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Abstract
Following oxygenation of arachidonic acid by cyclooxygenase to form prostaglandin H2 (PGH2),
a variety of prostanoids can be generated with diverse physiologic effects on pain, inflammation,
allergy, cardiovascular system, cancer, etc. To facilitate the quantitative analysis of prostanoids in
human serum of cell culture, an ultra-high pressure LC (UHPLC)/MS/MS method was developed
and validated for the measurement of six eicosanoids belonging to the cyclooxygenase pathway:
PGE2, PGD2, 8-iso-PGF2α, PGF2α, 6-keto-PGF1α, and thromboxane B2 (TXB2). Selectivity,
matrix effects, calibration model, precision, and accuracy (intraday and interday), lower limit of
quantitation (LLOQ), recovery, stability, and sample dilution were evaluated. Fast UHPLC
separation was carried out in only 0.5 min with isocratic elution, and each prostanoid was
measured using negative electrospray ionization MS with collision-induced dissociation and
selected reaction monitoring. UHPLC/MS/MS provided high throughput with peak widths of
approximately 3 s and an LLOQ of 0.020 ng/mL for PGE2, 0.027 ng/mL for PGD2, 0.152 ng/mL
for 8-iso-PGF2α, 0.179 ng/mL for PGF2α and 6-keto-PGF1α, and 0.013 ng/mL for TXB2.

Cyclooxygenases (COXs) catalyze the oxygenation of arachidonic acid to prostaglandin H2
(PGH2), which serves as a common substrate for various distal isomerases that generate five
distinct primary prostanoids, PGE2, PGD2, PGF2α, PGI2, and thromboxane A2 (TXA2), and
two stable, nonenzymatic products of PGI2 and TXA2, 6-keto-PGF1α and TXB2 (1),
respectively. These prostanoids function as extracellular and intracellular messengers that
produce diverse physiologic or pathophysiologic responses depending on the relative
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amount of each (2). The prostanoids PGE2, PGD2, and PGF2α have inflammatory,
vasodilatatory or effects (3). PGI2, a member of the prostacyclin family, has anti-
aggregatory and vasodilatatory effects (4). In contrast, thromboxane TXA2 has pro-
aggregatory, vasoconstrictory, or bronchoconstrictory activities (5). 8-Iso-PGF2α is formed
through nonenzymatic oxidation of arachidonic acid and is often used as a marker of
oxidative stress (6). Altogether, these structurally related prostanoids are important due to
their diverse physiologic effects on pain (7), inflammation and fever (8), allergies (9),
platelets (10), the cardiovascular system (11), cancer (12), renal function (13), reproduction
(14), and Alzheimer’s disease (15).

A variety of analytical methods have been developed for the analysis of prostanoids.
Although ELISAs and radioimmunoassays are often used to measure prostanoid levels (16,
17), they suffer from cross-reactivity and do not allow profiling of multiple prostanoids at
the same time. HPLC with UV or fluorescence detection has been used to measure
prostanoids (18), but this approach is limited to samples containing high prostanoid levels
because of interference from unrelated compounds. Although GC/MS provides greater
sensitivity and selectivity (19, 20), it is not suitable for thermally labile prostanoids and
requires preliminary TLC purification and sample derivatization before analysis.

Like GC/MS, HPLC/MS and HPLC/MS/MS provide both chromatographic and mass
spectrometric selectivity for the quantitative analysis of prostanoids (21–23). Unlike GC/
MS, HPLC/MS and HPLC/MS/MS are suitable for thermally labile compounds and do not
require multistep purification and derivatization of prostanoids prior to analysis. The
performance of HPLC has recently been improved through the use of smaller diameter
column packing materials (approximately 1.7 μm) and higher operating pressures in a
system called ultra-high pressure LC (UHPLC). Compared with HPLC, UHPLC can provide
higher sensitivity, better chromatographic resolution, and faster separations (24, 25).
UHPLC is also compatible with MS/MS (UHPLC/MS/MS).

