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ABSTRACT

Di-(2-ethylhexyl)phthalate (DEHP) is the most commonly used plasticizer for polyvinyl chloride,
which is found in a large variety of products, including most of the bags used for blood storage
because of its protective role on erythrocytes survival. DEHP metabolites have been recently pro-
posed as markers of the misuse of blood transfusion in athletes. In this study, a method to quantify
the main five DEHP metabolites in urine has been developed: mono-(2-ethylhexyl)phthalate (MEHP),
mono-(2-ethyl-5-hydroxyhexyl)phthalate (MEHHP), mono-(2-ethyl-5-oxohexyl)phthalate (MEOHP),
mono-(2-ethyl-5-carboxypentyl)phthalate (5cx-MEPP), and mono-(2-carboxymethylhexyl)phthalate
(2cx-MMHP). The method involved an enzymatic hydrolysis with 3-glucuronidase from Escherichia coli
followed by an acidic extraction with ethyl acetate. The hydrolysed extracts were analysed by ultraperfor-
mance liquid chromatography tandem mass spectrometry. Isotope labelled MEHP, MEOHP and 5cx-MEPP
were used as internal standards. Analysis of all the metabolites was achieved in a total run time of 10 min,
using a Cyg column and a mobile phase containing deionized water and acetonitrile with formic acid, with
gradient elution at a flow-rate of 0.6 mL min~'. Detection of the compounds was performed by multiple
reaction monitoring, using electrospray ionization in positive and negative ion modes. The method was
validated for quantitative purposes. Extraction recoveries were greater than 90% and the limits of quan-
titation ranged from 1.2 to 2.6 ng mL-!. Intra-day precisions were better than 8% for all metabolites while
inter-assay precisions were better than 12%. Concentrations of DEHP metabolites were measured in a
control group (n =30, subjects reflecting the common environmental DEHP exposure), and in sportsmen
(n=464), to evaluate population distribution exposure to DEHP. Additionally, threshold concentrations
indicating outliers of common exposure for DEHP metabolites are proposed.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

and the possible effects of phthalates on the reproductive systems
in children are well documented [8,9]. Furthermore, DEHP is also

Di-(2-ethylhexyl)phthalate (DEHP) is one of the most widely
used plasticizers in polyvinyl chloride products to increase flexibil-
ity. Thus, DEHP is used in numerous household products, floor tiles,
furniture upholstery, and medical devices, among other products
[1,2]. Especially relevant is its presence in bags for blood storage
based on its properties to maintain erythrocytes stability [3,4]. Plas-
ticizers are not chemically bound to the polymer and they leach,
migrate or gas out into the atmosphere, into foodstuff or directly
into the body fluids, exposing the environment and people. Gen-
eral population is ubiquitously exposed to DEHP [5-7]. Exposure to
high concentrations of DEHP may produce a wide range of adverse
effects. DEHP is a known reproductive and developmental toxicant
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a suspected human endocrine disruptor/modulator [10]. However,
direct links between the effects observed in animals and a decline
in human reproductive health have not yet been established [11].

The metabolic pattern of DEHP is complex and several metabo-
lites have been identified and characterized. Metabolism of DEHP
involves very rapid hydrolysis to mono-(2-ethylhexyl)phthalate
(MEHP) catalysed by unspecific lipases and formation of a
glucuronide conjugate. Additionally, MEHP can undergo oxida-
tions in the side chain to form several metabolites [12,13].
Nowadays, more than 15 metabolites of DEHP have been
identified in human urine [14]. Oxidized metabolites mono-
(2-ethyl-5-hydroxyhexyl)phthalate (MEHHP) and mono-(2-ethyl-
5-oxohexyl)phthalate (MEOHP) along with two other recently
identified, mono-(2-ethyl-5-carboxypentyl)phthalate (5cx-MEPP)
and mono-(2-carboxymethylhexyl)phthalate (2cx-MMHP), are the
major urinary DEHP metabolites in adult humans, excreted as
conjugates with glucuronic acid [15,16]. A simplified metabolic
pathway of DEHP is illustrated in Fig. 1.
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Fig. 1. Simplified metabolic pathway of DEHP: MEHP, mono(2-ethylhexyl)phthalate; MEHHP, mono-(2-ethyl-5-hydroxyhexyl)phthalate; MEOHP, mono-(2-ethyl-5-
oxohexyl)phthalate; 5cx-MEPP, mono-(2-ethyl-5-carboxypentyl)phthalate; 2cx-MMHP, mono-(2-carboxymethylhexyl)phthalate.

