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a  b  s  t  r  a  c  t

A  specific  and  sensitive  LC–MS/MS  method  for analysis  of  F2-isoprostanes  (F2-IsoPs)  and  prostaglandins
(PGs)  in  urine  was  developed  and  validated  to examine  the  levels  of  F2-IsoPs  and  prostaglandin  F2�

(PGF2�), in human  urine  in  patients  undergoing  cardiac  surgery.  The  rapid  extraction  for  F2-IsoPs  and
PGs  from  urine  was  achieved  using  a polymeric  weak  anion  solid  phase  extraction  cartridge.  The  base-
line separation  of  8-iso-PGF2�, 8-iso-15(R)-PGF2�, PGF2�, and  15(R)-PGF2� was  carried  out  on a Hydro-
RP  column  (250  mm  × 2.0 mm  i.d.,  Phenomenex,  CA)  using  a  linear  gradient  of methanol:acetonitrile
(1:1, v/v)  in  0.1%  formic  acid  at a flow  rate  of  0.2 mL/min.  The  method  was  proved  to  be  accurate  and
precise  for  simultaneous  quantification  of  each  analyte  over  a linear  dynamic  range  of  0.05–50  ng/mL  with
correlation  coefficients  greater  than  0.99. The  intra-day  and inter-day  assay  precision  at  the  lowest  quality
control  (0.07  ng/mL)  level  were  less  than  17%.  The  mean  extraction  recoveries  of  F2-IsoPs  and  PGs  were  in

a range  of  79–100%.  In applications  of  this  method  to patients  undergoing  cardiac  surgery,  post-surgery
urinary  concentrations  of  8-iso-PGF2� increased  significantly  in  patients  (n  = 14)  who  did  not  develop
acute  kidney  (AKI)  (pre-surgery  0.344  ±  0.039  vs.  post-surgery  0.682  ±  0.094  ng/mg  creatinine,  p <  0.01),
whereas  there  was  no  significant  change  in this  isoprostane  in  the  patients  (n  =  4)  who  developed  AKI
(pre-surgery  0.298  ±  0.062  vs.  post-surgery  0.383  ±  0.117  ng/mg  creatinine,  NS).  Therefore,  the  method
is  suitable  for  the analysis  of individual  F2-IsoPs  and  PGF2�’s in  both  clinical  and  research  studies.
. Introduction

Assessment of the critical role oxidative stress plays in the
athophysiology of many human diseases, such as cardiovascular
nd kidney diseases, diabetes, and cancer [1–6] is important
n pre-clinical and clinical research. F2-IsoPs, a unique series
f prostaglandin-like compounds (Fig. 1) formed in vivo via a
on-enzymatic mechanism involving the free radical-initiated
eroxidation of arachidonic acid, are considered biomarkers of
xidative stress. There is growing acceptance that measurement

f the relatively high levels of F2-IsoPs, and their metabolites in
rine may  be useful biomarkers to evaluate the effectiveness of
linical interventions to diminish oxidant stress and associated
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inflammation [7,8]. Prostaglandin F2� (PGF2�), an inflammatory
mediator, and the isoprostane 8-iso-PGF2�, another reliable
indicator of oxidative stress, and cytokine-related inflammatory
mediators are closely associated with several inflammatory dis-
eases [3].  This investigation aimed to develop an improved method
for the measurement of F2-IsoPs and related isomers by Liquid
chromatography tandem mass spectrometry (LC-MS/MS) in urine
samples from patients before and after cardiac surgery. It under-
scored the need for precise determination of both F2-IsoPs and PGs
which are structurally similar and exist in different isomeric forms
at physiological concentrations.

Quantification of F2-IsoPs in biological samples has been carried
out using different analytical methods such as gas chromatogra-
phy/mass spectrometry (GC–MS), (LC–MS/MS), radioimmunoassay
(RIA) and enzyme immunoassay (EIA) [9–15]. Radioimmunoassay

is sensitive and easier to use than the other methods. However,
it is less specific and only one isoprostane can be analyzed per
assay [15]. In general, LC–MS/MS is a sensitive and specific ana-
lytical method. Compared to GC–MS, it can require less sample

dx.doi.org/10.1016/j.jchromb.2012.12.009
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:jprasain@uab.edu
dx.doi.org/10.1016/j.jchromb.2012.12.009
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Fig. 1. Chemical structures of standard 8-iso-PGF2� , 8

