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Abstract: Di-(2-ethylhexyl) phthalate (DEHP) is used to increase the flexibility of plastics
for industrial products. However, the illegal use of the plasticizer DEHP in food and drinks
has been reported in Taiwan in 2011. In order to assess the exact extent of the absorption of
DEHP via the oral route, the aim of this study is to develop a reliable and validated ultra
performance liquid chromatography with tandem mass spectrometry (UPLC-MS/MS)
method to evaluate the oral bioavailability of DEHP in rats. The optimal chromatographic
separation of DEHP and butyl benzyl phthalate (BBP; used as internal standard) were
achieved on a C;s3 column. The mobile phase was consisted of 5 mM ammonium acetate-
methanol (11:89, v/v) with a flow rate of 0.25 mL/min. The monitoring ion transitions
were m/z 391.4 — 149.0 for DEHP and m/z 313.3 — 149.0 for BBP. The mean matrix
effects of DEHP at low, medium and high concentrations were 94.5 + 5.7% and 100.1 + 2.3%
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in plasma and feces homogenate samples, respectively. In conclusion, the validated UPLC-
MS/MS method is suitable for analyzing the rat plasma sample of DEHP and the oral
bioavailability of DEHP was about 7% in rats.

Keywords: di-(2-ethylhexyl) phthalate (DEHP); fecal excretion; pharmacokinetics;
phthalates; plasticizer

1. Introduction

DEHP has been widely used as a plasticizer in industry to improve the flexibility of polyvinylchloride.
Although it is legal for DEHP to be used as an additive in plastic bottles, consumer products and food
containers, previous studies have demonstrated that detectable levels of DEHP in food and medical
devices, such as tubing, blood bags, and dialysis equipment, may pose potential health risks [1,2].
A variety of additives, including gum arabic, palm oil and emulsifiers, are commonly used in beverages
as clouding agents to keep emulsions properly dispersed and enhance viscosity in conventional food
products. However, in order to reduce cost, extend shelf life and give products a more appealing
appearance, some manufacturers have added DEHP to clouding agents since the 1980s. In May of
2011, the Taiwanese Food and Drug Administration (TFDA) detected that DEHP had been used to
replace palm oil as a clouding agent in food and drink.

DEHP has also been recognized as a kind of environmentally active hormone, and many of these
toxic agents are associated with developmental and reproductive problems in laboratory animals and
humans. In animal studies, DEHP caused a decrease in the ratio of estradiol to estrone levels and
altered estradiol production and metabolism in female rats at a dose of 1,000 mg/kg [3]. Reproductive
and developmental toxicity in sexual organs of male rats were also found in that study. It was also
found that DEHP exposure during the prenatal period had adverse effects on the functions of liver,
kidney and testes in male rats [4], while DEHP also altered reproductive performance by displaying
antiandrogenic activity [5]. Exposure to high doses of DEHP in food stimulated hepatocyte proliferation
and accelerated the development of hepatocellular carcinomas in both sexes of rats and mice [6,7].

Because of these toxicological and health concerns, the absorption and disposition of DEHP have
been systematically investigated in different species. One preliminary study reported that '*C-labeled
DEHP disappeared rapidly from the blood and approximately 57% of the total dose was recovered in
the feces and 42% in the urine after intravenous administration to rats [8]. In the marmoset,
bioavailability of DEHP was considered to be lower and the distribution of DEHP in the tissue was
liver > kidney > testes following 2,000 mg/kg/day treatment for seven consecutive days [9]. Since the
major route of exposure to DEHP for the general population is food and water intake [10],
data concerning the amount of absorbed DEHP is an important index for evaluating the safety of oral
exposure. In recent years, a number of techniques have been proposed for estimating the levels of
DEHP in different matrixes. A NMR (nuclear magnetic resonance) spectroscopy study was performed
to confirm the presence of DEHP [11]. Although HPLC-UV has been used for phthalate determination
in environmental and biological samples, UV detection of DEHP is limited by low sensitivity and
selectivity [12,13]. Gas chromatography (GC) with mass spectrometric detection offers some advantages
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for the quantification of DEHP in tissue extracts and plasma samples [14,15]. However, lipid material
can significantly reduce the performance of GC-MS due to accumulation in the injection port, column
and ionization source [16]. LC-MS/MS provides a rapid, selective and convenient method for phthalate
analysis [17-19].

Based on this literature survey, our hypothesis is that DEHP will be rapidly absorbed and degraded
through an enzymatic process [20,21]. To detect small amounts of analyte in the biological fluid and
samples, a sensitive and reliable detected method is required. The present study develops a validated
UPLC-MS/MS method using ultra-performance narrow bore column for the determination of oral
bioavailability and elimination of DEHP in rats.

