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Abstract

Linoleic acid (LA) and LA-esters are the precursors of LA hydroperoxides, which are readily

converted to 9- and 13-hydroxy-octadecadienoic acid (HODE) and 9- and 13-oxo-octadecadienoic

acid (oxo ODE) metabolites in vivo. These four oxidized LA metabolites (OXLAMs) have been

implicated in a variety of pathological conditions. Therefore, their accurate measurement may

provide mechanistic insights into disease pathogenesis. Here we present a novel quadrupole time-

of-flight mass spectrometry (Q-TOFMS) method for quantitation and identification of target

OXLAMs in rat plasma. In this method, the esterified OXLAMs were base-hydrolyzed and

followed by liquid-liquid extraction. Quantitative analyses were based on one-point standard

addition with isotope dilution. The target metabolites were quantified by multiple reaction

monitoring (MRM) extracted ion chromatograms generated post-acquisition with 10 ppm

extraction window. The limit of quantitation was 9.7–35.9 nmol/L depending on the metabolite.

The method was reproducible with coefficient of variation below 18.5%. Mean concentrations of

target metabolites were 57.8, 123.2, 218.1, and 57.8 nmol/L for 9-HODE, 13-HODE, 9-oxoODE,

and 13-oxoODE, respectively. Plasma levels of total OXLAMs were 456.9 nmol/L, which

correlated well with published concentrations obtained by gas chromatography/mass spectrometry

(GC/MS). The concentrations were also obtained utilizing a standard addition curve approach. The

calibration curves were linear with correlation coefficients > 0.991. Concentrations of 9-HODE,

13-HODE, 9-oxoODE, and 13-oxoODE were 84.0, 138.6, 263.0, and 69.5 nmol/L, respectively,

which were consistent with the results obtained from one-point standard addition. Target

metabolites were simultaneously characterized based on accurate Q-TOFMS data. This is the first

study of secondary LA metabolites using Q-TOFMS.
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1. Introduction

Linoleic acid (LA, 18:2n-6) is the most abundant polyunsaturated fatty acid (PUFA) in

human diets (U.S. Department of Agriculture, 2010, 2007–2008) and a major component of

mammalian tissues. LA can be oxidized to lipid hydroperoxides either enzymatically by

12/15-lipoxygenase (Kuhn et al., 1990; Navab et al., 2000; Shureiqi and Lippman, 2001),

cyclooxygenase (Hampton et al., 1998), and/or cytochrome P450 (Oliw et al., 1993), or non-

enzymatically by the action of reactive oxygen species (Niki, 2009) (Figure 1). The two

major biochemical pathways for conversion of LA to oxidized LA metabolites (OXLAMs)

begin with formation of the conjugated hydroperoxydienes 9- and 13-hydroperoxy-

octadecadienoic acid (9-HPODE and 13-HPODE), which are rapidly reduced by

glutathione-dependent peroxidase to the alcohols 9- and 13-hydroxy-octadecadienoic acid

(9- and 13-HODE), respectively (Imaizumi et al., 2010). Both 9- and 13-HODE can be

converted to the ketones 9- and 13-oxo-octadecadienoic acid (9- and 13-oxoODE) via

hydroxy-fatty acid dehydrogenase.

These four OXLAMs are bioactive in several organ systems (Engels et al., 1995; Haas et al.,

1990; Ku et al., 1992; Patwardhan et al., 2009), and have been mechanistically linked to the

etiology of pathological conditions ranging from chronic pain (Patwardhan et al., 2010;

Patwardhan et al., 2009) to atherosclerosis (Brooks et al., 1970; Jira et al., 1998; Spiteller,

1998). OXLAMs, which are elevated in blood in Alzheimer’s disease (Yoshida et al., 2009)

and non-alcoholic steatohepatitis (NASH) (Feldstein et al., 2010), have been proposed as

circulating biomarkers for both conditions.

