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The  present  study  established  the pattern  of isoprostanes  (IsoPs)  and  prostaglandins  metabolites  (PGMs)
in urine  after  triathlon  training.  Fifteen  Caucasian  triathletes  – 5  women  and  10  men  – performed  793
and  1603  Objective  Load  Scales,  respectively.  The  optimization  of  urine  hydrolysis  conditions,  concerning
to the  type  of  buffer,  the  units  of hydrolytic  enzyme  added,  and  the  pH, allowed  precise  quantification  of
these  metabolites  by  UPLC–MS/MS,  avoiding  the  under-estimation  of  their  concentrations  that  occurred
in previous  studies.  Their  rate  of conjugation  ranged  between  36%  and  100%.  This implies  significant
importance  since  it supposes  non-detection  of  some  IsoPs  and PGMs  totally  conjugated  with  glucuronic
acid  developed  by other  previous  methodologies.  Among  the  13  compounds  analyzed,  this  assay  detected
and  characterized  4 IsoPs  and  3  PGMs  in  the  triathletes’  urine.  The  PGMs  tetranor-PGEM  and  11�-PGF2�
hromboxane
riathletes
nzymatic hydrolysis

and  the  IsoP  8-iso-PGF2�, showed  lower  concentrations  after  the  training  program,  whereas  the  PGMs
6-keto-PGF1� increased  (vascular  PGI2 metabolite).  In  fact,  their  pattern  in  the triathletes’  urine  indicated
that  their  variation  may  have  been  related  with  the  physical  activity.  Due  to  its  high  variation,  6-keto
PGF1� stood  out  as a useful  marker  of the  vasodilation  and inhibition  of  the  platelet  aggregation  of  the
PGI2 linked  to the  physical  exercise.  The  data  obtained  provided  a global  picture  of  changes  in lipid
peroxidation  and  vascular  events  as a  consequence  of  chronic  exercise.
. Introduction

Eicosanoids are considered as a family that includes iso-
rostanes (IsoPs) leukotrienes (LTs), prostaglandins (PGs), and
hromboxanes (TXs), are lipid mediators involved in the phys-
opathology of all organs, tissues, and cells [1].

The PGs are potent eicosanoid involved in numerous homeo-
tatic biological functions and inflammation. They are generated
y cyclooxygenase isozymes from fatty acids like arachidonic acid
AA) [2].  The wide variety of actions performed by prostaglandins
ake place on almost all organs being closely related to inflam-

ation, fever, and pain thanks to their hemodynamic role and a
omplex regulatory network in prostaglandin signaling through

pecific G protein-coupled receptors [1].  Prostaglandin metabolites
PGMs) are used as biosynthesis biomarkers of PGs [3].

∗ Corresponding author. Tel.: +34 968396363; fax: +34 968396213.
E-mail address: angelgil@cebas.csic.es (A. Gil-Izquierdo).
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© 2012 Elsevier Inc. All rights reserved.

On the other hand, isoprostanes (IsoPs) are prostaglandin-like
compounds, produced by non-enzymatic peroxidation of AA and
induced by free radicals [4] as well as by esterification of cell
membrane lipids [5].  The IsoPs have been highlighted as critical bio-
chemical variables linked to oxidative stress, and they are present
in several clinical entities such as aging, cardiovascular disorders,
cancer, and neurological pathologies [6–8]. One  of the greatest chal-
lenges in the field of redox biology has been the identification
of non-invasive markers to assess reactive oxygen species (ROS)
production in vivo [9].  The IsoPs have been recognized as useful
indicators of oxidative stress [10]. Nevertheless, the lack of non-
invasive sampling methods, to assess their levels in vivo, remains a
handicap to the establishment of their utility as biochemical vari-
ables in clinical trials and medical practice [11].

After the IsoPs and PGMs synthesis, they are esterified and/or
bioconverted to a free acid form, and are distributed in separate

organic tissues [12,13]. A significant amount of urinary IsoPs and
PGMs appears conjugated with glucuronic acid [14]. Both free and
conjugated forms are excreted in urine [13,15]. The scarce bibliog-
raphy available on this field describes a high degree of conjugation

dx.doi.org/10.1016/j.prostaglandins.2012.07.002
http://www.sciencedirect.com/science/journal/10988823
mailto:angelgil@cebas.csic.es
dx.doi.org/10.1016/j.prostaglandins.2012.07.002
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Table 1
Dietary parameters and caloric intake of the triathletes during the intervention
period (2 weeks training).

