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Abstract The eicosanoids are a family of lipid mediators of
pain and inflammation involved in multiple pathologies, including asthma, hypertension, cancer, atherosclerosis, and
neurodegenerative diseases. These signaling mediators act
locally, but are rapidly metabolized and transported to the
systemic circulation as a mixture of primary and secondary
metabolites. Accordingly, urine has become a useful readily
accessible biofluid for monitoring the endogenous synthesis
of these molecules. Herein, we present the validation of a
rapid, repeatable, and precise method for the extraction
and quantification of 32 eicosanoid urinary metabolites
by LC-MS/MS. For 12 out of 17 deconjugated glucuronide
eicosanoids, there was no improvement in recovered signal. These metabolites cover the major synthetic pathways,
including prostaglandins, leukotrienes, and isoprostanes.
The method linearity was >0.99 for all metabolites analyzed,
the limit of detection ranged from 0.05–5 ng/ml, and the
average extraction recoveries were >90%. All analytes were
stable for at least three freeze/thaw cycles. The method was
formatted for large-scale analysis of clinical cohorts, and the
long-term repeatability was demonstrated over 15 months
of acquisition, evidencing high precision (CV <15%, except
for tetranorPGEM and 2,3-dinor-11-PGF2, which were
<30%). The presented method is suitable for focused
mechanistic studies as well as large-scale clinical and epidemiological studies that require repeatable methods capable
of producing data that can be concatenated across multiple
cohorts.—Gómez, C., C. Gonzalez-Riano, C. Barbas, J. Kolmert,
M. H. Ryu, C. Carlsten, S-E. Dahlén, and C. E. Wheelock.

Eicosanoids are bioactive lipid mediators produced by
the enzymatic and/or nonenzymatic oxidation of arachidonic acid (5,8,11,14-eicosatetraenoic acid) (1, 2). They
play a fundamental role in promoting and modulating inflammation, providing both pro-inflammatory signals and
terminating the inflammatory process (2), as well as maintaining tissue and vascular homeostasis (3). The biosynthesis
of eicosanoids is initiated by phospholipase A2 (PLA2)mediated release of arachidonic acid from cellular membrane phospholipids via hydrolysis (Fig. 1). The major
enzymatic pathways involved in the generation of oxygenated
species are catalyzed by cyclooxygenase (COX), lipoxygenase (LOX), and cytochrome P450. Arachidonic acid can
also be converted by reactive oxygen species (ROS) and
reactive nitrogen species (RNS) into isoprostanes, which
are often used as indices of oxidative stress (Fig. 1) (4). The
quantification of eicosanoid metabolites in human urine
can serve as a systemic indicator of pathological processes in
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the vascular, respiratory, and other cellular systems (5–11).
During the early inflammatory phase, eicosanoids are excreted by inflammatory cells and can increase up to 100fold in local concentration (2). However, they are rapidly
metabolized, cleared from the local milieu by the blood
circulation, and excreted via the urine. Measurements of
eicosanoids in the blood are difficult due to low circulating
levels, rapid hepatic and renal clearance, and induction
of biosynthesis during the sampling. Urine is therefore an
optimal noninvasive biofluid for monitoring eicosanoid
levels (6–12).
Eicosanoids have similar structures and often possess the
same mass and fragmentation pattern [e.g., prostaglandin
(PG)D2 vs. PGE2, and in particular PGF2 and several
metabolites originating from PGD2 or the isoprostane
pathway]. It is therefore necessary to achieve sufficient
chromatographic separation to discriminate individual
eicosanoids with a high degree of specificity. Toward this
end, several targeted methods for qualitative and/or quantitative determinations of selected panels of eicosanoids in
different biofluids have been published (13–18); however,
few studies have examined in depth the urinary eicosanoid
profile for large-scale profiling of most of the major pathways at the population level (19–22). In addition, the effect
of glucuronide deconjugation upon observed eicosanoid
levels has not been evaluated in detail. The current method
was designed with the intent to achieve the necessary repeatability and precision for large-scale molecular phenotyping studies and to enable the direct comparison of

urinary excretion levels between independent clinical studies. The method has therefore been optimized in terms of
low urine volume consumption, broad metabolic pathway
coverage, and long-term precision. The resulting method
is highly reproducible, repeatable, and stable across multiple years of analysis, and is therefore well-suited for applications in molecular phenotyping studies, drug trials, other
clinical investigations, and epidemiological monitoring of
responses to exposures.