Secondary metabolites as well as the primary metabolite MEHP
have been used as markers to predict exposure to DEHP [17-19]. It
is known that adults and neonates who undergo a variety of serious
medical procedures involving plastic materials experience much
higher exposures to DEHP [20]. Workers from industries where
materials containing DEHP are used have also high concentrations
of DEHP metabolites in urine [21]. This has led to the development
of analytical methods to detect DEHP metabolites in recent years
addressed to the evaluation of exposure [22-26].

One of the processes leading to high and acute exposure to
DEHP is blood transfusion. The use of blood transfusion is pro-
hibited in sports by the World Anti-Doping Agency. Homologous
blood transfusion (donor and receptor are different subjects) can
be detected by the analysis of blood samples by flow cytometry
through the identification of double populations of erythrocytes
having different specific surface antigens [27,28]. However, autol-
ogous transfusion (donor and receptors are the same subject)
invalidates the possibility of using the same analytical approach
because all red blood cells bear the same surface antigens. Instead,
DEHP isreleased from blood bags [29] and urinary concentrations of
DEHP metabolites have demonstrated to be higher in patients sub-
jected to homologous blood transfusion and in moderately trained
volunteers who were subjected to a protocol of autologous blood
transfusion [30-32]. So, the detection of high concentrations of
DEHP metabolites in urine has been proposed as a marker of the
misuse of both homologous and autologous blood transfusions
in sports [33]. The ubiquitous exposure to DEHP of the general
population makes the definition of commonly exposed population
concentrations necessary. In recent works, common concentrations
of some of the metabolites have been described [30,34-36].

In this study, a method to detect five DEHP metabolites in urine
(MEHP, MEOHP, MEHHP, 5cx-MEPP and 2cx-MMHP) has been opti-
mized and validated. Compared to previous studies [30-32,34-36],
the methodology proposed allows the quantification of two
additional DEHP metabolites (5cx-MEPP and 2cx-MMHP). The
developed method has been used to investigate the concentra-
tions of these five metabolites in general population and in samples

from different sportive subjects in order to define basal population
ranges of the metabolites.

2. Materials and methods
2.1. Chemicals and reagents

Standards of MEHP, MEHHP, MEOHP, 5cx-MEPP, 2cx-MMHP
and their 13C4 labelled (ring-1,2 13C, and dicarboxyl 13C;) ana-
logues, MEHP 13C4, MEOHP 13C4 and 5cx-MEPP 13C4,which were
used as internal standards (ISTD), were obtained from Cambridge
Isotope Laboratories, Inc. (Andover, MA, USA). Ethyl acetate
(HPLC grade), acetonitrile (LC gradient grade), formic acid (LC/MS
grade) and other reagents (analytical grade) were purchased from
Merck (Darmstadt, Germany). Milli-Q water was obtained from a
Milli-Q purification system (Millipore Ibérica; Barcelona, Spain).
[B-Glucoronidase (Escherichia coli) was purchased from Roche
Biomedical (Mannheim, Germany).

2.2. Standards and solutions

Stock standard solutions of DEHP metabolites and isotopically
labelled ISTDs of 100 g mL~! were prepared in acetonitrile. Work-
ing standard solutions of 10 and 1pgmL~! were prepared by
appropriate dilutions with acetonitrile of the stock solutions. All
solutions were stored at —20°C.

2.3. Sample preparation

Aliquots of urine samples (1 mL) were added with a concen-
tration of 50ngmL~! of each ISTD (MEHP 13C,4, MEOHP 13C,4 and
5cx-MEPP 13C4). The pH was adjusted to 6.5 with ammonium
acetate buffer (250 L) and, then, 30 pL of B-glucuronidase from
E. coli were added. Samples were incubated at 55°C for 60 min.
After enzymatic hydrolysis, samples were acidified with phosphate
buffer pH 2 (2mL). The extraction was performed with 8 mL of
ethyl acetate by shaking at 40 rpm for 20 min. After centrifugation
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(3500 rpm, 5 min), organic layers were evaporated to dryness under
nitrogen stream in a water bath at 40 °C. The extracts were recon-
stituted with 200 pL of a mixture of deionized water:acetonitrile
(80:20,v/v,0.01% formicacid) and aliquots of 5 WL were analysed by
ultraperformance liquid chromatography tandem mass spectrom-
etry (UPLC-MS/MS).