OXLAM analyses have been carried out by many methods including high performance

liquid chromatography (HPLC) (Browne and Armstrong, 2000), gas chromatography-mass

spectrometry (GC-MS) (Johnson et al., 1997; Yoshida et al., 2006; Yoshida et al., 2005;

Yoshida et al., 2009), enzyme linked immunosorbent assay (ELISA) (Spindler et al., 1997),

and tandem mass spectrometry (LC-MS/MS). HPLC methods are not specific and only

allow for comparison with synthetic standards. The GC-MS technique is limited to the

volatile compounds and thermolabile compounds. Additionally, it requires chemical

derivatization and is unable to provide detailed information on the molecular species. The

main drawback of ELISA is the lack of specificity and inability to distinguish and quantify

multiple isoforms of compounds. Lately, LC-MS/MS has become more important in this

field, owing to better sensitivity and specificity, yielding lower limits of detection and

quantitation. Triple quadrupole LC-MS/MS and Q-trap measurements have been used to

quantify OXLAMs in human body fluids or tissues (Feldstein et al., 2010; Shishehbor et al.,

2006) and in rodent plasma and tissues (Imaizumi et al., 2010; Kubala et al., 2010; Liu et al.,

2010). Many studies have demonstrated the qualitative and quantitative usefulness of Q-

TOFMS based techniques in various analytic fields, including toxicology and therapeutic

drug monitoring (Decaestecker et al., 2000), illicit drugs and metabolites in urban sewage

(Gonzalez-Marino et al., 2012), pesticides (Hernandez et al., 2005), and sterol lipid

quantitation (Wewer et al., 2011). So far, Q-TOFMS technology has not been explored to

measure secondary metabolites of LA.

In this study, we developed a sensitive and specific Q-TOFMS method for the quantification

of targeted OXLAMs in rat plasma by standard addition with isotope dilution and

simultaneous identification of the target metabolites. The method was evaluated by using a

standard addition curve method, and comparing results with published results obtained by

GC/MS.
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2. Materials and Methods

2.1. Materials

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

octadecadienoic acid (13-HODE), 9-oxo-10E,12Z-octadecadienoic acid (9-oxoODE), 13-

oxo-9Z,11E-octadecadienoic acid (13-oxoODE), 13S-hydroxy-9Z,11E-

octadecadienoic-9,10,12,13-d4 acid (13-HODE-d4), and linoleic acid-9,10,12,13-d4 (LA-d4)

were purchased from Cayman Chemical Co. (Ann Arbor, MI). Diethylenetriamine

pentaacetic acid (DTPA), butylated hydroxytoluene (BHT), 1N hydrochloric acid (37%),

acetic acid, and potassium hydroxide were obtained from Sigma-Aldrich (St. Louis, MO).

HPLC grade hexane, methanol, water, and LC-MS grade acetonitrile, water and isopropanol

were purchased from Fisher Scientific (Fair Lawn, NJ).

2.2. Animals and diets

The experimental protocol for the animal studies was approved by the Animal Care and Use

Committee of the Eunice Kennedy Shriver National Institute of Child Health and Human

Development, and followed the National Institutes of Health Guide for the Care and Use of

Laboratory Animals (NIH Publication No. 80-23). Male F344 (CDF) rat pups (18–21 days

old) and their surrogate mothers, purchased from Taconic (Rockville, MD, USA), were

housed in an animal facility with regulated temperature, humidity, and a 12 h light/12 h dark

cycle. The pups were allowed to nurse until 21 days old. Lactating rats were allowed free

access to water and rodent chow formulation NIH-31 18-4, which contained 4% (wt/wt)

crude fat (Zeigler Bros., Gardners, PA) and whose fatty acid composition has been reported

(Igarashi et al., 2009). After 15 weeks on the diet, the rats were implanted with an osmotic

mini-pump (Alzet®, Model 2004; 0.25 μL/h, Cupertino, CA, USA) used to deliver artificial

cerebrospinal fluid (140 mmol/L NaCl, 3.0 mmol/L KCl, 2.5 mmol/L CaCl2, 1.0 mmol/L

MgCl2, and 1.2 mmol/L NaPO4, pH 7.4) at a rate of 0.5 μg/hr to the fourth ventricle for 2

days. The rats were euthanized with CO2 and decapitated. Trunkal blood was collected into

ethylenediaminetetraacetic acid-containing centrifuge tubes, centrifuged, and plasma was

removed and kept frozen at −80 °C until analysis.

2.3. Instrumentation

2.3.1. Liquid Chromatography—Analyses of target oxidized LA metabolites were

conducted by Q-TOFMS. The liquid chromatography system used was an Agilent 1200 SL

liquid chromatography series (Agilent Corporation, Palo Alto, CA). Reversed phase HPLC

was performed on a C18 column (Luna C18, 3 μ, 2 mm × 150 mm, Phenomenex, CA). The

optimized mobile phase consisted of water : acetonitrile : acetic acid (90:10:0.04, v/v/v)

(mobile phase A) and acetonitrile: isopropanol (80:20, v/v) (mobile phase B). The column

was eluted with the following gradient: 30% B at 0 min, 58% B at 1 min, 68% B at 20 min,

70% B at 23 min, 100% B from 24 to 27 min, 30% B from 27.1 to 30 min. The flow rate

was 0.2 mL/min. Aliquots of 50 uL of the extracts of LA metabolites from rat plasma were

injected in Q-TOFMS.