MATERIALS AND METHODS
Standards and reagents
Standards for compounds listed in Table 1, deuterated analogs
(supplemental Table S1), and butylated hydroxyl toluene were
purchased from Cayman Chemical (Ann Arbor, MI). LC-MS
grade methanol, isopropanol, acetonitrile, acetone, and acetic
acid were purchased from Fisher Scientific (Waltham, MA). MilliQ ultrapure deionized water was prepared in-house (Millipore
Corporation., Billerica, MA). Methoxyamine hydrochloride, ammonia, and -glucuronidase from Helix pomatia were obtained
from Sigma-Aldrich (St. Louis, MO). The internal standard working solution and the standard mixture were stored in glass vials
at 80°C for long-term storage. Calibration curves were prepared
by serial dilution in methanol/water 1:1 (v/v) of the standard mixture for the PG metabolites and isoprostanes (PGMsIPs) method
and in methanol/water 85:15 (v/v) for the cysteinyl leukotrienes
(CysLTs) method, as described below. An internal standard mix
solution was added to each calibration level prior to analysis.
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Fig. 1. Schematic of the eicosanoid metabolic cascade displaying the human urinary metabolites included in the current platform.
Arachidonic acid can be metabolized via lipoxygenase (LOX), cyclooxygenase (COX), and oxidative stress (ROS, RNS) pathways. Metabolites detected in urine are shown in bold letters. *Indicates unstable intermediates that are not included in the LC-MS/MS method (PGI2,
TXA2, and LTA4). cPLA2, cytosolic phospholipase A2.
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A laboratory reference material was prepared by adding 2 ml of
a combined analytical standard mix containing adjusted concentrations of each eicosanoid standard, in the range from 250 to
1,350 ng/ml, to 500 ml of pooled human urine (final analyte concentration 1–5 ng/ml). This level of fortification ensured that optimal signal intensity was always quantified after solid phase
extraction. To maintain the homogeneity of the urine during aliquoting, a magnetic stirrer was used while transferring the prepared laboratory reference material into 350 aliquots of 1.4 ml in
Eppendorf tubes. Aliquots were immediately stored at 80°C. For
LC-MS/MS analysis, urine samples were divided into batches of 21
samples and three aliquots of the laboratory reference material
were used as quality control (QC) samples in each batch. QC samples were processed and quantified using the same method as the
study samples in order to monitor analyte variability. For the purposes of method validation, volume optimization, and enzymatic
hydrolysis experiments, pooled urine was used as described by
Balgoma et al. (21).

PGMsIPs. PG metabolites, thromboxanes, and isoprostanes
were extracted on 3 cc/60 mg Evolute Express ABN SPE cartridges
(Biotage, Uppsala, Sweden) automatically using positive pressure
(nitrogen gas) operated by an Extrahera system (Biotage). Urine
samples (300 l) were mixed with 100 l of an internal standard
mixture (see concentrations in supplemental Table S1) and 0.5
ml of a 0.5% acetic acid solution, and diluted up to 2.5 ml with
Milli-Q water. Samples were loaded on SPE cartridges previously
conditioned with 2 ml of methanol (N2 positive pressure: 1.2 bar
for 80 s) and equilibrated with 2.5 ml 0.1% acetic acid (N2 positive
pressure: 1.5 bar for 110 s). The cartridges were washed with 3 ml
of 0.1% acetic acid (N2 positive pressure: 1.5 bar for 120 s), then
dried by using a N2 positive pressure gradient (1.2 bar for 120 s
followed by 5 bar for 750 s). Eicosanoids were eluted with 3 ml of
acetonitrile (N2 positive pressure: 1 bar for 250 s followed by 5 bar
for 150 s). Eluates were evaporated under a gentle stream of N2
gas to dryness by a TurboVap LV evaporation system (Biotage).
Samples were resuspended in 100 l of methanol/water 1:1 (v/v)
and filtered by centrifugation using 0.1 m polyvinylidene fluoride membrane spin filters (Amicon; Merck Millipore Corporation, Billerica, MA). Analysis was performed by Method I (Table 1).
For the analysis of eicosanoid metabolites with tautomers (TXB2,
2,3-dinor-TXB2, and 2,3-dinor-6-keto-PGF1), 40 l of the resuspended sample was derivatized by adding 5 l of methoxyamine hydrochloride 1:2 (w/v). After 15 min, the reaction was
stopped by adding 5 l of acetone. After an additional 15 min, the
sample was basified using 5 l of ammonia 12.5% (w/v). The
analysis of derivatized tautomers was performed using Method II
(Table 1).
CysLTs. CysLTs were extracted using 3 cc/60 mg Evolute Express ABN SPE cartridges (Biotage) by the same SPE handling
system as for the PGMsIPs. Urine samples (1 ml) were mixed with
50 l of an internal standard mixture (see concentrations in supplemental Table S1) and 300 l of a 1% acetic acid solution and
diluted up to 3 ml with Milli-Q water. Samples were loaded to SPE
cartridges previously conditioned with 3 ml of methanol (N2 positive pressure: 1.2 bar for 80 s) and equilibrated with 2.5 ml 0.1%
acetic acid (N2 positive pressure: 1.5 bar for 180 s). The cartridges
were washed with 1 ml of water/methanol (1:1, v/v) (N2 positive
pressure: 1.5 bar for 90 s) and 3 ml of 0.1% acetic acid (N2 positive
pressure: 1.5 bar for 120s). Cartridges were then dried by using a
N2 positive pressure gradient (1.2 bar for 120 s followed by 5 bar
for 750 s). CysLTs were eluted with 1 ml of methanol (N2 positive
pressure: 1 bar for 250 s followed by 5 bar for 150 s). Eluates were
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LC-MS/MS analysis
Chromatographic separations were carried out using a Waters
Acquity UPLC system (Waters, Milford, MA). Separation of the eicosanoids was achieved by an ACQUITY UPLC® HSS T3 (100 × 2.1
mm i.d., 1.8 m particle size) column equipped with an ACQUITY
UPLC® HSS T3 VanGuard™ precolumn (5 × 2.1 mm, 1.8 m). The
column temperature was set to 40°C. The mobile phase consisted of
water with 0.1% of acetic acid (solvent A) and acetonitrile/isopropanol 9:1 v/v (solvent B) at a flow rate of 0.5 ml/min1. The injection
volume used was 7.5 l. Chromatographic gradients for LC Methods I–III were as follows: Method I (PGMsIPs): from 0 to 0.5 min,
90% A; from 0.5 to 4.5 min, to 84% A; from 4.5 to 5 min, to 69% A;
from 5 to 13 min, to 67% A; from 13 to 16.2 min, 45% A; to 2%A at
16.9 min; during 1.1 min, 2% A; from 18 to 18.5 min, to 90% A; from
18.5 to 20 min, 90% A. Method II (derivatized eicosanoid tautomers): initial at 75% A; from 0 to 2.5 min, 66% A; from 2.5 to 3 min,
to 58% A; from 3 to 3.5 min, to 5% A; during 1 min, 5% A; from 4.5
to 4.7 min, to 75% A; from 4.7 to 6 min, 75% A. Method III (CysLTs):
initial at 55% A; from 0 to 4 min, 45% A; from 4 to 4.2 min, to 5% A;
during 0.8 min, 5% A; from 5 to 5.2 min, to 55% A; from 5.2 to 6
min, 55% A.
Data acquisition was performed using a triple quadrupole
(Xevo TQ-S) mass spectrometer system (Waters) equipped with
an ESI source. All LC methods used negative ESI and scheduled
selected reaction monitoring mode to detect individual eicosanoids (supplemental Fig. S1). The most specific and sensitive
selected reaction monitoring transition was selected for each analyte to avoid interference. Dwell time was automatically adjusted
in order to acquire 12 points per chromatographic peak. The
source parameters were fixed as follows: capillary voltage was set
to 2.20 kV, desolvation gas flow was set to 1,000 l/h, cone gas flow
at 150 l/h, and desolvation temperature was 600°C. The cone voltage and collision energy were individually optimized for each
analyte. Peak detection, integration, and quantification were performed using the software Masslynx™ and TargetLynx™.

