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HIGHLIGHTS

e Validation of 96-well plate quantita-
tive metabolic profiling method.

e Quantification of 109 lipid mediators,
bile acids and steroids in 50 pL of
blood.

o First report of endocannabinoid and
NSAID concentrations in NIST SRM
1950.

e Expanded oxylipin and glucocorti-
coid coverage in NIST SRM 1950.

e Fasting state influences endocanna-
binoids, oxylipins and bile acids.
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ABSTRACT

The goal of this research was to develop a high-throughput, cost-effective method for metabolic profiling
of lipid mediators and hormones involved in the regulation of inflammation and energy metabolism,
along with polyunsaturated fatty acids and common over-the-counter non-steroidal anti-inflammatory
drugs (NSAIDs). We describe a 96-well plate protein precipitation and filtration procedure for 50 pL of
plasma or serum in the presence of 37 deuterated analogs and 2 instrument internal standards. Data is
acquired in two back-to-back UPLC-MS/MS analyses using electrospray ionization with positive/negative
switching and scheduled multiple reaction monitoring for the determination of 145 compounds,
including oxylipins, endocannabinoids and like compounds, bile acids, glucocorticoids, sex steroids,
polyunsaturated fatty acids, and 3 NSAIDs. Intra- and inter-batch variability was <25% for >70% of me-
tabolites above the LOQ in both matrices, but higher inter-batch variability was observed for serum
oxylipins and some bile acids. Results for NIST Standard Reference Material 1950, compared favorably
with the 20 certified metabolite values covered by this assay, and we provide new data for oxylipins, N-
acylethanolamides, glucocorticoids, and 17-hydroxy-progesterone in this material. Application to two
independent cohorts of elderly men and women showed the routine detection of 86 metabolites,
identified fasting state influences on essential fatty acid-derived oxylipins, N-acylethanolamides and
conjugated bile acids, identified rare presence of high and low testosterone levels and the presence of
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NSAIDs in ~10% of these populations. The described method appears valuable for investigations in large
cohort studies to provide insight into metabolic cross-talk between the array of mediators assessed here.

© 2020 Published by Elsevier B.V.

Abbreviations

1+2-MAGs the sum of the 1-acyl and 2-acyl monoacylglycerols

AA arachidonic acid

ALA alpha-linolenic acid

CUDA 1-cyclohexyluredio, 3-dodecanoic acid

DHA docosahexaenoic acid

EPA eicosapentaenoic acid

ISTD internal standards

LA linoleic acid

LEA linoleoyelethanolamide;

MAG monoacylglycerol;

ROS/MAP Religious Orders Study/Rush Memory and Aging
Project

MEDMs  medians of laboratory means
MRM multiple reaction monitoring
NE-PUFAs non-esterified polyunsaturated fatty acids

NAEs N-acylethanolamides

NAGs N-acylglycines

NIST 1950 National Institutes of Standards and Technologies
Standard Reference Material 1950, Metabolites in
Human Plasma

NSAIDs  non-steroidal anti-inflammatory drugs

PUHA 1-phenylureido, 3-hexanoic acid

SSTDs isotopically labeled analytical surrogate standards

UTAK UTAK Laboratories defibrinated plasma

1. Introduction’

The simultaneous quantitation of regulatory metabolites in bio
fluids has the potential to provide insight into the complex in-
teractions between regulatory domains, how they are influenced by
environmental (e.g. diet) and genetic factors, and their modulation
by health and disease. The measurement of metabolite suites from
single metabolic pathways, but derived from alternate substrates is
one aspect that can provide data for pathway enrichment analyses
that reinforce observed changes and can identify shifts in substrate
availability and utilization [ 1—3]. For instance, modulation of omega-
6 oxylipins by omega-3 fatty acid feeding may underlie portions of
the anti-inflammatory benefits of such dietary interventions in dis-
eases associated with chronic inflammation [4—6]. However, regu-
latory lipids are numerous, being derived through multiple routes
including the metabolism of free and esterified acyl lipids (e.g.
oxylipins and endocannabinoids), and the isoprenoid-derived
cholesterol backbone (e.g. bile salts and steroids), to name a few.
Notably, regulatory cross-talk within and among these pathways are
well known and are modulated by disease processes. For instance,
interactions between the oxylipin and endocannabinoid pathways
are numerous and occur at levels of synthesis, receptor activation,
and response modulation and these interactions may be altered
during disease processes [7]. Similarly, bile acids are regulators of
glucocorticoid metabolism, with important implications regarding
energy metabolism, going far beyond their classic roles in lipid
digestion [8,9]. Other well-established cross-pathway interactions
include endocannabinoid-glucocorticoid interactions modulating
hypothalamic-pituitary axis tone, glucocorticoid-dependent inhibi-
tion of pro-inflammatory oxylipin production, and glucocorticoid —
sex steroid interactions influencing energy metabolism and stress
responses [ 10—14]. Therefore, analytical tools that allow the efficient
and simultaneous quantification of these and other interacting reg-
ulatory domains offer powerful new tools for biomedical research.

To allow the broad application of such targeted metabolic
profiling efforts, efficient and robust techniques are needed to
support clinical research toward interpreting these interactions,
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and the roles these pathways play in health and disease. This work
presents modifications and validaton of re recently reported pro-
tocols allowing the measurement of oxylipins, endocannabinoids
and bile acids from a single 50 uL aliquot of human plasma or serum
by UPLC-MS/MSJ[15]. The current method relies on protein precip-
itation and filtration in the presence of deuterated analytical sur-
rogates in a 96-well plate-based format, followed by analysis over
two LC-MS/MS acquisition. This method represents a significant
increase in efficiency relative to other standardly used methods for
oxylipins and endocannabinoids [2,16—20], and parallels modern
methods for bile acid [21] and steroid quantification [22,23]. We
expanded the base method of 72 oxylipins, 3 nitrolipids, 24 endo-
cannabinoids and endocannabinoid like substances and 23 bile
acids to include the determination of 4 additional oxylipins
belonging to the specialized pro-resolving lipid mediator class [24],
9 high abundance endogenous steroids, 3 non-steroidal anti-in-
flammatory drugs (NSAIDs), and the semi-quantitative assessment
of 5 non-esterified polyunsaturated fatty acids (NE-PUFAs). We
apply this method to the analysis of plasma and serum, reporting
estimated LODs, LOQs, and intra- and inter-assay variability for all
observed analytes. We compare results for the National Institutes of
Standards and Technologies Standard Reference Material 1950:
Metabolites in Human Plasma (NIST 1950), and to the best of our
knowledge provide the first report of endocannabinoids and
NSAIDs in this material, while documenting 4 additional steroids
and 16 additional oxylipins. Finally, we report metabolite value
ranges observed in two cohorts of older individuals for plasma and
serum.