2.3.2. Mass spectrometry (MS)—Q-TOFMS analyses were performed on an Agilent

Accurate-Mass quadrupole time-of-flight 6540 mass spectrometer. The main parameters

were optimized by making multiple injections of solvent standard solutions containing the

target analytes while making incremental changes in instrument values. The final parameters

chosen were based on the best response for most compounds: fragmentor (150 V), skimmer

(40 V), nozzle voltage (1500 V), Vcap (2500 V), nebulizer (40 psig), drying gas (8 L/min,

350 °C), and sheath gas (10 L/min, 350 °C).
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Data acquisition was performed in target MS/MS mode so that MS spectra were recorded

simultaneously with MS/MS spectra. The mass range for MS full scan was acquired from

100 to 1100 m/z at a rate of 0.6 spectra/s. For tandem MS/MS analysis, the spectra were

collected over the m/z 100–400 range at a scan rate 0.6 spectra/s. Negative ion mode was

used for the characterization and detection of OXLAM products. To maintain mass accuracy

during the run time, a reference mass solution was continuously introduced along with the

LC stream for real-time mass calibration. Ions at m/z 112.985587 and 980.016375 were used

as references. Spectral data were acquired at 2 GHz (extended dynamic range mode) when

used for quantification measurements. A target list of the analytes of interest was generated

with the precursor ion (deprotonated molecule): 295.2278, 293.2122, and 299.2530 for

HODEs, oxoODEs, and internal standard, respectively.

Quantitative determination of targeted OXLAMs was carried out using multiple reaction

monitoring (MRM) channels reconstructed from MS/MS spectra. Collision energies were

optimized. Table 2 depicts the multiple reaction monitoring (precursor ion → fragment ion)

used for the analyses and their corresponding collision induced dissociation energy. The

MRM extracted ion chromatograms (EICs) of individual compounds were extracted with the

exact mass of each compound using a 10 ppm mass extraction window. Metabolites were

identified by comparing MS/MS spectra of target metabolites in plasma with spectra of

authentic standards.

MassHunter workstation software in version B.04.00 was used for the control of the system,

data acquisition, qualitative and quantitative analysis.

2.4. Preparation of standard solutions

Primary stock solutions (100 ng/μL) of 9-HODE, 13-HODE, 9-oxoODE, 13-oxoODE, and

13-HODE-d4 obtained from Cayman Chemical were prepared in ethanol and stored at −80

°C until use. Working standard mixtures of the test compounds were prepared in methanol

by mixing appropriate volumes of individual analyte stock and diluting with methanol. The

IS was prepared in the same manner. The final concentrations of working standard solutions

were 1, 2, 5, 10, 20, 50, 100, and 200 ng/mL corresponding to a range from 6.8 to 1351.4

and 6.8 to 1360.5 nmol/L for HODEs and oxoODEs, respectively. The final concentration of

the working solution for deuterated internal standard was 668.9 nmol/L.

2.5. Alkaline hydrolysis of the esters

In order to have a better assessment of lipid peroxidation, it is necessary to analyze target

OXLAMs in plasma from both unesterified and esterified lipids. Therefore, esterified

OXLAMs must first to be hydrolyzed. The alkaline hydrolysis was based on the method

described by Feldstein et al (2010) with slight modifications, as follows. Frozen plasma

samples (stored at −80 °C) were thawed on ice. All Kimble glass culture tubes (8 mL screw-

capped) used for the experiment were placed in the ice bath. A 50 μL plasma aliquot was

transferred into a glass culture tube containing 10 μL of mixture of antioxidant solution

containing 50 mM BHT and 200 mM DTPA. 100 μL of internal standards 13-HODE-d4

working solution (5 ng) was added to the plasma. The samples were treated with 0.2 M

KOH (final concentration) in methanol. The reaction mixtures in a total volume of 0.5 mL

were vortexed, perfused with nitrogen, and sealed with cap wrapping using Parafilm M

(Fisher Scientific, Pittsburgh, PA). The samples were then heated at 60 °C for 30 min.