Volume optimization
The required volume for urine sample extraction was optimized for each SPE method (PGMsIPs and CysLTs) in order to
minimize the amount of sample used. Urine samples with varying
specific gravity values (1.0032, 1.0134, and 1.0249) were extracted
using different volumes to verify the capability to detect all eicosanoids independently of the extent of the dilution. The sample
volumes tested for each method were: PGMsIPs (200, 300, and
400 l) and CysLTs (0.5, 1.0, and 1.5 ml).

Normalization
Specific gravity was measured in n = 300 urine samples using
a refractometer (Digital Urine Specific Gravity Refractometer
UG-; Atago Co. Ltd., Tokyo, Japan) for normalization (23). The
urinary eicosanoid concentrations were corrected to a urine specific gravity of 1.0200 based on the following equation (24):
Concentration corrected = Concentration measured ×

(1.020 – 1) (Specific gravity – 1)
Creatinine was measured in the same urine samples using a previously described method (25).
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Solid phase extraction

evaporated under a gentle stream of N2 gas until dryness using the
TurboVap LV evaporation system. Samples were resuspended in
50 l of methanol/water 85:15 (v/v) and filtered by centrifugation using 0.1 m polyvinylidene fluoride membrane spin filters
(Amicon; Merck Millipore Corporation). Analysis was performed
by applying Method III (Table 1).
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a

Tetranor PGEM
Tetranor PGDM
2,3-Dinor-8-iso PGF2
2,3-Dinor-11-PGF2
6-Keto-PGF1
13,14-Dihydro-15keto-tetranor-PGE2
13,14-Dihydro-15keto-tetranor-PGD2
8-Iso-PGF2
11-PGF2
5-iPF2-VI
PGF2
11-Dehydro-TXB2
PGE2
PGD2
PGE1
13,14-Dihydro-15-keto-PGE2
8,12-Iso-iPF2-VI
13,14-Dihydro-15-keto-PGF2
13,14-Dihydro-15-keto-PGE1
13,14-Dihydro-15-keto-PGD2
2,3-Dinor-6-keto-PGF1
2,3-Dinor-TXB2
TXB2
20-Carboxy-LTB4
20-Hydroxy-LTB4
EXC4
LTD4
EXE4
LTC4
LTE4
6-trans-LTB4
LTB4