2. Methods

2.1. Chemicals, reference materials and quality assurance/quality
control measures

Calibration standards were constructed using 5-decimal place
analytical balances, analytical syringes and volumetric flasks, with
materials purchased from Cayman Chemical (Ann Arbor, MI),
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Medical Isotopes (Pelham, NH), Avanti Polar Lipids Inc. (Alabaster,
AL), Larodan Fine Lipids (Malmo, Sweden), Sigma-Aldrich (St. Louis,
MO) and Steraloids (Newport, RI). A complete list of analytical
targets listed by their common abbreviations including their esti-
mated LODs and LOQs, international chemical identifier keys
(InChIKeys), Pubchem IDs, and metabolic precursors can be found
in Supplemental Table S1 and Table S2.

2.2. Quality assurance/quality control measures

To assess method performance, each experimental batch (96-
well plate) of plasma and serum included two method blanks,
two NIST standard reference material 1950s - Metabolites in Hu-
man Plasma (Sigma-Aldrich, St. Louis, MO) two UTAK Laboratories
Inc (Valencia, CA) defibrinated plasma (UTAKs) samples and two
study serum pools in serum batches. An additional set of 7 pooled
plasma samples was processed in a single batch to assess intra-
batch variability and reference material applicability to the
included study populations. Inter-batch variability was calculated
as the CV of the batch replicate averages, while intra-batch vari-
ability was calculated as the average within batch replicate CV.
Method blanks were routinely negligible and are not discussed in
this manuscript.

2.3. Plasma and serum sources, pool preparation and reference
material sub-aliquoting

Plasma and serum samples were collected from control subjects
in association with projects investigating biological changes in
memory and aging. Plasma samples from men and women be-
tween 45 and 90 years of age (n = 281) were obtained from the
Emory Goizueta Alzheimer’s Disease Research Center at Emory
University collected on EDTA as previously described [25]. Serum
samples from men and women between 60 and 90 years of age
(n = 230) were obtained from Rush University collected in associ-
ation with the Religious Orders Study (ROS) of older nuns, priests,
and brothers from across the United States and the Rush Memory
and Aging Project (MAP) of older lay persons from the greater
Chicago area [26]. Pooled samples were constructed for each matrix
using a random selection of 10 samples. Samples were thawed on
wet ice during the extraction procedure, and 100 pL aliquots were
mixed, centrifuged for 10 min at 4500 rcf (g) and 4 °C prior to sub-
aliquoting. For NIST 1950, 1 mL vials were thawed on wet ice prior
to sub-aliquoting and freezing at -°80C. For UTAK defibrinated
plasma, 500 mL was thawed over night at 4 °C, mixed gently, placed
on wet ice with continuous gentle mixing prior to sub-aliquoting.
All pools and reference materials were distributed as 125 pL sub-
aliquots in methanol rinsed 500 pL polypropylene Eppendorf
tubes and stored at -°80C until use.

2.4. Sample extraction

Plasma, serum and reference materials were randomized and
thawed in racks on wet ice, covered in foil to avoid light and pro-
cessed under amber lights. Aliquots (50 pL) of serum or plasma
were added to methanol washed polypropylene 1 mL deep well
plates containing: 10 uL methanolic solutions of 625 nM deuterated
surrogates of oxylipins, endocannabinoids, PUFA and NSAIDs; 10 puL
of 625 nM bile acids and steroids; 5 pL of 0.2 mg/mL of butylated
hydroxytoluene and EDTA in 1:1 methanol/water (v/v); 5 pL of
methanol solutions of 5 UM 1-cyclohexyluredio, 3-dodecanoic acid
(CUDA; Sigma-Aldrich, St. Louis, MO) and 1-phenylureido, 3-
hexanoic acid (PUHA; kind gift from Dr. B.D. Hammock, Univer-
sity of California-Davis, Davis CA) in methanol. Spike solutions were
delivered with glass analytical syringes using a calibrated repeater.
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Samples were delivered with an adjustable tip-spacing VOYAGER
8-channel pipette (Integra Biosciences Crop, Hudson, NH). Samples
were brought to a final volume of 250 pL with 170 pL meth-
anol:acetonitrile (1:1), vortexed for 3 min to precipitate proteins
and centrifuged for 10 min at 4500 rcf and 4 °C. The plate was
capped with a silicone mat and chilled at —20 °C for 15 min. A
150 pL supernatant aliquot was pipetted into a 0.2 pm PVDF
membrane filter plate (Agilent Technologies, Santa Clara, CA, USA)
placed over a 450 pL polypropylene conical well plate. The plate
stack was centrifuged for 3 min at 500 rcf at 4 °C. The plate was
capped with a slit-top silicone mat and extracts were analyzed by
LC-MS/MS as described below. In more recent projects, the 450 pL
conical well plates and the silicone mats have been replaced with
450 pL microtiter plates with thermally sealed polypropylene-
backed foil.