2. Results and Discussion
2.1. Optimization of UPLC-MS/MS Conditions

Positive ion electrospray ionization was used to optimize the UPLC-MS/MS analysis.
Representative product ion mass spectra of DEHP and BBP are shown in Figure 1. The precursor ions
of DEHP and BBP are located at m/z 391.4 [M+H]" and m/z 313.3 [M+H]+, respectively, and the
selected ions were fragmented in the collision cell. The most abundant transition product for multiple
reaction monitoring (MRM) quantification of DEHP and BBP was m/z 149, corresponding to a
phthalic anhydride fragment which can be derived from phthalate [21]. The Acquity UPLC BEH C18
column used in the study provided an effective separation of BBP and DEHP with retention times at
1.5 and 4.8 min, respectively. Typical UPLC-MS/MS chromatograms obtained after protein
precipitation from rat plasma and fecal homogenates are shown in Figure 2. The elution conditions
allowed for a complete runtime in less than 6 min, indicating that this high-throughput bioanalytical
method for the analysis of DEHP was quick and suitable for the pharmacokinetic studies.

Figure 1. Representative product ion mass spectra and chemical structures of (A) DEHP
and (B) BBP (internal standard).
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Figure 2. Representative UPLC-MS/MS chromatograms for the analytes. (A) Blank
plasma sample; (B) blank plasma sample spiked with 0.5 pg/mL DEHP standard, and (C)
plasma sample collected from rat plasma after administration of DEHP (10 mg/kg, i.v.).
(D) Blank fecal sample; (E) blank fecal sample spiked with 1 pg/mL. DEHP standard, and
(F) fecal sample (400-fold dilution) collected from rat feces after administration of DEHP
(100 mg/kg, p.o.) at 0—12 h. 1. Internal standard (BBP 1 pg/mL); 2. DEHP.
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2.2. Background Contamination
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Due to the ubiquitous background presence of DEHP in the general population, it was difficult to
obtain a blank matrix from an animal source to use for the analysis of phthalates. However, the
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contamination level can be reduced by careful selection of analytical tools, glassware, solvents, and
frequent verification of the chromatographic system [22,23]. In order to quantify DEHP contamination
in blank samples, one previous study applied a column switching LC-MS coupled with an online
sample preparation method [24]. In the present study, we simplified the sample preparation procedure
by using protein precipitation with methanol to avoid any possibility of DEHP contamination.
Furthermore, the calibration curve for each individual rat was established before DEHP administration
in the study. Hence, the basal level of DEHP in blank sample had no influence on quantifying the
DEHP in plasma and feces.

2.3. Method Validation

To assess the analytical range of the developed method, various concentrations of DEHP in blank
sample ranging from 0.1 to 2.5 pg/mL were tested. The linear trends of standard curves were calculated
by the standard addition method [25]. The results showed a good correlation coefficient (r* > 0.995)
for DEHP over the concentration range from separately prepared analytical runs on different days. The
limit of quantification (LOQ) was defined as the concentration of DEHP detected as signal-to-noise
(S/N) ratio of 10.

As shown in Table 1, five replicates of each freshly prepared calibration standard were used for the
determination of intra-day and inter-day accuracy (Bias %) and precision (R.S.D. %). Intra-day
accuracy ranged from —1.0 to 3.1% with a precision ranged from 4.7 to 12.7%, while inter-day
accuracy ranged from —3.3 to 6.7% with a precision ranged from 0.7% to 12.5% for plasma samples.
For fecal samples, the intra-day and inter-day accuracy and precision of DEHP were within the
validation criteria of the assay, which clarified that a 400-fold dilution would be acceptable for fecal
samples. These data showed that all replicate measurements were accurate, precise and reproducible
for the quantification of DEHP in biological samples.

Table 1. Accuracy and precision of DEHP in rat plasma and feces.

Nominal concentration Bias (%) R.S.D. (%) Bias (%) R.S.D. (%)
(pg/mL) plasma feces
Intra-day
0.1 3.1% 7.4% —6.9% 8.6%
0.25 -1.0% 12.7% 4.6% 5.5%
0.5 1.9% 4.7% 7.3% 4.1%
1 —0.5% 4.7% -1.3% 4.0%
2.5 1.0% 52% 0.1% 0.6%
Inter-day
0.1 6.7% 12.5% 6.5% 17.5%
0.25 3.1% 8.1% 5.5% 7.5%
0.5 1.0% 7.4% —5.2% 9.3%
| -3.3% 5.1% -0.2% 4.1%

2.5 0.4% 0.7% 0.2% 0.9%
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Matrix effect results from co-eluting matrix components can influence ionization of the target
analyte, resulting in either ion suppression or ion enhancement [26]. Although protein precipitation
failed to completely remove the unwanted plasma components, the matrix effect of DEHP for both
plasma and feces in the methanol extract ranged from 88.5 to 99.8% and 98.3 to 102.7%, which were
both considered acceptable (Table 2). Compared with the neat solution, a higher matrix effect of the
internal standard was observed in the plasma sample, while there was no significant matrix effect in
feces. Since the value of the matrix effect in plasma had only a small standard deviation, the BBP can
be used as a suitable internal standard for the analysis. Our results also showed the recovery values of
DEHP were between 87.4% and 104.8% with standard deviation less than 5.9% in biological samples
(Table 2).

