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Abstract

Diesters of 1,2-benzenedicarboxylic acid are a family of industrial compounds called “phthalates.” The physical and chemical properties
of these diesters, and therefore their potential uses, depend on the structure of the dialkyl or alkyl/aryl side chain. The urinary concentrations
of phthalate monoesters, which are metabolites, have been used as biomarkers of human exposure to specific phthalates. However, severe
phthalates, particularly those with side chains of eight or more carbon atoms, are complex mixtures of isomers. For these, the phthalate
metabolites to be used as biomarkers of exposure have not been unequivocally identified. We developed a method for assessing total exposur
to phthalates, including the isomeric mixtures of high molecular weight phthalates, by measuring the concentration of phthalic acid (PA) in
human urine after acid hydrolysis of the phthalate metabolites to PA. The present method accurately assesses total exposure to phthalate:
without noticeable contamination from the ubiquitous phthalates in the environment, but it gives no information about the parent phthalate.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ated with altered sperm and semen propeifti&s-15] and
with altered pulmonary functiofi6].

Phthalates are a family of industrial compounds with a  Because of the high potential for human exposure and
common chemical structure—dialkyl or alkyl/aryl esters of their demonstrated toxicity in animals, phthalates are a con-
1,2-benzenedicarboxylic acid—and different physical and cern in the field of environmental public health. Phthalates
chemical properties depending on the nature of the alkyl/aryl are rapidly metabolized in humans to their respective mo-
side chain. Phthalates have a wide spectrum of industrial ap-noesters, which depending on the phthalate, can be further
plications, including their use as plasticizers of polyvinyl metabolized to oxidative products. Monoesters and the ox-
chloride and cellulose acetate; additives in pharmaceuti- idative metabolites of phthalates may be conjugated as the
cals, consumer and personal-care products; and lubricantgylucuronidg1-4], and both free and conjugated metabolites
[1-5]. can be excreted in the urine and feces. Phthalate monoester

Some phthalates are rodent carcinogh§]; the rele- metabolites in urine have been used as markers to assess ph-
vance of carcinogenicity in humans is debatdb)8]. Several thalate exposure to the general populatjidii—21] and to
phthalates and their metabolic products are reproductive tox-specific population grougd 3—15,22—-25]
icants affecting particularly male reproductive development  Several high molecular weight phthalates (e.g., di-isooctyl
in experimental animalf9—12]. Human studies are scarce, phthalate (DiOP), di-isononyl phthalate (DiNP), di-isodecy!
but exposure to some phthalates in adults has been associphthalate (DiDP)) are complex substances consisting of mix-