reparation steps. There are several previously reported methods
vailable to measure F2-IsoPs by LC–MS/MS in biological sam-
les [16,17]. However, most of these methods involve multi-step
ample preparation and only deal with quantification of the most
bundant F2-IsoPs. Moreover, existence of different F2-IsoPs and
Gs in several isomeric forms has been a major analytical challenge
or quantification of individual compounds. Recently, Langhorst
t al. reported the determination of isomeric F2-IsoPs in urine using
C–MS/MS [13]. However, the method lacks the required sensi-
ivity for the analysis of very low levels of F2-IsoPs. To the best
f our knowledge, there exists no validated LC–MS/MS method
hat enables us to quantify stereo isomeric isoprostanes such as
-iso-PGF2�, 8-iso-15-PGF2�, PGs such as PGF2�, and 15(R)-PGF2�

n urine. Therefore, we describe herein a LC/MS/MS method using
elected reaction monitoring (SRM) that allows sensitive detection
nd simultaneous quantification of isomeric F2-IsoPs and PGs in
uman urine using a solid phase extraction method.

. Materials and methods

.1. Chemicals

8-iso-PGF2�, 8-iso-15(R)-PGF2�, PGF2�, 15(R)-PGF2� and 8-iso-
GF2�-d4 were purchased from Cayman Chemical Company (Ann
rbor, MI,  USA). All of standards were dissolved or diluted into ade-
uate volumes of methanol:water (1:1, v/v, containing 1% acetic
cid) to generate stock solutions, which were aliquoted into small
ials and stored at −20 ◦C. Creatinine and creatinine-d3 were
btained from Sigma–Aldrich, Milwaukee, WI  and Cambridge Iso-
ope Laboratory, Cambridge, MA.  All HPLC solvents and reagents
ere purchased from Fisher Scientific Co. (Norcross, GA) and were

f HPLC grade.

.2. Sample preparation
Quality control samples and calibration standards.  Stock solutions
f individual F2-IsoPs and PGs were prepared in methanol and then
iluted with methanol–water (1:1, v/v, containing 1% acetic acid)
5(R)-PGF2� , PGF2� , 15(R)-PGF2� and 8-iso-PGF2�-d4.

to obtain appropriate working solutions containing all analytes and
the internal standard (8-iso-PGF2�-d4).

Human urine used in calibration and quality control was from
internal remnant pool in our laboratory. Since F2-IsoPs and PGs
are endogenous compounds, the urine used to make standards and
quality control samples should be free from these compounds. To
evaluate this, the unspiked urine samples (200 �L) were loaded
on to Strata X-AW 33u polymeric weak anion exchange car-
tridges (Phenomenex, Torrance, CA) which had previously been
equilibrated with methanol and water. The extraction solvent,
methanol–water (80/20, v/v, containing 1% acetic acid), was  used to
elute endogenous F2-IsoPs and PGs of interest. The extracted sam-
ples were evaporated to dryness under a stream of nitrogen gas and
reconstituted in 100 �L of methanol:water (1:1, v/v, containing 1%
acetic acid) for LC–MS/MS analysis.

For calibration standards and quality control (QC) samples, the
urine pool sample (200 �L) serving as “blank urine” was  spiked
(10 �L) with appropriate concentrations of working solution of F2-
IsoPs, PGs and IS to obtain calibration standards (50, 25, 10, 1, 2,
0.1 and 0.05 ng/mL) and QC samples (5, 0.5 and 0.07 ng/mL). After
gently mixing, the samples were extracted and reconstituted as
described above for LC–MS/MS analysis.

Validation study. The analytical method was validated to demon-
strate the specificity, recovery, lower limit of quantification (LLOQ),
accuracy and precision of measurements. Linearity was tested at 7
levels of concentrations covering a range from 0.05 to 50 ng/mL.
The regression parameters of slope, intercept and correlation coef-
ficient were calculated by linear least-square regression (1/x2

weighting).
The percent recovery of the method was determined by compar-

ing the mean of peak areas obtained from the urine samples spiked
prior to extraction with the peak areas obtained from spiked post-
extraction urine samples. The matrix effect (ME) was evaluated for
all analytes and the internal standard. For this, the urine samples

were processed and then spiked with analytes and IS after extrac-
tion. The ME  for each analyte was calculated by comparison of mean
peak area obtained for blank urine samples (n = 4–5) spiked with F2-
IsoPs, PGs and IS after extraction (X) and peak area of standards in
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ethanol–water (1:1) at concentrations 0.07, 0.5 and 5 ng/mL (Y).
he MEs  were calculated as follows:

ME =
[

1 −
(

X

Y

)]
× 100

ME values >0 and <0 indicate ionization suppression and ion-
zation enhancement, respectively.