Table 2. Matrix effect and recovery of DEHP and BBP (internal standard, IS) in rat plasma
and feces after sample preparation.

Nominal Peak area Matrix effect Recovery
concentration (ng/mL) Set 1 Set 2 Set 3 (%) (%)
plasma DEHP 0.1 404927 + 8274 403570 + 25876 352369 £ 11799 99.8 £ 8.4 87.4+29

0.5 2031609 + 188125 1923814 + 37163 1773849 + 51976 953+99 922+1.3

2.5 11178107 £ 157242 9886720 + 523536 8874023 + 176644 88.5+£5.0 89.9+47

Mean = SD 94.5+£5.7 89.8+24
BBP (IS) 1 141988 + 3666 92634 £ 1572 92775 + 2371 65.3+2.7 100.2+3.4
feces DEHP 0.1 430319 + 18291 442401 + 42730 453572 + 19591 102.7+£7.2 1029+5.9
0.25 957870 £ 5154 942234 + 52151 941791 £ 12950 98.4+5.7 100.1 +£5.3
1 3661538 + 100557 3625061 + 87726 3798477 + 194145 99.1 £4.6 104.8 £4.0
Mean + SD 100.1+2.3 102.6 +2.4
BBP (IS) 1 134186 + 13012 131132 £3432 131577 £3232 98.3+9.3 100.4 £3.2

Data are presented as means + S.D. (n = 3). Matrix effect (%) = (SET 2/SET 1) x 100; Recovery (%) = (SET 3/SET 2) x 100;
SET 1: the peak areas obtained in neat solution standards; SET 2: the peak areas for standards spiked after extraction;

SET 3: the peak areas for standards spiked before extraction.

2.4. Pharmacokinetic Studies of DEHP Administration

The basic pharmacokinetic and bioavailability information on DEHP were obtained after a single
intravenous and oral administration to rats at the doses of 10 and 100 mg/kg, respectively. The mean
concentration versus time profiles of DEHP with a single intravenous and oral administration to six
individual rats are depicted in Figure 3, and the pharmacokinetic parameters are listed in Table 3. In
the intravenous group, DEHP achieved a Cpx 0f 4.2 £ 0.8 pg/mL, an AUC of 220 + 23 min ug/mL, an
elimination half-life of 192 + 33 min and a volume of distribution of 12.5 + 1.6 L/kg. The time courses
of DEHP concentrations in plasma after the intravenous application showed up over 6 h, whereas
DEHP was rapidly eliminated after oral administration. According to our results, DEHP reached a Cpax
within approximately 60—90 min with a value of 1.8 = 0.3 pg/mL after oral dosing. The Ty,.x of DEHP
after oral administration was 75 + 6.71 min. The elimination half-life of DEHP was 31 + 5 min and the
volume of distribution was 34.9 = 8.4 L/kg. The oral bioavailability of DEHP calculated by the
equation described above was about 6.74 + 0.92%.
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Table 3. Pharmacokinetic data of DEHP in rat plasma.

Pharmacokinetic parameters DEHP (10 mg/kg, i.v.) DEHP (100 mg/kg, p.o.)

Crnax (ug/mL) 42+0.8 1.8+0.3
AUC (min pg/mL) 220+ 23 148 +£20
Tax (min) 75+ 6.71
ty» (min) 192 £33 31+5
Cl (mL/min per kg) 49.6 £ 8.0 751+ 119
MRT (min) 223 +£55 94 +7
Vd (L/kg) 125+ 1.6 349+84
Bioavailability (%) 6.74 £ 0.92

The disposition kinetics of DEHP and its mono-de-esterified metabolite in rats has been reported [27].
Pollack et al. [27] have investigated that the systemic availability of DEHP was low following both a
single oral (13.6%) and an intraperitoneal (5.2%) administration. In addition, the kinetics of intestinal
absorption of DEHP has been estimated indirectly by measuring extractable '*C-labeled radioactivity
from the blood [8]. It has been proposed that the conversion of DEHP to MEHP occurs almost
exclusively before absorption at low doses, whereas at high doses, some intact DEHP may be absorbed
as well [28,29]. Since DEHP is rapidly metabolized in the gut after oral exposure, the amount of
"“C-DEHP radioactivity was negligible in male CFN rat tissues, including spleen, lung, kidney, heart,
fat, thymus, brain and testes after 24 h following a single 0.1 mg/kg dose of DEHP [30]. However, the
exposure level of DEHP at 200 mg/kg lead to continuously measured of radioactivity in the liver,
spleen, lung, and stomach for 24 h [30].