tures of isomerg5]. Subsequently, several metabolite iso-
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equivocally identified. Therefore, some of the isomeric ph- late (iso-decyl, MiDP), mono-(2-ethyl-5-oxohexyl) phthalate
thalates lack specific biomarkers of exposure or in the case alMEOHP), and mono-(2-ethyl-5-hydroxyhexyl) phthalate
biomarker exists (e.g., mono-3-methyl-5-dimethylhexyl ph- (MEHHP), their 13C,-labeled internal standards4iDBP,
thalate, a metabolite of DiINP), it reflects exposure to only D4-DEHP, and Q-DOP were purchased from Cambridge
one of the phthalate isomers, thus underestimating the actualsotope Laboratories Inc. (Andover, MA, USA). Mono-(3-
exposure to the isomeric mixture. Moreover, for the long- carboxypropyl) phthalate (MCPP) ahC4-MCPP were ob-
alkyl chain phthalates, including di-(2-ethylhexyl) phthalate tained from Los Alamos National Laboratory (Los Alamos,
(DEHP)[4], di-n-octyl phthalate (DOP]2] and DiNP[26], NM, USA). Mono-iso-butyl phthalate (MiBP) andEMiBP
their complex metabolism to yield numerous products, pre- were generous gifts from Professdirgen Angerer (Univer-
dominantly oxidative metabolites, might explain the lower sity of Erlangen-Nuremberg, Germany). Acetonitrile and wa-
frequency and magnitude of detection in urine of their respec- ter (HPLC grade) were purchased from Tedia (Fairfield, OH,
tive hydrolytic monoesterfl 7—21] compared with the mo-  USA), phosphoric acid (85%) was purchased from Fisher Sci-
noesters of short-alkyl chain phthalates (e.g., diethyl phtha- entific (Pittsburgh, PA, USA), formic acid (98% min, GR)
late (DEP), dibutyl phthalate (DBP)). Until specific biomark- was purchased from EM Science (Gibbstown, NJ, USA),
ers of exposure to isomeric phthalates are available, indirectethyl acetate (99.8%) was purchased from Caledon (Ontario,
measures of exposure to these phthalates may be valuable. Canada), and monosodium phosphate monohydrate (ultra-
Quantification of the phthalic acid (PA) produced by hy- pure bioreagent) and acetic acid (glacial) were purchased
drolysis of urinary phthalate metabolites has been used as arfrom J.T. Baker (Phillipsburg, NJ, USAR-Glucuronidase
indirect indicator of exposure to phthala{23]. The proce- (Escherichia cokK12) was purchased from Roche Biomed-
dure involved a basic hydrolysis of the urine sample (10 mL) ical (Mannheim, Germany). Esterases fr@imermoanaero-
with sodium hydroxide (NaOH), acidification of the urine bium brockii Mucor miehei andSaccharomyces cerevisiae
with hydrochloric acid (HCI), liquid—liquid extraction of the  were purchased from Fluka (St. Gallen, Switzerland).
PA into diethyl ether, esterification of PA, and quantification
of the derivatized PA with gas chromatography. One limita- 2.2. Standards and sample preparation
tion of using PA as an indirect indicator of phthalate exposure
is the lack of specificity of PA as a biomarker for any given Reagent solutions were prepared in acetonitrile and water
phthalate. Because phthalates vary greatly in their toxico- using standard laboratory procedures. Stock solutiongof D
logical properties, PA concentrations cannot be used for risk PA and3C,-PA were prepared in acetonitrile and stored at
assessment purposes to estimate the likelihood, magnitude;-20°C in Teflon-capped amber glass bottles until use. The
and uncertainty of health risks associated with environmental 13C,-PA internal standard spike solution (500 ng/mL) and
exposures to phthalates. However, PA concentrations may bethe working standards were prepared in 1:9 acetonitrile:water
useful for establishing the presence of phthalates in the bodyfrom serial dilutions of the stock solutions and stored a4
or as an indirect indicator to estimate the prevalence of total in Teflon-capped glass vials until use. Ten working standard
exposure to phthalates. solutions containing p-PA were prepared to encompass the
Here, we report a method for assessing total expo- entire linear range of the method (1 ng/mL to 1200 ng/mL).
sure to phthalates, including the isomeric mixtures of We used the peak area ratio of4PA to 13C,-PA (i.e., re-
high molecular weight phthalates, based on acid hydroly- sponse factor (RF)) for quantification of PA. We usedPA
sis of the urinary phthalate monoesters to PA. After hy- instead of native PAto eliminate the contribution from PA that
drolysis, PA is quantitated using our automated solid- may be introduced in the calibration standards during anal-
phase extraction (SPE) coupled to isotope-dilution high- ysis. Calibration curves, prepared directly from the working
performance liquid chromatography—tandem mass spectrom-standard solutions, of RF versus the reciprocal of the standard
etry (HPLC-MS/MS) metho{R8]. concentration (¥) were used for quantification. The calcu-
lated PA concentrations were decreased by 2 ng/mL to correct
for the PA present in the reagent blank after hydrolysis.

2. Experimental Urine (1 mL), spiked witht3C,-PA internal standard so-
lution (100uL) andB-glucuronidase (gL in 250pL of 1M
2.1. Reagents ammonium acetate buffer pH 6.5), was incubated £tG37

for 90 min to allow for the deconjugation of the phthalate

PA, 13C,-PA, D4-PA, ammonium acetate (>98%), HCI metabolite glucuronides. Reagent blanks were prepared and
(37%) and NaOH (97%) were purchased from Sigma-Aldrich processed using the same procedure, except that urine was
Laboratories Inc. (St. Louis, MO, USA). Monomethyl replaced with water.
phthalate (MMP), monoethyl phthalate (MEP), mamo-
butyl phthalate (MBP), monocyclohexyl phthalate (MCHP), 2.3. Hydrolysis of phthalate monoesters using HCI
mono-(2-ethylhexyl) phthalate (MEHP), momesctyl ph-
thalate (MOP), mono-(3-methyl-5-dimethylhexyl) phthalate The deconjugated urine was treated with 400of 37%
(iso-nonyl, MiNP), mono-(3-methyl-7-methyloctyl) phtha- HCI (equivalent to 4 mmol) and allowed to react for 180 min
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at 90+ 5°C. After cooling to room temperature, the hy- reported28]. HPLC-MS/MS was performed on a Waters Al-
drolyzed urine sample underwent automated SPE as indicatediance 2690 liquid chromatograph (Waters Corporation, Mil-

below. ford, MA, USA) coupled with a ThermoFinnigan TSQ 7000
triple quadrupole mass spectrometer (ThermoFinnigan, San
2.4. Hydrolysis of phthalate monoesters using NaOH Jose, CA, USA) equipped with an electrospray ionization in-

terface as described befds].