The intra-day accuracy (%bias) and precision (presented as %CV)
f this analytical method was determined using quality control (QC)
amples in 5 replicates of 0.07, 0.5, and 5 ng/mL of F2-IsoPs and PGs
n urine within a day. The inter-day assay precision was  determined
y analyzing the QC samples during three consecutive days (n = 15
t each level). The % bias was used as an important tool for the
ccuracy and calculated with the following equation:

bias = calculated concentration − nominal concentration
nominal concentration

×  100

The limit of quantification (LOQ) was defined as the smallest
mount of the analyte that could be measured in a sample with
ufficient precision and accuracy (within 20% for both parame-
ers) and was chosen as the lowest concentration on the calibration
urve.

.3. Selectivity

In selectivity experiments, urine samples from different persons
ere analyzed for any residual F2-IsoPs, and PGs. Furthermore, a

ero sample that was only spiked with 8-iso-PGF2�-d4 was tested
or any undeuterated 8-iso-PGF2� in this deuterated IS.

.4. Stability

The QC samples were investigated thoroughly to evaluate
heir stability under different conditions (room temperature,
reeze/thaw cycles, autosampler and long term storage stability).
he room temperature stability was evaluated at ambient temper-
ture (∼23 ◦C) over 24 h using QC samples in five replicates. The

tability of F2-IsoPs, and PGs in human urine following repeated
reeze–thaw (three cycles) was assessed using QC samples. The
utosampler stability was evaluated at 4 ◦C over 48 h. The long-term
torage stability at −20 ◦C for over 30 days was also evaluated.

able 1
haracteristics of patients undergoing surgery for cardiac problems who did not develop

Patient # Age (yr) Sex Pre-operative creatinine (mg/mL) Post-operativ

1 68 M 0.96 0.87 

2  62 M 0.84 0.80 

3  66 M 0.76 1.03 

4  59 M 0.94 0.84 

5  70 M 1.03 0.88 

6  64 M 0.93 0.93 

7  64 M 2.18 2.25 

8  61 M 1.15 1.09 

9  66 M 0.85 0.88 

10 71  M 2.09 2.11 

11  67 M 1.06 0.97 

M:  diabetes mellitus; HTN: hypertension; HL: hyperlipidemia; CABG: coronary arterial 

able  2
haracteristics of patients undergoing surgery for cardiac problems who developed acute

Patient # Age (yr) Sex Pre-operative creatinine (mg/mL) Post-operativ

1 63 M 1.33 1.70 

2  72 M 0.77 1.21 

3 60  M 1.46 1.85 

4 68  M 0.96 1.31 

M:  diabetes mellitus; HTN: hypertension; HL: hyperlipidemia; CABG: coronary arterial 
13– 914 (2013) 161– 168 163

Liquid chromatography–mass spectrometry. LC–MS/MS analyses
of urine samples was performed using a system consisting of a
Shimadzu Prominence HPLC with a refrigerated auto sampler (Shi-
madzu Scientific Instruments, Inc., Columbia, MD), and an API 4000
(Applied Biosystems/MDS Sciex, Concord, Ontario, Canada) triple
quadrupole mass spectrometer.

Chromatography was  performed using a Hydro-RP column
(250 mm × 2.0 mm i.d, Phenomenex, CA). The mobile phase
consisted of water [A] and methanol:acetonitrile (1:1, v/v) [B] (both
containing 0.1% formic acid) with a flow rate of 0.2 mL/min. The gra-
dient started at 55% B and went up to 65% B over 12 min). It was,
followed an increase to 100% B at 13 min  and this was maintained
for a further 1 min. At 15 min  there was a linear decrease from 100 to
55%. The column effluent was  introduced into the mass spectrom-
eter using electrospray ionization (ESI) in the negative ion mode.
Nitrogen was  used as nebulizer, gas 1 and curtain gas. The SRM
analysis was conducted by monitoring the precursor ion to prod-
uct ion transitions from m/z  353/193 and 353/309 (8-iso-PGF2�,
8-iso-15(R)-PGF2� and PGF2�, 15(R)-PGF2�), and m/z 357/197 and
357/313 (8-iso-PGF2�-d4). MSMS  parameters were optimized to
obtain best sensitivity. The declustering potential, temperature,
collision energy and ion source gas (GS1) were optimized and set at
−80 V, 600 ◦C, −35 eV and 40 psi, respectively. The dwell time was
50 ms.  The LC–MS/MS system was  controlled by Analyst software
version 1.4.2.