Figure 3. Concentration-time profile of DEHP after drug administration (10 mg/kg, i.v.;
100 mg/kg, p.o.) in rat plasma. Data are presented as mean + S.E.M. (n = 6).
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Given single infusions of a DEHP emulsion in doses of 5, 50 or 500 mg/kg to rats, nonlinear
increases in the AUCs of DEHP and MEHP indicated saturation in the formation as well as the
elimination of the potentially toxic metabolite MEHP [31]. Testosterone production and gene
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endpoints in the fetal testis have been considered as the critical effect in some phthalate risk
assessments, and thus the dose-response relationship for the effects of DEHP on the synthesis and
production of testosterone in the fetal rat testis has been investigated [32]. The results indicated that
alteration in testosterone production and in key steroidogenic gene expression were apparent at lower
doses than those causing postnatal reproductive malformations after gestational exposure during the
critical period of male sexual differentiation [32].

The predominant exposure pathways to DEHP for the general population are ingested food and
water [10]. The Food and Drug Administration has suggested that the extrapolation of animal dose to
human dose is correctly performed only through normalization to body surface area (BSA), which
often is represented in mg/m’. The human dose equivalent can be more appropriately calculated by
using the formula, human equivalent dose (HED, mg/kg) = Animal dose (mg/kg) multiplied by (animal
Km/human Km) [33]. For more appropriate conversion of DEHP doses from animal studies to human
studies, the body surface area normalization method was employed [33]. Based on chronic toxicity
animal studies, there were no treatment-related changes in organ (kidneys, liver, lungs, testes, uterus,
brain, and spleen) weights of the Fischer 344 rats treated with DEHP at 100 and 500 ppm in the diet
for up to 104 weeks; however, rats treated with DEHP at 12,500 ppm in the diet for 104 weeks, the
mean liver weights were significantly increased [34]. According to the European Union risk assessment
report, typical human exposure of total phthalate esters was estimated to be 0.3 mg/kg body weight [35].
Previous research has proposed the average total daily exposure to DEHP is about 0.21-2.1 mg/day in
an adult [36-38]. Based on our findings, the oral bioavailability of DEHP at dose of 100 mg/kg in rat
was 7%; it is indicated that 7 mg/kg which is equivalent to the DEHP administration dose of 1.13
mg/kg in human was absorbed into the rat. However, the proposed daily exposure to DEHP is about
0.21-2.1 mg/kg in an adult according to the previous study [36—38] so that even short term exposures
to the low doses of DEHP in daily life from food may be considered a potential risk factor.

2.5. Fecal Excretion Profiles of DEHP

To determine the extent of DEHP uptake, the total amount of DEHP excreted or lost through the
urine and feces must be considered. In the present study, we presented DEHP levels in rat feces after a
single oral ingestion of DEHP over different time intervals (Figure 4). Approximately 10.64% of
administered dose was recovered in feces within 48 h, although DEHP could not be detected in the
urine (data not shown); illustrating that there was a low fecal excretion of DEHP in prototype. Previous
studies have revealed that the level of parent phthalates was very low in the urine because of its fast
metabolism to the monoester and other secondary metabolites [39,40]. The results of Teirlynck and
Belpaire [41] demonstrated that when "C-DEHP was administered to rats, 19.3% of the radioactivity
was excreted in the urine within 72 h, the rest being excreted in the feces. Furthermore, human
metabolism researches have demonstrated that the range of urinary excretion rates is from 10 to 31%
after oral DEHP administration, and the metabolites pattern exhibits high ratio of the w-oxidized
metabolites, mono(2-ethyl-5-carboxypentyl)phthalate (5cx-MEPP) and mono [2-(carboxymethyl)
hexyl] phthalate (2cx-MMHP), in the general population [42,43]. Koch et al. [43] have reported that
most of the orally administered DEHP is systemically absorbed and excreted in urine. However, the
metabolites of DEHP were not investigated in our study. Based on the published studies and our



Molecules 2013, 18 11460

findings, and thus it is estimated that around 20% (6.74% bioavailability and 10.64% fecal excretion)
of the dosage given DEHP could be detected as the original form.

Figure 4. Fecal excretion profile of DEHP following a single oral administration of DEHP
(100 mg/kg); results are expressed as mean + S.E.M. (n = 6).
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3. Experimental
3.1. Chemicals and reagents

DEHP (CAS number: 117-81-7), ammonium acetate, acetonitrile and methanol were of analytical
grade purchased from E. Merck (Darmstadt, Germany). Benzyl butyl phthalate (BBP) was obtained
from Supelco (Bellefonte, PA, USA) and polyethylene glycol 400 (PEG 400) was obtained from Fluka
AG (Buchs, Switzerland). Olive oil was supplied by Sigma-Aldrich (St. Louis, MO, USA). All aqueous
solutions were prepared by triply deionized water from Millipore (Bedford, MA, USA) in the study.

