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Abstract A method for the simultaneous quantification of
urinary linoleic and arachidonic acid derived epoxides and
diols, as well as the arachidonate omega hydroxylated prod-
uct has been developed. The method employs negative
mode electrospray ionization and HPLC with tandem mass
spectroscopy for quantification. Odd chain length saturated
epoxy and dihydroxy fatty acids are used as analytical surro-
gates resulting in linear calibrations (

 

r

 

2

 

 

 

�

 

 0.9995). Standard
addition analyses showed that matrix effects do not prevent
these surrogates from yielding reliable quantitative results.
Using 4 ml urine aliquots at a final extract volume of 100 

 

�

 

l
and injecting 10 

 

�

 

l, method detection limits and limits of
quantification were 

 

�

 

0.5 and 1.5 nM, respectively. The sen-
sitivity for dihydroxy lipids was from 3- to 10-fold greater
than the corresponding epoxy fatty acid. Shot to shot run
times of 31 min were achieved.  Rodent and human urine
analyses indicated the method sensitivity is sufficient for
general research applications. In addition, diurnal fluctua-
tions in linoleate and arachidonate derived metabolites
were observed in human subjects.

 

—Newman, J. W., T. Wa-
tanabe, and B. D. Hammock.

 

 The simultaneous quantifica-
tion of cytochrome P450 dependent linoleate and arachido-
nate metabolites in urine by HPLC-MS/MS. 

 

J. Lipid. Res.

 

2002. 

 

43:

 

 1563–1578.

 

Supplementary key words

 

epoxy fatty acids 

 

•

 

 epoxyeicosatrienoic
acid 

 

•

 

 dihydroxyeicosatrienoic acid 

 

•

 

 20-hydroxyeicosatetraenoic acid 

 

•

 

leukotoxin 

 

•

 

 soluble epoxide hydrolase 

 

•

 

 electrospray ionization

 

Cytochrome P450s (CYPs) produce a number of oxi-
dized fatty acids, including epoxy and monohydroxy me-
tabolites (1–4). Polyunsaturated epoxides can also be
formed by the rearrangement of lipid hydroperoxides (5–
7). These chemically stable epoxides are further metabo-
lized to their corresponding vicinal diols by the soluble
epoxide hydrolase (8, 9). The hydroxylated lipids can be
further transformed into glucuronides (10, 11), and possi-
bly other conjugates, prior to excretion. Many lipid oxida-
tion products, including products of CYP metabolism,

 

have been reported in mammalian urine (10–14). As has
been the case for prostanoids and thromboxanes (15–17),
the quantification of CYP derived oxylipids in urine will
likely provide insight into the activity of this biochemical
cascade, as well as the physiological state of the subject.

The enzymatic oxidation of arachidonic acid is a key
factor in the blood pressure regulatory cascade (2, 18).
Hydroxylation of the 

 

�

 

-carbon of the arachidonic acid
chain yields 20-hydroxy eicosatetraenoic acid (20-HETE),
a potent vasoconstrictor (2). The 20-HETE inhibits large
and medium conductance calcium dependent potassium
(K

 

�

 

Ca

 

) channels (19), preventing cellular hyperpolariza-
tion. This action of 20-HETE is opposed by the epoxides
of arachidonic acid, i.e. epoxy eicosatrienoic acids (EETs),
which increase the open state probability of K

 

�

 

Ca

 

 chan-
nels (3, 20, 21). In particular, the 11(12)-EET has been
suggested as an endothelial derived hyperpolarization fac-
tor (20, 22). The EET regioisomers also affect mitogenesis
and hormone secretion (1). Complicating matters, the
specificity of regioisomeric activity varies between cell type
and vascular bed (2). The 14,15-, 11,12-, and 8,9-EETs are
excellent substrates for the soluble epoxide hydrolase
(sEH). The sEH transforms the epoxides into their corre-
sponding dihydroxy eicosatrienoic acids or dihydroxyeico-
satrienoic acids (DiHETs) (23). The 5,6-EET is hydrated
slowly by sEH (23). While the DiHETs have vasodilatory
actions in canine coronary arterioles (24), the introduc-
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tion of free hydroxyl moieties inhibits their incorporation
into membranes (25) and promotes their elimination as
glucuronide conjugates in humans (11, 26, 27). In contrast,
hydroxy lipid glucuronidation appears to be deficient in
rats, and the hydroxyl lipids are eliminated directly (28).
While receiving less attention, linoleate derived dihydroxy
lipids are also bioactive. These octadecanoid diols or dihy-
droxyoctadecenoic acids (DiHOMEs) inhibit mitochon-
drial respiration (8, 29, 30), increase vascular permeability
(31), and have been identified as their glucuronide conju-
gates in the urine of children with generalized peroxisomal
disorders (10). Therefore, the simultaneous determination
of both linoleate and arachidonate derived oxidation
products in urine may provide unique insights into the as-
sociations between these compounds under various physi-
ological conditions, including disease.

The following study was conducted with two primary
goals. First, to establish a simple and sensitive analytical
method for the simultaneous detection of the EETs, Di-
HETs, and 20-HETE, along with the linoleate derived ep-
oxides and diols in urine. The second goal was to provide
a preliminary assessment of baseline excretion profiles of
these oxidized lipids in apparently healthy humans.

MATERIALS AND METHODS

 

Chemical nomenclature

 

The International Union of Pure and Applied Chemistry (IU-
PAC) has adopted the abbreviations for oxidized fatty acids fol-
lowing the recommendations of Smith et al. (32, 33) as shown in

 

Table 1

 

 and 

 

Table 2

 

. In short, for unsaturated epoxy fatty acids, ab-
breviations indicate epoxide position, chain length, and degrees
of unsaturation. Therefore, 14(15)-epoxyeicostri-(5

 

Z

 

,8

 

Z

 

,11

 

Z

 

)-enoic
acid is reduced to 14(15)-EpETrE while 9(10)-epoxyoctadec-(12Z)-
enoic acid becomes 9(10)-epoxyoctadecenoic acid (EpOME). Di-
hydroxy lipids are named similarly, such that 14,15-dihydroxy-
eicostri-(5

 

Z

 

,8

 

Z

 

,11

 

Z

 

)-enoic acid becomes 14,15-DiHETrE, while
20-hydroxyeicosatetra-(5

 

Z

 

,8

 

Z

 

,11

 

Z

 

,14

 

Z

 

)-enoic acid is 20-HETE. The
EpETrEs and DiHETrEs are more commonly known as EETs and
DiHETs, respectively. The common abbreviations are used through-
out the text to improve the readability of the manuscript.

 

Chemicals

 

Unsaturated lipids were purchased from NuChek Prep (Ely-
sian, MN). Purified DiHET regioisomers synthesized in the labo-
ratory of Dr. J. R. “Camille” Falck were a kind gift from Dr. Darryl
C. Zeldin at the National Institute of Environmental Health Sci-
ences (Research Triangle Park, NC). The 20-HETE and 5(6)-
EET were purchased from Cayman Chemical (Ann Arbor, MI).
The 20-hydroxy eicosanoic acid (20-HE) was purchased from
Larodan Fine Chemicals (Malmö, Sweden). Hexane, ethyl ace-
tate, chloroform, and glacial acetic acid of HPLC Grade or better
were purchased from Fisher Scientific (Pittsburgh, PA). Omni-
Solv™ acetonitrile and methanol purchased from EM Science
(Gibbstown, NJ) was used for all reverse phase HPLC analyses.
All other chemical reagents were purchase from either Sigma
(St. Louis, MO) or Aldrich Chemical Co (Milwaukee, WI) unless
indicated.

 

Instrumentation

 

Purification of epoxy lipids was accomplished on an HP1100
series HPLC with a HP1050 diode array detector (Agilent Tech-
nologies; San Jose, CA). Preparative scale isolations used a 22.5 

 

�

 

250 mm, 5 

 

	

 

m ODS(2) Sphereclone column (Phenomenex,
Torrence, CA). Analytical scale analysis with diode array detec-

 

TABLE 1. Optimized collision voltages and transition ions for epoxy fatty acids
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tion was performed on a 4.6 

 

�

 

 250 mm, 5 

 

	

 

m ODS(2) PhaseSep
analytical HPLC column (Waters, Milford, MA). GC/mass spec-
troscopy (MS) based confirmation was accomplished using a
HP6890 gas chromatograph equipped with a 30 m 

 

�

 

 0.25 mm
i.d., 0.25 

 

	

 

m DB-17HT (Agilent Technologies) interfaced with
an HP5973 mass spectral detector.