2.5. Clinical application

Patients undergoing cardiac surgery (either coronary bypass
surgery or valve surgery) were recruited from the San Diego VA
Hospital and their urine samples before surgery and 2, 6, 12, 24 and
48 h after surgery were collected (Tables 1 and 2). For this analysis
the pre-operative sample was  compared with the post-operative
sample in which patients had the highest creatinine level (mg/dL).
Of the 15 patients analyzed, four developed AKI as defined as a
0.3 mg/dL elevation in creatinine (Table 2).

At UAB, urines were collected from a group of healthy human

volunteers (n = 18), who  gave informed consent, both prior to and
immediately following taking part in mild exercise (45 min  of walk-
ing). The study was  approved by the UAB Institutional Review
Board. Urine collected from the middle third of their urine void

 acute kidney injury.

e creatinine (mg/mL) DM HTN HL HbA1C (%) Surgery type

Yes Yes Yes 6.0 CABG
No No No 7.5 CABG
No No Yes 5.2 CABG
No No Yes 5.3 CABG AVR
No Yes No 5.3 CABG AVR
No Yes No 5.9 CABG MVR
No Yes No 5.1 MVR
No Yes Yes 5.5 AVR
Yes Yes Yes 6.4 CABG
No No Yes 5.7 CABG
Yes Yes No 5.5 CABG

by-pass grafting; AVR: aortic valve replacement; MVR: mitral valve replacement.

 kidney injury.

e creatinine (mg/mL) DM HTN HL HbA1C (%) Surgery type

Yes Yes Yes 6.6 CABG
No Yes Yes 5.5 AVR
No Yes No 5.5 AVR
No Yes Yes 5.6 AVR

by-pass grafting; AVR: aortic valve replacement.
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as immediately placed on ice and stored at −20 ◦C prior to analy-
is. Urine creatinine was analyzed following the published method
18].

.6. Analysis of F2-IsoP and PGF2˛

.6.1. Sample preparation and analysis
First, 1 mL  of each urine obtained from the clinical studies was

dded to 8-iso-PGF2�-d4 (2 ng/mL final concentration) and the solu-
ion then was processed and analyzed by the methods as described
bove for method development and validation. Each sample was
nalyzed in duplicate.

.6.2. Statistical analysis
Data are presented as means ± standard deviation and the

npaired t-test was used for statistical comparison. A p value < 0.05
as considered significant.

. Results

.1. LC–MS/MS

Due to the presence of a carboxylic group in both F2-IsoPs
nd PGs, ESI operating in negative ion mode provided the best
ensitivity. Deprotonated molecular ions [M−H]− m/z  353 of stan-
ards (8-iso-PGF2�, 8-iso-15(R)-PGF2�, PGF2� and 15(R)-PGF2�)
ere induced to fragment in the collision cell, and after optimiza-

ion, the most abundant product ions m/z 193 and 309 were chosen
or quantitative SRM analysis. For SRM analysis, the mass transi-
ions m/z 353/193 and 353/309 were selected for F2-IsoPs and PGs
nd m/z  357/197 and 357/313 for 8-iso-PGF2�-d4.
In order to obtain both baseline separation and optimized
ensitivity of these analytes, variables such as column type, gradi-
nt, and MS/MS  operating parameters were investigated. Several
olumns and different solvents were tested to obtain a high

able 3
ummary of calibration curves (n = 5).