To determine the time needed until the hydrolysis reaction was complete while minimizing

degradation, a short time-course for alkaline hydrolysis was conducted following the

procedure described above. Hydrolysis reactions were allowed to proceed for 20, 30, and 40

min. The optimal incubation time was selected as 30 min for all subsequent determinations.
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We also examined the potential of autoxidation during hydrolysis by employing deuterated

LA-d4. We added 10 μL deuterated LA-d4 (1 ng) in ethanol to 50 μL plasma. Alkaline

hydrolysis was conducted following the procedure described above without addition of

OXLAM internal standard. One sample was hydrolyzed for 30 min and the other was

conducted in parallel without incubation.

2.6. Extraction of LA metabolites

After alkaline hydrolysis, the samples were allowed to cool from 60 °C to room temperature

and then placed on the ice bath. All procedures were conducted on ice to minimize

autoxidation during sample preparation. The reaction mixture was acidified to pH 3 with 0.5

N HCl. The samples were extracted by adding 3 mL hexane, perfused with nitrogen, capped,

vortex mixed for 1 min, and then centrifuged at 3000 rpm for 10 min at 4 °C. The upper

organic phase was transferred into a new glass centrifuge tube. The extraction with hexane

was repeated one more time. The organic layers were combined and evaporated to dryness

under nitrogen. The residue was reconstituted in 200 uL of 8:2 methanol-water containing

0.04% acetic acid. The solution was transferred to an amber injection vial, flushed with

nitrogen and analyzed by Q-TOFMS.

2.7. Preparation of samples

For the one-point standard addition method, each pooled plasma sample was divided into

two aliquots (50 μL): the first was blank plasma and the second was spiked with a mixture

of the target metabolite standards (1 ng each). Samples were then hydrolyzed and extracted

following the same procedure as described above.

For the standard addition curve method, the pooled plasma aliquot (50 μL) was used for

preparation of calibration samples. The calibration curves were constructed by spiking

varying amounts (0.1, 0.2, 0.5, 1, 2, 5, 10, and 20 ng) of a mixture of working standard

solutions. The measurement range in quantitation was 6.8–1360.5 nmol/L plasma. Samples

were then subjected to alkaline hydrolysis and solvent extraction as stated above.

2.8. Sample preparation for reproducibility testing

Sample preparation procedure was same as those of the one-point standard addition

described above. Experiments were carried out at two concentrations (pooled blank plasma

and pooled plasma spiked with 1 ng standard mixture solution in 50 μL plasma) in replicate

(n = 3 for blank plasma, n = 4 for plasma fortified with standards). Reproducibility was

expressed as the coefficient of variation (CV) of the peak area ratio of the target analyte to

that of the internal standard and calculated using the equation CV% = SD/Mean × 100%.

2.9. Measurement

The endogenous concentrations of the target OXLAMs in the pooled plasma were measured

by the method of one-point standard addition (Eq. 1), utilizing known amounts of standard

mixture spiked in 50 μL pooled plasma for the nominal value of each standard sample.

(Eq. 1)

where Cen is the endogenous concentration of individual metabolite in the sample; R1 is the

mean area ratio of the target metabolite and internal standard measured from pooled blank

plasma; R2 is the mean area ratio of the target metabolite and internal standard measured

from pooled plasma fortified with standard solution (1 ng/50 uL plasma).
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To evaluate the one-point standard addition method, we performed a standard addition curve

method. The calibration curves were constructed by plotting the peak area ratio of the target

metabolite to that of the internal standard versus theoretical concentrations. A linear

equation (y = ax + b) was derived from the calibration curve. By extrapolation to y = 0,

unknown endogenous concentrations of target metabolites were calculated by the equation x

= − (−b/a).

3. Results and Discussion

3.1. Optimization of analytical procedure

3.1.1. Optimization of incubation time for alkaline hydrolysis—In order to

evaluate completion of hydrolysis of esterified lipids with minimal potential for autoxidation

and degradation of target metabolites, a short time course was determined by incubating

samples for 20, 30, and 40 min at 60 °C. The levels of each free target metabolite were

stabilized at the period of 20–30 min (data not shown). Thus, a suitable reaction time of 30

min was selected for the hydrolysis. Similar incubation conditions using 0.2 M NaOH at 60

°C for 30 min to hydrolyze esterified 9- and 13-HODEs have been described by Shishehbor

et al (2006).

The likelihood of autoxidation was examined using a hydrolysis process with deuterated

LA-d4, with percent LA-d4 remaining determined by comparison of the peak area of LA-d4

after the 30-min incubation period to the peak area without incubation. The results showed

99.5% remaining at the end of the 30-min hydrolysis, suggesting no autoxidation during this

process.