Male triathletes Female triathletes
(elite training) (amateur training)
(n = 10) (n = 5)

Energy intake (kcal d−1) 2820.0 ± 241.2 2072.6 ± 223.6
Carbohydrate (g d−1) 326.1 ± 63.5 211.3 ± 43.9
Dietary fiber (g d−1) 27.3 ± 7.4 15.5 ± 4.4
Sugars (g d−1) 121.3 ± 33.9 80.5 ± 18.3
Proteins (g d−1) 133.7 ± 12.9 83.3 ± 9.0
Total lipids (g d−1) 113.7 ± 13.3 107.1 ± 14.4
SFAa (g d−1) 33.5 ± 6.2 29.6 ± 4.4
MUFAb (g d−1) 56.7 ± 5.5 56.6 ± 7.5
PUFAc (g d−1) 16.9 ± 2.7 15.9 ± 6.7
Vitamin C (mg  d−1) 178.7 ± 71.9 135.0 ± 60.4
Vitamin A (�g d−1) 2970.0 ± 913.9 1427.4 ± 573.1
Vitamin E (mg  d−1) 21.0 ± 5.6 13.9 ± 3.4
Vitamin D (mg  d−1) 988.1 ± 47.5 751.6 ± 163.0
Iron (mg  d−1) 20.9 ± 2.4 14.9 ± 2.6
Selenium (mg  d−1) 149.8 ± 21.5 103.0 ± 17.4

a

0 S. Medina et al. / Prostaglandins &

f these compounds, which makes necessary an optimized pre-
reatment with �-glucuronidase enzymes prior to their analysis, in
rder to avoid the under-estimation of their physiological occur-
ence in humans.

Currently, the presence and systemic distribution of IsoPs and
GMs in both free and conjugative forms in humans are not well
nderstood [16]. These biomarkers possess high sensitivity and
pecificity, which depend on distinct factors including clinical
arameters, environmental conditions, and physical and dietary
abits, among others [16].

The accurate quantification of IsoPs and PGs requires the estab-
ishment of the variation of their levels depending on sex, age,

enstrual log, and physical activity [17]. The variation in the level
f IsoPs-related to oxidative stress and PGs linked to cardiovas-
ular and inflammation processes caused by strenuous exercise in
thletes has been investigated only scarcely. Recent reports have
escribed variations in the levels of a limited number of PGMs
tetranor-PGEM, 6-keto PGF1�, and 2,3-dinor-6-keto PGF1�) after
hysical exercise in humans [3,18,19].

The main goal of this work was to screen, by a sensitive and
alidated UPLC–MS/MS-based method [20], the qualitative and
uantitative occurrence of 5 IsoPs (F-series), 7 PGMs, and a throm-
oxane metabolite (TXM) in triathletes, after training. In addition,
he enzymatic hydrolysis of the considered compounds was opti-

ized, to ensure their precise and total quantification and hence
llow the assessment of the absolute production of these com-
ounds at baseline and after the programmed trainings.

. Materials and methods

.1. Physical characteristics of participants, dietary intake, and
raining loads during the intervention

Fifteen Caucasian triathletes – 5 amateur training women (ATW)
nd 10 elite training men  (ETM) from the University of Alicante
Spain) – agreed to participate in the project. The volunteers
ere non-smokers, had stable food habits, and did not receive

ny medication (the specific absence of acute administration of
nti-inflammatory drugs) during the experimental procedure. The
omen were not in menstrual days during the study. The study was

pproved by the Bioethics Committee of the University Hospital of
urcia and all participants provided written, informed consent to

 protocol approved by the institution [21].
The physical parameters and dietary habits of the volunteers

ere controlled for two weeks before the assay and during the
xperimental procedure. Thus, the volunteers consumed a con-
tant diet during the two weeks previous to the onset of the study
ntil its conclusion, to avoid any interference of the diet with the
xidative stress events. The dietary intake of the volunteers was
ccurately designed and overviewed during the 2-weeks experi-
ental intervention by nutritionists, using specific software for the

alculation of the dietary parameters and caloric intake. All food
or the study was prepared and weighted to achieve the desired
nd constant caloric level and nutrients intake for each triathlete.
he subjects were instructed to eat only the food provided to them
y the nutritionist of the study. The daily and weekly averages
f 24-h calorie intake were calculated. The nutritional variables
nalyzed, including the caloric support of the diet, are listed in
able 1. The anthropometric measures were achieved according the
nternational Society of Advancement of Kinanthropometry (ISAK)
22,23] and all measures were performed by the same internation-

lly certified anthropometrist (level 2 ISAK). The body composition
as determined by the GREC cineantropometry consensus [24],
sing a model consisting of: total fat by Withers’s formula [25,26];

ean weight by the procedure described by Lee et al. [27]; and the
Saturated fatty acids.
b Monounsaturated fatty acids.
c Polyunsaturated fatty acids.

residual mass by the difference in the weight. Therefore, the con-
stant and controlled dietary and anthropometric parameters did
not influence the IsoPs generated due to oxidative stress linked to
the physical exercise (Tables 1 and 2).

The quantification of training programs is addressed to evaluate
their effects on physiological adaptation and subsequent perfor-
mance [28]. Currently, mathematical models are suitable for the
quantification of the training loads. Indeed, the training impulse
proposed by [29] and its subsequent revision are recognized as valid
for the quantification of training efforts. However, the evolution of
sports performance has led to specific models for some exercises
[30].