Compound

327 > 143
327 > 143
325 > 237
325 > 145
369 > 163
297 > 109
297 > 109
353 > 193
353 > 291
353 > 115
353 > 291
367 > 161
351 > 271
351 > 271
353 > 273
351 > 175
353 > 115
353 > 291
353 > 209
351 > 175
370 > 232
370 > 155
398 > 169
365 > 195
351 > 195
624 > 306
495 > 187
438 > 333
624 > 306
438 > 333
335 > 195
335 > 195

8.12
9.08
9.49
9.85
10.91
11.33
11.40
12.19
12.25
13.98
14.12
14.19
14.86
15.04
3.12
3.45
3.81
0.85
0.90
1.55
1.68
1.87
2.29
2.35
3.23
3.46

Transition

3.43
3.91
6.81
7.15
7.24
7.51

RT (min)

2
2
4
2
3
1
2
10
2
1
3
2
3
10
3
1
3
3
4
3
3
4
3
2
2

3

13
1
1
1
1
5

LOQ (pg
on-column)

0.999
0.999
0.999
0.999
0.999
0.998
0.996
0.999
0.999
0.999
0.999
0.997
0.998
0.999
0.999
0.999
0.996
0.997
0.999
0.997
0.999
0.999
0.999
0.997
0.999

0.999

0.996
0.999
0.998
0.996
0.998
0.996

r

100
96
94
103
97
100
ND
ND
90
100
101
93
97
106
108
97
ND
85
90
74
74
93
82
84
77

102

106
96
105
100
104
92

Low
(n = 6)

97
91
93
86
92
91
79
85
90
91
90
92
90
104
97
92
89
82
69
65
75
75
81
82
76

98

99
95
99
97
98
107

Medium
(n = 6)

95
94
99
88
95
94
98
91
95
91
94
88
90
104
100
95
86
82
80
68
76
83
83
83
77

103

103
100
104
102
98
103

High
(n = 6)

11
8
9
5
8
13
ND
ND
8
6
8
7
11
6
3
7
ND
0
6
8
13
10
2
2
2

8

10
9
4
10
0
11

Low
(n = 6)

4
3
3
5
2
6
11
5
4
4
4
5
6
4
3
3
6
6
15
9
6
8
3
1
1

5

7
11
6
2
3
7

Medium
(n = 6)

5
4
3
2
4
4
10
4
2
4
5
4
1
6
3
3
5
6
13
8
6
14
4
0
1

4

5
13
3
1
4
9

High
(n = 6)

Intra-Day Precision (%)

14
1
7
5
6
3
ND
ND
10
2
2
27
6
12
5
3
ND
9
19
16
2
9
3
4
5

6

5
12
7
16
9
ND

Low
(n = 6)

6
4
2
2
3
2
13
6
2
1
2
10
5
14
2
3
25
18
12
8
5
7
3
5
5

2

5
11
5
18
4
18

Medium
(n = 6)

7
1
2
2
1
1
5
2
1
1
2
4
3
11
2
3
27
18
4
9
3
7
1
5
6

7

5
16
6
12
4
12

High
(n = 6)

Inter-Day Precision (%)
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96
117
109
123
121
114
122
113
113
126
125
124
102
117
115
118
5
5
76
136
173
80
131
140
129

92

101
109
84
82
119
92

Matrix
Effect (%)

2.4 ± 0.3
11.8 ± 0.1
8.9 ± 0.3
17.5 ± 1.2
7.7 ± 0.3
3.5 ± 0.2
2.1 ± 0.2
12.2 ± 0.8
9.1 ± 0.3
11.6 ± 0.4
20.2 ± 0.5
10.1 ± 0.2
12.1 ± 0.5
82.1 ± 5.8
21.7 ± 2.3
3.5 ± 0.3
0.2 ± 0.1
0.2 ± 0.1
2.2 ± 0.3
1.3 ± 0.1c
2.7 ± 0.2
1.6 ± 0.2
5.1 ± 0.3
2.7 ± 0.1
4.3 ± 0.2

8.1 ± 0.4

31.1 ± 5.3
8.1 ± 0.3
4 ± 0.5
4.7 ± 0.5
2.3 ± 0.1
5.5 ± 0.2

t = 0 Months
(n = 6)

1.8 ± 0.1
15.3 ± 0.3
8.5 ± 0.8
15.8 ± 0.8
8.7 ± 0.7
3.6 ± 0.3
5.3 ± 0.2
12.4 ± 0.3
10 ± 0.5
11.3 ± 0.7
21.2 ± 0.7
10.5 ± 0.6
16.4 ± 0.9
68.2 ± 7.8
21.3 ± 0.9
3.4 ± 0.1
4.7 ± 0.4b
0.1 ± 0.1
0.9 ± 0.1
3 ± 0.2
3 ± 0.2
0.8 ± 0.1
4.6 ± 0.4
2.8 ± 0.2
3.4 ± 0.1