3.2. Instrumental Analysis

The present study used a Waters Acquity UPLC™ system coupled to Waters XevoTM tandem
quadruple mass spectrometer fitted with electrospray ionization probe (Waters Corporation, Milford,
MA, USA). The chromatography was performed on an Acquity UPLC BEH Cig (2.1 mm x 100 mm,
1.7 pm) column (Waters Corporation) and maintained at 40 °C. The mobile phase was consisted of
5 mM ammonium acetate-methanol (11:89, v/v), and the flow rate was set at 0.25 mL/min.
The injection volume was 5 pL. The positive ion mode with multiple reactions monitor (MRM) was
used for UPLC-MS/MS analysis. The following conditions for monitoring DEHP were optimized:
capillary voltage, 2.9 KV; ion source temperature, 150 °C; desolvation gas temperature, 400 °C;
desolvation gas flow rate, 800 L/h. The cone voltage of 20 V and collision energy of 18 eV were
deemed optimal for DEHP; the cone voltage of 34 V and collision energy of 10 eV were deemed
optimal for BBP. Micromass MassLynx 4.1 software was used for data processing.
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3.3. Method Validation

Method validation was performed based on the US FDA guidelines for bioanalytical method
validation [44]. Stock standard solutions of DEHP were prepared in methanol and stored at —20 °C in
Teflon-capped glass vials. A working standard solution was prepared by appropriate dilution of the
stock solution with 50% methanol. Analytical characteristics of the method with respect to linearity,
precision and accuracy were determined. The linearity of detector response was studied by using
calibration solutions at five concentration levels, ranging from 0.1 to 2.5 ug/mL. The calibration curve
was linear over the range of 0.1 to 2.5 pg/mL with the correlation coefficient (r°) greater than 0.995.
The accuracy (bias %) was calculated from the mean value of observed concentration (Cops) and
nominal concentration (Cpom) using the relationship accuracy (bias %) = [(Cobs = Cnom)/Cnom] * 100.
The relative standard deviation (RSD) was calculated from the observed concentrations as precision
(RSD %) = [standard deviation (SD)/Cops] * 100. Intra-day and inter-day precision and accuracy of the
method in rat plasma and feces were less than £ 15% (+ 20% at the low limit of detection) for all
analytes. Samples with concentrations higher than the highest standard in the calibration curve were
diluted to appropriate DEHP concentrations.

The recovery and matrix effect of DEHP in an assay were obtained for the three replicates at three
different concentration levels. The recovery from the extraction was obtained by comparing the peak
areas of analytes spiked into pre-extracted samples with analytes spiked into post-extracted samples.
The matrix effect was calculated by comparing the mean peak areas of analytes spiked after extraction
to the values of analytes dissolved in matrix-free solvent.

3.4. Experimental Animals

Male Sprague-Dawley rats (210 + 20 g) were obtained from the Laboratory Animal Center at
National Yang-Ming University (Taipei, Taiwan) and were housed at constant room temperature with
a 12-hour light/dark cycle and free access to food (Laboratory Rodent Diet 5001, PMI Feeds Inc.,
Richmond, IN, USA) and water. All experimental protocols involving animals were reviewed and
approved by the Institutional Animal Care and Use Committee (IACUC number: 1000802) of National
Yang-Ming University and were carried out in accordance with the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health.

Six individual Sprague-Dawley rats were used for each pharmacokinetic study. To evaluate the
pharmacokinetics of DEHP, rats were anesthetized intraperitoneally with pentobarbital sodium
(50 mg/kg). Body temperature was maintained by using a heating pad placed underneath the rats
during surgery. A polyethylene tube (PE-50) was implanted into the femoral vein for administering the
DEHP and the right jugular vein for collecting blood. For the oral administration group (n = 6), only
the right jugular vein was catheterized for blood sampling. Patency of the tube was maintained by
flushing with heparinized saline (20 IU/mL). Rats were allowed to recover 24 h prior to drug
administration. For intravenous administration (n = 6), DEHP was dissolved in PEG 400 and given via
the femoral vein at the dose of 10 mg/kg. In the oral group, DEHP was suspended in olive oil and
administered by gastric gavage at the dose of 100 mg/kg. Repeated sampling of blood and continuous
collection of urine and feces were acquired for the freely behaving, unrestrained rats placed in
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metabolism cages (Mini Mitter, Bend, OR, USA) for a period of 48 h. Blood samples (300 pL) for
analysis of DEHP were withdrawn from the jugular vein cannula at 0, 5, 15, 30, 45, 60, 90, 120, 180,
240 and 360 min after dose administration. Plasma was separated by centrifugation at 6,000 x g for
10 min at 4 °C. The fecal and urinary samples were individually obtained from each animal at 012,
12-24, 24-48 h after DEHP oral treatment. The resulting biological sample was stored at —20° C
before analysis.