In our work, the training load quantification was performed
using the ‘Objective Load Scale’ (ECOs) developed by Cejuela Anta
and Esteve-Lanao [31]. The training load that supports a triathlete
is an indication of its performance level. The training loads devel-
oped by the triathletes in the present work were similar to those
found in other studies of endurance athletes [30,32].

The previously developed method used allowed the quantifica-
tion of the training loads in the sport of triathlon (swim, bike, run,
and transitions), which are determined by the difficulty to maintain
technique, delayed muscle soreness, typical workout density, and
energy cost of each separate sport. The values of daily and weekly
trainings were determined and summarized to assess the training
load (ECOs) of each volunteer, depending on their physical charac-
teristics and the intensity of the training program (Table 2). Briefly,
and from a general point of view, intensity is considered exponen-
tially – not linearly – with the aim of leveling-off the total training
stress for a given performance level. The volume is quantified by
time and this allows a better comparison of different performance
levels and terrain conditions (pavement, uneven laps) [31].

2.2. Chemicals and eicosanoids

5 isoprostanes: 8-iso PGF2�; 8-iso-15(R)-PGF2�; 2,3-dinor-
8-iso-PGF2�; 2,3-dinor-11�-PGF2�; 8-iso-15-keto PGF2�; 7
prostaglandin metabolites: 11�-PGF2�; 9,11-dideoxy-9�,
11�-methanoepoxy PGF2� (U-46619); 9,11-dideoxy-9�,11�-
epoxymethano PGF2� (U-44069); 2,3-dinor-6-keto PGF1� (sodium

salt); 6-keto PGF1�; tetranor-PGFM (tetranor-PGF-Metabolite);
tetranor-PGEM (tetranor-PGE-Metabolite), and one TXM: 11-
dehydro thromboxane B2, as well as the internal standards
11-dehydro thromboxane B2-d4 and 8-iso PGF2�-d4, were
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Table  2
Physical baseline, metabolic characteristics, training loads of the triathletes.

Male triathletes (elite training) (n = 10) Female triathletes (amateur training) (n = 5)

Baseline 2-Weeks training Baseline 2-Weeks training

Physical characteristics of triathletes
Year (yr) 19.0 ± 1.7 19.0 ± 1.7 21.8 ± 3.0 21.8 ± 3.0
Weight (kg) 69.7 ± 6.2 69.7 ± 6.4 54.8 ± 12.2 54.8 ± 11.6
Height (m) 1.8 ± 0.1 1.8 ± 0.1 1.6 ± 0.1 1.6 ± 0.1
BMIa (kg m−2) 22.2 ± 1.0 22.1 ± 1.0 21.2 ± 4.1 21.2 ± 4.0
Total  fat (kg) 9.2 ± 2.8 8.8 ± 2.6 8.7 ± 4.1 8.9 ± 4.7
Lean  weight (kg) 31.4 ± 2.1 30.5 ± 2.7 20.8 ± 3.6 20.6 ± 2.7
Subescapular skinfold (mm)  9.6 ± 3.0 9.5 ± 2.1 12.7 ± 6.7 13.4 ± 8.2
Tricipital skinfold (mm)  8.9 ± 3.0 9.7 ± 2.6 16.3 ± 2.3 18.4 ± 3.8
Bicipital skinfold (mm) 5.4 ± 2.4 4.7 ± 1.5 10.3 ± 2.8 9.8 ± 3.2
Ileocrestal skinfold (mm) 12.0 ± 2.6 13.1 ± 4.1 19.7 ± 4.5 17.1 ± 6.9
Supraespinal skinfold (mm)  9.0 ± 2.6 8.9 ± 2.8 14.3 ± 6.5 14.4 ± 6.9
Abdominal skinfold (mm) 16.4 ± 8.0 15.5 ± 6.8 23.1 ± 5.9 23.6 ± 6.9
Thigh skinfold (mm) 14.9 ± 4.4 14.0 ± 4.4 27.2 ± 5.2 26.4 ± 5.0
Calf  skinfold (mm)  9.0 ± 3.0 9.5 ± 3.1 14.8 ± 3.8 13.9 ± 3.0

Training loads Baseline 2 weeks training Baseline 2 weeks training

ECOs  40 ± 5 1609 ± 58 35 ± 6 793 ± 33
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a Body Mass Index.

urchased from Cayman Chemicals (Ann Arbor, MI,  USA).
he �-glucuronidase used was type H2 from Helix pomatia
Sigma–Aldrich, St. Louis, MO,  USA). All LC–MS-grade solvents
ere obtained from J.T. Baker (Phillipsburg, NJ, USA) and BIS-

RIS (bis-(2-hydroxyethyl)-amino-tris(hydroxymethyl)-methane)
rom Sigma–Aldrich (St. Louis, MO,  USA). Reagents such as formic
cid, hydrochloric acid, hexane, ethyl acetate, and potassium
ydroxide were purchased from Panreac (Castellar del Vallés,
arcelona, Spain). The Strata SPE cartridge (Strata X-AW, 100 mg

 mL−1) was purchased from Phenomenex (Torrance, CA, USA).