Previously, we reported a method based on HPLC/MS/MS for the quantitative analysis of
PGE2 and PGD2 in biological fluids (21), which used deuterated surrogate standards for
PGE 2 and PGD2. That paper established that a separate surrogate standard is required for
PGD2 to correct for its exceptional instability during sample handling. Since our publication,
there have been several UHPLC/MS/MS methods (26–28) for the quantitative analysis of
prostanoid mixtures containing PGD2, but none has controlled for its instability. Also, these
newer UHPLC/MS/MS methods require 5.5 to 14 min/analysis, which is not significantly
different from our HPLC/MS/MS approach (13 min/analysis).

Therefore, we have developed and validated a robust and ultrafast UHPLC/MS/MS method
for the simultaneous quantitative determination of six prostanoids including PGD2 in
biological fluids. This method is 10-fold faster than any previous HPLC/MS/MS or UHPLC/
MS/MS based assay and controls for the instability of PGD2 by including a combination of
internal and surrogate standards. Dulbecco’s modified Eagle’s medium (DMEM) containing
10% pooled drug-free blank human serum was used as the biological fluid, since it is
frequently used for the culture of many cell lines. The UHPLC/MS/MS assay was validated
according to the U.S. Food and Drug Administration guidelines for validation of
bioanalytical methods (29) with respect to selectivity, matrix effects, calibration model,
precision and accuracy (intraday and interday), lower LOQ (LLOQ), recovery from spiked
biological fluid samples, stability (benchtop, short and long term, autosampler, and freeze–
thaw), and sample dilution. This new UHPLC/MS/MS method was shown to provide higher
throughput and superior LLOQ values than our previous HPLC/MS/MS method without
sacrificing other performance criteria.
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Experimental
Chemicals and Reagents

a. Acetonitrile.—HPLC grade (Fisher, Rockford, IL).

b. Methanol.—HPLC grade (Fisher).

c. Hexane.—HPLC grade (Fisher).

d. Ethyl acetate.—HPLC grade (Fisher).

e. Water.—From a Milli-Q water purification system (Millipore, Billerica, MA).

f. Formic acid.—ACS reagent grade (Sigma-Aldrich, St. Louis, MO).

g. Citric acid.—ACS reagent grade (Sigma-Aldrich).

h. Butylated hydroxytoluene (BHT).—FCC grade, Sigma-Aldrich.

i. Lipopolysaccharide (LPS).—Sigma-Aldrich.

j. DMEM.—Mediatech (Manassas, VA).

k. Hanks’ balanced salt solution (HBSS).—Invitrogen (Carlsbad, CA).

l. Fetal bovine serum (FBS).—Invitrogen.

m. Penicillin and streptomycin.—Life Technology (Grand Island, NY).

n. CAY10526, 4-(benzo[b]thiophen-2-yl)-3-bromo-5-hydroxydihydrofuran-2(3H)-
one.—Cayman Chemicals (Ann Arbor, MI).

o. HQL-79, 4-(diphenylmethoxy)-1-[3-(1H-tetrazol-5-yl) propyl-piperidine—Cayman
Chemicals.

Reference Materials
Reference standards for PGE2, PGD2, 8-iso-PGF2α, PGF2α, 6-keto-PGF1α, TXB2, d4-PGE2,
and d4-PGD2 were purchased from Cayman Chemicals.

Blank Serum
Six lots of pooled blank human serum were purchased from Bioreclamation (Hicksville,
NY).

Apparatus
a. Vortex mixer.—Type 37600 mixer (Barnstead Thermolyne, Dubuque, IA)

b. Centrifuge.—5810R (Eppendorf, Hamburg, Germany).

c. UHPLC system.—Shimadzu (Kyoto, Japan) Nexera UHPLC system consisting of
two pumps, degasser, autosampler, and column oven.

d. MS/MS system.—Shimadzu LCMS-8030 triple quadrupole mass spectrometer
equipped with electrospray ionization (ESI).

e. Column.—Waters (Milford, MA) Acquity UPLC BEH C18 (50 × 2.1 mm id, 1.7
μm particle size) analytical column.