The quantification of lipid oxidation products was per-
formed by negative mode electrospray ionization with tandem
quadrupole mass spectroscopy (MS/MS). All HPLC/MS analy-
ses were performed with a Waters 2790 separation module
equipped with a 2.0 

 

�

 

 150mm, 5

 

	

 

m Luna C18(2) column (Phe-
nomenex) held at 20

 




 

C. The sample chamber was held at 10

 




 

C.
A 75 cm segment of 0.005 inch i.d. PEEK tubing interfaced the
HPLC to the electrospray ionization probe of a Quattro Ultima
tandem-quadrupole mass spectrometer (Micromass, Manches-
ter, UK). Solvent flow rates were fixed at 350 

 

	

 

l/min with a
cone gas flow of 125 l/h, desolvation gas flow of 650 l/h, a
source temperature of 125

 




 

C, and a desolvation temperature of
400

 




 

C. Electrospray ionization was accomplished in the negative
mode with a capillary voltage fixed at 

 

�

 

3.0 kV. For MS/MS ex-
periments, argon was used as the collision gas at a pressure of
2.3 

 

�

 

 10

 

�

 

3

 

 Torr while quadrupole mass resolution settings were
fixed at 12.0 (i.e., 

 

�

 

1.5 Da resolution). The photo multiplier
voltage was 650 V. Optimal cone voltage and collision voltages
were established experimentally. Ion dwell times of 0.45 s were
used.

 

HPLC solvents

 

A single solvent system was used for all preparative to analyti-
cal scale HPLC analyses described in this manuscript. The ap-
plied solvents were modified from Kiss et al. (34): Solvent A 

 

�

 

51:40:9 acetonitrile-water-methanol (v/v/v) with 0.1% glacial

acetic acid; Solvent B 

 

�

 

 85:15 acetonitrile-methanol (v/v) with
0.1% glacial acetic acid.

 

Animals

 

Sprague-Dawley rats (SDs) and 13-week-old spontaneously hy-
pertensive rats (SHRs) were obtained from Charles River Labo-
ratories (Wilmington, MA) and housed in metabolic chambers
with free access to food and water. All animal handling was per-
formed in accordance with approved animal use protocols.
Urine from SD rats was provided by Dr. John Imig at the Medical
College of Georgia (Augusta, GA).

 

Oxylipid synthesis

 

Epoxy fatty acid methyl esters were synthesized using dimethyl
dioxirane (mono-unsaturated free acids) or meta-chloro perben-
zoic acid (polyunsaturated methyl esters) and purified as previ-
ously described (8, 35–37). Purified epoxides were chemically
hydrolyzed to dihydroxy lipid methyl esters using 1:1 acetoni-
trile-aqueous 5% perchloric acid (v/v) (8, 35–37). Methyl esters
were transformed to free fatty acids using published procedures
(38). Briefly, methyl esters were dissolved at 10 mg/ml in metha-
nol and chilled to 0

 




 

C. While stirring, the chilled solution was
enriched by the dropwise addition of 335 

 

	

 

l of 0.33 N sodium
hydroxide per ml of ester solution. The reaction was maintained
at room temperature for 12–20 h. Upon completion, the reac-
tion was diluted with 750 

 

	

 

l of water per ml of reaction. The mix-
ture was brought to pH 4.25 with 220 

 

	

 

l 0.25 M oxalic acid (per
ml of reaction solution) and extracted four times with ethyl acetate.
The extract was washed with water until the pH of the wash was
unchanged. The organic fraction was dried with 

 

�

 

1 g of hexane
washed anhydrous sodium sulfate and the residual solvent was re-
moved by rotary evaporation. The progress of the reactions was

 

TABLE 2. Optimized collision voltages and transition ions for hydroxy fatty acids
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screened by spotting 

 

�

 

10 

 

	

 

l of the mixture on a 10 cm silica gel
TLC plate (EM Science). The TLC plate was developed in 80:20
hexane-ethyl acetate (v/v) and visualized with heat after spraying
with 4% phosphomolybdic acid in 20% ethanolic water. In the
case of the EETs, 100 mg of the methyl ester was hydrolyzed in 16 h.
The resulting straw colored oil was purified by loading onto 2 g
of silica gel (Baker 60/40 mesh) in a 15 ml sintered glass fun-
nel and washing with 50 ml of pentane, 20 ml of 10% ethyl ace-
tate in pentane and 20 ml of ethyl acetate. The final ethyl acetate
fraction yielded 70 mg of colorless oil (197 

 

	

 

mol, 70% yield).
Similar yields were achieved with EpOMEs and DiHOMEs.

 

Abundance and purification of isomeric mixtures

 

The isomeric abundance of the linoleate derived epoxide mix-
ture was quantitatively characterized. A 10 mg aliquot of the sil-
ica gel purified reaction mixture was dissolved in 1 ml of metha-
nol. A 10 

 

	

 

l aliquot of this solution was diluted to 500 pg/

 

	

 

l,
spiked with the internal standards described below, methylated,
thiolated, silylated, and analyzed by GC/MS as previously de-
scribed (37). An aliquot of the epoxide mixture was hydrolyzed
as described above to produce diols. The resulting diols were pu-
rified by silica gel column chromatography and quantified as tri-
methyl silyl-ether/methyl esters by GC/MS (37).

Epoxyeicosanoid regioisomers were purified using reverse
phase HPLC. A total of 70 mg of the epoxy fatty acid mixture
(

 

�

 

10 mg/injection) were introduced to a preparative column
(see Instrumentation) and separated at a flow rate of 10 mL/min
(0–35 min, 70% Solvent A; 45 to 55 min, 100% Solvent B), while
recording absorbance at 210 and 232 nm. Traces of 232 nm
dense compounds, presumably peroxides, were observed eluting
before 10 min. Epoxide isomer identity was initially assigned
based on relative retention times reported in the literature (34):
14(15)-EET 

 

�

 

 25.6 min, 11(12)-EET 

 

�

 

 28.8 min, 8(9)-EET 

 

�

 

30.3 min, 5(6)-EET 

 

�

 

 34.5 min). Peak heights showed 14(15) 

 

�

 

11(12) 

 

�

 

 8(9) 

 

��

 

 5(6)-EET. The 5(6)-EET fatty acid purifica-
tion was not attempted. The 14(15)-EET appeared fully resolved
and was collected directly. The 11(12)- and 8(9)-isomers showed

 

�

 

60% baseline resolution. Therefore, these peaks were collected
from leading edge to 50% of the height after the apex and from
the apex to the trailing edge, respectively. The collected central
fractions were combined, re-purified and appropriate fractions
combined. The combined HPLC fractions were extracted three
times with an equal volume of pentane and the solvent was re-
moved by vacuum rotary evaporation. The residues were re-dis-
solved in chloroform, transferred to storage vials, and reduced
to a constant mass under a gentle stream of nitrogen at 40

 




 

C.
Each fraction was then diluted and 

 

�

 

50 

 

	

 

g was reanalyzed with
an isocratic solvent flow of 96% Solvent A and 4% Solvent B at 2
ml/min on the described analytical column (see Instrumenta-
tion). This solvent system gave optimal EET isomer resolution:
peak widths 

 

�

 

 0.35 min, 14(15)-EET (12.5 min), 11(12)-EET
(14.3 min), and 8(9)-EET (14.7 min). The 11(12)-EET isolated
under these conditions was pure (20 mg, 

 

�

 

98% UV, 205 nm
Abs). However, the 14(15)-isomer showed 13% of a late eluting
unknown impurity and the 8(9)-EET was contaminated with

 

�

 

10% 11(12)-EET. The impure fractions were re-purified using
the preparative system but injected masses were kept below 5 mg,
resulting in the isolation of 14(15)-EET (18 mg) and 8(9)-EET
(6 mg) with a final purity of 

 

�

 

98% as determined by UV absor-
bance at 205 nm. Full scan (195–600 nm) diode array spectra re-
vealed no detectable secondary peaks. Methylation, thiolation,
and silylation of the purified EETs followed by GC/MS analysis
(37) confirmed isomer identification and indicated that the pu-
rified materials contained less than 0.5% DiHETs. The final puri-
fied fractions were concentrated and transferred as described
above. The lipids were stored under nitrogen at –32

 




 

C until use.