.3. Urine samples collection and preparation

Twenty-four-hour urine samples were collected before (base-
ine) and after 2 weeks of intensified training. The total volume was
etermined and used for the absolute calculation of the amount of

soPs excreted in the 24-h urine. Urine (1.5 mL)  was centrifuged at
1,000 × g, for 5 min, and 1 mL  of supernatant was collected and
nalyzed according to the previously described procedure [20].

Previous to the analysis of the triathletes’ urine samples, the
ydrolysis conditions were optimized for the total quantitative
etermination of IsoPs and PGMs contents. The optimization
as performed on more-thoroughly characterized IsoPs: 8-iso-

5-(R)-PGF2�, 8-iso-PGF2�, and the PGM: 11�-PGF2� (main urine
etabolite from PGD2). Thus, baseline and hydrolyzed urines were

nalyzed using six distinct conditions, to determine the best hydrol-
sis settings for quantifying the concentration of IsoPs and PGMs.
o analyze the efficiency of the distinct buffers and amounts of
nzyme (�-glucuronidase), three buffers (BSA, pH 6.8 [33], 0.58 M
cetic acid, pH 4.9 [34], and 0.1 M acetate buffer, pH 4.9 [35]) and
wo enzyme concentrations (∼1000 and ∼5000 UE mL−1, within
he range previously described for hydrolysis [36]) were tested on
00 �L of human urine. The hydrolysis reaction was performed for

 h at 37 ◦C.
After the optimization procedure (see Section 3), we concluded

hat the triathletes’ urine samples should be hydrolyzed, to remove
he glucuronide and sulfate derivatives, by adding ∼5000 UE mL−1

f �-glucuronidase and 110 �L of 0.1 M acetate buffer, pH 4.9. The

ydrolysis reaction was performed for 2 h at 37 ◦C. The reactions
ere stopped and the enzyme was precipitated with MeOH/HCl

200 mM),  then the mixture was centrifuged at 11,000 × g, for
 min  [14]. The supernatants were subjected to SPE using a Strata
X-AW cartridge (100 mg  3 mL−1), following the procedure
described by Medina et al. [20]. Briefly, samples diluted in
2 mL  of BIS-TRIS buffer were applied to a previously conditioned
and equilibrated cartridge, which was washed further to remove
the artifacts present in the organic matrix. The target compounds
were eluted with MeOH and dried using a SpeedVac concen-
trator (Savant SPD121P, Thermo Scientific, MA,  USA). The dry
extracts were reconstituted with A/B (90:10, v/v) and filtered
through a 0.45-�m filter (Millipore, MA,  USA). Twenty microliters
of each sample were analyzed in a UPLC–QqQ-MS/MS (Agilent
Technologies, Waldbronn, Germany).

2.4. UPLC–QqQ-MS/MS analyses

The separation of IsoPs, TX, and PGMs present in the urines
was performed using a UPLC coupled with a 6460 QqQ-MS/MS
(Agilent Technologies, Waldbronn, Germany), using the set-up
described by Medina et al. [20]. Briefly, chromatographic separation
was carried out on a ZORBAX Eclipse-Plus C18 (2.1 mm  × 50 mm,
1.8 �m;  Agilent Technologies, Waldbronn, Germany). The MS  anal-
ysis was  applied in the MRM  negative ESI mode (Fig. 1). The
mobile phases employed were solvent A (Milli-Q water/acetic acid
(99.99:0.01, v/v)) and solvent B (MeOH/acetic acid (99.99:0.01,
v/v)). The flow rate (0.3 mL min−1 using a linear gradient), ESI con-
ditions, and ion optics were as previously described [20]. Data
acquisition and processing were performed using MassHunter
software version B.04.00 (Agilent Technologies, Germany). The
quantification of IsoPs, PGMs, and TX detected was  performed
using authentic markers. Tetranor-PGEM, 6-keto-PGF1�, 2,3-dinor-
8-iso-PGF2�, 2,3-dinor-11�-PGF2�, 8-iso-15(R)-PGF2�, 8-iso PGF2�,
and 11�-PGF2�. The IsoPs 9,11-dideoxy-9�,11�-epoxymethano
PGF2� (U-44069), 9,11-dideoxy-9�,11�-methanoepoxy PGF2� (U-
46619), 11-dehydrothromboxane B2, 2,3-dinor-6-keto PGF1�,
8-iso-15-keto PGF2�, and tetranor-PGFM were searched in the sam-
ples according to the previously described method [20].

2.5. Statistical analyses
Quantitative data are presented as means ± SD. Specific differ-
ences between the IsoPs and PGMs concentrations in samples in
pre- and post-intensification of the training load were examined
by paired t-tests. All the statistical analyses were performed using
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Table  3
Hydrolysis settings determined in urine samples of 15 triathletes.