3.1.2. Optimization of LC-TOFMS conditions—In order to develop a sensitive and

specific Q-TOFMS method, we optimized the LC, MS and MS/MS conditions with the peak

area selected as a criterion for optimization.

3.1.2.1 Optimization of LC conditions: Since OXLAMs contain a carboxylic acid

functional group, negative electrospray ionization (ESI) mode by generation of [M-H]−

precursor ions was used for LC optimization. LC conditions were optimized to achieve

maximal sensitivity of the mass spectrometry detection. The mobile phase optimization was

performed by adjusting organic solvent type, the amount of organic modifiers, pH, and

buffers. The final optimum mobile phase composition was: water-acetonitrile-acetic acid

(90:10:0.04, v/v/v) (mobile phase A) and acetonitrile-isopropanol (80:20, v/v) (mobile phase

B). Slightly acidic conditions using acetic acid provided better ionization efficiency, as

pointed out by Wu et al (2004). Under these conditions using flow injections, MS and MS/

MS parameters were optimized for ionization efficiency of precursor ions and sensitivity of

product ions.

3.1.2.2 Optimization of MS and MS/MS detection: Sensitivity of precursor ions depends

critically on the tuning of instrumental parameters. Basic source parameters (drying gas and

sheath gas) were tuned and listed in the Methods section. The optimization of the key

parameters (fragmentor voltage, capillary voltage, nozzle voltage, and skimmer) was done

by injection of a mixture of standard solutions using above optimized LC conditions. Figure

2a shows the relation between signal intensity of selected precursor ion masses of individual

metabolite and fragmentor voltage in the range of 60–180 V. The highest responses were

achieved for fragmentor voltage in the range of 130–160 V. The fragmentor voltage value of

150 V was selected.

Evaluation of capillary voltage between 1000–4000 V indicated that signal intensity

increased with the increment of capillary voltage to 2500 V, without substantial changes
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above this threshold (Fig. 2b). Therefore, capillary voltage used for MS analyses was set as

2500 V.

Nozzle voltage and skimmer were also optimized for the detection of these target

metabolites. The nozzle voltage value of 1500 V was selected as a compromise between

monitored compounds and sensitivity (Fig. 2c). The highest value (40 V) was selected for

skimmer (Fig. 2d).

Since multiple isomeric and isobaric lipid species differed by positions of fatty acid chain

double bonds, and their oxidized metabolites are further complicated with regio-, stereo-,

and enantio-isomers, MRM channels were used for detection and quantitation of OXLAMs

instead of choosing MS full scan channels. The selection of product ion to reconstruct MRM

transition for each target metabolite was based on specificity and sensitivity. Although the

targeted metabolites are two pairs of closely related regio-isomers, unique collision-induced

decomposition product ions could be found and specificity basing on the MRM transitions

can be achieved under the current chromatographic conditions. No cross talk was observed

among their MRMs (data not shown) under current chromatography conditions.

The collision energy for each analyte was optimized in the range of 10–30 V in an attempt to

obtain maximal signal intensities of the desired fragment ions (Fig. 3). Since 9-HODE was

co-eluted with 13-HODE, a compromised setting for collision energy was 13 eV. The

optimum collision energy for 9-oxoODE and 13-oxoODE was 15 eV. Table 2 shows

specific dissociation reactions used in the MRM mode and the corresponding collision

energies.

3.2. Target metabolite profiling

All four target metabolites were identified in rat plasma. Figure 4 demonstrates

representative MRM extracted ion chromatograms (EICs) of the four target metabolites in

the presence of internal standard obtained from a non-spiked blank plasma sample (Fig. 4a)

and a pooled blank plasma spiked with authentic standards at the level of 337.8 and 340.1

nmol/L for HODEs and oxoODEs (Fig. 4b). The retention times of 9-HODE, 13-HODE, 9-

oxoODE, 13-oxoODE, and 13-HODE-d4 (IS) were 17.0, 16.8, 19.8, 18.1 and 16.4 min

respectively.