UHPLC/MS/MS and HPLC/MS/MS
UHPLC separations were carried out using a 0.5 min run with acetonitrile–aqueous 0.1%
formic acid (40 + 60, v/v) mobile phase at a flow rate of 1.2 mL/min. The UHPLC column
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temperature was 50°C. The operating pressure was 0.690 mBar (10 000 psi), and the sample
injection volume was 5 μL. Prostanoids were detected using negative ESI. The ion source
conditions were optimized as follows: 350°C interface temperature; 3500 V interface
voltage; 250°C desolvation line temperature; 400°C heat block temperature; 3 L/min
nebulizer gas; and 15 L/min drying gas. The UHPLC/MS/MS system was controlled using
Shimadzu LabSolutions 5.41.239 software. During MS/MS, argon was used for collision-
induced dissociation (CID), and the Q1, Q3 pre-bias, and collision energies were optimized
for each analyte. The selected reaction monitoring (SRM) dwell time was 15 ms, and the
switching time between SRM transitions was 1 ms.

Preparation of Standard Solutions and QC Samples
Stock standard solutions of the six prostanoids (PGE2, PGD2, 8-iso-PGF2α, PGF2α, 6-keto-
PGF1α, and TXB2) and two internal standards (d4-PGE2, and d4-PGD2) were prepared in
methanol at a concentration of 100 μg/mL each. Chemical structures for these compounds
are shown in Figure 1. Working standard mixture solutions of the six analytes and two
internal standards at 10 μg/mL each were prepared by dilution of the stock solutions in
methanol–water (50 + 50, v/v). All stock and working solutions were stored at −20°C in the
dark. The cell culture medium DMEM containing 10% pooled blank human serum was
spiked with calibration standards containing the six analytes at concentrations of 0.05, 0.1,
0.5, 1, 2, 5, 10, 20, 50, 100, 200, 500, 800, and 1000 ng/mL to make a final volume of 500
μL for each solution. Samples for QC were prepared by spiking appropriate aliquots of the
working solution into DMEM at concentrations of 0.1, 4, 400, and 750 ng/mL. The spiked
samples were treated as described in the Biological Sample Extraction section below.

Cell Culture
Bone marrow-derived macrophage (BMDM) was isolated from the rear legs of sacrificed
C57BL/6 mice as described previously (2). Briefly, the harvested rear legs were soaked in
HBSS containing 2% heat-inactivated FBS under aseptic conditions. The bone marrow cells
were obtained by flushing the tibias and femurs using HBSS followed by culturing in
DMEM supplemented with 10% FBS, 10% L929 cell-conditioned (LCC) medium, 100 U/
mL penicillin, and 100 μg/mL streptomycin. After 72 h, the nonadherent cells were removed
by changing the medium. Adherent cells were subsequently propagated in culture. Cells
were split at day 7 using 1 mM EDTA and plated at a density of 5 × 105/mL into six-well
plates with LCC medium. On day 8, the cell culture medium was changed to DMEM
containing 1% FBS, penicillin, and streptomycin. After 1.5 h, the inhibitor CAY10526 or
HQL-79 (5 or 10 μM, respectively) was added, and 1 μg/mL LPS was added 2 h later. Cells
were incubated in 5% CO2 humidified air at 37°C. After 16 h of LPS treatment, the cell
supernatants were collected and stored at 80°C until analysis. LPS was used to stimulate
BMDM cells to activate COX-2 production and prostaglandin synthesis.

Biological Sample Extraction
To each sample (500 μL), d4-PGD2 was added as a surrogate standard for PGD2 analysis,
and d4-PGE2 was added as an internal standard for all other prostanoids. Next, 80 μL of 1 M
citric acid in water and 10 μL of 10% BHT in hexane were added to prevent free radical-
catalyzed peroxidation. Prostanoids were extracted by adding 4 mL of hexane–ethyl acetate
(50 + 50, v/v) followed by vortex mixing for at least 1 min. After centrifugation at 3500 × g
for 10 min, the upper organic phase was collected. The extraction procedure was repeated,
and the organic phases were combined and evaporated to dryness under a stream of nitrogen
gas. Immediately before analysis, each extract was reconstituted in 50 μL methanol–water
(1 + 1, v/v) and centrifuged at 12 000 × g for 10 min. The final concentration of each
internal standard was 56.3 nM (20 ng/mL; 21).
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Selectivity
Selectivity was evaluated by analyzing DMEM containing 10% pooled blank human serum
from six different lots (BRH 460480, BRH 458812, BRH 458813, BRH 458814, BRH
458815, and BRH 458816) to test for potential matrix interference with prostanoids and
internal standards during UHPLC/MS/MS.