Hydrolysis conditions Isoprostanesa Prostaglandin metabolitea

Urine volume Hydrolysis buffer (vol. �L) Buffer pH Enzyme units 8-iso PGF2� 8-iso-15(R) PGF2� 11�-PGF2�

400 381.6 794.8 381.7
400  BSA (44) 6.8 ∼1000 93.4 301.9 90.2
400  BSA (44) 6.8 ∼5000 1064.7 1030.5 439.6
400 Acetic acid 0.58 M (44) 4.9 ∼1000 1547.6 1509.6 1295.9
400 Acetic acid 0.58 M (44) 4.9 ∼5000 800.5 499.1 855.4
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400  Acetate buffer 0.1 M (44) 4.9 ∼1000 

400  Acetate buffer 0.1 M (44) 4.9 ∼5000 

a Standard deviation lower than 15%.

he SPSS 17.0 software package (LEAD Technologies, Inc., Chicago,
SA), and the level of statistical significance was set at P < 0.05.

. Results

.1. Optimization of the enzymatic hydrolysis of IsoPs

The comparison of human urine samples exposed to six distinct
ombinations of enzyme concentration and type of buffer (Sec-
ion 2) plus one unhydrolyzed sample was carried out, to optimize
he hydrolysis settings and assess more accurately the percent-
ge of glucuronide conjugates of IsoPs and PGMs in human urine.
o measure the efficiency of the �-glucuronidase with regard to
he hydrolysis of the glucuronides, the quantification of 8-iso-
GF2�, 8-iso-15(R)-PGF2�, and 11�-PGF2� was carried out, since
hey constitute the 2 IsoPs and the PGM most frequently mea-
ured in human body fluids to date, respectively. Regarding to
soPs, the analyses showed that the concentration of 8-iso-PGF2�

anged from ∼93 to ∼2730 ng 24 h−1, that of 8-iso-15(R)-PGF2�

rom ∼302 to ∼4290 ng 24 h−1, whereas the concentration of the
GMs 11�-PGF2� ranged from ∼90 to ∼1515 ng 24 h−1, depending
n the hydrolysis conditions (Table 3). The results obtained from
he hydrolysis allowed us to establish the optimum conditions as
5000 UE mL−1 of �-glucuronidase in 0.1 M acetate buffer, pH 4.9,
t 37 ◦C for 2 h, because these gave the highest concentrations of the

hree unconjugated eicosanoids quantified, in comparison with the
ther conditions assayed. Longer hydrolysis time, higher temper-
ture, or more enzyme units did not increase the total amount of
soPs and/or PGMs obtained (data not shown).

ig. 1. SPE-UPLC–QqQ-MS/MS chromatograms of three prostaglandin metabolites and fo
-keto-PGF1� (2), 2,3-dinor-8-iso-PGF2� (3), 2,3-dinor-11�-PGF2� (4), 8-iso-15(R)-PGF2�
1069.1 1021.2 597.6
2729.7 4289.8 1515.2

3.2. Qualitative IsoPs measurement

A total of 13 eicosanoids were screened in the triathletes’
urine. Their identity was confirmed according to their molecular
masses, the characteristic MS/MS  fragmentation product ions, and
the retention time compared to the corresponding standards. They
showed an adequate signal-to-noise ratio. Four IsoPs and 3 PGMs
were detected in the urine of pre- and post-training samples (Fig. 1).

The mass spectral information of the intact eicosanoids
identified is summarized in Fig. 1. At 1.77 min, the PGM 1
(Tetranor-PGEM) showed an m/z [M−H]− of 327.0, mainly
fragmented to m/z 308.8. The compound eluted at ∼1.80 min
with the MS2  fragmentation of m/z [M−H]− 369.0 → 245.1
corresponded to PGM 6-keto-PGF1� (2). Compound 3 was
identified as the IsoP 2,3-dinor-8-iso-PGF2� showing m/z  and
retention time values of 325.2 → 237.1 and ∼3.57 min, respec-
tively. Regarding compound 4, it was  identified according to
the transition at m/z 325.2 → 237.1, which allowed the iden-
tification of 2,3-dinor-11�-PGF2� at ∼4.7 min. The [M−H]− of
IsoP (5) at m/z 353.0 with the corresponding daughter ion at
m/z 193.0 at ∼8.8 min  identified the 8-iso-15(R)-PGF2� eluted.
The compounds (6) and (7) with the MRM  transitions at m/z
353.0 → 193.1 and m/z 353.2 → 309.1 were eluted at ∼9.5 min
and ∼10.2 min, respectively, which led to the identification of the
IsoP 8-iso-PGF2� and the PGM 11�-PGF2�, respectively (Fig. 1).