2.5. Data acquisition and analysis

Oxylipins, N-acylethanolamides (NAEs), N-acylglycines (NAGs),
monoacylglycerol (MAGs), nitrolipids, NE-PUFAs and NSAIDs (Oxy/
Endo assay) were analyzed in a single UPLC chromatographic run
using positive/negative switching with scheduled multiple reaction
monitoring (MRM) on a tandem quadrupole mass spectrometer. Bile
acids and steroids (BA/Sters assay) were quantified with a second
injection on the same platform. Oxy/Endo assay analytes were
separated with a Shimadzu Nexera X2 UPLC (Shimadzu, Kyoto,
Japan)on a 2.1 x 150 mm, 1.7 pm Acquity BEH C18 column (Waters,
Milford, MA, USA) [13]. All UPLC parameters for this assay are
included in Supplemental Table S3. BA/Sters analytes were quanti-
fied in a second analysis, being separated on a 2.1 x 100 mm 1.7 um
Acquity BEH C18 column using modifications of previously reported
procedures [15]. Important modifications to the chromatography
gradient improved the method robustness. All UPLC parameters for
this assay are included in Supplemental Table S4. Analytes were
detected by electrospray ionization with positive/negative switching
and scheduled MRM on an API 6500 QTRAP (AB Sciex, Framingham,
MA, USA). The electrospray source parameters are described in
Supplemental Table S5. For the Oxy/Endo assay, negative mode pa-
rameters for oxylipin, NSAIDs, PUFAs, along with retention times,
MS/MS acquisition parameters, and quantitative analytical surrogate
tags are provided as Supplemental Table S6 and positive mode pa-
rameters for NAEs, NAGs, and MAGs are in Supplemental Table S7.
For the BA/Sters assay, Supplemental Table S8 includes the negative
mode parameters for bile acids, and Supplemental Table S9 includes
positive mode parameters for steroids.

Acquisition parameters for a number of metabolites identified as
“Screens” are included. These compounds are not included in the
calibration standards but have been identified based on either
retention times compared to authentic standards (i.e.-NE-PUFAs),
or coherent relative retention time matches and mass transitions
from the literature. The NE-PUFAs are not included in the Oxy/Endo
calibration solutions due to the potential for oxylipin formation in
storage. These screened ions include Resolvin E1 and E2, eicosa-
pentaenoylethanolamide (i.e. EPEA), palmitoleoylethanolamide
(i.e. POEA), and the NE-PUFAs [i.e. linoleic acid (LA); alpha-linolenic
acid (ALA); arachidonic acid (AA); eicosapentaenoic acid (EPA);
docosahexaenoic acid (DHA)]. With the exception of Resolvin E1
and E2, each of these residues is routinely observed in samples and
is reported as relative abundances across study samples after
correction by their respective labeled surrogates, as a ratio
response. The relative abundances of the NE-PUFAs correlate well
with GC-MS based NEFA analyses of split samples (data not shown),
supporting the reporting of relative abundances for this “screened”
data. For simplicity, full validation for these residues are not re-
ported here.



TL. Pedersen, I]. Gray and J.W. Newman

Data was processed with AB Sciex MultiQuant v 3.0.1. Auto-
integrations were manually inspected and corrected as necessary
to optimize integrations and confirm peak picking based on relative
retention times to their analytical surrogates. Low abundance
analytes often required manual integration. The majority of ana-
lytes were quantified against 6- to 10-point calibration curves by
area ratio response using class-specific surrogate peak areas and 1/
x curve calibration curve fits, with calibration point inclusion/
exclusion at the low end being established by standard accuracy
between 80 and 120%. See Supplemental Tables S6—S9 for surro-
gate associations to specific analytes. Surrogate recoveries were
estimated by application of internal standards to labeled surrogates
as an area ratio with either CUDU or PUHA area responses,
depending on surrogate retention times. The use of the area ratio
corrects for matrix effects at the instrument, thus correcting for
sample-to-sample variance due to matrix associated ionization
suppression/enhancement of the surrogate. Calibration standard
concentration ranges for all analytes in the Oxy/Endo assay and BA/
Sters assay are found in Supplemental Table S10 and Table S11,
respectively.

2.6. Limits of detection and limits of quantification

LODs and LOQs were estimated according to the Environmental
Protection Agency method Procedure 1c [27]. Specifically, 1-tailed
t-tests were run between successive concentrations of calibration
standard replicates to determine the region of the calibration
where a significant change in sensitivity occurred (p < 0.05), ‘i.e., a
break in the slope of the calibration’. The standard deviation (o) of
the first replicated standard solution with calculated concentra-
tions significantly different than the preceding calibration level was
used to estimate the instrumental LOD. These values were then
transformed into sample nM concentrations by multiplying the
calculated concentration by the final sample volume (i.e. 250 pL)
and dividing by the volume of sample extracted (i.e. 50 pL). Using
the Students t-Distribution, the t-value was determined at a 95% 1-
tail confidence level to define the LOD. Specifically, the sample
LOD = (t-value) ¢ x (250 pL/50 pL) and the LOQ = 3 x LOD.

3. Results and discussion
3.1. Surrogate recovery precision and accuracy

Isotopically labeled analytical surrogates standards (SSTDs) are
introduced into samples such that 100% recoveries would result in
concentrations equivalent to those within the calibration stan-
dards. However, as sample matrix components can influence ioni-
zation behavior of both analytes and SSTDs, direct comparisons of

cv
il N w S (3]

[—) (= o (=] o o

T 2RISR
ISTD Area 40 £ 3% |H
SSTD Area 41+ 5% }a
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Fig. 1. The use of internal standards increases the precision of analytical surrogate
recovery estimates. The average area count and area count ratio coefficient of variation
(CV) is shown for the internal standards (ISTD) CUDA and PUHA and for the analytical
surrogates (SSTDs) across both positive and negative mode assays in the Oxylipin/Endo
assays. The CV of the SSTD/ISTD ratio is significantly reduced (p < 0.0001).
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Table 1
Surrogate inter-assay and intra-assay percent variability by assay “.

