes were detectable across the BOAP study time points, a mixed effects model statistical 

analysis was performed on partially cleaned data. Cleaning measures included outlier analysis 

where extreme values were removed. Significant differences were found with smoking and BMI 

having the most consistent effects. A higher BMI is associated with increasing concentrations of 

the hydroxy fatty acids analyzed. Having previously smoked was also associated with higher 

concentrations of all analytes with the exception of 12-HETE. The mean values of the selected 

analytes across the three pollution time points can be seen in Table 13 where means with 95% 

confidence intervals are listed. The unadjusted p-values and the p-values adjusted for smoking 
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status, BMI, age and gender are shown. Both 9 and 13-HODE had significant increases from 

before to during the Olympics and they tended to decrease after the Olympics however only the 

9-HODE crude p-value was significant. This pattern of increasing 9 & 13 HODE during the 

Olympics is shown in figure 15. The mean concentration of 12-HETE decreased from before to 

during the Olympics and then increased from during too after the Olympics. These changes are 

significant with both the crude and adjusted p-values and can be seen in figure 16. 

Table 12. Mean (SD) of fatty acid metabolites according to participant characteristics at 
baseline, Beijing 2008 

Participant N 13-HODE 9-HODE 13-HpODE 12-HETE PF183 
characteristics (ng/ml) (ng/ml) (area) (ng/ml) (µg/ml) 

Age 
S:40 36 69 .99 (32 .71) 72.78 (49 .16) 4402.56 (2055.87) 144.12 (93 .89) 52.19 (20.17) 
40-50 48 73 .09 (36 .23) 82.43 (46.22) 3392.06 (2017.28) 156.00 (106.71) 53.99 (26.39) 
~so 64 76 .60 (38 .74) 76.08 (43 .92) 3129.21 (1895.50) 139.64 (112 .44) 52.04 (22 .75) 
P value 0 .68 0 .61 0.01 0.73 0.90 

Gender 

Women 90 72 .80 (37 .19) 76.04 (47 .44) 3515.36 (2085.09) 149.22 (106 .58) 51.36 (23 .71) 
Men 58 75 .48 (35 .39) 79.35 (43 .58) 3544.55 (1954.65) 140.97 (105 .02) 54.84 (22 .60) 
P value 0 .66 0 .66 0.93 0 .65 0 .38 

Education 
llliterate/pri ma ry 58 66.82 (30 .06) 68.38 (37 .32) 3197.46 (1578.50) 146.76 (110 .75) 45.17 (19 .97) 
Middle school 74 79 .94 (41.21) 82.69 (52 .30) 3580.55 (2291.18) 142.72 (104 .44) 56.34 (24.67) 
~High school 16 71.21 (29 .99) 84.57 (37 .84) 4452.19 (1958.74) 159.08 (97 .82) 61.50 (21.34) 
P value 0 .11 0 .17 0.09 0 .86 0.01 

BMI 
<24 89 71.09 (35 .97) 74.72 (42 .21) 3257.75 (1935.68) 147.23 (106 .76) 51.34 (21.29) 
24-<28 33 71.49 (34 .79) 73.68 (44.74) 3469.06 (2130.46) 134.33 (107 .97) 54.50 (24.59) 
~28 20 90 .39 (41.39) 87.81 (56.65) 4676.40 (2033.06) 151.40 (105 .72) 61.25 (28.33) 
P value 0 .10 0 .47 0.02 0.81 0 .22 

Smoking status 

Never 85 69 .64 (34 .03) 70.15 (43 .57) 3425.80 (2003.60) 151.38 (110 .48) 51.62 (24.16) 
Ever 63 79.54 (38 .92) 86.94 (473 .4) 3661.65 (2068.17) 138.73 (99 .31) 54.20 (22 .11) 
P value 0 .11 0.03 0.49 0 .47 0 .47 

Alcohol drinking 
Non-drinkers 99 75 .09 (37.51) 78.97 (46.42) 3406.85 (1959.63) 146.50 (104 .60) 52.77 (23 .19) 
Drinkers 49 71.36 (34 .28) 74.10 (44.93) 3766.94 (2158.63) 144.94 (108 .86) 52.59 (23 .69) 
P value 0.55 0.54 0.33 0 .93 0 .97 
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Table 13. Changes of antioxidant biomarkers before, during, and after the 2008 Olympics in 
Beijing using mixed effects model 

Fatty Acids Before Olympics During Olympics After Olympics 

13-HODE Mean (95% Cl) 68.54 (60.36, 76.73) 83 .23 (70.99, 95.47) 69.90 (59 .70, 80 .09) 