The PGMs 9,11-dideoxy-9�,11�-methanoepoxy PGF2� (U-46619),
9,11-dideoxy-9�,11�-epoxymethano PGF2� (U-44069), 2,3-dinor-
6-keto PGF1�, and tetranor-PGFM, the IsoP 8-iso-15-keto PGF2�

ur IsoPs detected and their MRM  transitions for quantification. Tetranor-PGEM (1),
(5), 8-iso PGF2� (6), and 11�-PGF2� (7).
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Table  4
Eicosanoids conjugates (%) determined in 15 triathletes before and after training.

Analyte Women (n = 5) (amateur training) Men  (n = 10) (elite training)

Baseline 2 weeks training Baseline 2 weeks training

Isoprostanes
8-iso PGF2� 92.1 36.0 86.6 69.7
8-iso-15(R) PGF2� 90.0 50.0 70.1 72.8
2,3-dinor-8-iso PGF2� 53.9 47.1 60.2 43.9
2,3-dinor-11� PGF2� 63.0 59.7 64.4 48.0
8-iso-15-keto PGF2� n.d.c n.d. n.d. n.d.

Thromboxane metabolite
11-Dehydro Thromboxane B2 n.d. n.d. n.d. n.d.

Prostaglandin metabolites
11�-PGF2� 100.0 67.6 99.9 85.8
6-Keto-PGF1� 54.8 87.5 45.7 63.1
2,3-dinor-6-keto PGF1� n.d. n.d. n.d. n.d.
Tetranor PGEM 100.0 100.0 100.0 100.0
Tetranor-PGFM n.d. n.d. n.d. n.d.
U-46619a n.d. n.d. n.d. n.d.
U-44069b n.d. n.d. n.d. n.d.

a
t

3

a
3
e

F
P
w

a 9,11-Dideoxy-9�,11�-methanoepoxy PGF2� .
b 9,11-Dideoxy-9�,11�-epoxymethano PGF2� .
c Not detected.

nd the TXM 11-dehydro thromboxane B2 were not detected in
he triathletes (Table 4).

.3. Quantification of IsoPs in pre- and post-exercise human urine
Fifteen volunteers (5 women and 10 men) provided baseline
nd 2 weeks 24-h urine samples. The quantification of 4 IsoPs and

 PGMs in these samples, taking into account the influence of the
xercise intensification, was carried out (Fig. 2).

ig. 2. Urinary total and single isoprostanes (2,3-dinor-8-iso-PGF2� , 2,3-dinor-11�-PGF
GEM,  6-keto-PGF1� , and 11�-PGF2�) (ng 24 h−1) determined in women  (n = 5) and men (
ith  asterisks are statistically different at *P < 0.05 and **P < 0.01.
Our data show a high amount of IsoPs and PGMs excreted in
human urine as glucuronides. Indeed, the extent of glucuronidation
ranged from 36% to 100% for the urine of the 15 volunteers (Table 4).
Of note is the percentage glucuronidation of the PGMs tetranor-
PGEM and 11�-PGF2�, which reached almost 100%, whereas the

other eicosanoids considered were within the range 36–92.1%. The
11�-PGF2� exhibited its highest percentage (100%) at the basal
exercise level, in both AWT  and ETM. Moreover, our results show
a trend toward a reduction in the proportion of IsoPs present in

2� , and 8-iso-15(R)-PGF2� , 8-iso PGF2�) and prostaglandin metabolites (tetranor-
n = 10) triathletes following amateur and elite training programs, respectively. Bars
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onjugated forms after an increase of the training efforts. The IsoPs
nd 11�-PGF2� reduction was ∼34% and ∼13% on average for the
TW and ETM, respectively, with the exception of 6-keto PGF1�, for
hich the percentage presents as the glucuronide form increased

y ∼60% and ∼38%, respectively.
The eicosanoids quantified after the enzymatic hydrolysis of

amples, showed different variations depending on their structure.
egarding total and individual IsoPs quantification, it was  observed
hat the total IsoPs in urine showed a significant reduction in men
fter training whereas no statistical differences between the base-
ine and post-training levels were observed in women. In relation
o single IsoPs, this reduction was only statistically significant for
-iso-PGF2�, in which reached up to ∼40% of decrease after the
hysical work (Fig. 2). Likewise, regarding PGMs, the concentra-
ions of tetranor-PGEM and 11�-PGF2� after exercise were a ∼51%
nd ∼37% lower than the baseline values, respectively. In contrast,
he concentration of 6-keto PGF1� increased significantly (P < 0.05)
n triathletes after the high intensity training, from ∼4000 to ∼9000
nd from ∼9000 to ∼12,000 in ATW and ETM, respectively (Fig. 2).