3.3. MS/MS analysis of target metabolites

MS/MS spectra of representative target metabolites obtained from a pooled blank plasma

and solvent standard mixture are shown in Figure 5 along with the interpretation of

fragmentation patterns of these metabolites. The MS/MS spectra of authentic 9-HODE and

13-HODE standards showed the same deprotonated molecular ion [M-H]− at m/z 295.2278

(Fig. 5b and 5d). The high abundant fragment ions at m/z 277.2177 resulted from a neutral

loss of H2O. Cleavage between the carbon-carbon bond adjacent to the hydroxyl group gave

major signature fragment ions at m/z 171.1021 and 195.1385 for 9-HODE and 13-HODE

respectively (Fig. 5b and 5d). In comparison, blank plasma sample demonstrated the same

pattern of product ions of m/z 171.1021 and 277.2177 for 9-HODE (Fig. 5a) and 195.1385

and 277.2177 for 13-HODE (Fig. 5c), which confirmed the identity of 9-HODE and 13-

HODE from rat plasma. The identical fragmentation patterns of 9-HODE and 13-HODE

were reported by Wheelan et al (1993).

The MS/MS spectra of authentic standards 9-oxoODE and 13-oxoODE showed the same

deprotonated molecular ion [M-H]− at m/z 293.2122. The predominant characteristic ions at

m/z 185.1178 for 9-oxoODE and 113.0966 for 13-oxoODE were formed by cleavage of the

double bond adjacent to the carbonyl group (Fig. 5f and 5h); similar fragmentation pathways

for 5-oxo-ETE, 12-oxo-ETE and 15-oxo-ETE were described by Murphy et al (2005). The
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minor fragment ions of 9-oxoODE at m/z 125.0967 resulted from the ion at m/z 185.1178 by

loss of CH3COOH (Fig. 5f). The minor fragment ion of 13-oxoODE at m/z 249.2224

resulted from the loss of CO2 (Fig. 5h). The small ion of 13-oxoODE at m/z 195.139 was

visible, which was further fragmented to form the ion of m/z 167.1067 by loss of C2H4 (Fig.

5h). The MS/MS spectra of endogenous 9-oxoODE and 13-oxoODE in a rat plasma sample

showed the same fragments as the authentic standards, with m/z 185.1178 and 125.0967 for

9-oxoODE (Fig. 5e), and m/z 113.0966, 167.1077 and 249.2224 for 13-oxoODE (Fig. 5g).

Similar fragmentation patterns of 9-oxoODE and 13-oxoODE have been observed (Hall and

Murphy, 1998).

Based on accurate mass measurements of molecular ions and product ions, fragmentation

analysis, and retention time comparison with authentic standards, these target metabolites

were identified in rat plasma.

Table 3 lists the elemental compositions, mass accuracy errors for precursors and specific

product ions of all four target metabolites in plasma samples at three concentration levels

(pooled blank plasma, pooled plasma spiked with standard mixture at 20 and 200 ng/mL)

based on n = 8 replicates (combined four replicates on two different days). The mass errors

between theoretical and observed values for both precursors and product ions were less than

10 ppm (1 mDa) for all of the target metabolites studied. There have been no universally

accepted criteria for mass accuracy. In publications, mass accuracies of 2 or 10 mDa

(Hernandez et al., 2004) or 10 ppm (Wang and Leung, 2007) for product ions have been

suggested. The wider mass error windows of 20 ppm or 50 mD have been used as acceptable

criteria (Badoud et al., 2009; Vonaparti et al., 2010). All of these criteria were fulfilled by

our method.

3.4. Quantitation

3.4.1. Limit of quantitation—As blank plasma samples with negligible levels of target

metabolites are not available, the limit of quantitation (LOQ) of the method was estimated

based on the signal to noise ratio of the MRM chromatograms as shown in Figure 4a. LOQ

with the signal to noise ratio of 10 was estimated to be 9.7, 18.5, 35.9 and 26.8 nmol/L for 9-

HODE, 13-HODE, 9-oxoODE, and 13-oxoODE, respectively.

3.4.2. Reproducibility—The reproducibility of the method for each target metabolite was

evaluated through relative standard deviation of the replicate measurements, which reflected

errors from three analytical processes including alkaline hydrolysis, liquid-liquid extraction

and Q-TOFMS analysis. The results obtained at two concentration levels are summarized in

Table 4. The coefficient of variation values ranged from 6.4 to 18.5% at blank plasma level

and 6.3 to 14% at the level of plasma spiked with 1 ng standard mixture solution, indicating

that the method has an acceptable reproducibility.

3.4.3. Quantitation of OXLAMs—Quantitation was carried out using reconstructed

MRM channels with Q-TOF MS/MS analyses applying narrow extracted ion windows (10

ppm) for each target metabolite.