The deconjugated urine was treated with g50of 5M
NaOH and allowed to react for 90 min at #%°C. Then, . .
500pL of HCI was added to adjust the pH to ca. 2.0. After 3. Results and discussion
cooling to room temperature, the hydrolyzed urine sample

underwent automated SPE as indicated below. First, we tested the effectiveness of several acids for hy-

drolyzing phthalate metabolites. Specifically, 1 mL of urine
i ) containing 30 ng/mL to 300 ng/mL of a mixture of 13 phtha-
2.5. Hydrolysis of MEP using esterases late metabolites (i.e., PA, MMP, MEP, MCPP, MBP, MiBP,
_ ~ MCHP, MEHP, MOP, MNP, MiDP, MEHHP, MEOHP) was
Three esterase solutions were made by dissolving in yeated with either HCI (37%), formic acid (98%), acetic acid
100 mL of 0.01 M phosphate buffer (pH 8.0) 1 nglobrockii glacial, or phosphoric acid (85%) at 86 for 12 h. The urine
(2U7g), 1 mg ofM. miehei(1 U/mg), or 1ng ofS. cerevisiae a5 spiked after hydrolysis with 1 of a solution contain-

% U/g). One milliliter of urine was sp|kf?§j with 1QQ. of ing their corresponding isotope-labeled internal standards or
C4-MEP (5000ng/mL) and 10QL of **Co-PA internal  \yith 100,.L of a solution of*3C,-PA to calculate the concen-
standard solution. The spiked urine sample was combinedyaiion of each phthalate metabolite remaining after hydroly-
with 250p.L of the enzyme solution (e.gT. brocki) and sis or the concentration of PA formed during the hydrolysis,

allowed to react for 6 h at 3TC. Then, 5QuL of 0.1 M phos- respectively. Formic acid, acetic acid, and phosphoric acid
phoric acid was _added before automated SPE. The procedurgsiled to hydrolyze the phthalate monoesters; however, hy-
was repeated with the other two esterases. drolysis of phthalate monoesters to PA occurred when the
urine was treated with HCHig. 1). Next, we determined the
2.6. Automated SPE-HPLC-MS/MS efficiency of the hydrolysis of phthalate monoesters using

three amounts of HCI (i.e., 3, 4, and 5 mmol) and found that
SPE was conducted on the Zymark RapidTrace Station 4 mmol was optimal. Last, to optimize the incubation time,
(Zymark Corporation, Hopkinton, MA, USA) as previously we monitored the hydrolysis of the phthalate monoesters to
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Fig. 1. Total ion chromatogram of a urine sample containing 30 ng/mL to 300 ng/mL of a mixture of 13 phthalate metabolites (i.e., PA, MMP, MEP, MCPP,
MBP, MiBP, MCHP, MEHP, MOP, MNP, MiDP, MEHHP, MEOHP) before (A) and after (B) acid hydrolysis.
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06 @ MEP enzymes were not suitable for the hydrolysis of phthalate
metabolites.

Phthalates are ubiquitous environmental contaminants and
can be incorporated into the urine during the collection, stor-
age, and analysis processes. These diesters may be converted
into PA during the hydrolysis reaction. Therefore, determin-
ing the contribution of diester contaminants in the total ph-
thalate burden was important. We usegfihthalate diesters
to determine the effect of the hydrolysis on the phthalate
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Time (hrs) diesters by measuring the concentration gffihithalate mo-

_ _ o ~noesters in the hydrolyzed urine sampla-Bhthalate mo-
Fig. 2. Hydrolysis of select phthalate monoesters to phthalic acid (PA) using noesters could be produced only by hydrolysis of the spiked