8.8 ± 0.3

40.8 ± 1.4
7.9 ± 0.3
3.8 ± 0.2
3.3 ± 0.2
2.8 ± 0.2
4 ± 0.2

t = 15 Months
(n = 6)

Stabilitya

RT, retention time; r, linearity; Low, low concentration; Medium, medium concentration; High, high concentration; ND, not detected.
Data are shown as the concentration (nanograns per milligram) of the indicated compound in the fortified laboratory reference material at the time of preparation (t = 0 months) or after 15 months
storage at 80°C (t = 15 months).
b
The observed reduced stability of this compound is most likely a combination of large matrix effects, low precision, and low recovery for quantification.
c
The initial timepoint is t = 4 months for this compound.

III

II

I

Method

Recovery (%)

TABLE 1. Method characteristics for the quantification of eicosanoid metabolites in urine by LC-MS/MS
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Glucuronidation
In order to screen for potential eicosanoid glucuronide conjugates in urine, an enzymatic hydrolysis step was evaluated. Prior to
the extraction procedure described above, 20 l of -glucuronidase
from Helix pomatia were added to urine samples (300 l), and after
the addition of 200 l of acetate buffer 0.1 M (pH 4.9), samples
were incubated at 37°C for 2 h. Following cooling at room temperature, 200 l of methanol/HCl (200 mM) were added to stop
the reaction (26). Technical replicates of a native urine sample
both with and without -glucuronidase treatment (n = 5) were
worked-up using the conditions described above.

Method validation

Clinical samples
For the assessment of metabolite excretion of eicosanoid metabolites, urine samples from 18 atopic volunteers (skin prick test positive to birch, timothy grass, Pacific grasses, or Dermatophagoides
pterinyssinus) aged 19–50 years were analyzed. Our exposure protocol and patient demographics are described in detail elsewhere (27,
28). Briefly, we employed a double-blinded randomized crossover
study on 11 women and 7 men, aged 20–46 years. Baseline forced
expiratory volume in 1 s ranged from 66% to 143% of the predicted
value. Participants were exposed, in a crossover washed out by 4

1168

Journal of Lipid Research Volume 60, 2019

Data analysis and statistics
For LC-MS/MS data, the TargetLynx application manager
(Waters) was used for quantification. Statistical analysis was performed using nonparametric multiple t-test; groups were compared by using the Wilcoxon signed rank test. Statistical analysis
was performed in GraphPad Prism v5.02 (GraphPad Software) and
graphs were prepared in the same software, Excel 2010 (Microsoft
Corp.), or TIBCO Spotfire nv.7.0.0.

RESULTS AND DISCUSSION
Volume optimization
The optimal volume to be extracted for each method
was determined based upon the minimum volume of matrix in which those compounds that are routinely detected
in urine (Table 2) could be quantified at the highest dilution factor. A volume of 300 l was selected for the analysis
of PGMsIPs (Methods I and II), and 1 ml for the analysis of
the CysLTs (Method III). In addition, 100 l is required for
the specific gravity measurement. Accordingly, a total volume of 1.4 ml of urine is required for the complete workflow. This relatively low volume is advantageous for studies
in which sample volume may be limited (e.g., pediatric
sampling). It also has the advantage that urine samples
can be collected in 2 ml tubes, which are amenable for
biobanking because they can be stored in standard freezer
boxes of 100 positions. This storage format minimizes space
consumption in low temperature freezers.
Normalization
The concentrations of endogenous metabolites in urine
can vary extensively due to variations in fluid intake or salt
excretion (12, 29). Methods for the normalization of metabolite concentrations, such as osmolality, creatinine, or specific
gravity (i.e., refractive index), are therefore necessary in order to compensate for the dilution of urine samples. One of
the most common methods for metabolite level normalization is to use the urine creatinine concentration (12, 29).
However, during exercise, increased muscle turnover contributes to elevated serum creatinine levels, which may skew
the normalization results (30). This is of particular relevance
for measurements in athletes, who are extremely physically
active (29). In addition, a malfunctioning kidney may alter
the balance of excretion/re-uptake of creatinine, which for
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The following parameters were evaluated: limit of quantitation
(LOQ), linearity, stability, extraction recovery, precision for intraand inter-assay at three concentration levels, matrix effects, and
repeatability. For the eicosanoids listed in Table 1, calibration
curves were prepared daily and spiked with internal standards. In
order to evaluate the linearity, nine calibration curve points were
analyzed by the optimized method. The linearity of the calibration curves was then determined using linear regression analysis
using 1/X weighting. The LOQ was defined as the lowest concentration (in terms of on-column eicosanoid levels in picograms) at
which the peak response was 10 times that of the noise (10 S/N).
The stability of eicosanoids in urine during freeze/thaw cycles
was examined at three time points, and in triplicates, with each
time point passing a freeze/thaw cycle from 80°C to 4°C. Baseline measurements (T0) were kept frozen until analysis. Samples
were thawed at 4°C and refrozen at 80°C for the next study day.
The cycle was repeated for three consecutive days. The stability of
analytes after freeze/thaw cycles was assessed by the percentage
change from T0 to each freeze/thaw cycle (T1, T2, and T3).
The extraction recovery was assessed by the analysis of six replicates of a native urine sample spiked with the compounds before
extraction, and six replicates of the same urine sample to which
the analytes were added after extraction. The ratio of the peak
areas between the analytes and the internal standard obtained
from the extracted spiked samples was compared with ratios obtained for samples in which the analytes were added after extraction of the matrix (representing 100% of extraction recovery).
The intra-assay precision was calculated after analysis of six replicates of samples spiked at three different concentrations on the same
day. Inter-assay precision was calculated after analysis of six samples
spiked at these three concentration levels in three different days.
Precision was measured as the relative standard deviation of the ratios of the peak areas of the compound to the internal standard.
For the evaluation of matrix effects, six aliquots of a native
urine sample were extracted and then spiked with the analytes to
avoid losses during the extraction procedure. The ion suppression/enhancement was calculated by comparing the responses
between these spiked extracts and the same amount of the standard mix spiked into pure LC solvent. Intra- and inter-batch variability was evaluated using QC samples and reported as the
percent relative standard deviation (%RSD).