3.5. Sample Preparation

A volume of 50 pL rat plasma was mixed with 5 puL of internal standard solution (BBP, 10 pg/mL)
and the solution was vortex-mixed with 145 puL methanol for protein precipitation. The protein
precipitate was separated by centrifugation at 16,000 g for 10 min at 4 °C. Fecal samples were air-dried
in the hood prior to weighing and were extracted with acetonitrile at a solvent-to-sample ratio of 3:1. A
volume of 50 pL fecal supernatant was spiked with 5 pL of internal standard (BBP, 10 ug/mL) and
145 pL of methanol was added for protein precipitation followed by centrifugation at 16,000 x g for
10 min at 4 °C. The supernatant was diluted to the appropriate concentration with mobile phase.
Then, the concentrations of DEHP in plasma and in feces were determined by UPLC-MS/MS as
described above.

3.6. Pharmacokinetic Data Analysis

The pharmacokinetic models (one- or two-compartment) were compared according to the Akaike’s
Information Criterion (AIC) [45] with minimum AIC values being regarded as the best representation
for the plasma concentration-time course data. A compartment model with individual animal data after
dose was proposed by the computer program WinNonlin. In the present study, concentration-time data
for DEHP were analyzed using a non-compartmental model. The AUC,., the elimination half-life
(ti12), the clearance (Cl), the mean residence time (MRT) and the apparent volume of distribution (V)
were calculated. The software package used for this study was WinNonlin Standard Edition Version
1.1 (Scientific Consulting Inc., Apex, NC, USA). The calculation of bioavailability of DEHP was
shown by the equation of bioavailability (%) = [(AUCp.o./Dose p.o.)/(AUCi.v./Dose i.v.) x 100%].
The pharmacokinetic results are presented as mean =+ standard error mean (S.E.M.).

4. Conclusions

To our knowledge, this is the first study to directly evaluate the pharmacokinetics of DEHP in rats.
We developed a fast and robust UPLC-MS/MS analytical method for the quantification of DEHP in
the biological samples. The effective separation of BBP and DEHP in 6 min shows that this validated
method is a high-throughput approach for analysis. The pharmacokinetic results were determined after
intravenous and oral administration, demonstrating DEHP was rapidly eliminated from rats.
Furthermore, feces and urine were minor routes of excretion of DEHP in rats. These findings provide
the basis for further investigation of the possible risk assessment for DEHP due to oral exposure.



Molecules 2013, 18 11463

Acknowledgments

Funding for this study was provided in part by research grants from the National Research Institute

of Chinese Medicine, Taipei, Taiwan; the National Science Council (NSC102-2113-M-010-001-MY3)
Taiwan and TCH 102-2; 10102-62-084 from Taipei City Hospital, Taipei, Taiwan.

Conflicts of Interest

The authors declare no conflict of interest.

References

10.

Hanawa, T.; Muramatsu, E.; Asakawa, K.; Suzuki, M.; Tanaka, M.; Kawano, K.; Seki, T.;
Juni, K.; Nakajima, S. Investigation of the release behavior of diethylhexyl phthalate from the
polyvinyl-chloride tubing for intravenous administration. Int. J. Pharm 2000, 210, 109-115.
Faouzi, M.A.; Khalfi, F.; Dine, T.; Luyckx, M.; Brunet, C.; Gressier, B.; Goudaliez, F.;
Cazin, M.; Kablan, J.; Belabed, A.; et al. Stability, compatibility and plasticizer extraction of
quinine injection added to infusion solutions and stored in polyvinyl chloride (PVC) containers.
J. Pharm. Biomed. Anal. 1999, 21, 923-930.

Lovekamp-Swan, T.; Davis, B.J. Mechanisms of phthalate ester toxicity in the female
reproductive system. Environ. Health Perspect. 2003, 111, 139-145.

Arcadi, F.A.; Costa, C.; Imperatore, C.; Marchese, A.; Rapisarda, A.; Salemi, M.; Trimarchi, G.R.;
Costa, G. Oral toxicity of bis(2-ethylhexyl) phthalate during pregnancy and suckling in the
Long-Evans rat. Food Chem. Toxicol. 1998, 36, 963-970.

Moore, R.W.; Rudy, T.A.; Lin, T.M.; Ko, K.; Peterson, R.E. Abnormalities of sexual
development in male rats with in utero and lactational exposure to the antiandrogenic plasticizer
Di(2-ethylhexyl) phthalate. Environ. Health Perspect. 2001, 109, 229-237.

Elcombe, C.R.; Odum, J.; Foster, J.R.; Stone, S.; Hasmall, S.; Soames, A.R.; Kimber, I.; Ashby, J.
Prediction of rodent nongenotoxic carcinogenesis: Evaluation of biochemical and tissue changes
in rodents following exposure to nine nongenotoxic NTP carcinogens. Environ. Health Perspect.
2002, /10, 363-375.

Ward, J.M.; Diwan, B.A.; Ohshima, M.; Hu, H.; Schuller, H.M.; Rice, J.M. Tumor-initiating and
promoting activities of di(2-ethylhexyl) phthalate in vivo and in vitro. Environ. Health Perspect.
1986, 65, 279-291.

Daniel, J.W.; Bratt, H. The absorption, metabolism and tissue distribution of di(2-
ethylhexyl)phthalate in rats. Toxicology 1974, 2, 51-65.