Oxy/Endo Assay BA/Sters Assay

-ESI +ESI -ESI +ESI
Inter-batch Variability Geometric Mean [Range] (%)
Plasma (n=4) 9.6,[2.8, 41] 15, [9.3, 22] 14, [3.7,55] 6.9,[4.8,10]
Serum (n=3) 3.1,[0.56,10] 7.2,[5.3,9.5] 9.1,[45,42] 12,[7.9, 25]
Intra-batch Variability Geometric Mean [Range] (%)
Plasma (n=4) 13[10,18], 20 [12,28], 13[9,22], 10, [7.3, 12]
Serum (n=3) 21[16,28], 24 [21,27], 20[16,27],  21[20,23],

2 . Results are calculated from the analysis of 298 plasma samples analyzed in four
batches and 228 serum samples analyzed in three batches.

sample to calibration solution SSTD area counts result in high
sample-to-sample variance. To correct for sample specific pertur-
bations in analyte ionization, independent internal standards
(ISTDs) can be used to normalize the precision of surrogate recov-
ery estimations, and provide insight into ion suppression/
enhancement effects commonly encountered with electrospray
ionization. As shown in Fig. 1, by comparing SSTD/ISTD area ratios
to SSTD raw area response, the precision of SSTD recoveries is
greatly enhanced by normalization with an internal standard. As
SSTD standard additions were not performed, we cannot distin-
guish sample preparation losses from matrix effects including in-
fluences on metabolite ionization.

The estimated surrogate recovery precision across analyte class
was stable across the 3—4 plates analyzed for both plasma and
serum, with serum showing greater intra-assay variability
(Table 1). Across all analyte profiles, the average inter-assay vari-
ance for plasma surrogate recoveries ranged from 6.9% to 15% and
for serum 3.1%—12%. The average intra-assay variance for plasma
surrogate recoveries ranged from 10% to 20%, and for serum 20%—
24%.

The artifactual migration of the 1- and 2- acylchains in mono-
acylglycerols is a particularly difficult problem associated with the
measurement of these compounds. Numerous methods have been
reported which attempt to minimize this isomerization during
sample processing and analysis [28,29]. In the current methods,
deuterated 2-arachidonoylglycerol (d8-2-AG) revealed substantial
isomerization (>80%) during this simple protein precipitation
approach consistent with previous reports of severe isomerization
with acetonitrile precipitation [29]. However, quantifying the two
isomers as a single peak suggest ~50% recoveries (Fig. 2.). Since
these analytes are present at high concentrations this apparent
recovery level is acceptable to correct for loss/suppression during
the analysis. Therefore, while isomerization was substantial, the
sum of the quantified isomers (i.e. 1+2-MAGs) can be used as a
measure of the total MAG levels in the sample. It should be stressed,
however, that the measure of individual MAG isomers with these
methods are not appropriate, and alternative methods should be
considered if these targets are critical to the research question [30].

The estimated recoveries for individual surrogates across both
assays are displayed in Fig. 2. As reflected in the intra- and inter-
assay variability, performance also appeared more stable in plasma
than in serum for the Oxy/Endo assay, but equivalent in the BA/Sters
assay. In addition, in each assay SSTDs eluting in the first 30% of the
chromatographic run show inflated recovery estimates. This high
variability likely reflects poor chromatographic resolution of these
early eluting surrogates from matrix components influencing the
ionization of the analytical surrogates which are not fully corrected
by the use of the early eluting internal standard, PUHA. Together
these findings demonstrate the importance of an increased density
of analytical surrogates in early eluting chromatographic regions, to
allow for accurate concentration corrections for analytical targets.
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Fig. 2. Estimated analytical surrogate recoveries arranged by increasing retention time in two study cohorts of plasma and serum. A) Oxy/Endo assay. B) BA/Sters assay.

Estimated recoveries are also generally reduced for compounds
eluting in the last 10% of the chromatographic run regardless of class.
Notably, the stability of these estimated surrogate recoveries across
the entire chromatographic run are substantially greater than
observed in our previous efforts using solid phase extraction
cleanups of 100—200 pL plasma samples [31]. Moreover, optimiza-
tion of sample volumes in this procedure indicated that greater
suppression was observed if 100 uL sample aliquots were used, while
reducing sample sizes to 10 pL provided no improvement in SSTD
precision or estimated recoveries, but reduced the number of
detectable analytes. Together, these findings support the contention
that dilution of matrix interferences, rather than extraction and
concentration of larger sample sizes provides considerable analytical
benefits when using electrospray ionization techniques to evaluate
such a diverse array of compounds.

3.2. Analytical precision

Analytical precision was assessed based on the intra-batch
variability for each analyte detected in the NIST 1950, pooled
plasma, UTAK defibrinated plasma, and pooled serum samples.
Inter-batch variability was assessed in all but the pooled plasma.
Aggregate intra-batch variability and ranges for each metabolite
class for compounds detected above the LOQ are assembled in
Table 2. A list of LODs and LOQs for all analytes in these assays can
be found in Supplemental Table S1 and Table S2. Metabolite specific
CVs ranged from 5 to 93%, with variance increasing as concentra-
tions decreased. Across all matrices, >77% of metabolites detected
above the LOQ had intra-batch variability of <25%, decreasing to
>67% of metabolites detected above the LOD. For the NIST 1950, the
pooled plasma and the UTAK defibrinated plasma73%, 83% and 83%

of metabolites detected > LOQ had inter-assay variability <25%,
respectively, while in pooled serum, 68% of metabolites achieved
this level of performance.

Aggregated data for inter-batch variability for metabolites
detected above the LOQ are shown in Table 3. As with the intra-
batch variability, inter-batch variability was also influenced by
proximity to the LOQ and serum was found to have higher variance
than the other matrices. Serum specific issues are discussed below.
In the NIST 1950 and the UTAK defibrinated plasma, the average
inter-batch variability was <25% across all metabolite classes at
concentrations greater than the LOQ. Pooled serum on the other
hand showed aggregate inter-batch variability ranging from 16 to
38% for the endogenous metabolites with oxylipins showing the
highest variance. Moreover, extremely high variability was seen in
2 of 3 detected NSAIDs. Acetaminophen showed high but variable
levels in the three serum analysis batches, while Naproxen was only
detected above the detection limit in 2 of 3 batches, with an inter-
batch CV >100%. In contrast, NSAID precision was <10% in the NIST
1950 analyses conducted across 7 batches, however Naproxen was
not detected in this sample. Notably, ibuprofen was detected in all
matrices and performed extremely well.