These materials were used for the generation of all EET calibra-
tion solutions.

 

Surrogates, internal standards, and calibration solutions

 

Odd chain length monounsaturated fatty acids were used to
prepare epoxide and diol extraction surrogates. Specifically,
10(11)-epoxyheptadecanoic acid [10(11)-EpHep] and 10,11-
dihydroxynonadecanoic acid (10,11-DiHN) were synthesized as
described above. Eight independent calibration solutions con-
taining 

 

�

 

1 pmol/

 

	

 

l of each internal standard were prepared in
acetonitrile. The six lowest concentrations ranged from 

 

�

 

5–
1,500 fmol/

 

	

 

l (nM). These standards contained all EpOME, Di-
HOME, EET, and DiHET isomers along with 20-HETE. The two
additional standards extended the calibration for the EpOMEs
and DiHOMEs to 25 

 

	

 

M and the EETs, except for the 5(6)-iso-
mer, to 10 

 

	

 

M. These calibration solutions were sub-aliquoted
into Wheaton pre-scored gold-band amber ampoules (Fisher Sci-
entific), sealed under nitrogen and stored at 

 

��

 

32

 




 

C.

 

Optimization of MS and MS/MS Parameters

 

The intensity of the deprotonated molecular ion was evalu-
ated at cone voltages between 

 

�

 

40 V and 

 

�

 

120 V. Initially, cali-
bration solutions were introduced directly into the mass spec-
trometer with a 1:1 mixture of Solvent A and Solvent B. A
secondary analyses was performed with chromatographic resolu-
tion with cone voltages of 

 

�

 

40 V, 

 

�

 

50 V, 

 

�

 

60 V, and 

 

�

 

120 V.
This experiment indicated that the loop injections accurately re-
flected the ionization behavior in all solvent proportions appear-
ing during the gradient analysis and that the regioisomers
showed identical ionization behavior (data not shown).

To maximize analytical sensitivity using multi-reaction moni-
toring, the collision cell voltages must be optimized to produce
the highest abundance transition ion, i.e. a characteristic ion
from the collision induced dissociation of the molecular ion se-
lected in the first quadrupole. To identify these energies, ana-
lytes were separated using a rapid HPLC gradient (0 min 

 

�

 

 60%
Solvent A, 15 min 

 

�

 

 100% Solvent B, flow rate 

 

�

 

 350 

 

	

 

l/min)
eluting all analytes within 8 min. Product ion spectra were col-
lected for each molecular ion using collision voltages of 

 

�

 

8 V,

 

�

 

10 V, 

 

�

 

13 V, 

 

�

 

17 V, 

 

�

 

20 V, 

 

�

 

23 V, 

 

�

 

26 V, and 

 

�

 

30 V.

 

Method performance and quality control

 

The presence of target analytes in available urine samples re-
quired the use of a non-urine matrix for spike enrichment analy-
ses. Therefore, 4 ml of 0.1 M sodium phosphate (pH 7.4) was
used for these analyses and extracted as described below. The
analytical accuracy and precision was initially evaluated by ana-
lyzing replicate samples (n 

 

�

 

 3) enriched with the target ana-
lytes at four concentrations ranging from 

 

�0.1–100 nM without
-glucuronidase treatment. Analyses were then repeated at the
1.0 and 10 nM level with -glucuronidase to evaluate the effect
of the incubation on analyte recovery. A blank and a 10 nM level
matrix spike were analyzed with each batch of 20 samples to con-
currently evaluate methodological performance. The method
accuracy was considered acceptable if recovered values were be-
tween 75% and 120% of the true value. The method detection
limit (MDL) was calculated as three times the standard deviation
in triplicate analyses of the lowest spike concentration passing
the recovery criterion. The limit of quantification (LOQ) was es-
tablished at 3� the MDL. Analytical precision was evaluated
when analyte concentrations were �LOQ. Precision was consid-
ered acceptable if the relative standard deviation in replicate
analyses were �15%.

To evaluate the influence of the matrix on quantitative re-
sults, a standards addition analysis was performed on four urine
samples. The samples consisted of a human sample from one
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male and one female, one SHR, and one SD rat. Twenty-microli-
ter extract aliquots were enriched with each analytical target at
3, 10, 100, and 1,000 fmol/	l, adjusted for a common 5-fold dilu-
tion with methanol, and reanalyzed. The regression slopes and
quantitative results were compared.

Surrogate recoveries were calculated by independent analysis
of these residues relative to the internal standard 20-HE. A
three-point calibration was prepared at the time of sample prep-
aration from the surrogate spike solution used for the analysis of
samples. These solutions contained 100%, 50%, and 10% equiv-
alent surrogate spikes along with 100% equivalent of the inter-
nal standard.

Sample collection and storage
Rodent urine was collected over dry ice in polypropylene

tubes containing either 10 mg of triphenylphosphine (TPP) or
butylated hydroxytoluene (BHT). The use of TPP to reduce per-
oxides to their monohydroxy equivalents, or BHT to quench
radical catalyzed reactions, both prevent peroxyl radical propa-
gated transformations of polyunsaturated fatty acids (39, 40).
Human urine was either analyzed immediately or frozen without
the addition of TPP or BHT. All samples were stored at ��20
C
until analysis.

Rodent urine was collected and analyzed to assess the utility of
the procedure in two common rodent models. Twenty-four hour
urine samples were collected from SHR (n � 2) and SD rats (n �
2). Human urine samples were analyzed to establish baseline in-
formation. Samples were collected under approved human
health protocols by spontaneous evacuation from apparently
healthy volunteers. Samples were immediately frozen until analy-
sis. Initial experiments were designed to evaluate the variability
in lipid concentrations and profiles. Unless otherwise noted,
samples were collected upon the second evacuation of the day.
Twenty volunteers participated in this study (nine male and 11
female) with ages ranging from 23–50 years. Collection times
ranged from 8:30 AM to 6:10 PM. Within the group, 52% had
consumed caffeine: 78% of the men and 36% of the women.
Further samples were then collected from a gender-matched
subset of this group (three men and three women). These indi-
viduals provided a complete series of urine samples from a single
day at �3 h intervals (samples ranged from 5–10 per individual).
A single individual provided samples for a second day.

Sample analysis
Frozen urine samples were thawed, vortexed and a 50 	l urine

aliquot was diluted 10-fold for creatinine determinations. These
dilutions were stored at 4
C for �3 days until analysis. Creatinine
concentrations were measured in triplicate using a 96-well plate
format kinetic assay; procedure #557 Sigma Diagnostics (St.
Louis, MO). Each sample was run against an independent 1–10
mg/dl calibration curve. The resulting values were generally
within 5%, but never greater than 10% different. Secondary di-
lutions were prepared as necessary to bring samples within the
calibrated range.

For lipid analyses, 4 ml urine aliquots were transferred to a 15
ml graduated polypropylene tube (Becton Dickson Labware).
Human samples, which were not collected with reducing agents
or antioxidants, were enriched with �5 mg of BHT. The 4 ml ali-
quot was then spiked with extraction surrogates: �100 pmol
(�35 ng) of both 10(11)-EpHep and 10,11-DiHN in 100 	l of
methanol. Preliminary results indicated that lipid diols occurred
primarily as glucuronic acid conjugates in human urine. To re-
lease dihydroxy lipids from their glucuronides, the spiked sam-
ples were incubated for 3 h at 37
C with 400 units of Helix pomatia
type H-1 -glucuronidase (Sigma) delivered in 1 ml of 1 M
sodium citrate (pH 5.5). Sample pH was confirmed at �6.0 with

pH paper. Negative controls for -glucuronidase received buffer
only. Because -glucuronidase treatment had no effect on either
diol or 20-HETE concentrations in rat urine, subsequent 4 ml ro-
dent urine aliquots were only amended with 1 ml of sodium chlo-
ride saturated water prior to extraction. Samples were then vor-
texed with 2 ml of ethyl acetate and centrifuged. The organic
phase was isolated in a 1 dram (�4 ml) borosilicate vial (Fisher
Scientific) and the extraction was repeated. The combined or-
ganic phases were reduced to dryness under nitrogen while held
at 50
C. The residue was re-dissolved in 100 	l of acetonitrile,
spiked with 2.5 nmol of 20-HE in 10 	l of acetonitrile and vor-
texed. A 50 	l aliquot was then transferred for analysis. Extracts
were stored at –32
C until analysis.