Rhodes, C.; Orton, T.C.; Pratt, 1.S.; Batten, P.L.; Bratt, H.; Jackson, S.J.; Elcombe, C.R.
Comparative pharmacokinetics and subacute toxicity of di(2-ethylhexyl) phthalate (DEHP) in rats
and marmosets: Extrapolation of effects in rodents to man. Environ. Health Perspect. 1986, 635,
299-307.

Wormuth, M.; Scheringer, M.; Vollenweider, M.; Hungerbuhler, K. What are the sources of
exposure to eight frequently used phthalic acid esters in Europeans? Risk Anal. 2006, 26, 803—824.



Molecules 2013, 18 11464

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Genay, S.; Luciani, C.; Décaudin, B.; Kambia, N.; Dine, T.; Azaroual, N.; di Martino, P.;
Barthélémy, C.; Odou, P. Experimental study on infusion devices containing polyvinyl chloride:
To what extent are they di(2-ethylhexyl)phthalate-free? Int. J. Pharm. 2011, 30, 412, 47-51.
Kambia, K.; Dine, T.; Gressier, B.; Germe, A.F.; Luyckx, M.; Brunet, C.; Michaud, L.; Gottrand, F.
High-performance liquid chromatographic method for the determination of di(2-ethylhexyl)
phthalate in total parenteral nutrition and in plasma. J. Chromatogr. B Biomed. Sci. Appl. 2001,
755,297-303.

Li, J.; Cai, Y.; Shi, Y.; Mou, S.; Jiang, G. Analysis of phthalates via HPLC-UV in environmental
water samples after concentration by solid-phase extraction using ionic liquid mixed hemimicelles.
Talanta 2008, 74, 498-504.

Hillman, L.S.; Goodwin, S.L.; Sherman, W.R. Identification and measurement of plasticizer in
neonatal tissues after umbilical catheters and blood products. N. Engl. J. Med. 1975, 292, 381-386.
Sjoberg, P.; Bondesson, U. Determination of di(2-ethylhexyl) phthalate and four of its metabolites
in blood plasma by gas chromatography-mass spectrometry. J. Chromatogr. 1985, 344, 167-175.
Goldney, R.D. Out-patient follow-up of those who have attempted suicide: Fact or fantasy? Aust.
N. Z. J. Psychiatry 1975, 9, 111-113.

Chang, L.W.; Hou, M.L.; Tsai, T.H. Pharmacokinetics of Dibutyl Phthalate (DBP) in the Rat
Determined by UPLC-MS/MS. Int J. Mol. Sci. 2013, 14, 836—849.

Hou, M.L.; Chang, L.W.; Chiang, C.J.; Tsuang, Y.H.; Lin, C.H.; Tsai, T.H. Pharmacokinetics of
di-isononyl phthalate in freely moving rats by UPLC-MS/MS. Int. J. Pharm. 2013, 450, 36—43.
Takatori, S.; Kitagawa, Y.; Kitagawa, M.; Nakazawa, H.; Hori, S. Determination of di(2-
ethylhexyl)phthalate and mono(2-ethylhexyl)phthalate in human serum using liquid chromatography-
tandem mass spectrometry. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 2004, 804, 397-401.
Albro, P.W.; Lavenhar, S.R. Metabolism of di(2-ethylhexyl)phthalate. Drug Metab. Rev. 1989,
21,13-34.

Choi, K.; Joo, H.; Campbell, J.L., Jr,; Clewell, R.A.; Andersen, M.E.; Clewell, H.J., 3rd. In vitro
metabolism of di(2-ethylhexyl) phthalate (DEHP) by various tissues and cytochrome P450s of
human and rat. Toxicology in Vitro 2012, 26, 315-322.

Sorensen, L.K. Determination of phthalates in milk and milk products by liquid
chromatography/tandem mass spectrometry. Rapid Commun. Mass Spectrom. 2006, 20, 1135-1143.
Tienpont, B.; David, F.; Dewulf, E.; Sandra, P. Pitfalls and solutions for the trace determination of
phthalates in water samples. Chromatographia 2005, 61, 365-370.

Inoue, K.; Kawaguchi, M.; Okada, F.; Yoshimura, Y.; Nakazawa, H. Column-switching
high-performance liquid chromatography electrospray mass spectrometry coupled with on-line of
extraction for the determination of mono- and di-(2-ethylhexyl) phthalate in blood samples. Anal.
Bioanal. Chem. 2003, 375, 527-533.

Saxberg, B.E.H.; Kowalski, B.R. Generalized standard addition method. Anal. Chem. 1979, 51,
1031-1038.

Chambers, E.; Wagrowski-Diehl, D.M.; Lu, Z.; Mazzeo, J.R. Systematic and comprehensive
strategy for reducing matrix effects in LC/MS/MS analyses. J. Chromatogr. B Anal. Technol.
Biomed. Life Sci. 2007, 852, 22-34.