Across all metabolite classes. 81% and 74% of metabolites in
plasma and defibrinated plasma, respectively had inter-assay
variability <25%, at concentrations > LOQ. In serum, only 47% of
metabolites achieved this level of precision, with particularly high
variance in a number of high abundance oxylipins and the detected
NSAIDs. The inter-batch variability for individual metabolites are
shown in Fig. 3. These figures clearly demonstrate that inter-batch
precision increases with metabolite concentrations and highlight
matrix specific differences. In NIST 1950, only a handful of detected
metabolites showed higher variance than metabolites observed at

Table 2

Intra-batch % variability for aggregate metabolites > LOQ by class .
Sample n” Oxylipins NAEs/NAGs 1+ 2 MAGs NSAIDs BAs Steroids
NIST 1950 8 16 [5,43], 24 [19,37], 13 [10,23], 515,71, 16 [8,44], 16 [6,43],
Plasma Pool 1 12 [3,43], 16 [9,34], 10 [5,20], 41[4,5], 10, [3, 80] 9[5,13],
Serum Pool 3 19 [6,41], 26, [7, 60] 25[17,33], 19 [14,29], 12, [5, 56] 13 [9,15],
UTAK 6 11 [4,36], 16, [6, 61] 16 [12,23], 22 [13,36], 21, [10, 93] 16 [8,38],

2 . Reported values are geometric means [range] of the mean coefficients of variation (CV) for all metabolites within a given class detected above the LOQ in replicates

measured within analytical batches (i.e. intra-batch variability).

b Number of analytical batches. NIST 1950, Serum Pools and UTAK defibrinated plasmas were run in duplicate in each batch. A total of 7 plasma pools were processed in a

single batch.
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Table 3

Inter-batch variability (%) for aggregate metabolites > LOQ by class “.
Sample n’ Oxylipins NAE/NAG 1 + 2 MAGs NSAIDs BAs Steroids
NIST 1950 7 17,18, 79] 16 [6,34], 15 [12,21], 7168, 17,19, 53] 12 [7,20],
Serum Pool 3 38, (7, 108] 22[6,41], 16 [12,22], 58, [26, 144] 26, [11, 60] 19 [11,44],
UTAK 6 18, [4, 50] 15 [10,33], 19 [16,20], 24[15,37], 24, [13, 64] 23[18,32],

2 . Reported values are geometric means [range] of coefficients of variation (CV) in mean concentrations measured across all batches (i.e. inter-batch variability) for all
metabolites within a given class detected above the LOQ in replicates measured within analytical batches.
> Number of analytical batches. NIST 1950, Serum Pools and UTAK defibrinated plasmas were run in duplicate in each batch. A total of 7 plasma pools were processed in a

single batch.
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Fig. 3. Inter-batch variability as a function of concentration in each analyzed matrix. Data are the CV of batch averages for NIST 1950 (n = 7) A) low and B) high abundance
metabolites, defibrinated plasma (n = 7) C) low and D) high abundance metabolites, and pooled Serum (n = 3) E) low and F) high abundance metabolites. For NIST and defibrinated
plasma, labeled residues have >30% inter-batch variability at concentrations >1 nM. For serum, labeled residues have >35% variance at concentrations >3 nM. Vertical dashed lines

indicate the average LOD and LOQ across all assays.

similar concentrations. In the UTAK defibrinated plasma, the con-
jugated bile acids, prostaglandins, and the 5-lipoxygenase metab-
olite 5-HETE appeared uniquely variable. In contrast, serum
displayed high variance in the bile acids cholic acid (i.e. CA) and
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deoxycholic acid (i.e. DCA), an array of oxylipins, and two of the
detected NSAIDs as described above. Assessing the relationships
between highly variant serum oxylipins showed two highly
correlated sets of metabolites (See Supplemental Fig. S1). In the
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first, 12-HETE was found at the highest concentration, and was
strongly correlated with other 12-lipoxygenase products (i.e. 12-
HEPE, 14-HDoHE and 15-HETE), the LA- and ALA-derived alcohols
(i.e. HODEs and HOTEs), the LA-derived-epoxides (i.e. EpPOMEs) and
the AA cyclooxygenase products TXB2 and PGE2. The second group
was dominated by 5-HETE, with strong correlations to other 5-
lipoxygenase products (5-HEPE and 4-HDoHE) and the auto-
oxidation products 9-HETE and F2-isoprostanes. Notably, these
two groups were not correlated with each other. It is interesting to
note that the enzymes responsible for producing many of these
products are known to be involved in coagulation and thrombosis,
and that handling time can influence their levels [32,33]. These
results suggest that activity of these enzymes may be preserved in
archived serum samples, and suggest that post thaw extraction
times should be closely controlled to limit such activity if there is
interest in investigating serum levels of oxylipins [34].

3.3. NIST 1950 values, estimated LODs and LOQs, and analytical
accuracy

Using the described assays, a total of 86 compounds were
quantified in NIST SRM 1950 including 20 certified compounds, 25