Statistical analysis
Non-parametric statistics were employed for all comparisons

due to the limited sample number, and the lack of knowledge of
the distribution and variance of the targeted measurements in the
experimental population. Correlations were evaluated using the
Spearman’s rank correlation and the Mann-Whitney U test was
employed to differentiate population means. Statistical signifi-
cance was assigned at the P � 0.05 level, unless otherwise noted.

RESULTS

EpOME and DiHOME isomer abundance
A 1:1 mixture of the 9(10)-EpOME and 12(13)-EpOME

regioisomers were isolated from the linoleic acid epoxida-
tion reaction. Derivatization followed by GC/MS analysis
showed that the sum of the observed isomer masses was
within 5% of the weighed mass. After purification, the
diol mixture prepared from this epoxide mixture showed
a 70:30 isomeric ratio with an excess of 9,10-DiHOME.
Shifts in the theoretical 1:1 isomeric abundance have

Fig. 1. The effect of cone voltage on pseudo molecular ion inten-
sity. Full scan spectra (m/z 250–350) were collected from 10 	l loop
injection of calibration solutions containing 1 	M of each target an-
alyte and 0.1 	M of each internal standard. Cone voltages were var-
ied from �40 to �120 V as indicated. The total integrated area of
the deprotonated molecular ion ([M-H]�) from each injection was
collected. The normalized mean response � SD for the epoxy and
dihydroxy compounds shown. Epoxy FAs: epoxyheptadecanoic acid
(EpHep), epoxyoctadecenoic acid (EpOME), and epoxyeicosa-
trienoic acid (EET); Dihydroxy FAs: DiHN, dihydroxyoctadecenoic
acid (DiHOME), and dihydroxyeicosatrienoic acid (DiHET). The
only analyzed monohydroxy compound was 20-HETE. Analysis with
chromatographic separation confirmed these results and showed
equivalent ionization behavior for the analyzed regioisomers.
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Fig. 2. The collision voltage was optimized to maximize the intensity of selected unique transition ions for
each target analyte. A and B: Show dihydroxy fatty acid behavior. C and D: Show epoxides. Ion abundances
are normalized to the highest intensity ion produced within each class. (i.e., Diols: 10,11-DiHN, 329 �311 at
26V; Epoxides: 9(10)-EpOME, 295 � 171 at 17 V).

been previously observed in our laboratory due to the
conservative collection of diol regioisomers from the silica
gel column.

EET 205 nm molar extinction coefficients
Epoxy fatty acids lack a strong chromophore, limiting

the sensitivity of detection based on UV absorption. How-
ever, the isomeric extinction coefficients can be used to
speciate isomeric mixtures. The molar extinction coeffi-
cient (�) is defined as the amount of radiant energy ab-
sorbed on a path through a solution of known molar concen-
tration expressed in Abs mole�1cm�1. This measurement
can be performed using HPLC data if the flow cell dimen-
sions, peak width, and flow rate are known. The injected
mass divided by the product of the peak width and flow
rate will yield the concentration in the detector flow cell
producing the aggregate peak area. To calculate the ex-
tinction coefficient for each isomer, an injection contain-
ing 1.1 nmol of each compound was analyzed in triplicate
using the isocratic system and analytical PhaseSep column
described above. Absorbance was measured at 205 nm.
The flow cell length was 6 mm, the peak width was 0.35

min, and the flow rate was 2 ml/min. The calculated �205
for 14(15)-EET (77,000 � 3,500), 11(12)-EET (43,300 �
1,100), 8(9)-EET (41,400 � 180) showed a 1.8:1.1:1.0
ratio. Further analysis of a five-point curve (50–1500
pmol/injection) produced linear curves (r2 � 0.998) with
slope ratios matching the �205 ratios. The detection limit for
14(15)-EET was �50 pmol. Reanalysis of the original mix-
ture revealed a 3.2:1.4:1.0 ratio of 14(15)-, 11(12)-, and
8(9)-EETs. Therefore, the initial 70 mg aliquot contained
�30, 22.5, and 17.5 mg of each isomer, respectively.

Optimization of MS and MS/MS Parameters
Cone voltage manipulations had a dramatic effect on

the intensity of the deprotonated molecular ion ([M-H]�),
as shown in Fig. 1. Epoxides showed maximal ionization
with a cone voltage of -50V, with �10% decline at �60V.
The ionization of 20-HETE was optimal at �60V and the
diols, exhibited nearly equivalent ion intensities between
�50 and �70V. Increasing voltages to –120V decreased
ion intensity by as much as 90%.

In the Quattro Ultima, the quadrupoles are linked by
an octapole collision cell. The voltage applied to the colli-
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sion cell leads to the acceleration of the pseudo molecular
ion isolated in the first quadrupole into the collision cell
gas, leading to collision induced dissociation of the ion.
The composition and intensity of the ions produced dur-
ing this process are a function of the inherent molecular
stability and the energies applied. Table 1 and Table 2 dis-
play the optimized collision voltage, characteristic transi-
tion ions, and positions of molecular fragmentation for
each target analyte. The voltage dependence of the se-
lected quantification ion is shown in Fig. 2.

Optimized HPLC conditions and calibration results
The HPLC gradient was optimized for maximum iso-

meric resolution in minimum analysis time (shot to shot
time �35 min). While analysis times of �10 min were ob-
tainable with these solvent systems, resolution of the Di-
HOME isomers was required since these tightly eluting
isomeric pairs produced common ions upon collision (Ta-
ble 2). In addition, short run times compromised diol

analysis in urine extracts due to unknown components
that produced some of the targeted mass transitions. The
optimized HPLC program used a constant flow rate of 350
	l/min and a solvent gradient as follows: 0 min � 100%
Solution A, 18 min � 70% Solution A, 20–23 min � 100%
Solution B, 25–28 min � 100% Solution A. Analyte reten-
tion times and calibration results are shown in Table 3. Ex-
cellent linearity was observed for all analytes over an ex-
tended concentration range. Representative chromatograms
are shown in association with the rat urine analyses below.

Accuracy and precision
Initial matrix spike experiments were conducted without

-glucuronidase treatment. Triplicate aliquots of phos-
phate buffer were enriched with four concentrations of
analytes between 0.1 and 100 nM. The exact concentra-
tions, accuracy, and precision of these analyses are shown
in Table 4. With the exception of 5(6)-EET, all detected
analytes met the quality control (QC) criterion of 75% to

TABLE 3. Analyte retention times and calibration statistics

Analyte tRa,b Low Calibration Curvec r 2 Full Calibration Curved r 2

12,13-DiHOMEe 5.64 y � 1.32x � 4.3 0.9998 y � 1.42x � 8.6 0.9998
9,10-DiHOMEe 6.12 y � 2.27x � 9.66 1.000 y � 2.14x � 19.6 0.9995
14,15-DiHETe 6.66 y � 2.41x � 1.73 0.9998
11,12-DiHETe 7.56 y � 1.95x � 0.541 1.000
8,9-DiHETe 8.34 y � 0.710x � 0.148 0.9999
5,6-DiHETe 9.48 y � 0.776x � 0.343 0.9999
20-HETEf 9.30 y � 0.738x � 1.69 0.9999
12(13)-EpOMEf 16.43 y � 0.813x � 11.6 0.9988 y � 0.873x � 29.4 0.9999
14(15)-EETf 16.82 y � 0.489x � 0.023 0.9999 y � 0.503x � 5.74 1.000
9(10)-EpOMEf 17.05 y � 2.08x � 21.9 0.9994 y � 2.06x � 43.8 1.000
11(12)-EETf 18.58 y � 0.244x � 0.455 0.9997 y � 0.261x � 6.19 0.9999
8(9)-EETf 18.86 y � 0.320x � 1.58 0.9996 y � 0.3310x � 9.00 0.9997
5(6)-EETf 19.71 y � 1.27x � 2.20 1.000 y � 1.29x � 4.25 0.9997

a tR, retention time in minutes.
b Surrogate tR, 11.4 and 16.49 min for 10,11-DiHN and 10(11)-EpHep, respectively.
c Calibration from 3 nM–1 	M.
d C18:1 lipid calibration curve from 3 nM–25 	M, C20:3 lipid calibration curve from 3 nM–10 	M.
e Calibration curves relative to 1.42 	M 10,11-DiHN.
f Calibration curves relative to 1.13 	M 10(11)-EpHep.