Calibration Curves
The construction of the calibration curves was based on the analysis of the calibration
standards (n = 4) at 14 concentration levels ranging from 0.05 to 1000 ng/mL and plotting
the peak area ratios of prostanoids to internal standard against the nominal calibration
standard concentration. Following the evaluation of different weighting factors, linear
regression analysis was carried out with a 1/x2 (x being the concentration) weighting factor.
The zero value was not used as a point, and the calibration curve was not forced through it.
To be valid, (R) of the calibration curve had to the correlation coefficient be >0.99.
Furthermore, the LLOQ had to be determined with a precision <20% and accuracy between
80 and 120%, with S/N > 5.

Intraday and Interday Precision and Accuracy
The intraday and interday precision expressed as RSD and the accuracy were evaluated by
repeated analysis of five replicates of QC samples at their respective LLOQ, low QC,
medium QC, and high QC levels (as detailed in the Preparation of Standard Solutions and
QC Samples section). The interday precision and accuracy were assessed by analyzing four
levels of all QC samples (0.1, 4, 400, and 750 ng/mL) on 4 consecutive days. The
concentration of each sample was calculated using a calibration curve of calibration
standards prepared and analyzed on the same day. The criteria for acceptability of the data
included accuracy within 85–115% of the nominal values and precision within ±15% RSD,
except for the LLOQ, which should be within 80–120% for accuracy and <20% RSD for
precision.

Recovery
The relative recovery (%) of prostanoids from DMEM was evaluated by comparing five
replicates of QC samples at the four QC concentration levels (0.1, 4, 400, and 750 ng/mL)
for prostanoids and at 20 ng/mL for the internal standards with those of postextraction
spiked samples.

Matrix Effects
To determine the potential for serum matrix effects to cause suppression or enhancement of
ionization of prostanoids and internal standards, six lots of pooled blank human serum (BRH
460480, BRH 458812, BRH 458813, BRH 458814, BRH 458815, and BRH 458816) were
processed and then reconstituted with prostanoids at four concentration levels (0.1, 4, 400,
and 750 ng/mL) with internal standards (20 ng/mL). The corresponding peak areas of these
samples (A) were compared with those of equivalent concentrations of prostanoids (working
standards) and internal standards in mobile phase [methanol–water (50 + 50, v/v; B)]. The
ratio A/B × 100 was used to determine the percentage of possible matrix effects on the
ionization efficiency of prostanoids and internal standards.

Stability Study
The stabilities of prostanoids and internal standards in the injection solvent were determined
by analyzing pretreated QC samples stored in the autosampler at 4°C for 24 and 48 h after
the initial injection. The initial peak areas of the prostanoids and internal standards were
used as the references to determine stability. The stabilities of prostanoids in DMEM for 2,
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6, and 24 h (benchtop) were determined at ambient temperature (30 ± 2°C) at three
concentration levels (5, 100, and 800 ng/mL) in three replicates. Short-term stability was
assessed at −80°C for 4 days, and long-term stability at −80°C for 44 days. Freeze-thaw
stability was evaluated after three freeze-thaw cycles, which consisted of storage at −80°C
for a minimum of 12 h, followed by thawing at room temperature (30 ± 2°C) for 1 h (all at
three concentration levels, 5, 100, and 800 ng/mL). The samples were processed using the
same procedure as described in the Preparation of Standard Solutions and QC Samples
section. Samples were considered stable if assay values were within the acceptable limits of
accuracy (85–115% of the nominal value) and precision (± 15% RSD).

Dilution Effect
To demonstrate the ability to dilute and analyze samples containing prostanoids at
concentrations above the upper limit of quantitation (ULOQ), prostanoid-spiked DMEM
samples were prepared at 4× the corresponding ULOQ and diluted with blank DMEM
(containing 10% pooled blank human serum) by factors of 10, 20, and 40 in three replicates.
The diluted samples were then processed according to the Preparation of Standard Solutions
and QC Samples section and analyzed. These replicates had to comply with a precision
(RSD) of less than 15% and an accuracy of 100 ± 15%.