weeks, to filtered air and diluted diesel exhaust (at 300 g PM2.5 per
cubic meter, a level similar to those frequently encountered in major Asian cities) for 2 h, each followed by segmental allergen challenge (to an allergen to which they were shown sensitized, by virtue
of having a positive skin prick test) (27). Urine samples were collected before diesel exhaust exposure (baseline) and 4 h after the
segmental allergen challenge. All participants fasted for at least 12 h
prior to each visit. Immediately after urine collection, samples were
aliquoted, and butylated hydroxy toluene was added to achieve a
final concentration of 227 M. Samples were then stored at 80°C
until the day of analysis. The samples were obtained and utilized
consistent with ethical approval from the Clinical Research Ethics
Board of the University of British Columbia (certificate H11-01831).
Informed consent was obtained from all research participants, and
the study abided by the principles of the Declaration of Helsinki.
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TABLE 2. Eicosanoid metabolites routinely detectable in urine
Parent Compound

PGE2
PGD2
PGF2
PGI2
TXA2
Isoprostanes

LTE4

Eicosanoid Metabolite

%RSDa

%RSD (15 months)b

%RSD [Balgoma et al. (21)]c

PGE2
Tetranor PGEM
2,3-Dinor-11--PGF2
Tetranor PGDM
PGF2
13,14-Dihydro-15-keto-PGF2
6-Keto-PGF1
2,3-Dinor-6-keto-PGF1
TXB2
11-DehydroTXB2
2,3-Dinor-TXB2
8-IsoPGF2
2,3-Dinor-8-isoPGF2
5-iPF2-VI
8,12-Iso-iPF2-VI
LTE4

6.7
15.0
6.3
5.2
8.5
3.0
6.0
5.7
7.4
5.6
11.2
8.3
7.9
3.9
2.7
4.1

12.4
28
18.2
9.1
8.4
7.8
10.7
13.8
11.8
6.7
7.1
12.6
14.3
9.0
7.3
10.1

6.6
22.9
14.4
8.5
9.7
Not included
Not included
15.7
7.8
12.1
15.1
8.8
8.7
Not included
4.0
8.4

example occurs during kidney failure (30). Taken together,
optical density measures such as specific gravity have emerged
as an attractive and convenient alternative for normalization
of urinary metabolite levels (31). However, there is still a potential confounder because glucose and protein content can
influence the optical density of the urine (12, 31). Despite
these issues, specific gravity has become the gold standard
method for the correction of urinary concentrations used by
the World Anti-Doping Agency (WADA)-accredited laboratories (23).
In the current study, creatinine and specific gravity were
both measured in order to evaluate their correlation (supplemental Fig. S2). These results were in accordance with
previously published results (29, 31–33), with a good correlation between the two approaches (r = 0.79). Given that
creatinine and specific gravity gave similar results, and that
specific gravity is a simple and rapid standard to estimate
the urine concentration accepted by WADA, we chose to
use specific gravity normalization for urinary normalization. While specific gravity normalization does require a
larger sample volume (100 l for specific gravity vs. 50 l
for creatinine quantification), specific gravity measurements are generally less laborious and time-consuming
compared with creatinine measurements.
Glucuronidation
Glucuronidation is a major conjugation mechanism for
the formation of polar metabolites to facilitate their excretion in urine (34). Consequently, it has been recommended to pretreat urine samples with -glucuronidase to
determine the total excretion of urinary eicosanoids and,
thus, obtain a more accurate indication of total systemic
production (22, 26, 35). For this reason, we tested the effects of an enzymatic hydrolysis step before the extraction
of urine. While 12 of the 17 deconjugated eicosanoids
demonstrated an improvement in signal, no additional
eicosanoid metabolites were detected following enzyme