. Discussion

PGMs exhibit excellent value as vasoactive compounds (vaso-
onstrictors vasodilators and inhibition of the platelet aggregation)
nd as indicators of inflammatory processes [37]. Additionally, the
soPs, known as prostaglandin-like compounds, have been high-
ighted as useful biomarkers indicating oxidative stress events in
issues and cells [10]. The present work is focused on gaining fur-
her insight into how exercise influences three types of eicosanoid
evels (IsoPs, TX, and PGMs) excreted in human urine. For this pur-
ose, we assessed the concentrations of these eicosanoids in the
rine of triathletes before and after two weeks of chronic training.

The previous optimization of urine samples hydrolysis was per-
ormed in order to better understand the metabolic processes
nvolved in these eicosanoids excretion and to obtain accurate
nformation on their total physiological levels, avoiding the under-
stimation of their concentrations developed by previous reports
38]. During the analysis of urine samples, we considered the

ost-favorable pH for the optimal hydrolytic activity of the �-
lucuronidase type H2 from H. pomatia to be 4.5–5.0 [36]. The pH of
he collected urines was ∼5.1, on average, which was adjusted to 4.9
n order to favor the hydrolysis of the IsoPs and PGMs glucuronides.
he conjugation of eicosanoids to glucuronic acid may  be a critical
iochemical pathway involved in the modulation of their biological
ctions and excretion [33]. The scarce data available on eicosanoids
lucuronidation indicate that this process may  be a significant role
n modulation of availability of these metabolites for cells and
issues regarding biological processes as well as their excretion
ates [12]. In fact, recent reports pointed out the importance of the
ydrolysis of the urine samples for eicosanoids analysis [33,37]. Yan
t al. optimized the pH of the hydrolysis using an Escherichia coli
lucuronidase (pH 6.8), but we preferred the H. pomatia enzyme
ue to its glucuronidase–sulfatase activity (pH 4.9). In our study,
he extent of glucuronidation was 36–100%, which constitutes a
igher proportion than that described by Callewaert and Sloan
glucuronidation range of 28–80%) [39]. This variation in the conju-
ation of both PGMs and IsoPs may  be influenced by the hydrolysis
rocedure and settings, the inherent genetics of each volunteer, and
he current optimization process described in this work. Addition-
lly, expressing the data obtained as ng per 24-h (absolute) urine
voids the use of the relative mg  of creatinine excreted [3,40] and,

hus, reduces the accumulative mistakes during the analysis (IsoPs
nd/or PGMs plus creatinine quantifications).

When comparing the concentrations of the PGMs and IsoPs in
he baseline urine of ATW and ETM with those published previously
 Lipid Mediators 99 (2012) 79– 86

for sedentary volunteers [20], different qualitative and quantita-
tive profiles were observed due to the physical activity, through
its effect on the oxidative stress conditions and vascular events.
Regarding the qualitative analysis, a TXM and a PGM detected
in the urine of sedentary volunteers (11-dehydro thromboxane
B2 and tetranor-PGFM) were not found in the baseline or post-
training urine of triathletes. There are previous reports that support
a decrease of thromboxane B2 (TXB2) and thromboxane A2 (TXA2)
release due to physical exercise [41–44].  This does not mean that
11-dehydro-TXB2 does not exist in triathletes, but it can be dra-
matically reduced by strenuous physical exercise. Therefore, this
compound could exist at trace levels below the LOD of our method
(LOD = 0.042 ng/mL) [20]. We  have not found any previous reports
that describe the behavior of 11-dehydro-TXB2 (metabolite of the
TXA2) [43], after chronic and strenuous physical exercise in healthy
sports-men and -women. Two previous studies have detected the
TXA2 metabolites after acute exercise but not in long-period con-
text with different results. While Ronni-Sivula et al. provided an
increase of these compounds (marathon) [43], Wennmalm and
Fitzgerald affirmed that these prostanoids kept unchanging (2 h
of bicycle ergometry) [44]. Despite this contradictory data, the
first study was carried out by immunoassays which constitute an
approximation of the content of these compounds and not a precise
evaluation provided by mass spectrometry techniques. In contrast
to the TXA2 metabolite, 6-keto PGF1� – not excreted by seden-
tary volunteers – appeared in the baseline and post-training urine
of triathletes. Thus, whereas tetranor-PGEM, 8-iso-15(R)-PGF2�,
8-iso-PGF2�, and 2,3-dinor-8-iso PGF2� levels were lower in triath-
letes, compared with sedentary volunteers. The PGM 11�-PGF2�

remained in similar concentration level in both groups. The varia-
tion in the urine eicosanoids in response to exercise remains poorly
understood owing to the scarce data available on the link between
their concentration in tissues and cells and the oxidative stress
(IsoPs) and their effect on vascular and inflammatory processes
(PGMs). For example, some previous studies reported an increase
in urinary IsoPs after non-professional acute exercise [3,19,45],
whereas other reports suggest that long-term physical work may
reduce dramatically the generation of selected IsoPs by chronic
sport exercise [34,40,46].  Most of the previous studies expressed
urinary concentrations of both IsoPs and PGMs as ng per mg creati-
nine; however, normalization data are not necessary when working
with 24-h urine samples [47]. Therefore, the data obtained in the
present study were expressed as ng per 24-h urine. The obtained
results are in agreement with the previous reports that described
a decrease of urinary IsoPs and PGMs after exercise, in both ATW
and ETM. This reduction was statistically significant only when con-
sidering the IsoPs 8-iso-PGF2�, and the PGMs tetranor-PGEM and
11�-PGF2� in the urine of ETM, with reductions of up to 40%, 51%,
and 37%, respectively (Fig. 2). Particularly, in the case of 2,3-dinor-
8-iso-PGF2� our results were similar to those found by Campbell
et al. [40], showing a decrease of this IsoP after exercise which was
not statistically significant.