Table 4
Thromboxane, prostaglandin and fatty acid diols in NIST SRM 1950 “.
Analyte Reported NISTs” Measured NIST LOD LOQ
TXB2 © 0.406 + 0.292 0.233  0.699
PGE2 04 0.140 + 0.086 0.198  0.595
PGD2 0.17 0.473 + 0.463 0.267  0.802
PGF20. ¢ 0.608 + 0.397 0299  0.897
F2-IsoP ¢ 5.63 +2.11 0243  0.729
5,15-DiHETE 0.25 0.476 + 0.236 0.352 1.06
9,12,13-TriHOME ¢ 229+0.38 0276  0.828
9,10-e-DiHO © 435 + 1.49 1.15 3.45
12,13-DiHOME 5 3.64 + 0.45 0212  0.635
9,10-DiHOME 7 4.39 + 049 0.206  0.617
15,16-DiHODE © 7.88 + 2.51 0.311 0.934
12,13-DiHODE ¢ 0.342 + 0.395 0.187  0.561
9,10-DiHODE ¢ 0.264 + 0.097 0.32 0.961
14,15-DiHETTE 1.1 0.876 + 0.167 0.172 0.515
8,9-DiHETTE 0.65 0.392 + 0.254 0.298  0.895
5,6-DiHETE 1.5 1.35 + 0.289 0.136  0.407
17,18-DiHETE ¢ 4.15 + 1.58 1.08 3.24
19,20-DiHDoPE ¢ 1.30 + 0.203 0.211 0.632
13-HODE 13 121+13 1.18 3.55
9-HODE 9.7 9.00 + 0.77 0.645 1.94
13-HOTIE 0.56 0.500 + 0.248 0.405 1.22
9-HOTrE 0.8 0.288 + 0.103 0.207  0.621
15-HETE 24 +0.64 234 +0.39 0.208  0.625
12-HETE 6.8 + 1.5 831 +0.95 0.173  0.518
11-HETE 1.5 1.14 + 0.16 0.25 0.749
9-HETE 0.85 0.811 + 0.206 0.63 1.89
8-HETE 1.1 1.29 + 0.35 0.651 1.95
5-HETE 10+ 13 115+14 0242  0.726
15-HEPE 0.42 0.251 + 0.125 0.191 0.574
12-HEPE 0.98 0.674 + 0.136 0312 0935
9-HEPE 0.5 0.159 + 0.075 0.386 1.16
5-HEPE 0.86 0.952 + 0.294 0.706  2.12
14-HDoHE 13 3.44 + 143 0.545 1.64
4-HDoHE ¢ 239+0.71 0.288  0.865
13-0x00DE © 1.27 + 1.05 1.27 3.81
12,13-EpOME 7.8 4.08 + 0.71 0.303 091
9(10)-EpOME 4.2 1.57 £ 043 0.133  0.399
15(16)-EpODE ¢ 1.80 + 0.39 0.498 1.49
9(10)-EpODE ¢ 0.195 + 0.126 0.443 1.33
14(15)-EpETrE © 0.204 + 0.136 0.19 0.57
11(12)-EpETrE © 0.0653 + 0.0344 0.2 0.599

2 Values are in nM (i.e. pmol/mL). Measured values are means + SD (n = 14).
Measured values < LOD have >3:1 signal to noise.

b Reference values are medians of laboratory means MEDMs. Variance is included
if 5 or more laboratories are included in the MEDM.

¢ Reference values for detected residues have not been reported.
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Table 5

Bile acids and Steroids in NIST SRM 1950
Analyte Reported NISTs ”  Measured NIST ~ LOD LOQ
Bile Acids
CA 120 + 34 163 + 30 141 423
CDCA 300 + 110 452 + 60 2.03 6.10
UDCA 110 + 24 172 +79 1.15 3.46
DCA 350 + 83 491 + 76 1.36 4.08
LCA 14 +3.6 19.0 £ 5.3 943 28.0
w-MCA 5.7 1.22 + 0.83 4.97 14.9
a-MCA 12 5.52 16.6
b-MCA 33 1.06 + 0.675 2.64 7.91
TCA 26 +5.6 26.1 £52 0.659 1.98
TCDCA 84+5 106 + 13 0.283 0.846
TUDCA? 119+ 6.3 0.047 0.143
TDCA 40 + 6.4 447 + 79 0.143 0.430
TLCA 2.7 + 0.69 2.03 + 0.62 1.55 4.66
T-a-MCA ® 47 +1.77 0.505 1.52
GCA 240 + 69 279 + 30 1.38 417
GCDCA 1100 + 180 1480 + 160 0.532 1.6
GUDCA 150 + 24 242 + 27 0.621 1.86
GDCA 430 + 69 543 + 77 0.356 1.07
GHDCA? 233 +86 0.297 0.891
GLCA 25+18 88.7 + 19.6 0.522 1.57
Steroids
Cortisol 231 + 4.69 258 + 31 0875 2.63
Cortisone ¢ 46.3 + 6.1 0.283  0.848
Corticosterone © 6.01 + 1.41 1.52 4.56
11-Deoxy-Cortisol © 0.609 + 0.321 0.506 1.52
Testosterone 7.68 + 0.163 894 +1.28 0430 1.29
170H-Progesterone © 2.26 +0.70 0.357 1.07
Progesterone 471 £ 0.121 5.70 + 0.57 0379 1.14

2 Values are in nM (i.e. pmol/mL). Measured values are means + SD (n = 14).
Measured values < LOD have >3:1 signal to noise.

b Reference values are medians of laboratory means (MEDMs). Variance is
included if 5 or more laboratories are included in the MEDM.

¢ Reference values for detected residues have not been reported.

Table 6
NAEs, NAGs, 1+2-MAGs, and NSAIDs in NIST SRM 1950

Analyte Measured NIST LOD LOQ
N-acyl ethanolamides (NAEs)/N-acyl glycines (NAGs)"

OEA 3.97 + 0.66 0.193 0.58
LEA 34+1.0 0.157 0.472
aLEA 0.121 + 0.074 0.0796 0.239
DGLEA 0.144 + 0.063 0.149 0.447
AEA 1.36 + 0.19 0.133 0.399
DEA 0.402 + 0.168 0.398 1.19
DHEA 0.643 + 0.143 0.0755 0.227
NO-Gly 2.97 + 0.65 0.156 0.469
NA-Gly 0.574 + 0.186 0.164 0.491
Monoacy! glycerols (MAGs)

1+2-LG 1890 + 305 1.2 6.31
1+2-AG 124 + 181 0.565 1.69
1+2-0G 3000 + 770 1.06 3.19
Nonsteroidal anti-inflammatory drugs (NSAIDs)