Nominal concentration(ng/mL)

8-Iso-PGF2� 50 

25  

10  

2  

1  

0.1  

0.05  

8-Iso-15R-PGF2� 50 

25  

10  

2  

1  

0.1  

0.05  

PGF2� 50
25  

10  

2  

1  

0.1  

0.05  

15R-PGF2� 50 

25  

10  

2  

1  

0.1  

0.05  

CV: coefficient of variation (SD/mean × 100).
13– 914 (2013) 161– 168

degree of sensitivity, good separation and a short analysis time.
Chromatographic conditions were optimized to provide base-
line separation of isomeric F2-IsoPs and PGs with adequate peak
shape. A Hydro-Rp column (250 mm × 2.0 mm i.d) with water and
methanol:acetonitrile (1:1, v/v, containing 0.1% formic acid) pro-
vided the best separation and sensitivity. Use of acetonitrile in the
mobile phase led to the best chromatographic separation, but at
the expense of lowered sensitivity. While use of methanol alone
gave the highest sensitivity, it failed to resolve the four F2-IsoPs
and PG isomers. As shown in Fig. 3A, a 20 min  run time with acid-
ified methanol:acetonitrile (1:1, v/v) provided efficient separation
of all isomers.

Sample preparation was carried out using Strata X-AW 33u
polymeric weak anion cartridge (Phenomenex, Torrance, CA) and
provided excellent recoveries of analytes from urine after eluting
with methanol–water (80/20, v/v, containing 1% acetic acid).

3.2. Method validation

The methods were validated in accordance with the FDA guid-
ance for bioanalytical method validation and also based on the
paper of Shah et al. [19,20]. A full validation was performed for
human urine based on the following criteria.

Linearity. The calibration curves for standards were generated
at different concentrations ranging from 0.05 to 50 ng/mL (50, 25,
10, 1, 2, 0.1, and 0.05 ng/mL). The standard curve was  linear over
this 1000-fold concentration range. Table 3 shows the summary
of the individual standard data obtained in the five replicates.
LOQ was  determined to be 0.05 ng/mL, demonstrating the preci-
sion (CV%) each analyte in a range of 4.90–19.39 (Table 3). These
results indicated a linear relationship between the peak areas and

concentrations of all analytes in this assay.

Accuracy and precision. The accuracy and precision of this assay
for all analytes were determined at various concentrations (5, 0.5,
0.07 ng/mL) of the QC samples. The performance characteristics of

Measured mean concentration(ng/mL) ± SD CV (%)

49.56 ± 2.11 4.26
25.54 ± 1.01 3.96

9.70 ± 0.57 5.88
1.97 ± 0.14 7.38
0.90 ± 0.00 6.42
0.09 ± 0.01 7.44
0.04 ± 0.00 6.43

47.24 ± 1.2 2.68
24.22 ± 1.13 4.67

9.68 ± 0.22 2.32
1.93 ± 0.09 5.16
0.94 ± 0.02 2.92
0.09 ± 0.00 5.55
0.04 ± 0.00 4.90

51.48 ± 1.69 3.28
25.04 ± 0.88 3.53
10.02 ± 0.51 5.15

1.86 ± 0.08 4.59
0.89 ± 0.06 6.89
0.09 ± 0.01 12.67
0.04 ± 0.00 19.39

50.15 ± 1.62 3.25
25.47 ± 0.35 1.41

9.43 ± 0.14 1.54
1.79 ± 0.09 5.29
0.89 ± 0.02 3.05
0.09 ± 0.00 4.44
0.04 ± 0.00 14.15
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Fig. 2. Representative SRM chromatograms of human urine samples processe

he method were established by validation procedures employing
ssays with standard solutions, sample blanks and spiked samples.
he intra-day accuracy (%bias) and inter-day precision (%CV) were
ound to be well within acceptable limits as described in Table 4.
or the lowest quality control (0.07 ng/mL), the intra-day and inter-
ay precisions for the analytes were less than 17% and the intra-day
ias were less than 20%. These results indicated that the method is
ensitive, reproducible, and reliable.

Specificity and selectivity.  Representative SRM chromatograms
f a zero sample (urine spiked with IS) and unspiked urine sam-
le after extraction are shown in Fig. 2. The LC–MS/MS method
emonstrated high specificity because only ions derived from IS
20 ng/mL) were observed (Fig. 2A and B). Furthermore, no quan-
ifiable amounts of F2-IsoPs and PGs were found in an extracted
nspiked urine sample (Fig. 2C). These data indicate that there were
o detectable endogenous substances in urine interfering in the

nalysis of F2-IsoPs and PGs.