Results and Discussion
Analytical Method Development and Optimization

Since all the prostanoids used in this study are carboxylic acids (Figure 1), abundant [M-H]−

ions were formed during negative ESI and no chemical derivatization was required to
enhance ionization or improve stability. During MS/MS with CID, the collision energy was
optimized for each analyte to generate the most abundant fragment ions of the deprotonated
molecule precursors. The precursor ion/product ion pairs of each analyte that were used for
SRM and the optimized collision energies and related parameters are shown in Table 1. The
SRM dwell times were selected to ensure that at least 15 data points were acquired across
each chromatographic peak for reproducible peak integration. The UHPLC column, mobile
phase, and column temperature were optimized for separation of all six prostanoids within
0.5 min. For example, UHPLC/MS/MS SRM chromatograms showing all six analytes and
both internal/surrogate standards are shown in Figure 2.

Selectivity
The selectivity of the method was evaluated by comparing calibration standards, blank, and
zero samples (mobile phase solvent alone). All batches of blank DMEM were found to be
free of interfering peaks due to endogenous plasma substances at the retention times of all
the prostanoids. This demonstrated that the UHPLC/MS/MS assay had adequate selectivity.

Calibration Curves
Dynamic range and linearity were determined using an isotope dilution approach with
constant d4-PGE2 and d4-PGD2 initial amounts as internal/surrogate standards and variable
concentrations of prostanoids in standard mixtures. Good linearity was observed over the
concentration ranges 0.1 to 1000 ng/mL for PGE2, PGD2, and TXB2, and 0.5 to 1000 ng/mL
for 8-iso-PGF2α, PGF2α, and 6-keto-PGF1α. The deviations of back-calculated prostanoid
amounts for each analyte in these ranges of concentration were within the acceptable value
of 15% of their nominal concentrations. The average R (n = 4) for each standard curve was
>0.999, indicating excellent linearity for the UHPLC/MS/MS assay. The LLOQ values
(defined as S/N = 5) were 0.020 ng/mL for PGE2, 0.027 ng/mL for PGD2, 0.15 ng/mL for 8-
iso-PGF2α, 0.18 ng/mL for PGF2α and 6-keto-PGF1α, and 0.013 ng/mL for TXB2.
Chromatograms of these compounds ≥ LLOQ are shown in Figure 3.
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Intraday and Interday Precision and Accuracy
The intraday and interday precision and accuracy of the methods were determined by
analyzing QC samples (n = 5) on 4 consecutive days. The intraday and interday precision
and accuracy for all prostanoids were less than 15% using UHPLC/MS/MS (Table 2). The
RSD of the peak retention time of each prostanoid was found to be <0.2% for intraday runs
and <0.4% for analyses carried out on 7 consecutive days using UHPLC/MS/MS (data not
shown). A separate experiment also showed no carryover (data not shown).

Recovery
The two-step liquid–liquid extraction approach provided good recovery of each prostanoid
(Table 3). Recovery exceeded 93% for each prostanoid except for PGD2 (n = 3). Because of
the instability of PGD2, its recovery was slightly lower at 87.9%. Good values of RSD
(within 15%) indicated reproducible extraction that is essential for a reliable bioanalytical
method.

Matrix Effects
As shown in Table significant differences were 4, no observed in UHPLC/MS/MS
measurements of each prostanoid extracted from DMEM containing pooled blank human
serum from six different lots and in the mobile phase alone. Therefore, the DMEM or pooled
blank human serum matrix did not produce any discernible matrix effects such as prostanoid
signal suppression or enhancement.

Stability Study
Stability studies were carried out in DMEM containing pooled blank human serum at three
prostanoid concentrations (Table 5), and the stabilities of extracted prostanoids were
determined separately (Table 6). Comparing the mean values after incubation with the initial
values, each prostanoid was determined to be stable after extraction with storage at 4°C in
the autosampler for up to 48 h (Table 6), in DMEM for three freeze-thaw cycles, or up to 4
days at −80°C (Table 5). The presence or absence of light had little effect on prostanoid
stability (Table 5). TXB2 was stable under all conditions tested (Tables 5 and 6). Because
most prostanoids showed evidence of degradation when stored at room temperature for more
than 2 h, these studies indicated that prostanoids should be processed at temperatures as cold
as possible (preferably below room temperature) and analyzed within 2 h.