Ibuprofen 3300 + 289 2.79 8.38
Naproxen 3040 + 249 9.07 27.2
Acetaminophen 1890 + 120 247 74

2 Values are in nM (i.e. pmol/mL). Measured values are means + SD (n = 14).
Measured values < LOD have >3:1 signal to noise.

b palmitoylethanolamide (PEA) and stearoylethanolamide (SEA) are routinely
observed in these assays. However, calibration solution contamination artificially
elevated LODs during this study preventing their accurate reporting.

previously estimated compounds, and 37 previously unreported
residues. The novel measures include 3 bile acids, 4 steroids, and 16
oxylipins, along with the first reports of endocannabinoids and
endocannabinoid-like substances in this reference material,
including 9 NAEs and NAGs, 3 14+2-MAGs, along with levels of the
NSAIDs  ibuprofen, acetaminophen, and naproxen. The
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concentrations of these compounds, their LODs, LOQs and compar-
isons to reported values for NIST SRM 1950 are provided in
Tables 4—6. While LODs establish concentrations below which re-
ported data may vary by greater than 100%, low precision data can be
generated at lower concentrations indicating the presence of me-
tabolites with an instrumental signal to noise intensity >3:1. It is
advantageous to report and analyze all collected data, regardless of
their proximity to the detection limit as this practice retains the true
data structure and prevents left skewing that results from data
removal and/or replacement with arbitrary values [35]. Based on the
variance in low abundance calibration standards LODs were ~1 nM
for the majority of metabolites. As a class oxylipins and NAEs/NAGs
had lower average LODs of ~0.6 and ~0.1 nM, respectively, while bile
acids and steroids were higher with average LODs between 1 and
2 nM. The described method is comparable to similar methods using
larger sample volumes, more extensive sample cleanups, and/or
more targeted assays [2,16—21,36,37]. It should be noted that
derivatization can be used to improve the LC-MS/MS sensitivity of
some analytes. For instance, employing N-(4-aminomethylphenyl)
pyridinium, detection limits for eicosanoids may increase 10 to 20-
fold using a Waters triple quadrupole instrument [38], but are
more modest when using Sciex triple quadrupoles [39]. Similarly,

A B
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derivatization of ketone containing steroid hormones with hydroxyl-
amine can increase detection limits from 2 to 250-fold [40], while
hydroxyl-containing steroid derivatization with isonicotinoyl chlo-
ride enhanced the LC-MS/MS quantification of a broader suite of
steroids allowing the use of as little as 100 pL of plasma [41]. How
such derivatization processes would influence the broad metabolite
profiles described in the current method would need to be evalu-
ated, but may offer advantages for specific research questions where
greater sensitivity is required.

Assay accuracy was evaluated by comparing measured values
from 14 independent analyses of NIST 1950 to certified and estimate
values [42]. Certified values are calculated as the medians of labo-
ratory means (MEDMs) from 5 or more laboratories, while estimated
values are reported for results from fewer than five laboratories and
do not have associated estimates of error. As seen in Fig. 4A,
measured and certified values were highly correlated. Comparing
the measurement averages to the certified MEDMs, 10 of 20 me-
tabolites had accuracies between 75 and 125%, 18 of 20 were be-
tween 70 and 160%, and 14 of 20 compounds had measured ranges
which overlapped the certified range. As seen in Fig. 4B, the bile acids
were most often over estimated relative to the certified values, and
the source of this inaccuracy is unclear. For metabolites with only
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Fig. 4. Accuracy of metabolites concentrations measured in NIST SRM 1950 (n = 14). Measured and certified concentrations are compared by A) correlation, and B) calculated
accuracy (i.e. measured/certified) x100% as a function of concentration. Measured and estimated concentrations are compared by C) correlation and D) calculated accuracy as a
function of concentration, Certified values are calculated as the medians of laboratory means (MEDMs) from 5 or more laboratories, while estimated values are reported for results

from fewer than five laboratories and do not have associated estimates of error [42].
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Fig. 5. Comparison of average metabolite concentrations in NIST SRM 1950, with independent pools of plasma and serum: A) Oxylipins; B) N-acylethanolamides; C) Bile acids; D)
Monoacylglycerols; E) Steroids; F) Nonsteroidal anti-inflammatory drugs. NIST SRM 1950 is representative of the constructed study specific plasma pool from 10 individuals. Serum
pools from 10 separate individuals show significantly larger concentrations of oxylipins associated with clotting. Matrix-dependent differences in bile acids, monoacylglycerols,

steroids, and NSAIDs likely reflect differences in the underlying pooled subject.

estimated levels in NIST 1950, measured concentrations were again
highly correlated (Fig. 4C), with some notable exceptions. In partic-
ular, the concentrations of the muricholic acids in our assay were
considerably lower than those reported by other laboratories. Close
inspection of chromatograms revealed subtle retention time shifts,
as well as multiple substantial peaks in the scheduled MRM window
for these compounds which rely on a parent to parent transition, due
to the resistance of these compounds to collision induced frag-
mentation. Due to variable LC parameters, the low abundance of
these metabolites in human samples, and the lack of specificity in
the mass spectral detection for the muricholic acids, great care
should be taken in the quantification and reporting of these me-
tabolites. In addition, our measurements of the docosahexaenoic
acid-derived alcohol, 14-HDoHE was significantly higher than levels
reported by other laboratories, and more variable than oxylipins
detected at similar concentrations (Fig. 4C and D). While peak rela-
tive retention times were stable, it is possible that measurements of
this metabolite are either inaccurate or influenced by unknown in-
terferences in the sample. Importantly, reagent blanks showed
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negligible background levels of this or any analytical target sug-
gesting that the experimental materials were not the source of in-
terferences. Therefore, if 14-HODHE levels are artificially elevated
due to an interference, the increases are likely dependent on an
endogenous compound. It is also possible that the concentration of
the source material used to prepare the analytical calibration solu-
tions themselves were lower than indicated by the commercial
source, resulting in inflated concentration estimates. Regardless of
the source, these results suggest that particular care should be taken
in the evaluation and reporting 14-HDoHE results. In addition, the
LA-derived epoxides (i.e. EPOMEs) and their corresponding 1,2 or
vicinal diols (i.e. DIHOMEs) were also routinely found to be lower in
our laboratory versus other reporting labs. Since variance estimates
have yet to be provided for these compounds, it is unclear as to
whether these values are substantially different than others, but it
raises important issues regarding the need for high quality authentic
standards and harmonization efforts to enhance the consistency of
measures between laboratories [30].
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3.4. Comparison NIST SRM 1950 to pooled plasma and serum