TABLE 4. Matrix spike recovery without -glucuronidase treatmenta

Analyte �0.1 nM Spike �1 nM Spike �10 nM Spike �100 nM Spike

12,13-DiHOME 0.0620 (47 � 38%)b 0.620 (100 � 8%) 7.80 (111 � 2%) 62.4 (107 � 0.1%)
9,10-DiHOME 0.146 (95 � 29%) 1.46 (95 � 5%) 18.2 (111 � 1%) 146 (106 � 2%)
14,15-DiHET 0.110 (91 � 22%) 1.10 (107 � 10%) 6.88 (82 � 5%) 110 (109 � 4%)
11,12-DiHET 0.0940 (96 � 19%) 0.940 (92 � 4%) 5.84 (85 � 5%) 93.5 (109 � 3%)
8,9-DiHET 0.126 (85 � 13%) 1.26 (92 � 4%) 7.88 (77 � 3%) 126 (105 � 5%)
5,6-DiHET 0.109 (88 � 28%) 1.09 (81 � 6%) 6.81 (83 � 4%) 109 (111 � 4%)
20-HETE ND 1.17 (87 � 5%) 11.7 (76 � 2%) 97.8 (95 � 1%)
12(13)-EpOME ND 1.3 (111 � 13%) 13.0 (105 � 2%) 130 (102 � 1%)
9(10)-EpOME ND 1.13 (108 � 10%) 13.0 (107 � 2%) 130 (103 � 1%)
14(15)-EET ND 0.999 (118 � 14%) 9.99 (104 � 3%) 99.9 (108 � 1%)
11(12)-EET ND 1.00 (106 � 9%) 10.0 (107 � 7%) 100 (113 � 1%)
8(9)-EET ND 1.00 (106 � 17%) 10.0 (107 � 2%) 100 (117 � 4%)
5(6)-EET ND 1.17 (13 � 5%)b 11.7 (15 � 1%)b 97.8 (25 � 4%)b

a Each matrix spike analysis was performed in triplicate. The nM spike concentration is shown with the per-
cent recovery (mean � SD). All samples passed the precision criterion of �15% variance at concentration � limit
of quantification (LOQ). ND, Not detected.

b Residue exceeds the quality control criterion of 75–120% recovery.
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120% recovery. The loss of 5(6)-EET did not result in ele-
vated 5(6)-diol concentrations under these conditions.
The corresponding delta lactone may have been formed.
Analytical precision was generally excellent. Only the di-
hydroxy lipids were detected at the 0.1nM level, where
replicate precision ranged from 13–38%.

To evaluate the effect of the -glucuronidase treatment,
triplicate buffer samples were then enriched at the �10
nM level and analyzed as described (Table 5). With the ex-
ception of 5,6-DiHET, these results were in good agree-
ment with the analysis performed without -glucuroni-
dase. Additional analyses were performed at the �1 nM
level with equivalent results (data not shown). In the acid-
ified deconjugation reaction, the sum of the 5(6)-EET
and 5,6-DiHET showed recoveries of �100%. These re-
sults suggest that the 5(6)-EET was hydrolyzed to the diol
under these conditions.

A detection limit defines the concentration at which a
detected residue can be statistically discriminated from
noise. The instrumental detection limit (IDL) is the con-
centration producing a 3:1 signal to noise ratio (S:N) and
describes the inherent sensitivity of the instrument. Analy-
sis of calibration standards established the IDL at between
0.5 and 15 fmol/	l. This concentration is equivalent to a
0.02 pM to 0.40 pM concentration in a 4 ml urine sample
analyzed at a final volume of 100 	l (Table 6). The
method detection limit incorporates all phases of sample
extraction and analytical manipulation. This value was cal-
culated as three times the replicate precision of the lowest
matrix spike data passing the recovery criterion (Table 4).
The calculated MDLs were between 0.01 and 0.5 nM (Ta-
ble 6). The limit of quantification is statistically defined as
the concentration at which the measured value meets the
accuracy criterion and has an inherent variance of less
than �10% (41). This corresponds to nine times the stan-
dard deviation of the low level analysis. Again using the
matrix spike data, the LOQ was estimated at between 0.15
nM and 1.5 nM (Table 6). While analytically valid, each of

these values still fails to incorporate sampling variability
and sample homogeneity. The duplicate analysis of five
human urine samples produced 35 residues with concen-
trations ranging from 0.1–850 nM. The aggregate preci-
sion of these results was 14 � 7%. Only three compounds
showed replicate differences �15%. Together, these re-
sults support a procedural LOQ of �1 nM, with expect-
able replicate precision of at least 15%.

Surrogate robustness
A key feature of the described procedure is the use of

chemical analogs as extraction surrogates. Surrogate re-
coveries were comparable between both spiked urine and
spiked buffer analyses: DiHN 72 � 12%; EpHep � 50 �
10% (n � 54). However, if matrix components alter the
relative response factors of the surrogate/analyte pair,
bias will be introduced into the quantitative results. To de-
termine if this bias occurred in the current analyses, the
target analytes were quantified in four urine samples

TABLE 5. Matrix spike results with -glucuronidase treatmenta

Analyte Spike Recovery

nM %
12,13-DiHOME 3.90 108 � 2
9,10-DiHOME 9.10 106 � 3
14,15-DiHET 6.88 101 � 7
11,12-DiHET 5.84 100 � 6
8,9-DiHET 7.88 94 � 4
5,6-DiHET 6.81 273 � 32b

20-HETE 11.7 84 � 14
12(13)-EpOME 13.0 102 � 5
9(10)-EpOME 13.0 103 � 5
14(15)-EET 10.0 109 � 8
11(12)-EET 10.0 112 � 4
8(9)-EET 10.0 117 � 4
5(6)-EET 11.7 2 � 1b

5(6)-EET � 5,6-DiHET 18.6 101 � 11

a Each matrix spike analysis was performed in triplicate. The nM
spike concentration is shown with the percent recovery (mean � SD).
All samples passed the precision criterion of �15% variance at concen-
tration � LOQ. Spikes at the �1 nM level produced equivalent results
(data not shown).

b Residue exceeds the quality control criterion of 75–120% recovery.

TABLE 6. Estimated nM detection and quantification limitsa

Compound IDLb MDLc LOQd Compound IDLb MDLc LOQd

12,13-DiHOME 0.06 0.15 0.45 12,13-EpOME 0.1 0.50 1.5
9,10-DiHOME 0.03 0.13 0.39 9,10-EpOME 0.03 0.34 1.0
14,15-DiHET 0.02 0.071 0.22 14(15)-EET 0.1 0.42 1.3
11,12-DiHET 0.02 0.050 0.16 11(12)-EET 0.1 0.27 0.80
8,9-DiHET 0.03 0.050 0.15 8(9)-EET 0.4 0.50 1.5
5,6-DiHET 0.03 0.090 0.27 5(6)-EET 0.01 NAe NAe

20-HETE 0.06 0.18 0.53

a Detected concentrations (fmol/	l) were transformed to equiva-
lent sample nM concentrations (sample volume, 4 ml; final volume,
100 	l; injection volume, 10 	l).

b Instrumental detection limit (IDL): the concentration producing
a signal to noise ratio (S:N) of 3:1.

c Method detection limit (MDL): three times the standard devia-
tion in the lowest concentration matrix spike which passed the QA
criterion. This estimate incorporates all method error except sample
heterogeneity.

d LOQ, nine times the standard deviation in the lowest concentra-
tion matrix spike which passed the QA criterion.

e NA, not applicable. The MDL and LOQ is only calculated for res-
idues which met the recovery criterion of 75–120%.