2.4. Instrumental analysis

Chromatographic separations were carried out on a Waters
Acquity UPLC™ gsystem using an Acquity BEH C;g column
(100 mm x 2.1 mm i.d., 1.7 wm particle size) (Waters Corporation,
Milford, MA). The column temperature was set to 45 °C. The mobile
phase consisted of deionized water with 0.01% formic acid (solvent
A) and acetonitrile with 0.01% formic acid (solvent B). Separation
was performed at a flow-rate of 0.6 mLmin~! with the following
gradient elution: from O to 3 min, 20%B; linear increase to 50%B in
2 min; linear increase to 95%B in 1 min; 95%B during 2 min, decrease
to 20%B in 0.2 min; and stabilization at initial conditions for 1.3 min.
The total run time was 9.5 min. The sample volume injected was
5 L.

The UPLCinstrument was coupled to a Quattro Premier XE triple
quadrupole mass spectrometer (Micromass, Waters Corp.) with an
electrospray (Z-spray) ionization source working in positive and
negative ionization mode. Source conditions were set as follows:
capillary voltage, 3 and 2.5 kV for positive and negative ionization
mode, respectively; source temperature, 120°C; desolvation tem-
perature, 450°C; cone gas flow-rate, 50 Lh~! and desolvation gas
flow-rate, 1200 Lh~1. High-purity nitrogen was used as desolva-
tion gas and argon was used as collision gas. Electrospray ionization
(ESI) working parameters (ionization mode, precursor and product
ions, cone voltage and collision energies) were optimized for each
compound using direct infusion of individual standard solutions
of the compounds (10 pgmL~1) at 10 wL min~! with mobile phase
(50:50, A:B) with a flow rate at 200 wLmin~!. Cone voltage was
optimized to obtain the maximum signal of the precursor ion and
the collision energy was adjusted to maximize the signal of the most
abundant product ion for each compound. Detection and quantita-
tion was performed in multiple reaction monitoring mode (MRM).
MRM conditions are described in Table 1. Two specific transitions
were monitored for each analyte. Data acquisition was performed
in two acquisition groups with dwell times of 50 ms, interchannel
delays of 5 ms and interscan times of 20 ms. All data were acquired
and processed using MassLynx 4.1 software (Waters Corporation,
Milford, MA).

2.5. Method validation

The following parameters were evaluated: linearity, limit of
detection (LOD), limit of quantitation (LOQ), extraction recovery,
matrix effect and intra- and inter-assay precisions.

Due to the ubiquitous presence of DEHP metabolites in urines
from human population, the linearity of the method and the LOD
and LOQ were evaluated using a calibration curve prepared in arti-
ficial urine. For the rest of the validation assays, calibration curves
were prepared by using urines from healthy subjects with very low
levels of DEHP metabolites diluted with water.

The artificial urine was prepared based on a protocol described
elsewhere [37]: 0.1 g oflactic acid, 0.4 g of citric acid, 2.1 g of sodium
bicarbonate, 10g of urea, 0.07 g of uric acid, 0.8 g of creatinine,
0.37 g of calcium chloride-2H,0, 5.2 g of sodium chloride, 0.0012 g
of iron Il sulphate-7H,0, 0.49 g of magnesium sulphate-7H,0, 3.2 g
of sodium sulphate-10H,0, 0.95 g of potassium dihydrogen phos-
phate, 1.2g of di-potassium hydrogen phosphate and 1.3g of
ammonium chloride were dissolved in 1L ultrapure water.

Six calibration levels were studied: 0, 5, 10, 50, 100 and
400ngmL-'. For the first validation assay, each calibration level
was prepared in quadruplicate. The peak area ratios of the selected
transitions of the analyte and the ISTD were plotted against con-
centrations. The ISTD used were: MEHP 13C4 for the quantification
of MEHP; MEOHP 13C4 for the quantification of MEHHP and
MEOHP; and 5cx-MEPP 13C,4 for the quantification of 5cx-MEPP
and 2cx-MMHP. The Dixon test (o=5%) was applied to detect
outliers in the replicates of the area ratios at each concentration
level. The behaviour of the variance over the calibration range
(homo/heteroscedasticity) was evaluated by applying the Levene
Test (¢ =5%). To demonstrate the goodness for fit using the lin-
ear model, the F test (« =5%) was applied to compare the variance
attributable to lack of fit with that due to random error. Least-
square regression analysis weighted by the concentration was
applied to calculate the calibration curves and the coefficients of
determination. The LOD and LOQ were defined as 3.3 and 10 times
the value of the standard deviation of the noise, respectively. The
standard deviation of the estimated concentration values of a sam-
ple spiked with 1ngmL-! for each analyte (n=4) was used as a
measure of the noise.