The plasma concentrations expressed as the mean of three replicates, calculated by Equation

1 (Eq. 1) as stated in the one-point standard addition method, corresponded to mean

concentrations of 57.8 ± 18.7, 123.2 ± 31.1, 218.1 ± 53.7, and 57.8 ± 19.2 nmol/L for 9-

HODE, 13-HODE, 9-oxoODE, and 13-oxoODE, respectively (Table 5). The plasma level of

total OXLAMs was 456.9 ± 76.4 nmol/L. The total 9-position oxidized metabolites (9-

oxLA: 9-HODE and 9-oxoODE) accounted for 275.9 nmol/L. In contrast, the total 13-

position oxidized metabolites (13-oxLA: 13-HODE and 13-oxoODE) accounted for 181

nmol/L. The ratio of 9-oxLA/13-oxLA was 1.5. The major metabolites were 9-oxoODE and
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13-HODE, which accounted for 47.7% and 27% of the total OXLAMs, respectively. The

proportions of 9-HODE and 13-oxoODE were less abundant, with each accounting for 13%

of total OXLAMs. The levels of OXLAMs were also normalized to the level of precursor

unesterified LA in plasma as shown in Table 5.

We also prepared a standard addition curve in order to assess the accuracy of the one-point

standard addition method. Excellent linearity (R2 ≥ 0.991) was achieved for all target

metabolites (Fig. 6). The calibration was linear in the range of 6.8 to 1360.5 nmol/L for 9-

HODE and 6.8 to 1351.4 nmol/L for 13-oxoODE. Linearity ranged from 13.5 to 1351.4,

34.0 to 1360.5 nmol/L for 13-HODE and 9-oxoODE, respectively. The endogenous

concentration of these target metabolites in pooled plasma sample was derived by

extrapolation of the standard addition curve to the x intercept, where y = 0. Values for the

extrapolated concentrations of 9-HODE, 13-HODE, 9-oxo ODE, and 13-oxo ODE were

84.0, 138.6, 263.0 and 69.5 nmol/L, respectively (Table 5). The plasma level of total

OXLAMs was 560.2 nmol/L. The ratio of 9-oxLA/13-oxLA was 1.7.

These concentrations are comparable to those obtained by the one-point standard addition

method, verifying the suitability and equivalence of both methods for analyzing target

OXLAMs in plasma samples. Furthermore, our total OXLAM values are comparable to

those previously reported by Niki et al (666 ± 240 nM) (2005). In their method, esterified

forms of oxoODEs were first reduced to HODEs, and samples were hydrolyzed, then total

OXLAMs were measured as total HODEs by GC/MS. Collectively, the consistency of our

data with internal and published data indicate that reconstructed MRM channels with Q-

TOF MS/MS analysis can be used to reliably quantify secondary LA metabolites.

The reported regio-selectivity of measured OXLAMs in human plasma, represented by the

total 9-oxLA/13-oxLA ratio, varied from 1.4 in subjects with NASH (Feldstein et al., 2010)

and 0.9 in the serum of subjects with chronic pancreatitis (Stevens et al., 2012) to 0.8 in a

chronic pain population (Ramsden et al, unpublished data). Shishehbor et al (2006) reported

a 9-HODE/13-HODE ratio of 0.3, without analysis of oxoODEs. The ratio of 9-oxLA/13-

oxLA varies by species and organ (Liu et al., 2010). Lipid peroxidation is affected by many

factors such as pathological conditions, diets, enzymes, in vivo pro-oxidant/antioxidant

ratio, age, species, and organ type. Since secondary LA metabolites play important roles in

pathological conditions, in a broader perspective, their accurate measurement may provide

mechanistic insights into disease pathogenesis.

Summary

This paper is the first to report a novel Q-TOFMS method for identification and quantitation

of the target oxidized LA metabolites in rat plasma. The method was also able to provide

sensitive and simultaneous elucidation of target metabolites in a single run. Mass accuracies

of better than 10 ppm (1 mDa) were obtained for both precursor and product ions. The limit

of quantitation ranged from 9.7 to 35.9 nmol/L depending on the target metabolite. The

method was reproducible with CV% ranging from 6.4–18.5%. The mean concentrations of

target metabolites were 57.8, 123.2, 218.1, and 57.8 nmol/L for 9-HODE, 13-HODE, 9-

oxoODE, and 13-oxoODE, respectively. The mean plasma concentration of total OXLAMs

was 456.9 ± 76.4 nmol/L, which is consistent with the results of standard addition curve

extrapolation and those obtained by GC/MS. This method can be extended to measure