hydrolysis and the unconjugated eicosanoids were unaffected by the enzymatic treatment (supplemental Table S2).
Validation results
The method was validated following the recommendations for bioanalytical method validation (36) (Table 1).
The methods were determined to be selective and specific
following the analysis of several urine samples from independent sources. Specifically, the absence of interfering
substances at the retention times of the compounds of interest and internal standards were verified (data not
shown). All calibration curves were linear, with correlation
coefficients (r) ranging from 0.996 to 0.999 for all compounds. Extraction recoveries were calculated at three
different concentration levels. Values near 100% were
obtained for all PG, isoprostane, and thromboxane metabolites (Methods I and II). Recoveries of 80% were
obtained for the CysLTs (Method III). Extraction recoveries
were evaluated as well for the internal standards (supplemental Table S1). Values >90% were obtained for 16 out of
20 internal standards and >70% recoveries were obtained
for the remainder. Table 1 lists the intra- and inter-assay
precisions, estimated at three concentration levels, expressed as the %RSD of the signals obtained. The intra-day
precision values obtained were <15% for all compounds at
the three concentrations tested. The %RSD for inter-day
precision evidenced <20% variation for all sixteen compounds that were consistently detected in urine.
One of the main obstacles in MS is the ion suppression or
enhancement induced by various sample matrix constituents. However, this problem is generally addressed through
the use of stable isotopically labeled internal standards. Accordingly, the matrix effects for the current method were
evaluated for each endogenous eicosanoid. An elevation of
signal >20% was found for nine eicosanoids, while a decrease of 24% was only found for one eicosanoid (Table 1).
All the compounds regularly detected in urine were stable
Urinary eicosanoids for clinical phenotyping
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a
Data are the mean %RSD from n = 36 laboratory reference material samples from the current allergen
provocation study (27).
b
Data are the mean %RSD for n = 195 laboratory reference material samples measured over a period of 15
months (Fig. 2).
c
Data are the mean %RSD from n = 32 laboratory reference material samples from the method published by
Balgoma et al. (21). Note that the laboratory reference material from Balgoma et al. (21) has a different origin from
that prepared for the current method.
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The long-term repeatability of the method was demonstrated across seven independent cohorts analyzed over a
period of 15 months (Table 2; Fig. 2). The graph represents the analysis of n = 195 aliquots of the prepared laboratory reference material (n = 3 aliquots per batch across n =
65 batches) included during the analysis of n = 1,365 authentic study samples. The laboratory reference material
samples are used as external QC samples during long-term
routine analysis to monitor method performance, and for
the integration of multiple studies. The method evidenced
high precision (CV <15%, except for tetranor PGEM and
2,3-dinor-11-PGF2, which were <30%), demonstrating its
suitability for long-term monitoring and concatenation of
concentration data from independent studies.
Urinary eicosanoids increase following allergen challenge
The method was applied to urine samples collected from
18 atopic volunteers before and after exposure to diesel exhaust for 2 h followed by a segmental allergen challenge
(27). A total of 15 urinary eicosanoid metabolites were
detected in the samples, 11 of which were produced from
enzymatic sources (Fig. 3) and 4 from autoxidation (supplemental Fig. S3). Following allergen challenge, the urinary
levels of LTE4 significantly increased, in accordance with
previous studies (17, 21, 37–39). The urinary levels of the
bronchoconstrictor PGD2 metabolite, 2,3-dinor-11-PGF2,
were also significantly elevated (39). The allergen provocation was associated with significantly increased urinary
excretion of TXB2 and 2,3-dinor-TXB2, indicating increased