The extraction recovery was calculated by the analysis of three
replicates of a blank urine spiked with 50ngmL~! of the com-
pounds and three replicates of a blank sample spiked with the same
concentration of analytes after the extraction procedure. The ratio
of the peak areas between the analytes and the corresponding ISTD
obtained from the extracted spiked samples was compared with
ratios obtained for samples in which the analytes were added after
the extraction procedure (representing 100% of extraction recov-
ery).

Due to the impossibility to obtain true blank urine samples, the
matrix effect was evaluated by standard additions. The concen-
trations levels of the analytes in 7 urine samples were calculated
by both external calibration and standard addition calibration. For
external calibration, a calibration curve was prepared in artificial
urine. Five calibration levels were prepared in duplicate at the fol-
lowing levels: 0, 5, 10, 50, and 100 ngmL~1. External calibration
concentrations were calculated for each sample. Standard additions
were carried out in every sample by addition of four concentra-
tion levels in duplicate (0, 5, 10, and 50 ng mL~!). The matrix effect
was calculated for each analyte as the ratio between the external
calibration concentration and standard addition concentration.

The intra- and inter-assay precisions were estimated by using
two quality control samples with low and high concentrations of
DEHP metabolites. These quality control samples were actual sam-
ples obtained from subjects moderately exposed to DEHP (low
control, concentrations around a range of 14-45ngmL-! for the
different metabolites) and from patients subjected to blood trans-
fusion highly exposed to DEHP (high control, concentrations range
around 54-278 ngmL-1). Intra-assay precision was calculated by
the analysis of three replicates of the two control samples on
the same day. Inter-assay precision was calculated after analy-
sis of these two samples in eleven different days. Precisions were
expressed as the relative standard deviation (RSD) of the concen-
trations measured.

2.6. Subjects

In order to evaluate basal concentrations of DEHP metabolites,
urines from two different populations groups were quantified. The
first group (control group) included 30 healthy subjects reflect-
ing common environmental DEHP exposure. They were volunteers
that did not receive any blood transfusion or any medical proce-
dure involving plastic equipment. The volunteers were selected
by the IMIM-Hospital de Mar Clinical Research Unit according to
a clinical protocol approved by the ethical committee CEIC-IMAS
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Table 1

Monitoring conditions in the UPLC-MS/MS system for DEHP metabolites. Transitions used for quantitation are underlined.

Compound MM? RTY (min) ESI mode¢ cva (V) CE® (eV) Ion transitions (m/z)
MEHP 278.15 6.11 pos 15 15,5 279> 149, 279> 167
MEOHP 292.13 5.01 pos 10 10 293>127

neg 30 15 291> 143
MEHHP 294.15 494 pos 12 7,7 295>167,295>129
5cx-MEPP 308.13 4.83 pos 10 55 @E@ 309>161
2cx-MMHP 308.13 5.09 pos 10 55 @g@ 309>161
MEHP 3¢, 282.15 6.11 pos 15 10,10 283>153,283>171
MEOHP 3¢, 296.13 5.01 pos 10 5,10 @Em 297>109
5cx-MEPP 3¢, 312.13 4.83 pos 10 55 313>143,313>161

MM, monoisotopic mass.

RT, retention time.

ESI, electrospray ionization: pos, positive; neg, negative.
CV, cone voltage.

CE, collision energy.

o an T

(IMIM-Hospital del Mar, Barcelona, Spain, protocol 2006/2456/1).
The average age was 23.67 4 2.34 years (range: 21-31 years), and
the gender distribution was 50% females and 50% of males. 24h
urine samples were collected and stored at —20°Cin polypropylene
bottles until analysis.

In the second group (sportsmen group), a total of 464 official
doping control urine samples covering different sports disciplines
(mainly aquatics, athletics, cycling) were analysed. Spot urine sam-
ples were collected and stored at —20°C in glass bottles until
analysis.