A comparison of concentrations measured in the NIST SRM 1950
and pooled plasma and serum are shown in Fig. 5. With the
exception of the 1+2-MAGs and NSAIDs, the concentrations of
measured targets in the NIST reference plasma and the measured
pooled plasma were quite consistent, with NIST showing lower
concentrations. As expected and discussed in Section 3.2, serum
had significantly higher concentrations of metabolites known to be
involved in coagulation. As also might be expected, the levels and
distributions of the exogenous NSAIDs were quite different be-
tween these sample pools derived from independent cohorts.
Together these findings support NIST 1950 as a representative
reference material for these metabolites.

3.5. Analysis of plasma and serum in elderly cohorts

Applying the described method to clinical cohorts highlighted
the point that oxylipin profiles can identify plasma samples which
may have had platelet activation during collection, an important
data quality check prior to bio statistical investigations of plasma
oxylipins. Of the 281 plasma samples measured, 2 had levels of
TXB2 >4 nM, 12-HETE >40 nM and 5-HETE >30 nM, reflecting
serum-like oxylipin profiles. It would appear that platelet activation
occurred during sample collection or preparation of these plasma
samples. Besides the described impact of coagulation on the oxy-
lipin profiles, the 1+2-MAGs were the only other suite of metabo-
lites clearly impacted by the apparent platelet activation.

The analysis of over 500 samples from two independent cohorts
also shows the general utility of the method, and its ability to
produce biologically meaningful results. A complete report of the
detected geometric mean and range of concentrations in healthy
elderly subjects can be found in Supplemental Tables S12-
Table S18. Considering the analysis of sex steroids in both matrices,
testosterone and 17-hydroxypregesterone were routinely observed
in both plasma and serum, progesterone was not observed in serum
from the ROSMAP cohort, which was a substantially older popu-
lation (78 + 7yr vs 69 + 8 yr). Testosterone levels were generally
found to be within the reported reference ranges for this steroid.
Across the entire serum set and the 131 healthy plasma controls, 7
of 88 men (8%) had measured levels below the ~0.3 nM estimated
age x sex specific reference ranges, while 2 had levels above the
high range of ~30 nM [43,44]. Similarly, within this combined set of
samples, 15 of 275 women (5%) showed evidence of low testos-
terone, and 4 (1%) in their 70s had substantially elevated levels for
women [45]. Finally, a subset of metabolites was found to be clearly
influenced by subject fasting state. As highlighted in Fig. 6, the NAEs
were reduced in the non-fasted state, while a suite of conjugated
bile acids and oxylipins derived from eighteen carbon fatty acids
including oleic acid, LA, and ALA were increased. Many NAEs are
known to influence appetite. In fact, in a small cohort of elderly
women linoleoyelethanolamide (i.e. LEA) and the LEA:docosahex-
aenoylethanolamide ratio (LEA:DHEA) were found to negatively
correlate with satiety, consistent with our findings [46]. Similarly,
postprandial impacts on conjugated bile acids are well described in
the literature [47], and postprandial increases in LA-derived oxy-
lipins including the hydroxyoctadecadienoioc acids (i.e. HODEs)
have also been reported after the consumption of a high fat meal
[48]. How these systems interact to influence physiological re-
sponses is to the best of our knowledge unexplored. Together, these
findings support the utility of the current methods to provide broad
insight into various interacting aspects of metabolism.
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Fig. 6. Evidence of metabolites influenced by the fasted state of individuals in both
serum and plasma. A) Linoleoylethanolamide (LEA) and the linoleoylethanolamide:-
docosahexaenoic acid ethanolamide (LEA:DHEA) ratio both declined in the non-fasted
state. B) Conjugated bile acids in serum and plasma increased in the non-fasted state.
C) Oleaic acids (OA), linoleic acid (LA), alpha-linolenic acid (ALA) and arachidonic acid
(AA) derived metabolites seen to change are summed by parent fatty acids for
simplification. All results are the geometric means of the described populations. Fasted
serum — n = 84; non-fasted serum n = 146; fasted plasma — n = 81; non-fasted
plasma — n = 50.

4. Conclusions

The described high-throughput 96-well plate sample prepara-
tion and fused UPLC-MS/MS-based analysis for oxylipins, acyle-
thanolamides, bile acids, glucocorticoids, testosterone, 17-hydroxy
progesterone, progesterone and NSAIDs was found to have good
precision for most residues, performing better for plasma than for
serum. Labeled surrogate recovery accuracy and precision esti-
mates were improved by correction with the use of instrument
internal standards and found to be stable across 7 analytical
batches of both plasma and serum. For the majority of metabolites,
intra- and inter-batch variability was <25% for metabolites above
the LOQ, with precision decreasing as measured values approached
the estimated LOD. Analytical results generally compared well with
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NIST 1950 certified values. While bile acids were precise and highly
correlated with the certified values, our measures tended to exceed
the certified concentrations by 20—50%, and a source of this dif-
ference has not been identified. Results from pooled serum were
more variable than plasma for oxylipins associated with coagula-
tion, and some not classically associated with these processes.
However, many oxylipins, and most other metabolites were either
not, or marginally, effected by this process, and the stable surrogate
performance suggests that the high variance in the measured
serum pool may be related to ongoing biological activity in these
samples, and not inherent analytical variability. Application of the
method to two independent cohorts of plasma and serum produced
results consistent with literature reports, and highlighted the
utility of such broad-based metabolic profiling in biomedical
research.
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