Carry over. Carry-over is one of the most commonly encoun-
ered problems of LC/MS/MS method development. It can affect the
ccuracy and precision of a method and should be evaluated during

able 4
recision and accuracy of quality control samples.

Analyte Nominal concentration (ng/mL) Accuracy (%bias

Day 1 

8-iso-PGF2� 5 0.68 

0.5  9.72 

0.07  14.46 

8-iso-15(R)-PGF2� 5 −2.56 

0.5  2.40 

0.07  −3.68 

PGF2� 5 −1.28 

0.5  8.28 

0.07  0.10 −
15(R)-PGF2� 5 −0.32 

0.5  4.16 

0.07  −11.54 

nter-day variation (15 replicates at each concentration).
 or without IS. Matrix samples with IS (20 ng/mL) (A) and (B); without IS (C).

method validation. As can be seen in Fig. 3, when methanol blank
was injected right after the analyte spiked urine sample (10 ng/mL),
no detectable carry over was observed in the current LC–MS/MS
method.

Matrix effect and recovery. The adverse consequences of matrix
effects on the results of quantitative LC–MS/MS analyses have been
fully recognized and the assessment of matrix effects is becoming
an integral part of method development and validation. Human
urine samples were extracted, then spiked and analyzed for poten-
tial interferences by endogenous matrix components. The MEs
from endogenous urinary metabolites on each analyte are listed
in Table 5. The MEs  observed for 8-iso-PGF2� at 0.5 and 5 ng/mL
were 21.48 and 17.0%, respectively, indicating endogenous inter-
ference from urine matrix. However, the use of deuterated internal
standard (8-iso-PGF2�-d4) can neutralize the effect of matrix and
the results for linearity, precision and recovery are acceptable for all

analytes [21]. These results indicated that there were minor matrix
effects for these compounds in human urine.

Recovery studies of each analyte were performed at concentra-
tions of 5, 0.5 and 0.07 ng/mL by comparing the peak areas of the

) Precision (%CV) Inter-day

Day 2 Day 3 Day 1 Day 2 Day 3

−7.55 0.74 1.94 3.94 5.76 1.59
−5.40 −1.11 4.74 4.78 6.29 0.90
−0.77 3.43 6.16 6.49 9.13 4.15

−3.33 −1.90 2.98 0.92 4.67 3.22
−2.23 3.27 6.45 8.49 7.53 1.15
−6.04 3.07 16.59 14.59 3.88 8.29

−6.48 −1.67 1.56 6.49 2.84 2.40
6.06 −1.67 5.98 6.75 8.95 1.10

12.02 16.24 12.18 12.71 15.41 8.88

−2.89 −9.47 2.45 5.79 4.84 1.67
12.25 0.78 4.64 6.11 3.93 1.90
19.46 −8.23 8.97 9.68 3.12 9.12
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Table  5
Calculated recovery and matrix effects of urine on the peak area response of analytes.

Analyte Concentration (ng/mL) Mean recovery (%) ± SD Mean matrix effect (%)

8-iso PGF2� 5 85.3 ± 8.8 17.0
0.5  83.8 ± 8.5 21.5
0.07  87.4 ± 10.3 14.5

8-iso-15(R) 5  81.5 ± 6.8 2.0
0.5  80.7 ± 7.4 12.3
0.07  100.2 ± 7.7 0.4

PGF2� 5 85.7 ± 6.0 −1.0
0.5  82.1 ± 8.6 0.9
0.07  99.5 ± 24.2 −13.1
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xtracted urine samples with those of post spiked samples. Overall
ean extraction recoveries at these concentrations were in a range

f 79–100%.
Stability. The stability of QC samples was investigated thor-

ughly to evaluate their stability in urine samples under different
onditions (autosampler, room temperature, freeze–thaw cycles
nd long term storage stability). The autosampler stability was
valuated at 4 ◦C over 48 h and the mean measured concentrations
howed that the analytes are stable for at least 48 h when stored at
◦C. All stability data are summarized in Table 6.

Repeated freeze and thawing of urine samples spiked with ana-
ytes did not affect their stability (Table 6). The analytes were stable
n the frozen urine for at least three freeze–thaw cycles. The longer-
erm (over 1 month) stability in human urine was  evaluated by
nalyzing frozen QC samples in five replicates. The mean measured
oncentrations shown in Table 6 indicated that 8-iso-PGF2� can
ndergo isomerization during long storage.