(ng/ml) Crude P-value <0.01 0.06 

Adjusted P-value1 0.01 0.08 

9-HODE Mean {95% Cl) 69.85 (57.48, 82.22) 82 .76 {69 .61, 95.91) 79.68 {65 .75, 93 .62) 

(ng/ml) Crude P-value 0.02 0.03 

Adjusted P-value1 0.44 0.49 

13-HpODE Mean {95% Cl) 3686.49 {3144.00, 4229.00) 3551.00 {2991.00, 4112.00) 3333.00 {2682.00, 3983.00) 

(area) Crude P-value 0.80 0.36 

Adjusted P-value1 0.84 0.35 

12-HETE Mean {95% Cl) 169.07 (142.00, 196.13) 95.51 {68.49, 122.53) 174.63 (141.80, 207.46) 

(ng/ml) Crude P-value <0.01 <0.01 
Adjusted P-va lue1 <0.01 <0.01 

C18:2 Mean {95% Cl) 51.63 (44.51, 58.76) 54.63 {48.22, 61.04) 51.90 (44.95, 58 .84) 

(µg/ml) Crude P-value 0.19 0.53 

Adjusted P-value1 0.20 0.61 

1Adjusted for age (s50,>50), sex, smoking status (never, ever), BMI status (<24, ~24) and their interaction terms with time

points. 
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Fig 15. Change in mean concentration of 13 and 9-HODE along with 95% confidence intervals 

over the changes in pollution before during and after the Olympics. 
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Fig 16. Change in mean concentration of 12-HETE along with 95% confidence intervals over the 

changes in pollution before during and after the Olympics. 
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Discussion 

Lipid hydroperoxides and their hydroxy derivatives are useful markers of oxidative stress 

that are more specific than many measures currently being used [ 19] . These compounds have 

been used as markers of oxidative stress for conditions like multiple sclerosis [37]. Measurement 

of lipid hydroperoxides and hydroxy fatty acids along with the fatty acids from which they are 

derived has been performed in the past with HPLC separation and PDA detection in our lab [24]. 

However, this method has weaknesses with both the length of chromatographic separation and 

with limited sensitivity. The goal of this thesis was thus to transition this method to higher 

specificity and sensitivity systems using a combination of LC-MS and GC-FID. The method was 

then applied to the analysis of samples from the BOAP study to examine changes in analytes as 

the pollution levels changed. 

In this thesis the previous method for analysis was modified to allow for accurate analysis 

using mass spectrometry and gas chromatography with flame ionization detection. The first step 

was an update to the saponification procedure used. Previously, the sample was extracted, 

saponified and then extracted again leading to numerous drying steps [24] . In order to limit steps 

a saponification procedure was used that starts directly from the plasma. In addition, the 

saponification was changed to room temperature in order to limit the production of auto

oxidation products. Both of these changes were based on our experience with other procedures in 

our lab used for the isolation and analysis of oxysterols [38]. The saponification procedure 

developed here was investigated to see if a shorter reaction time could be used for the actual 

saponification step. It was determined, however, that saponification of 3 hours was required to 

maximize the saponification of cholesteryl esters. Fatty acids and other lipids were then extracted 

by a typical hexane extraction procedure. The other major addition was a filtering step at the end 
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to reduce the chance of particles causing clogs on the LC-MS. This was added after a clog 

developed after running several plasma samples. 

Once the extraction method was optimized, the LC-MS analysis method was created. Due 

to the differences with mass spectrometry detection compared to PDA, new stationary and 

mobile phases were developed to achieve higher separation. A mobile phase utilizing acetonitrile 

and propanol with ammonium acetate was used to maximize the sensitivity. The column was still 

a C18 column but a UPLC column was used to keep a high linear velocity with the low flow rate 

required by the ESI probe. Separation of the 10 hydroperoxides and hydroperoxide derivatives 

tested was successful. The critical pairs of 13 and 9-HODE, and 13-HpODE and 9HpODE were 

not completely separated but had enough resolution for integration. 

Following analysis of pilot plasma samples, several target hydroxy fatty acid compounds 

were not detectable in human plasma. In the final method, only 13-HODE, 9-HODE, 13-

HpODE, 9-HpODE and 12-HETE were detectable in the extracted plasma with our system. 

These analytes were calibrated with internal standards to allow accurate measurement of their 

concentration. Accuracy and a precision studies were performed and demonstrated acceptable 

precision and accuracy according to FDA guidelines. In contrast, the free, native, unoxidized 

fatty acids were not amenable to the developed LC-MS technique. Analysis of free fatty acids 

was instead performed by derivatization to FAMEs and analysis by GC-FID. This method was 

only partially calibrated but still provided acceptable precision. 