Urine samples used as quality control samples were also
obtained within the clinical protocol 2006/2456/1. The low qual-
ity control was a sample belonging to a volunteer of the “control
group” described above. The high quality control was a urine sam-
ple collected from a hospitalized patient subjected to homologous
blood transfusion [30].

2.7. Statistical analysis and calculations

All results of concentration were corrected by specific gravity,
using the following formula:

Adjusted concentration

1.020-1
specific gravity of the sample — 1

= concentration [

This mathematical correction by specific gravity is usually
carried out in doping control analyses for some analytes [38]. Sta-
tistical analysis was performed on the logarithmic transformed
concentrations with computer software SPSS 12.0 (SPSS, Inc.,
Chicago, IL). The program RefVal (RefVal 4.11, Oslo, Norway) was
used for the determination of the upper reference limits (RL)
and the detection of outliers. The 99.9% fractile of reference lim-
its by parametric estimation was assessed [39]. Outlier detection
occurred with Horn’s algorithm. The outliers were removed from
the statistics.

3. Results and discussion
3.1. Method development and validation

Different sample preparation protocols and different detection
conditions were studied to analyse DEHP metabolites in urine, as
per the data previously published [22-26]. A sample preparation
based on a liquid-liquid extraction at pH 2 was finally selected to
quantify DEHP metabolites in urine. A hydrolysis step to cleave the
glucuronide conjugates was needed. 3-Glucuronidase from E. coli

was used; other preparations, such as B-glucuronidase from Helix
pomatia, were not adequate due to its hydrolytic activity on phtha-
lates to convert them to their monoesters [25]. The extraction was
performed at pH 2 to obtain the protonated compounds. Thereafter,
the samples were analysed by UPLC-MS/MS.

Regarding the LC-MS/MS optimization, mobile phases contain-
ing water, acetonitrile or methanol acidified with formic acid or
acetic acid were studied. The mobile phases were evaluated taking
into account chromatographic behaviour of the analytes and signal
in ESI. Best results were obtained using a mobile phase with water
and acetonitrile acidified with formic acid. The chromatographic
separation was achieved with a total running time of 10 min, with
all the compounds eluting between 4.8 and 6.1 min (Table 1).

ESI working parameters were optimized for each DEHP metabo-
lite. Positive and negative ion modes were tested. In our conditions,
positive ion mode was selected because higher signal was obtained.
Protonated molecular ions [M+H]|* were obtained for all the com-
pounds formed by protonation of one of the carbonyl groups. No
formation of adduct ions was observed. The cone voltage was opti-
mized to maximize the signal of the protonated molecular ion and
collision energy was adjusted to optimize the signal of the most
abundant product ions. The optimal conditions for each metabo-
lite are presented in Table 1. The product ion mass spectra of all
metabolites and isotopically labelled internal standards at one of
the optimal collision energies are presented in Fig. 2.

Pseudomolecular ions [M+H]* of DEHP metabolites showed a
characteristic collision induced dissociation pattern. lons result-
ing from the loss of water molecules were only observed at low
collision energies (m/z 277 and 291, for MEHHP and 5cx MEPP,
respectively). For all the compounds, except MEOHP and its isotopic
labelled analogue, ions at m/z 167 (protonated phthalic acid) and at
m/z 149 (protonated phthalic anhydride) were observed. The equiv-
alent ions at m/z 171 and 153 were observed in the corresponding
isotopic labelled analogues. Ions resulting from the protonated lat-
eral chain were observed for all metabolites: m/z 113 for MEHP
and MEHP 13Cy4, m/z 127 for MEOHP and MEOHP !3C,4, m/z 129 for
MEHHP, and at m/z 143 for 5cx MEPP, 2cx MMHP and 5cx MEPP
13¢4. A subsequent loss of a water molecule was observed for most
of them (ions at m/z 109 for MEOHP and MEOHP 3C,4, m/z 111 for
MEHHP, and m/z 125 for 5cx MEPP, 2cx MMHP and 5¢cx MEPP 13C,).
For compounds with an additional carboxylic acid function in the
lateral chain (5c¢x MEPP, 2cx MMHP and 5¢x MEPP 13Cy), additional
ions resulting from the protonation of this group and including the
lateral chain were also observed at m/z 161. The ions selected for
quantitative purposes are indicated in Table 1.