Unlike the other prostanoids, PGD2 was unstable during long-term storage (44 days) at
−80°C (Table 5). PGD2 was also unstable during storage at room temperature in light or
dark for only 2 h, which is consistent with our previous studies (21). Because PGD2 was so
unstable, it was important to use d4-PGD2 as a surrogate standard to correct for its
decomposition during sample processing and analysis. A separate internal standard, d4-
PGE2, was used for the other five more stable prostanoids.

Dilution Effect
The results of the sample dilution study for prostanoid concentrations of 4000 ng/mL,
expressed as precision and accuracy are shown in Table 7. These data indicate that diluting
samples with initial concentrations above the ULOQ of the standard curve has little effect on
the outcome of the measurement.

Application to the Analysis of Biological Samples
The validated UHPLC/MS/MS method was applied to the analysis of seven biological
samples obtained from cell culture experiments using BMDM. Samples were stored for less
than 2 weeks at −80°C until analysis. Three aliquots (500 μL) of each sample were extracted
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and analyzed by UHPLC/MS/MS; the results are shown in Table 8. Representative
chromatograms of the BMDM sample analysis are shown in Figure 4. Although 8-iso-
PGF2α, PGF2α, and 6-keto-PGF1α were not detected in these BMDM samples and therefore
do not appear to be produced by BMDM, PGE2, PGD2, and TXB2 were detected and
measured.

Conclusions
A UHPLC/MS/MS method was developed and validated for the simultaneous quantitative
analysis of six prostanoids in cell culture media. This UHPLC/MS/MS method is
approximately 26-fold faster than our previous HPLC/MS/MS method (21) and shows
equivalent or superior accuracy, precision, and LLOQ values. Compared to other recent
studies that include UHPLC/MS/MS (26–28), our UHPLC/MS/MS method is at least 11-
fold faster, with comparable or better LLOQ values. Because UHPLC peaks (<3 s) in this
analysis were eight-fold narrower than the corresponding HPLC peaks (approximately 24 s;
21), a new generation of high-speed triple quadrupole mass spectrometer was used that can
switch between SRM transitions of multiple analytes much faster than previous systems and
obtain sufficient numbers of data points across each peak. Finally, although PGD2 was
found to be relatively unstable during stability studies, the use of d4-PGD2 as a surrogate
standard controlled specifically for PGD2 degradation during sample handling, while d4-
PGE2 served as a suitable internal standard for the other five prostanoids.
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Figure 1.
Chemical structures of PGE2, PGD2, PGF2α, 8-iso-PGF2α, 6-keto-PGF1α, and TXB2.
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Figure 2.
Negative ESI UHPLC/MS/MS SRM chromatograms of PGE2, PGD2, 8-iso-PGF2α, PGF2α,
6-keto-PGF1α, and TXB2 (1 ng/mL each) and internal standards d4-PGE2, and d4-PGD2 (20
ng/mL each) extracted from DMEM containing 10% pooled blank human serum.
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Figure 3.
Negative ESI UHPLC/MS/MS SRM chromatograms of (A) PGE2 and PGD2 (0.05 ng/mL),
(B) 8-iso-PGF2α and PGF2α (0.5 ng/mL), (C) 6-keto-PGF1α (0.5 ng/mL), and (D) TXB2
(0.05 ng/mL) extracted from DMEM containing 10% pooled blank human serum.
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Figure 4.
Negative ESI UHPLC/MS/MS SRM chromatograms of PGE2, PGD2, 8-iso-PGF2α, PGF2α,
6-keto-PGF1α, and TXB2, d4-PGE2, and d4-PGD2 extracted from BMDM cell culture. Note
that 8-iso-PGF2α, PGF2α, or 6-keto-PGF1α was not detected in these cells (see
chromatograms for the SRM transitions of m/z 353 to m/z 193 and m/z 369 to m/z 163,
respectively).
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