.3. Measurement of F2-IsoPs and PGF2˛ in clinical samples

The LC–MS/MS method was applied to quantification of

2-IsoPs and PGs in urine samples obtained from fifteen
atients before and after cardiac surgery from the UAB-UCSD
’Brien Acute Kidney Injury Research Center. The samples were
xtracted after spiking with IS as described for QC and calibration

ig. 3. Representative SRM chromatograms for F2-IsoPs and PGs in urine (10 ng/mL)
A); 10 �L methanol blank (B).
79.4 ± 7.9 6.1
83.0 ± 10.0 4.3
90.1 ± 13.1 −9.4

standards in sample preparation section. The urinary levels of
F2-IsoPs but not PGs changed significantly following cardiac
surgery (Fig. 4). The levels of 8-iso-PGF2�, – the most abundant
form of F2-IsoP and an indicator of in vivo oxidative stress –
increased 85% from baseline (0.333 ± 0.030–0.617 ± 0.103 ng/mg
creatinine, p < 0.01). A 62% increase was observed for 8-iso-
15(R)-PGF2� (0.363 ± 0.050 ng/mg vs. 0.589 ± 0.090 ng/mg
creatinine, p < 0.05). Non-significant changes occurred in PGF2�

(1.460 ± 0.270 ng/mg vs. 1.068 ± 0.251 ng/mg creatinine) and
its 15R isomer (0.227 ± 0.0.074 ng/mg vs. 0.349 ± 0.138 ng/mg
creatinine) in urine samples collected after surgery. Interest-
ingly, the increase in the two F2-IsoPs was confined to those
patients (5 of the 15) who did not experience acute kidney
injury. In the four AKI patients, the 8-iso-PGF2� and 8-iso-
15(R)-PGF2� concentrations were not significantly changed
(0.298 ± 0.062–0.383 ± 0.117 ng/mg creatinine, p = 0.54, and
0.245 ± 0.070–0.336 ± 0.097, p = 0.48, respectively). A representa-
tive SRM chromatogram demonstrating detection of F2-IsoPs and
PGs in human urine samples from an AKI patient is shown in Fig. 5.

In a study in 18 healthy volunteers, the pre-exercise uri-
nary concentrations of 8-iso-PGF2�, 8-iso-15(R)-PGF2�, PGF2�

and 15R-PGF2� were 0.395 ± 0.051, 0.477 ± 0.081, 1.618 ± 0.216

and 0.291 ± 0.112 ng/mg creatinine, respectively. Following
exercise, the urinary concentrations of 8-iso-PGF2�, 8-iso-
15(R)-PGF2�, PGF2� and 15R-PGF2� were not significantly

Fig. 4. Isoprostane and PGF2� levels before and after cardiac surgery. Values are
expressed as means ± SEM and p-values indicate the significance of differences
between values before and after surgery. The white boxes are values for patients
without acute kidney injury prior to surgery; the black boxes are values after surgery
in  these patients. The light gray boxes are patients with acute kidney injury prior to
surgery; the dark gray boxes are values after surgery in these patients. The statistical
significances are for differences between pre- and post-surgery values.
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Table 6
Stability of quality control samples.

Compound Nominal concentration (ng/mL) Room temp. Mean measured concentration (ng/mL) ± SD

Long term Autosampler Freeze–thaw cycles

8-iso-PGF2� 5 4.92 ± 0.11 4.79 ± 0.10 4.62 ± 0.18 4.84 ± 0.71
0.5  0.49 ± 0.08 0.46 ± 0.03 0.47 ± 0.02 0.52 ± 0.04
0.07  0.07 ± 0.00 0.07 ± 0.00 0.06 ± 0.00 0.07 ± 0.00

8-iso-15(R)-PGF2� 5 4.68 ± 0.05 4.77 ± 0.07 4.83 ± 0.04 4.70 ± 0.11
0.5  0.51 ± 0.03 0.05 ± 0.04 0.48 ± 0.04 0.50 ± 0.01
0.07  0.07 ± 0.00 0.07 ± 0.01 0.06 ± 0.01 0.07 ± 0.00