Examples of chromatograms of urine samples from subjects
with low and high exposure to DEHP (low and high quality control
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Fig. 2. Product ion mass spectra arising from the protonated molecular ions of MEHP (m/z 279), MEOHP (m/z 293), MEHHP (m/z 295), 5cx-MEPP (m/z 309), 2cx-MMHP (m/z
309), MEHP '3Cy4 (m/z 283), MEOHP '3C,4 (m/z 297) and 5¢cx-MEPP '3C,4 (m/z 313) (CE, collision energy).

samples, respectively) are given in Fig. 3. As it can be observed,
there is a great difference in intensities between both samples for
all metabolites.

The method developed was linear in the range of concentrations
studied. Coefficients of determination were always greater than
0.99.The F test for comparing variances was not significant, indicat-
ing adequate adjustment of the data to the proposed linear model
over the calibration range. Extraction recoveries and LOQ are listed

in Table 2. Extraction recoveries greater than 90% were obtained
for all metabolites, and LOQ ranged from 1.2 to 2.6 ngmL~1.

Regarding specificity of the method, no peaks at the retention
time of the analytes and ISTDs were observed after analysis of arti-
ficial urine samples indicating no contamination due to reagents.
In actual urine samples, low basal levels of the analytes were
detectable in most of the samples due to ubiquitous exposition to
DEHP.



118 N. Monfort et al. / ]. Chromatogr. B 908 (2012) 113-121

100+ MEHP 100 6.11 MEHP
] 5.00 e6 5.00 e6
| X
] 6.11
O"|H'i|'”'\"i*"""r"f.rime O —— Time
5.80 6.00 6.20 5.80 6.00 6.20
1004 MEHHP 100+ 4.94 MEHHP
] 7.00 e5 1 7.00 e5
] 4.94 s
Om‘nme 07"|""i""|""I“"\"Time
4.80 5.00 5.20 4.80 5.00 5.20
1004 MEOHP 100+ 5.01 MEOHP
] 6.00 e5 1 6.00 e5
S e
] 5.01 ]
0- = Time 0- Time
4.80 5.00 5.20 4.80 5.00 5.20
1004 5¢cx-MEPP 100+ 4.83 5¢cx-MEPP
] 1.50 e6 1 1.50 e6
S S
1 4.83 1
100+ 4.80 5.00 4.80 5.00
] sexMmHp 1007 gs.00 2cx-MMHP
o] 3.50 e4 o 3.50 e4
OiﬁTFmTrmTﬁ—ﬂTﬁ—ﬁTrrT|me O-'I“"i""l""l""\"Time
5.20 5.40 5.20 5.40
100 6.11 MEHP'C, 100+ MEHP3C,
3.00 e6 1 611 300e6
S =] ‘
0H|HH|H"|"' Time O-II\HHMIH\'H T Time
5.80 6.00 6.20 5.80 6.00 6.20
13
100 501, MEOHP"C, 1007 _— MES‘_’;'ZSC'*
5.50 e5 1
e S
0 Time O A Time
4.80 5.00 5.20 4.80 5.00 5.20
5cx-MEPP3C 5cx-MEPP3C
100 4.83 5.00e5 100 4.83 50005
X =S
0 Time 0] Time
4.80 5.00 4.80 5.00

Fig. 3. Chromatograms of the selected transitions of DEHP metabolites and ISTDs. Left, low quality control sample; right, high quality control sample.

The intra- and inter-assay precisions obtained for the low and provides adequate precision for the quantitation of the five DEHP
high concentration quality control samples are shown in Table 3. metabolites in urine samples.
Intra-assay precision was always better than 8%, while inter-assay The matrix effect was found to be not significant for MEHP, 5cx-

precision was better than 12%. The data indicates that the method MEPP and 2cx-MMHP. For MEHHP and MEOHP, the ratios between
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Table 2
Validation data: Extraction recoveries (ER) calculated at 50 ng mL~"! and limits of
quantitation (LOQ) for the different DEHP metabolites.

Compound ER (%), mean £ SD LOQ (ngmL-1)
(ngmL-1)

MEHP 97.1 £33 2.6

MEHHP 102.0 £ 1.1 1.9

MEOHP 948 £1.2 1.2

5cx-MEPP 93.8 £ 0.5 24

2cx-MMHP 90.2 £ 5.1 1.8

SD, standard deviation.

the concentrations calculated from the external calibration and the
standard addition were 1.2 and 1.6, respectively, with a standard
deviation for both of approximately 20% (n=7 samples), showing
a reproducible matrix enhancement effect especially for MEOHP.
In order to correct the matrix effect isotopically labelled standards
were used.