Fig. 3. Internal standard and standard addition methods were
used to quantify oxylipids in four urine samples. After the initial
analysis, extracts were enriched with four concentrations of analytes
(3–1,000 nM). All detected residues and the replicate precision of
the two analyses are shown. Closed circles show nM concentrations.
Open diamonds show the replicate percent difference. Analytical
precision was �15% for all residues detected above 1 nM.
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using both internal standard and standard addition ap-
proaches. Enriching extracts with known amounts of each
analyte, while maintaining an equivalent surrogate con-
centration in each sample, allowed for the generation of
calibration curves in the presence of each sample extract.
The intercept of this regression with the x axis provided
the concentration of the target analytes. The calculated
data were in good agreement using either technique Fig. 3.
Since each sample did not contain all of the target analytes,
a comparison of the regression slopes in the presence and
absence of matrix was also performed. In either the pres-

ence or absence of matrix, the slopes of the calibration
curves were within 10% for 40 of 43 (i.e., 93%) of the gen-
erated data points (Table 7). No single analyte showed a
slope deviation of greater than 10% in more than one
analysis.

Comparison of urinary oxylipids in two rat strains
Rats provide common experimental models in biologi-

cal investigations. Glucuronidase treatment caused no
change in measured urinary oxylipids from either rat
strain (data not shown). Representative extracted ion
chromatograms for each analyte and internal standard in
rat urine are shown in Figs. 4 and 5.

Comparing the 13-week-old SHR and the SD rat urine
oxylipids showed a number of key differences, as well as
certain similarities. The high variability and low sample
number precluded the statistical discrimination of these
two rat strains based on concentrations of components in
their urine. However, comparing the ratio of each ep-
oxide to its corresponding diol isomer suggested the ele-
vation of epoxides in the SHR strain (Fig. 6). In contrast
to these differences, both strains showed detectable levels
of all target analytes, with the notable exception of 20-
HETE. The octadecanoids were present at 10–80 ng/ml,
while the eicosanoids were observed at concentrations
�1.5 ng/ml. In addition, the relative abundance of regio-
isomers within each analyte subclass appeared similar

TABLE 7. Ratio of calibration slopes in the presence
and absence of urine extracts

Analyte
Human

Male
Human 
Female

SH
Rata

SD
Ratb

12,13-DiHOME 1.0 0.89c 0.98 1.0
9,10-DiHOME 1.1 1.1 1.0 1.1
14,15-DiHET 0.95 1.1 1.1 1.1
11,12-DiHET 0.93 0.94 0.92 1.0
8,9-DiHET 0.99 1.1 0.94 1.1
5,6-DiHET 0.96 1.0 0.93 1.0
12(13)-EpOME 1.0 1.0 1.0 0.91
9(10)-EpOME 0.99 1.0 0.87c 0.89c

14(15)-EET 1.0 1.0 1.0 0.96
11(12)-EET 1.0 1.0 1.2c 0.93
8(9)-EET 1.0 0.93 1.1 0.91

a Spontaneously hypertensive rat (SHR) (male).
b Sprague-Dawley rat (SD) (male).
c Residues showing �10% difference in regression slopes in the

presence and absence of matrix.

Fig. 4. Using multi-reaction monitoring, numerous dihydroxy
and hydroxy fatty acids could be simultaneously detected. This re-
presentative series of extracted ion chromatograms show the mea-
sured hydroxy fatty acids in the urine of a single spontaneously hy-
pertensive rat. The detected DiHOMEs, DiHETs, HETEs, and the
diol extraction surrogate standard (SSTD) DiHN are indicated with
arrows. The y axis labels indicate the intensity of the dominant ion
within each trace. 20-HETE was not detected.

Fig. 5. Using multi-reaction monitoring, numerous epoxy fatty
acids could be simultaneously detected. This representative series
of extracted ion chromatograms show the measured epoxy fatty
acids in the urine of a single spontaneously hypertensive rat. The
detected EpOMEs, EETs, the epoxide extraction SSTD, and the in-
ternal standard (ISTD) are indicated with arrows. The y-axis labels
indicate the intensity of the dominant ion within each trace.
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(Table 8). Specifically, both the EpOME and DiHOME
profiles showed �70:30 ratios of the 12,13-:9,10-isomers.
The DiHETs showed a 40:8:3:2 ratio of 5,6-:14,15-:8,9-:11,
12-isomer ratio, while the EETs showed �8:1:1 ratios of
the 14,15-:11,12-:8,9-epoxides in both strains.

Human urinary oxylipids
Analysis of human urines (n � 2, one male one female)

with and without -glucuronidase indicated that �1% of
the detected diol residues were present in the urine un-
conjugated. Therefore, all human urine samples were an-
alyzed with -glucuronidase treatment. The inter-individ-
ual variability in the second urine evacuation of the day
was high (Table 9). No discernable differences were ob-
served between males and females or in the presence or
absence of caffeine in the diet. No correlation was ob-
served between subject age and urinary lipid levels. A
weak correlation was observed between analyte concentra-

tions and the time of the second evacuation (P � �0.2).
To further clarify this analysis, the sample set was segre-
gated by collection time into three groups: I � before 10
AM (n � 9), II � between 10 AM and 1 PM (n � 7), III �
after 1 PM (n � 4). Comparison of these groups sup-
ported the weak correlation and showed statistically
higher concentrations of 9,10-DiHOME, 12,13-DiHOME,
and 8,9-DiHET in second evacuations occurring late in
the day (Fig. 7). Regardless of concentration or gender,
lipid subclass composition was generally consistent among
groups (Table 10). However, the relative abundance of
8(9)-EET appeared to decrease from the morning to the
evening. In all cases, 9,10-DiHOME was �90% of the Di-
HOME profile, while 8,9-DiHET was �70% of the DiHET
profile.

Diurnal variation in human urine
The time dependent differences in urinary concentra-

tions suggested that the duration of urine accumulation
and/or the time of collection influenced the concentra-
tions observed in the final analysis. To evaluate the poten-
tial for diurnal variations of oxylipid elimination in the

Fig. 6. The epoxide to diol ratios in the urine of 13-week-old
spontaneously hypertensive rats (SHR; n � 2) and Sprague-Dawley
rats (SD; n � 2) showed distinct differences. The linoleate and
arachidonate derived isomers are denoted as C18:1 and C20:3, re-
spectively. Numbers indicate the position of epoxide and diol moi-
eties. The displayed data are the mean � the difference in the two
observations.

TABLE 8. Composition of oxylipid subclasses in the urine of two rat strainsa

Strain

SHRb

SDc

a Displayed data represents the mean � the relative percent difference between the two observations.
b SHR, 13-week-old spontaneously hypertensive rat (n � 2).
c SD, Sprague-Dawley rat (n � 2).

12 13( ) EpOME–
9 10( ) EpOME–

------------------------------------------- 12 13, DHOME–
9 10, DHOME–

------------------------------------------

14 15, EpETrE–
11 12, EpETrE–
---------------------------------------

8 9, EpETrE–
---------------------------------------

14 15, DHETrE–
11 12, DHETrE–
-----------------------------------------

8 9, DHETrE–
------------------------------------------

5 6, DHETrE–
------------------------------------------

70 �  1%
30 �  1%
---------------------- 67 �  3%

32 �  3%
---------------------- 81 �  7%

7 �  1%
----------------------

12 �  7%
-----------------------

16 �  2%
2 �  0.1%

------------------------

6 �  1%
------------------------

76 �  0.4%
---------------------------

73 �  2%
27 �  2%
---------------------- 65 �  4%

35 �  4%
----------------------

79 �  12%
13 �  9%

-------------------------

8 �  4%
--------------------------

16 �  4%
1 �  1%

----------------------

4 �  6%
-----------------------

78 �  1%
-----------------------

TABLE 9. Human urinary oxylipids in pmol/mg creatinine (n � 20)

Analyte na Range
Geometric

Mean

12,13-DiHOME 20 1.05 – 58.5 9.58
9,10-DiHOME 20 9.90 – 497 97.5
14,15-DiHET 20 0.0682 – 1.85 0.562
11,12-DiHET 20 0.0222 – 0.590 0.198
8,9-DiHET 20 0.357 – 11.0 1.98
5,6-DiHET 20 0.0625 – 1.03 0.321
20-HETE 19 0.00451 – 2.63 0.230b