OXLAMs in other body fluids or tissues of interest and by adding further molecular species

to the target MS/MS list if needed.
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Figure 1. Formation of oxidized LA metabolites

LA can be enzymatically or non-enzymatically converted to the LA hydroperoxides (9- and

13-HPODE), which are readily converted to hydroxyl (9- and 13-HODE) and ketone (9- and

13-oxoODE) derivatives in vivo. The initial step can be catalyzed by 12/15-lipoxygenase,

cyclooxygenase, or cytochrome P450. Abbreviations: LA: linoleic acid; HPODE;

hydroperoxy-octadecadienoic acid; HODE: hydroxy-octadecadienoic acid; oxoODE: oxo-

octadecadienoic acid.
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Figure 2. Effect of voltage parameters on ionization of target compounds: 9-HODE [triangles],
13-HODE [diamonds], 9-oxoODE [squares], and 13-oxoODE [circles]. (a) fragmentor voltage,
(b) capillary voltage, (c) nozzle voltage, and (d) skimmer voltage

Mobile phase: water-acetonitrile-acetic acid (90:10:0.04) (mobile phase A) and acetonitrile-

isopropanol (80:20) (mobile phase B), flow rate = 0.2 mL/min, drying gas temperature 350

°C.
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Figure 3. Effect of collision energy on intensity of fragment ions

Mobile phase: water-acetonitrile-acetic acid (90:10:0.04) (mobile phase A) and acetonitrile-

isopropanol (80:20) (mobile phase B), flow rate = 0.2 mL/min, drying gas temperature 350

°C, fragmentor voltage 150 V, capillary voltage 2500 V, nozzle voltage 1500 V, skimmer 40

V.
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Figure 4. Reconstructed multiple reaction monitoring (MRM) chromatograms from rat plasma
extracts after alkaline hydrolysis

(A) pooled blank plasma sample; (B) pooled blank plasma fortified with 100 ng/mL

individual standard.
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Figure 5. MS/MS spectra and fragmentation analysis of target oxidized linoleic acid metabolites
(OXLAMs)

(a) 9-HODE from pooled blank plasma sample, (b) 9-HODE authentic standard; (c) 13-

HODE from pooled blank plasma sample, (d) 13-HODE authentic standard; (e) 9-oxoODE

from pooled blank plasma sample, (f) 9-oxoODE authentic standard; (g) 13-oxoODE from

pooled blank plasma sample, and (h) 13-oxoODE authentic standard.
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Figure 6. Calibration standard addition curve plots for 9-HODE, 13-HODE, 9-oxoODE, and 13-
oxoODE

Preparation of the standard solutions and samples for standard addition curves are described

in the Method section. The standard addition curves were prepared by spiking 50 μL

aliquots of plasma with a fixed amount of internal standard and known amounts of

standards. Samples were hydrolyzed and extracted, analyzed by multiple reaction

monitoring (MRM) employed to monitor the analytes are listed in the figure. Extrapolation

of the standard addition curve to y = 0 gave endogenous plasma concentrations of 84.0,

138.6, 263.0, and 69.5 nmol/L for 9-HODE, 13-HODE, 9-oxoODE, and 13-oxoODE,

respectively.
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Table 1

Fatty acid composition of n-6 PUFA adequate diet

Fatty acid μmol/g food % of total fatty acid

12:0 54.6 ± 3.3 29.0

14:0 23.5 ± 1.4 12.5

14:1n-5 0.06 ± 0.01 0.03

16:0 18.2 ± 1.0 9.7

16:1n-7 0.08 ± 0.01 0.04

18:0 17.1 ± 1.0 9.0

18:1n-9 14.4 ± 0.8 7.7

18:2n-6 52.1 ± 7.6 27.6

18:3n-3 8.5 ± 0.5 4.5

Saturated 113.5 ± 6.6 60.1

Monounsaturated 14.6 ± 0.8 7.7

n-6 PUFA 52.1 ± 7.6 27.6

n-3 PUFA 8.5 ± 0.5 4.5

n-6/n-3 6.1

Values are mean ± SD (n = 3).

PUFA: polyunsaturated fatty acid.
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Table 2

Multiple reaction monitoring (MRM) transitions and their corresponding collision energies of oxidized LA

metabolites

Compound Quantifier MRM Collision Energy (eV)

9-HODE 295.2278/171.1026 15

13-HODE 295.2278/195.1390 15

9-oxoODE 293.2122/185.1183 13

13-oxoODE 293.2122/113.0968 13

13-HODE-d4 299.2530/198.1579 15
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