For MEHP, MEHHP and MEOHP, the developed methodol-
ogy demonstrated sensitivity and reliability similar to previously
described methods [34]. In addition, it offers the possibility of
quantification of two additional DEHP metabolites (5¢x-MEPP and
2cx-MMHP), which is important to have the largest number of
potential markers.

3.2. Concentrations in urine samples from different population
groups

The use of blood transfusions produces a huge increase in the
concentration of all DEHP metabolites in urine [30-35]. However,
as DEHP is ubiquitously present, all population is exposed to some
extent. In order to have a criterion to suspect of an acute exposure to
DEHP (e.g., blood transfusion), it is necessary to define the common

Table 3

range of metabolites concentrations. In this regards, the quantita-
tion of the DEHP metabolites in urine from different population
groups was performed.

Taking into account the possible differences of the urine sam-
ples regarding dilution status or variations due to sampling,
specific gravity of the samples was measured. Concentrations
were corrected by specific gravity, as it is usually performed
in doping control laboratories to minimize the variations of the
different dilution status of the samples [38]. The results of the
specific gravity adjusted concentrations for all five DEHP metabo-
lites in samples from the control group are shown in Table 4.
Concentrations corresponding to percentiles 10th, 25th, 50th,
75th, and 90th are presented. The levels observed in the con-
trol group for the five DEHP metabolites are similar to first
studies published [16]. However, they are slightly higher than
the concentrations published in the literature in recent years
probably due to the 24-h urine samples analysed in our work
[7,17,40,41].

Distribution of the concentrations of the DEHP metabolites in
the sports related samples is also described in Table 4. The lev-
els observed in the sportsmen group for MEHP, MEHHP, MEOHP,
and 5cx-MEPP are in accordance with published data [7,34,40-42].
Regarding 2cx-MMHP, the median concentration agrees with that
described by Guo et al. [43], however it is greater the reported by
other groups [7,40]. As it was previously described, all the con-
centrations of the athletes’ samples were lower than those of the
control group [30], and it could be due to the difference in the
sample collection (spot urine samples vs. 24h). Concentrations
of phthalates in the first morning urine are known to be higher
than those found in samples collected during the day [44]. For
this reason, it may be expected than concentrations in spot urines
collected during the day will be lower than those in 24 h urine
samples.

Validation data: results of intra- and inter-assay precision for the low and high quality control samples (LC and HC, respectively).

Compound Conc. Intra-assay precision (N=3) Inter-assay precision (N=11)
Estimated Conc. Precision Estimated Conc. Precision
(mean+SD) (ngmL™") (RSD%) (mean+SD) (ngmL™') (RSD%)
MEHP LC 149 + 0.8 5.6 153 £ 1.1 6.9
HC 131.2 £ 3.5 2.7 129.0 £ 2.7 2.1
MEHHP LC 354+ 1.6 4.6 36.0 £ 3.6 10.0
HC 1484 + 1.3 0.9 1378 £ 124 9.0
MEOHP LC 292+ 19 6.6 278 +£13 45
HC 159.0 £ 6.6 4.2 150.3 £ 4.4 2.9
5cx-MEPP LC 449 + 2.2 5.0 442 + 1.8 4.0
HC 277.5 + 8.1 2.9 2725+ 6.4 2.4
2cx-MMHP LC 184+ 1.5 8.0 185+ 2.2 12.0
HC 57.0 £ 0.8 14 53.5+53 9.8
Conc., concentration; SD, standard deviation; RSD, relative standard deviation.
Table 4
Distribution of concentrations of DEHP metabolites in the subjects of the control group and sportsmen, corrected for specific gravity.
Concentration (ngmL~")
Group Compound Percentile
10th 25th 50th 75th 90th
Control (n=30) MEHP 5.1 8.1 16.0 22.7 26.4
MEHHP 11.8 31.1 514 80.2 112.7
MEOHP 9.1 20.2 38.2 65.1 111.7
5cx-MEPP 17.4 33.2 55.0 109.2 143.1
2cx-MMHP 10.7 225 34.0 60.5 169.0
Sportsmen (n=464) MEHP 2.5 3.5 5.5 9.4 153
MEHHP 10.9 15.8 27.3 44.3 76.0
MEOHP 5.1 8.5 13.6 22.0 39.8
5cx-MEPP 12.3 18.8 284 46.7 81.8
2cx-MMHP 8.4 12.8 21.1 33.8 66.2
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Table 5
Threshold concentrations (99.9% reference limit) for the different DEHP metabolites
in ngmL-! corresponding to common exposure to DEHP among sportive subjects.