Regarding the total IsoPs in urine (considered as the sum of
2,3-dinor-8-iso-PGF2�, 8-iso-15(R)-PGF2�, 8-iso-PGF2�, and 2,3-
dinor-11�-PGF2�), a significant reduction was observed in their
urinary concentration in the post-exercise urine in comparison
with baseline samples in ETM (P < 0.05) whereas no differences
were observed in ATW.

The reduction of the levels of IsoPs excreted in urine by the
triathletes does not constitute immutable evidence of oxidative
stress reduction after exercise. Indeed, it was  reported that chronic
exercise lowered the levels of urine IsoPs by 38% [46]. This fact

could indicate that exercise following an adequate training pro-
gram, regarding mode, volume, intensity, and, frequently, and an
adequate diet, may  produce significant stability of the cellular
homeostatic mechanism, hence avoiding the main oxidative stress
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vents. In this way, the variation in urinary IsoPs levels in the
resent work may  have been due to moderate augmentation of
he muscular oxidative stress.

The only PGM that underwent an increase as a consequence of
he volunteers’ physical activity (both ATW and ETM) was  6-keto-
GF1�. Indeed, the content of 6-keto-PGF1� in the triathletes’ urine
xceeded considerably that obtained in earlier work by Blatnik and
teenwyk [3].  This variation may  be due, as mentioned above, to

 plethora of factors including the distinct intensity of the physi-
al work performed by the volunteers, genetic differences among
olunteers, and the absolute value obtained through the samples
ydrolysis and the analytical technique employed. 2,3-Dinor-6-
eto PGF1� is the �-oxidation product of 6-keto-PGF1�, both
dentified by gas-liquid chromatography–mass spectrometry [48].
owever, the end-point compound of the PGI2 metabolism was not
etected in our samples while it was described in athletes devel-
ping an acute exercise [43,44] and in patients with cardiovascular
athologies developing different types of physical exercise [49–53].
hese evaluations were developed by immunoassays (approximate
esults) and by gas chromatography–mass spectrometry but in any
ase, previous hydrolytic procedures of the prostanoid conjugates
ere carried out with the consequent decrease in the precision of

he results. Therefore, taking into consideration that 6-keto-PGF1�

s the PGM present at the highest concentration and their variations
fter physical efforts are linked to their precursor prostaglandin, the
GI2-potent vasodilator and inhibitor of human platelet aggrega-
ion [43].

Previous reports found its concentration in urine ranged from
.05 to 0.3 ng per mg  creatinine [40], whereas the current work
etected ∼4 to ∼8 ng per mg  creatinine [20]. This may  be due to
nder-estimation of this PGM in this earlier work, derived from
he lack of an adequate hydrolysis procedure. Additionally, in our
tudy, we have reported that the chronic intensification of the phys-
cal work increased the concentration of 6-keto-PGF1� by ∼34%
n average. Given that, this prostanoid (from vascular endothe-
ial origin) is a marker for vasodilatation and that 85% of it is of
enal origin, its higher value could be due to increased glomerular
ltration in the renal system as a consequence of hemodynamic
ffects of the physical exercise [3].  In addition to the renal thresh-
ld, this augmentation may  have been due also to an increase in
he phospholipase A2 activity in skeletal muscle [46].

In conclusion, the hydrolysis of the urine samples, prior to anal-
sis of their eicosanoids content, constitutes a key factor in the
voidance of the under-estimation of their concentration and the
isunderstanding of their meaning and consequences. One IsoP

8-iso-PGF2�) and 2 PGMs (tetranor-PGEM and 11�-PGF2�) in the
4-h urine showed decreased contents after two  weeks of training
y triathletes, among the 13 eicosanoids analyzed. We  highlight
-keto PGF1� as the most-representative marker of the vascular
ffects of the PGI2 and kidney functioning linked to physical exer-
ise, owing to its significant increase. The use of the IsoPs and/or
GMs as a tool to achieve a better understanding of the oxida-
ive and vascular events, respectively, linked to physical exercise
erives from their selective and specific characters. Their close rela-
ionship with the environmental and clinical factors or life-habits
tudied allowed clear qualitative and quantitative differentiation
f the IsoPs and PGMs found in sedentary volunteers, with respect
o those found in triathletes [20].
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