PGF2� 5 4.69 ± 0.23 4.84 ± 0.26 4.68 ± 0.30 4.48 ± 0.07
0.5  0.43 ± 0.17 0.50 ± 0.04 0.53 ± 0.04 0.52 ± 0.01
0.07  0.07 ± 0.00 0.07 ± 0.00 0.06 ± 0.01 0.06 ± 0.00

15(R)-PGF2� 5 5.11 ± 0.1
0.5  0.53 ± 0.0
0.07  0.07 ± 0.0
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ig. 5. Representative SRM chromatogram for F2-IsoPs and PGs in a urine sample
rom an AKI patient.

hanged (0.464 ± 0.072, 0.374 ± 0.060, 2.369 ± 0.555 and
.231 ± 0.057 ng/mg creatinine, respectively).

.4. Reproducibility in clinical samples

The volumes of the urine samples that were available in this
tudy allowed replicate analyses to be performed. The mean
eproducibility (coefficient of variation) of duplicates in these
amples was 8.59%. For those with isoprostane concentrations
1 ng/creatinine, the mean reproducibility was 5.48%. In only six of
he 113 analytical runs where there was a measurable peak were
he reproducibilities of duplicates outside of the acceptable range
20%).

. Discussion

An accurate, reproducible LC–MS/MS assay for the simultaneous
uantification of F2-IsoPs and PGs in human urine has been devel-
ped and validated. The assay permits analysis over a range of
.05–50 ng/mL of analytes in 1 mL  of aliquots of human urine with
recise and accurate quantification. The main advantages of this
C–MS/MS method are: (1) simplicity; (2) excellent recovery; (3)
bsence of a significant matrix effect; (4) absence of carry over; (5)
ase line separation of the isomers measured; and (6) validation
ver a large dynamic range (calibrators from 0.05 to 50 ng/mL).

The analysis of F2-IsoPs and PGs is of great interest in assessing
uantitative stress clinically in acute and chronic disease and in
orresponding experimental models. Their measurement nonethe-
ess represents several analytical challenges. First, they are typically

resent in urine and plasma at concentrations close to 1 ng/mL. For
any mass spectrometry methods this is only an order of magni-

ude above the LOQ of the F2-IsoPs and PGs. However, while 1 mL
r more volumes of urine can be obtained in clinical situations,
9 4.87 ± 0.29 4.85 ± 0.28 4.49 ± 0.07
12 0.53 ± 0.03 0.56 ± 0.03 0.51 ± 0.02
0 0.08 ± 0.01 0.07 ± 0.00 0.06 ± 0.00

in experimental rodent models of oxidative stress, particularly in
mice, these volumes can be harder to come by. Future solutions
to the issue of sensitivity may  include the use of a lower solution
flow rate nano-ESI to reduce the size of the charged droplet initially
produced in the spraying process, thereby increasing MS  sensitivity
[22,23]. Other approaches such as formation of derivatives contain-
ing positively charged, quaternary nitrogen atoms can be utilized
to enhance the detection limit in positive ion mode [24].

The concentrations of F2-IsoPs and PGs in normal healthy sub-
jects as measured using the method described in this study are
comparable to those in other reports using LC–MS/MS methods
[9,25,26]. As noted by Klawitter et al. [25], LC–MS/MS methods are
superior to enzyme-linked immunosorbent assay (ELISA) for F2-
IsoPs since the latter gave values for urinary concentrations that
were 0.4–61.9-fold higher than those obtained by LC–MS/MS and
were highly dependent on the manufacturer of the ELISA kit.

Using the LC–MS/MS method, elevated levels of F2-IsoPs were
found in urine samples collected from patients following cardiac
surgery, indicating a potential involvement of isoprostanes in vas-
cular physiology and pathogenesis. In contrast, in those patients
who subsequently developed an acute kidney injury (AKI), the
increases in F2-IsoPs were not observed. It is possible that since the
AKI patients were defined as those who  had elevated levels of creat-
inine, the origin(s) of creatinine and the F2-IsoPs are independent,
thereby causing a reduction in the F2-IsoPs/creatinine ratio.

In normal healthy subjects, mild exercise caused no significant
changes in urinary F2-IsoPs and PGF2a and is consistent with pre-
vious studies [27–29].  It is noteworthy that chronic mild exercise
lowers F2-IsoPs [25].

We conclude that this method provides a simple procedure for
assaying urinary F2-IsoPs together with PGs and has reliable repro-
ducibility.
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