Fig. 2. Concentration of seven representative metabolites (2,3-dinor-TXB2, PGF2, 8,12-iso-iPF2-VI, tetranor PGDM, LTE4, TXB2, and
8-isoPGF2) quantified in 195 aliquots of a fortified laboratory reference material over a period of 15 months. For each batch of samples
(n = 21), three aliquots of the reference material were extracted. The graph represents the analysis of 65 batches of samples distributed in
seven different cohorts (n = 1,365 samples).
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for at least three freeze/thaw cycles (supplemental Table
S3). In particular, levels of the stable end-point product
from the CysLT pathway, leukotriene (LT)E4, were unchanged following freezing, in contrast to the more seldom
detected LTC4 and LTD4. Therefore, the method allows for
consistent estimation of eicosanoid metabolite pathway
concentrations for up to three freeze/thaw cycles.
The reproducibility of the method was further evaluated
by the analysis of an in-house laboratory reference material.
Reference materials are an important component of the
quality assessment strategy to ensure monitoring of sample
processing and instrument performance. It is of particular
importance to determine the batch performance and concentration range homogeneity over time to enable integration of data from multiple studies. Table 2 displays the %RSD
of the eicosanoid metabolites in the laboratory reference
urine that are routinely detected in authentic urine samples.
In order to compare the performance of our new method
versus the earlier version, we compared the %RSD obtained
in the diesel exhaust exposure study (n = 36) (27), and the
%RSD obtained in the laboratory reference material (n = 32)
from our previously published allergen provocation study
(21). Improved CVs were obtained for all compounds in the
present method, as demonstrated by reducing the individual
CVs by an average of 3.7 unit percent. For all reported eicosanoids in the allergy provocation study (27), individual CVs
obtained did not exceed 10%, except for tetranor PGEM
(15%) and 2,3-dinor-TXB2 (11%), demonstrating the improved performance of the method (Table 2).
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Fig. 3. Urinary concentration of detected enzymatically-derived eicosanoids in pre- (baseline) and 4 hours post-allergen challenge performed after diesel exhaust exposure (n=18) (27). Metabolites are displayed on a pathway-specific basis. A: tetranor-PGEM from prostaglandin E2 (PGE2). B: tetranor-PGDM and 2,3-dinor-11-PGF2 from prostaglandin D2 (PGD2). C: 6-keto-PGF1 and 2,3-dinor-6-keto-PGF1 from
the prostaglandin I2 (PGI2). D: 2,3-dinor-TXB2 from thromboxane B2 (TXB2). E: prostaglandin F2 (PGF2). F: cysteinyl-leukotriene E4
(LTE4) from the CysLT pathway. The compound 11-dehydroTXB2 did not change with allergen challenge and is excluded for graphical
simplicity. Groups were compared by using the Wilcoxon signed-rank test; *P < 0.05; **P < 0.01; ***P < 0.001.

biosynthesis of TXA2 (17, 37, 38, 40). TXA2 is most likely
produced by platelets and is also a potent bronchoconstrictor. The effect of PGD2 and TXA2 on the thromboxane recep-

tor (TP) might explain the protective effects of TP antagonists
observed in allergen-induced bronchoconstriction (41). Significant changes in urinary concentrations of isoprostanes,
Urinary eicosanoids for clinical phenotyping
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Methodological improvements
Multiple improvements were made to the current workflow in relation to previously published methods, with a focus
on formatting the current method to be suitable for largescale analyses. Previous methods were limited in metabolic
coverage (11, 43–47), required laborious solvent-intensive
liquid-liquid extraction (35), long run-times (6, 21, 43–45),
time-consuming absorbance measurements (21), large extraction volume (22, 44, 47), and/or enzymatic hydrolysis
(22, 35). While these methods may offer specific advantages
for targeted studies of a few particular metabolites, they are
not readily formattable for large-scale global assessment of
eicosanoid in vivo metabolism. A limitation with the current
platform is that proposed pro-resolving lipid mediators are
not included, but that is currently not possible because little
is known about their in vivo metabolism in humans. Our
workflow encompasses the majority of the eicosanoid pathways that have established clinical or physiological functions
(Fig. 1). In particular, we have added the compound,
13,14-dihydro-15-keto-PGF2, which enables us to monitor
the PGF2 pathway. This improved workflow has been
semi-automated using an SPE automation system, includes
shortened chromatographic run-times, only requires 1.4 ml
of urine for all analyses, and does not involve an enzymatic
hydrolysis step. In addition, all three methods have been harmonized to use the same flow rate, column temperature,
ionization polarity, and mobile phase. This simplifies the procedure, reducing both analysis time and costs compared with
other methods (6, 21, 35, 43–45, 47). The use of specific gravity for the normalization eliminates the need to measure creatinine, which, while straightforward, adds an extra step to
the workflow. The minimal required volume for analysis
with the complete workflow simplifies planning of clinical
studies because the same volume can be stored for all samples using 2 ml cryotubes, which consume less freezer space
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for biobanking. Lastly, the use of the fortified laboratory
reference material enables the monitoring of method
performance over time and stitching together data from
independent studies for integrative meta-analyses.
In conclusion, the developed urinary eicosanoid profiling workflow provides an integrative signal of systemic inflammatory processes and is informative for mechanistic
insight into numerous pathologies. The current platform
improves on previous methods in terms of simplicity, metabolic coverage, and precision. Monitoring eicosanoid levels in urine is practical for multiple reasons including the
stability of eicosanoid metabolites during multiple freeze/
thaw cycles and deep frozen in urine for at least 1 year, as
well as the suitability of urine for clinical study collection
protocols (e.g., pediatric and repeat sampling). In addition, the developed panel of urinary eicosanoids is also
pharmacologically relevant, as was shown by the replication
of similar eicosanoid release profiles following both local
and whole lung exposure. The developed platform covers
the major eicosanoid urinary metabolites including the
prostanoids, leukotrienes, and isoprostanes. The methods
presented herein enable the monitoring of systemic endpoint markers of inflammation and oxidative stress and are
sufficiently repeatable and precise for applications in large
population-based studies and clinical investigations.
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