Once the full method was developed it was applied to the BOAP study samples. These 

samples of plasma drawn before, during and after the Olympics correspond to changing levels of 

pollution from high to low and back again. A crude and preliminary statistical analysis using a 

mixed effect model was performed to see if any significant changes in the measured compounds 
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were seen. Increased BMI corresponded with higher levels of several of the peroxides but only 

13-HpODE was actually significant so the effect was not very strong. The same pattern was seen 

with individuals who had previously smoked except with 9-HODE being the only compound 

with a statistically significant increase. The changes in the levels ofhydroperoxy and hydroxy 

fatty acids were then compared across the three time points. Both 13-HODE and 9-HODE 

showed significant increases in concentration when pollution was reduced with only 9-HODE 

showing a significant decrease after. Because both of the compounds reacted similarly to the 

pollution changes it is likely that the changes are due to oxidative mechanisms rather than an 

enzymatic process. Enzymes are regiospecific while free radicals are non-regiospecific. If 

enzymatic changes were the cause of the changes in HODE levels, we would expect only the 

enzymatic product 13-HODE to have changed as 9-HODE is not a product of enzymatic 

pathways. 

The other significant change was in 12-HETE. There was a significant decrease in 

concentration when pollution was reduced followed by a significant increase when pollution 

returned. It is of great importance to note that this pattern perfectly matches the findings from 

both the preliminary and full untargeted metabolomics studies previously performed on these 

same samples [28]. This targeted study has thus confirmed the results seen in the broad 

metabolomics study and means that 12-HETE is a compound that is strongly connected to 

pollution exposure. This also supports research that showed an increase in 12-HETE in mice 

upon exposure to ultrafine particles [39]. Some differences of importance which bear discussion 

include the fact that the untargeted metabolomics results were generated on non-saponified 

plasma samples while the results from this study were on saponified samples. This indicates that 

the changes in 12-HETE are derived from the entire lipidome (the saponified samples), rather 
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than only the free (unsaponified) fatty acid fraction of plasma. Future studies and analysis 

should examine which of the compartments are the primary carrier of these molecules. 

The pattern of change in 13 and 9-HODE across the Olympics is the opposite of that 

observes for 12-HETE. This may indicate that the 12-HETE change is related to enzymatic 

production instead of free radical creation. There were no significant changes with any of the 

other compounds that had statistical analysis performed. The change in 12-HETE being the same 

as the metabolomics study proves that 12-HETE is affected by pollution changes and the 

mechanisms for why those changes occur will need to be measured in the future . 

The method developed for this thesis has some limitations and areas in which it can be 

improved in the future. The current method uses a three-hour saponification at room temperature 

that results in a very long sample preparation. An area that is going to be explored in the future to 

reduce this time is the use of enzymatic hydrolysis to replace saponification. An enzymatic 

method could cut down the saponification time to one hour saving quite a lot of time on sample 

preparation. The sensitivity of the LC-MS analysis was also low preventing effective analysis of 

several compounds of interest like 12-HEPE in human plasma. This could be improved by 

moving from a single quadrupole to a triple quadrupole mass spectrometer. Another way to 

increase sensitivity would be to start with a larger volume of plasma so it could be concentrated 

in the later steps of sample preparation while still maintaining enough volume for injection. 

Increasing the sensitivity without losing accuracy or precision would allow for analysis of more 

of the hydroperoxy and hydroxy fatty acids that had to be excluded from the BOAP study 

analysis. In addition to improvements to the method, additional research can be done with 

oxidative stress products and pollution. One major obstacle is whether or not the changes in the 

HODEs and 12-HETE's concentrations are due to changes in enzymatic production through 
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lipoxygenases and cyclooxygenases or changes in free radical creation. The information gathered 

in this study is helpful but more needs to be done to determine the actual mechanisms that result 

in the concentration changes. 

In conclusion, a previously used technique for the quantification ofhydroperoxy and 

hydroxy fatty acids has been transferred to analysis by LC-MS. Sample preparation has been 

improved and detection has been split between two devices, LC-MS and GC-FID, in order to 

improve sensitivity and accuracy. This method was successfully applied to the BOAP study in 

order to provide a targeted analysis to support broad metabolomics results. This targeted study 

has confirmed the results seen in the broad metabolomics study related to 12 -HETE. This 

method will continue to be improved and can be used for analysis ofhydroperoxy and hydroxy 

fatty acids as well as free fatty acids derived from human plasma. 
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