12(13)-EpOME 14 0 – 0.798 0.082b

9(10)-EpOME 3 0 – 0.281 0.025b

14(15)-EET 17 0 – 0.239 0.069b

11(12)-EET 4 0 – 0.0936 0.013b

8(9)-EET 5 0 – 1.134 0.047b

a Number of subjects with concentrations of the indicated analyte
greater than the MDL.

b Non-detected residues were replaced with 0.005 for calculation
of geometric means. Creatinine values ranged from 26–389 mg/dl;
geometric mean � 109 mg/dl.
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urine of humans, sequential samples were collected from
six individuals (three male, three female) at approximately
3 h intervals. Creatinine concentrations showed fluctua-
tions over the course of the day (3–4-fold in females: F1 �
51 – 194 mg/dl, F2 � 58 – 173 mg/dl, F3 � 159 – 480
mg/dl; 2–12-fold in males: M1 � 12 – 156 mg/dl, M2 �
154 – 311 mg/dl, M3 � 22 – 259 mg/dl). Four of the six
individuals (F1, F3, M1, and M3) showed higher creati-
nine concentrations in the morning and evening, while
the other two individuals showed relatively constant levels.
No clear trend was observed for epoxy and monohydroxy
fatty acids, which were detected at concentrations below
the LOQ (�0.1 pmol/mg creatinine). The diols fluctu-
ated over the course of the day. In both men and women,
the DiHOMEs were elevated in the morning and declined
in concentrations until 12 AM (Fig. 8). Maximum fluctua-
tions were �25 fold. The urinary concentration of 9,10-
DiHOME returned to morning levels in the women between
3 PM and 6 PM, and surpassed initial concentration in all
subjects in the final collection of the day. In contrast, the
urinary concentrations in the men remained relatively low
in two of three subjects. In contrast to the gender specific
stability of DiHOME profiles, the DiHETs showed greater
variability in excretion patterns. As indicated earlier, 8,9-
DiHET was the dominant isomer at all times in urine
samples. In two of three women (ages 26- and 28-years-
old), the concentration of 8,9-DiHET increased to a maxi-
mum at 3 PM and declined to a minimum between 9 PM
and midnight (Fig. 9). In the final female subject (aged
49 years), the concentration of 8,9-DiHET showed maxi-
mums in the morning and evening, as observed for the
9,10-DiHOME. The maximum fluctuation in 8,9-DiHET
was �4-fold. The three male subjects also showed signifi-
cant variability with one showing no changes during the
day followed by a 5-fold increase from 9 PM to 1:30 AM.
The other two male subjects showed either no detectable

Fig. 7. Urine collected later in the day showed higher dihydroxy
fatty acid concentrations in human subjects. Collected urine sam-
ples represent the second daily spontaneous evacuation. Subjects
were segregated into three groups by collection time: before 10 AM
(Group I; n � 9), between 10 AM and 1 PM (Group II; n � 7) or
after 1 PM (Group III; n � 4). The mean � SD of each data set is
shown. Statistical elevations in the DiHOMEs and 8,9-DiHET were
observed in mid-day and late collections, relative to morning collec-
tions (* P � 0.05).

TABLE 10. Composition of oxylipid subclasses in human urinea

Collection Group

Group I

Group II

Group III ND

a The second daily evacuation was collected before 10 AM (Group I; n � 9), between 10 AM and 1 PM (Group
II; n � 7), or after 1 PM (Group III; n � 4). Results are the calculated mean � SD for each group.
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------------------------------------------
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96 �  11%
------------------------- 15 �  9%

85 �  9%
----------------------

12%
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88%
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0%
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8 �  5%
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---------------------- 87 �  6%

13 �  6%
----------------------

0 �  0%
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12 �  1%
4 �  0%
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75 �  3%
-----------------------

9 �  2%
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change or only a modest fluctuation in the concentrations
of this isomer, even though samples were collected as late
as 12 AM.

To assess the stability of the observed fluctuations, sam-
ples from a single subject (M3) were collected and ana-
lyzed for a second day (Fig. 10). In this individual a clear
cyclical fluctuation of DiHOMEs was observed with a fre-
quency of �24 h and amplitude of �25-fold. While less
definitive, the 14,15-DiHET and 5,6-DiHET appeared to
follow this same frequency of oscillation. The 8,9-DiHET
and 11,12-DiHET isomer pairs tracked each other and ap-
peared to have a slightly different pattern of change over
the course of the day. The magnitude of the DiHET oscil-
lation was �5-fold. Creatinine normalizations altered the
magnitude, but not the pattern of lipid changes observed.

DISCUSSION

The biological significance of the fatty acid epoxygen-
ase pathway is receiving increased attention, primarily
driven by activity of the epoxides of arachidonic acid.
These agents are endogenous regulators of vascular func-
tion, renal ion balance, and inflammation (1). The occur-

rence and function of other polyunsaturated fatty acid ep-
oxides have received less attention. However, elevations in
linoleate derived epoxides and/or diols have been identi-
fied in several severe medical conditions including gener-
alized peroxisomal disorders (10), rheumatoid arthritis
(42), and severe burn cases (43). In turn, the DiHOMEs,
or leukotoxin diols, are mitochondrial toxins (29, 30).
The described method was developed as a rapid means
for the simultaneous quantification of arachidonate and
linoleate oxidation products derived from cytochrome
P450 metabolism. The analysis focused on the epoxides
and diols but also included 20-HETE, which is physiologi-
cally linked to vascular regulation.

The presented procedure implements internal stan-
dard methodology, solvent extraction, and MS/MS for de-
tection. The use of internal standard methods greatly re-
duces the systematic error in quantification procedures.
By definition, a surrogate standard (SSTD) is an internal
standard (ISTD) introduced into the sample prior to ex-
traction. In mass spectrometry, isotopicly labeled analogs
make the best SSTDs since they retain the chromato-
graphic and ionization behavior of the target with the ad-
dition of a discriminatory mass. To the best of our knowl-

Fig. 8. The concentration of 9,10-DiHOME in human urine
showed diurnal variations. Samples were collected on �3 h inter-
vals from three women and three men and analyzed as described.
Results were expressed in pmol/mg creatinine. Panels A and B
show the female and male subjects, respectively. Subject age: F1, 49
years; F2, 28 years; F3, 26 years; M1, 33 years; M2, 43 years; M3, 35
years.

Fig. 9. The concentration of 8,9-DiHET showed diurnal variation
in human urine. Samples were collected on �3 h intervals from
three women and three men and analyzed as described. Results
were expressed in pmol/mg creatinine. A and B: Show the female
and male subjects, respectively. Subject age: F1, 49 years; F2, 28
years; F3, 26 years, M1, 33 years; M2, 43 years; M3, 35 years.
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edge, all published techniques for the LC/MS analysis of
oxidized fatty acids have used isotopicly labeled analytical
surrogates. The primary drawback to the use of labeled
surrogates is the cost and analytical complexity when mul-
tiple analytical targets are being measured. Here we have
investigated the use of odd chain length analogs as SSTDs
to reduce the cost and effort to implement this proce-
dure. However, to use chemical analogs as SSTDs, the rela-
tive extraction efficiencies must be confirmed. In addi-
tion, biases resulting from altered ionization efficiency in
the presence of sample matrices must be excluded since
these analytes do not chromatographically co-elute with
their analytical partner. Matrix spike analyses with or with-
out -glucuronidase treatment showed that with the ex-
ception of the 5(6)-EET, the surrogates performed well in
a matrix free environment. These results suggest the pro-
cedure will perform well for both cell culture and in vitro
metabolism studies, and preliminary evaluations support
this conclusion (data not shown). To evaluate the influ-
ence of unknown components in urine on surrogate per-
formance, a sample series was analyzed using standard
addition methods. If matrix components affected the rela-
tive ionization behavior of the SSTD analyte pair, devia-
tions would be expected in both the analytical results and
the slopes of the generated regression lines in the pres-
ence and absence of matrix. Neither was the case, sup-
porting the applicability of the selected chemical analogs
as analytical SSTDs in the developed method.