Metabolite ngmL~!
MEHHP 338.8
MEOHP 158.5
5cx-MEPP 331.1
2cx-MMHP 229.1

3.3. Threshold determination of phthalate metabolites

Taking into account the concentrations found in the sports
related samples, threshold concentrations at 1:1000 risk for false
positives (99.9% reference limit) were calculated for MEOHP,
MEHHP, 5cx MEPP and 2cx MMHP (Table 5). The log-transformed
values of the specific gravity adjusted concentrations of the DEHP
metabolites obtained in samples from sportsmen (n=464) were
used to establish the reference limit values. For MEHP, the distri-
bution of concentrations was not Gaussian, even after logarithmic
transformation of the data, and the reference limits could not,
therefore, be calculated [39]. The reference limits can be used as
threshold concentrations to determine whether a high result may
be suspicious for a transfusion process. The reference limits range
from 158.5 to 338.8 ngmL~! for a risk of 1:1000. The reference limit
for MEOHP is in accordance with the value proposed by Solymos
et al. [34]. However, for MEHHP the value proposed in the previous
study (193.0ngmL~!) is lower than the value obtained with our
data. This difference can be probably due to the different origin of
the samples analysed in both studies.

The reference limits were evaluated using the concentrations
detected in an experiment of autologous blood transfusion in 25
subjects performed by our group [31]. Concentrations of MEOHP
the day of the reinfusion were higher than the reference limit
in all subjects; for MEHHP and 5cx-MEPP, 92% and 88% of the
samples, respectively, showed concentrations greater than their
reference limit; and for 2cx-MMHP, only 32% of the subjects had
concentrations greater than its reference limits. One day after blood
reinfusion all metabolites were below the reference limit proposed,
except 2cx-MMHP where 12% of the samples exceeded the refer-
ence limit. Therefore, MEHHP, MEOHP, and 5cx-MEPP can be used
as markers of blood transfusion misuse during the first hours after
the transfusion, while 2cx-MMHP could also be used to suspect
beyond 24 h in some subjects. Substantial anecdotal information
indicates that most athletes use transfusion for doping purposes
just short time before competition and, in this situation, the detec-
tion window provided by DEHP metabolites measurement will be
appropriate to suspect for blood doping.

The reference limits proposed for MEHHP and MEOHP were
also compared with concentrations of these metabolites published
in the literature obtained in samples from hospitalized patients
subjected to blood transfusion [30,34]. The reference limits were
appropriate to detect blood transfusion in most of the reported
samples collected during the first 24 h after the transfusion [30,34]
and also in some samples collected during 24-48 h after transfusion
[30].

The possibility of reaching higher values of DEHP metabolites
due to an uncontrolled exposure cannot be ruled out. For this
reason, the threshold concentrations proposed were compared
with concentrations of the metabolites obtained after longitudi-
nal studies of individuals from a German cohort without special
occupational exposure with a follow-up of several days [36]. The
maximum concentrations detected for MEHHP and MEOHP along
one week study were not higher than the reference limits proposed.
However, maximum MEHHP concentrations described by Preau
et al. in a study performed with an American cohort were higher

than 338ngmL-! in some of the volunteers [45]. The difference
may reflect a different lifestyle between the cohorts studied. For
this reason, further investigations are still needed to clarify the ori-
gin of the increased DEHP exposures observed in some individuals
not subjected to blood transfusion.

4. Conclusions

A methodology for the quantitation of five DEHP metabolites in
urine has been developed and validated. The protocol developed is
effective and it requires short time analysis due to its simple sample
preparation and the use of UPLC as chromatographic separation
technique which provides short total running times. The reliability
of the method proposed makes it adequate as screening test to be
applied in all urine samples in the antidoping control laboratories
to suspect for blood transfusion practices.

Concentrations of DEHP metabolites in different population
groups have been measured to obtain data that reflect the common
environmental exposure. The concentrations found in normally
exposed subjects (control group) and in sportsmen are usually low
for all metabolites. Moreover, the basal concentrations obtained in
the sportsmen group were used to establish threshold concentra-
tions for four DEHP metabolites after common exposure.
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