Molecules 2013, 18 11465

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Pollack, G.M.; Li, R.C.; Ermer, J.C.; Shen, D.D. Effects of route of administration and repetitive
dosing on the disposition kinetics of di(2-ethylhexyl) phthalate and its mono-de-esterified
metabolite in rats. Toxicol. Appl. Pharmacol. 1985, 79, 246-256.

Albro, P.W. Absorption, metabolism, and excretion of di(2-ethylhexyl) phthalate by rats and mice.
Environ. Health Perspect. 1986, 65, 293-298.

Albro, P.W.; Corbett, J.T.; Schroeder, J.L.; Jordan, S.; Matthews, H.B. Pharmacokinetics,
interactions with macromolecules and species differences in metabolism of DEHP. Environ.
Health Perspect. 1982, 45, 19-25.

Schulz, C.O.; Rubin, R.J. Distribution, metabolism, and excretion of di-2-ethylhexyl phthalate in
the rat. Environ. Health Perspect. 1973, 3, 123—-129.

Sjoberg, P.; Bondesson, U.; Hammarlund, M. Non-linearities in the pharmacokinetics of
di-(2-ethylhexyl) phthalate and metabolites in male rats. Arch. Toxicol. 1985, 58, 72-77.
Saillenfait, A.M.; Sabaté, J.P.; Robert, A.; Rouiller-Fabre, V.; Roudot, A.C.; Moison, D
Denis, F. Dose-dependent alterations in gene expression and testosterone production in fetal rat
testis after exposure to di-n-hexyl phthalate. J. Appl. Toxicol. 2013, 33, 1027-1035.

Reagan-Shaw, S.; Nihal, M.; Ahmad, N. Dose translation from animal to human studies revisited.
FASEB J. 2008, 22, 659-661.

David, R.M.; Moore, M.R.; Finney, D.C.; Guest, D. Chronic toxicity of di(2-ethylhexyl)phthalate
in rats. Toxicol. Sci. 2000, 55, 433—443.

Petersen, J.H.; Naamansen, E.T.; Nielsen, P.A. PVC cling film in contact with cheese: Health
aspects related to global migration and specific migration of DEHA. Food Addit. Contam. 1995,
12,245-253.

Doull, J.; Cattley, R.; Elcombe, C.; Lake, B.G.; Swenberg, J.; Wilkinson, C.; Williams, G.;
van Gemert, M. A cancer risk assessment of di(2-ethylhexyl)phthalate: Application of the new
U.S. EPA Risk Assessment Guidelines. Regul. Toxicol. Pharmacol. 1999, 29, 327-357.

Huber, W.W.; Grasl-Kraupp, B.; Schulte-Hermann, R. Hepatocarcinogenic potential of
di(2-ethylhexyl)phthalate in rodents and its implications on human risk. Crit Rev. Toxicol. 1996,
26,365-48]1.

Tickner, J.A.; Schettler, T.; Guidotti, T.; McCally, M.; Rossi, M. Health risks posed by use of
Di-2-ethylhexyl phthalate (DEHP) in PVC medical devices: A critical review. Am. J. Ind. Med.
2001, 39, 100-111.

Lorber, M.; Angerer, J.; Koch, H.M. A simple pharmacokinetic model to characterize exposure of
Americans to di-2-ethylhexyl phthalate. J. Expo. Sci Environ. Epidemiol. 2010, 20, 38-53.

Koch, H.M.; Preuss, R.; Angerer, J. Di(2-ethylhexyl)phthalate (DEHP): Human metabolism and
internal exposure-- an update and latest results. /nt J. Androl. 2006, 29, 155-165.

Teirlynck, O.A.; Belpaire, F. Disposition of orally administered di-(2-ethylhexyl) phthalate and
mono-(2-ethylhexyl) phthalate in the rat. Arch. Toxicol. 1985, 57, 226-230.

Preuss, R.; Koch, H.M.; Angerer, J. Biological monitoring of the five major metabolites of di-(2-
ethylhexyl)phthalate (DEHP) in human urine using column-switching liquid chromatography-
tandem mass spectrometry. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 2005, 816, 269-280.



Molecules 2013, 18 11466

43. Koch, H.M.; Bolt, H.M.; Preuss, R.; Angerer, J. New metabolites of di(2-ethylhexyl)phthalate
(DEHP) in human urine and serum after single oral doses of deuterium-labelled DEHP. Arch. Toxicol.
2005, 79, 367-376.

44. Bansal, S.; DeStefano, A. Key elements of bioanalytical method validation for small molecules.
AAPS J. 2007, 30, E109-14.

45. Yamaoka, K.; Nakagawa, T.; Uno, T. Application of Akaike’s information criterion (AIC) in the
evaluation of linear pharmacokinetic equations. J. Pharmacokinet. Biopharm. 1978, 6, 165—175.

Sample Availability: Samples of the compounds, DEHP and BBP are available from the authors.

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).