In addition, it was hoped that the application of tandem

mass spectrometry would allow for shortened analytical
run times, relative to those reported for EET analyses.
Prior HPLC based procedures have required analytical
runs of �40 min for single quadrupole mass spectral de-
tection (44) and �90 min for HPLC using fluorescence
detection after derivatization (45). The current proce-
dure is faster than these methods with 5(6)-EET eluting at
20 min, rather than �30 min. Shot to shot run time is 31
min with the described method. The current procedure
can be run at a faster pace, however, some analytical accu-
racy will be sacrificed due to poor isomer resolution. In
terms of sensitivity, for the dihydroxy and mono-hydroxy
compounds, instrumental detection limits of �10 fmol/
injection (3 pg/injection) were achieved, similar to that
achieved with other procedures (14, 44–46). For the ep-
oxides, sensitivities of between 40–160 fmol/injection
(10–50 pg/injection) were realized, or 10- to 50-fold less
sensitive than the selected ion monitoring technique of
Nithipatikom et al. (44). Therefore, the use of multi-reaction
monitoring sacrifices some sensitivity for the epoxides due
to numerous sites of analyte fragmentation.

Regardless of the lower sensitivity of the LC/MS/MS
method as compared with other published procedures,
the analysis of rat and human urines showed the ability of
the method to detect epoxides and diols at physiologically
relevant concentrations in urine. Preliminary analyses of
human urine showed extremely low epoxide levels. There-
fore, to confirm the ability of the method to detect these
metabolites in real samples, a minimal number of rodent
samples were included from strains previously reported to
excrete epoxy fatty acids. Spontaneously hypertensive rats
are genetically selected strains that develop age-depen-
dent hypertension (47, 48), which have defects in arachi-
donic acid epoxygenase and hydroxylase metabolism. Spe-
cifically, elevated activity of renal omega hydroxylases
(14), epoxygenases, and soluble epoxide hydrolase (49)
have been reported. In contrast, the Sprague-Dawley rat is
a normotensive strain. The EETs, DiHETs, and 20-HETE
have been reported in the urine of these rodents (14, 49).

In this study, 20-HETE was not detected in the urine of
either rat strain. Using fluorescence based methods,
Maier et al. detected 20-HETE in 10–12-week-old SHR and
SD rats at concentrations of �130 and 90 ng/ml (�300
nM and 200 nM) assuming 15 ml urine excretion per day
(14). These levels are substantially greater than our esti-
mated LOQ. We have no clear explanation for this discrep-
ancy. The animals used by Maier et al. were purchased from
Harlan Sprague-Dawley (Indianapolis, IN) rather than
Charles River Laboratories and differences between these
colonies may be responsible. Since 20-HETE can be trans-
formed into vasoactive �-hydroxy prostanoids by cyclooxy-
genase (50), if this activity was elevated in the animals
from the current study, urinary 20-HETE concentrations
would hypothetically be lowered.

It has been reported that the Charles River Laborato-
ries SHR has elevated renal sEH activity and higher uri-
nary concentrations of DiHETs than the progenitor Wystar-
Kyoto rat, a normotensive strain (49). The low sample
number in this study precludes statistical comparison of

Fig. 10. Analysis of the urine from a 35-year-old male subject over
2 days showed cyclical patterns in dihydroxy lipid concentrations.
The fold increase was calculated as the ratio of the value at each
collection time and the minimum value over the 2-day collection
period. The isomers were segregated by apparent patterns in to
three panels.
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the hypertensive and normotensive strains, which was not
the goal of this study. However, the DiHET concentrations
in the SHR urine also appear higher than those in the SD
rat. The over expression of sEH in the SHR kidney was ex-
pected to reduce urinary epoxide concentrations in the
hypertensive strain. However, comparing the epoxide to
diol ratios in the urine of the two rat strains showed that in
the SHR, epoxide concentrations were elevated with respect
to their corresponding diol. Since the epoxides are gener-
ally vasodilatory, one would expect the elevated epoxides to
correspond to a hypotensive state. These results suggest that
the elevated epoxygenase activity (51, 52) in the SHR may
be a corrective response to the elevated sEH activity in this
rat strain. This possibility remains to be evaluated.

In humans the sum of the detected EETs were close to
the method detection limit and ranged from 0.2–2.0
pmol/mg creatinine, or �0.2–2 nM. Toto et al. reported
�2 nM of total EETs in 24 h urine collections from
healthy women (11). Epoxide concentrations in rats
were considerably higher. While the method performed
equally well for the detection of 20-HETE in matrix spike
xanalyses (LOQ � 0.5 nM), this limit of quantification is
10-fold below levels reported in the urine of children by
Watzer et al. (11). The detection of exceedingly low levels
of 20-HETE (ND � 2.6 pmol/mg creatinine) in these
healthy adults suggest further concentration of extracts
prior to analysis maybe beneficial. Currently, 4 ml samples
are analyzed at a final volume of 100 	l. Reducing the fi-
nal volume or increasing the initial urine volume will be
simple means to provide additional sensitivity if necessary.

Comparison of rat and human urine oxylipid profiles
showed distinct differences in both isomer abundance
and composition. While rats excreted high levels of ep-
oxides, these humans did not (�1 pmol/mg creatinine).
In addition, the human subjects primarily excreted hy-
droxyl fatty acids as glucuronide conjugates while the rats
eliminated the parent lipid. Regardless of strain, the rats
predominantly formed the 12,13- and 5,6- oxidation prod-
ucts of linoleate and arachidonate, respectively. The hu-
man profiles were dominated by the 9,10- and 8,9-isomers
of linoleate and arachidonate, respectively. These results
suggest either differences in constitutive CYP epoxygenase
expression in of these two species, or at least differences
in the substrate specificity of the expressed isoforms.

The dominance of the 8,9-oxidation products of arachi-
donic acid over the 14,15- and 11,12-isomers is in agree-
ment with the previous findings in non-pregnant subjects
(13). However, in pregnancy increased urinary levels of
11,12- and 14,15-EETs were reported (13). Catella et al.
quantified epoxy fatty acids after chemical hydrolysis with
perchloric acid (13). While we have confirmed that this
sample acidification does not hydrolyze lipid glucuronides
(data not shown), it remains unclear if the measured diols
corresponded to epoxides, unconjugated diols, or possi-
bly other acid sensitive conjugates in the urine.

Perhaps of greater importance is the documentation of
diurnal cycles in dihydroxy-glucuronide fatty acid elimina-
tion in the urine of healthy human subjects. To our knowl-
edge, this is the first such data to be reported. The impli-

cations of these cycles are not known. However, knowing
they exist will aid in studies designed to identify associa-
tions between these biochemical markers and disease. It is
also of particular interest that the DiHOMEs were �100-
fold more concentrated than the DiHETs. In addition, the
DiHOMEs fluctuated 25-fold, while the DiHET only changed
5-fold in the urine. Therefore, two orders of magnitude
separate the endogenous concentrations of arachidonate
and linoleate metabolites derived from the same bio-
chemical cascade. This information should be considered
when interpreting the biological relevance of in vitro as-
says. These data also indicate that the EpOME-DiHOME
ratios may be an indication of relative epoxygenases and
epoxide hydrolase levels, which can be detected using sig-
nificantly lower sample volumes.

In conclusion, thorough careful optimization a robust
method was produced for the simultaneous quantification
of linoleate and arachidonate derived oxidation products
using chemical analogs as extraction surrogates. The
method shows clear potential for rapid expansion to in-
clude additional bioactive oxidized lipids, including other
HETE isomers as well as the analogous hydroxy octade-
canoids, 9- and 13-hydroxyoctadecadienoic acid. Exten-
sion of the procedure for the analysis of serum and tissue
samples in experimental animals, as well as serum from
humans, will provide insights into the regulatory role of
these oxylipids, which may provide useful diagnostic tools
in conjunction with the described urine analysis. As is, the
method shows that metabolites of linoleate and arachido-
nate can be determined simultaneously and may provide
novel insight into the interaction of these agents in vari-
ous physiological states. It remains to be seen, however, if
urinary profiles reflect a systemic integration of the epoxy-
genase cascade or simply localized renal activity.
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