W

4mmol HC. D4-phthalate diesters. We monitored the hydrolysis reaction

of D4-DBP, D4-DEHP and -DOP with HCl and with NaOH
(Table 9. The NaOH treatment resulted in a higher per-
centage of diester conversion to PA than the HCI treatment
(Table 2. Therefore, to minimize the potential contribution
from the phthalate diester contaminants, we performed the
hydrolysis with HCI. Furthermore, the conversion of the rela-
tively smaller phthalates (e.g., DBP) to PA was more efficient
than that of the larger diesters (e.g., DEHP), similar to what
we observed with the phthalate monoesters (vide supra). The
amount of PA formed from DEHP during the HCI hydrolysis
was only~3%. Therefore, even for contaminant DEHP, a ma-
jor component in vinyl chloride plastic materials that may be
presentin laboratory supplies and equipment, its contribution
€to the total PA would not be significant. DBP may be found as
a trace contaminant of solvents. Thus, solvent usage poten-
tially could contribute to background contamination of DBP,
‘which in turn, was hydrolyzed considerably to PA even with
HCI (~50%). However, the overall phthalate contribution of
solvents and reagents, including both phthalate diesters and
monoesters, estimated from the levels of B2 ng/mL) in

the reagent blanks after the HCI hydrolysis, was relatively
small and was subtracted from the concentrations of PA in
the unknown samples.

The accuracy and precision of the measurements were
established by determining the recovery of urine samples
spiked with Oy-PA and by calculating the %R.S.D. of the re-
peated measurements, respectivéighle 3. The accuracy,
obtained from triplicate measurements at two concentrations
(50ng/mL and 250 ng/mL), was calculated as [FfHA]a,
where [PA} and [PAL are the concentrations of 4E8PA
obtained from spiking the sample with the internal stan-
Table 1 dard13C,-PA before and after hydrolysis, respectively. The
Compari_son lgetween the effectiveness of the acid, basic, and enzyma\ticaccura_cy was excellent at the two concentrations both for
hydrolysis of "Cs-MEP NaOH (95.8%-99.0%) and HCI (92.5%-98.7%). The inter-

PA using 4 mmol HCI for 5 hKig. 2). After 3 h, hydrolysis
was complete for all of the phthalate metabolites tested. Fur-
thermore, the percentages of hydrolysis, after 1Lh and 2 h, re-
spectively, were 89.5% and 99.5% (MMP), 77.9% and 97.8%
(MEP), 79.8% and 84.9% (MCPP), 87.1% and 97.5% (MBP),
78.7% and 100% (MiBP), 39.8% and 54.9% (MCHP), 57.3%
and 70.0% (MEHHP), 53.0% and 75.8% (MEOHP), 65.3%
and 91.0% (MEHP), 64.0% and 74.5% (MOP), 55.0% and
75.5% (MINP), and 50.0% and 71.3% (MiDP). Although
the relatively small MMP and MEP hydrolyzed almost com-
pletely within 2h, the larger MOP, MiNP and MIiDP hy-
drolyzed only about 75% within the same time period. These
data suggest that the rate of hydrolysis decreased with th
increased length of the alkyl side chain.

We also evaluated basic and enzymatic hydrolysis of ph-
thalate monoesters (using MEP as an example) and com
pared the efficacy of these hydrolyses with the one with
HCI. To minimize the contribution from potential contam-
ination, we used3C4-MEP (becausé3C4-PA could be pro-
duced only by hydrolysis of the spiké8Cs-MEP). We esti-
mated the efficacy of the acid and basic hydrolysis reactions
at three'®C4-MEP concentrations (500 ng/mL, 250 ng/mL,
and 50 ng/mL); the enzymatic hydrolysis was evaluated only
at 500 ng/mL. The hydrolysis efficacy was calculated from
the ratio of the molar concentrations BiC,-PA and?3C,-
MEP. HCI and NaOH hydrolyzed mo$tC4-MEP to 13C,-

PA (Table ). The conversion was quantitative for both HCI
(>96%) and NaOH (>94%). In contrast, litth*C4-MEP
was hydrolyzed by the esterases3%), suggesting that the

Additive Concentration (ng/mL) day precision for the acid hydrolysis ranged from 7.1% to
500 250 50

HCI 964 (1.2)  96.9(3.3) 10@(33)

NaOH 968(2.1)  97.1(2.6)  94(L3) Table 2

Thermoanaerobium brockii 3.3 (2.8) Percentage of conversion of;Bliesters (1000 ng/mL) to SPA (N=3)

Mucor miehei 2.8 (1.3) —

Saccharomyces cerevisiae 3.0 (1.8) Additive D4-DBP Dy-DEHP Dy-DOP

Efficacy was calculated from the ratio of the molar concentratiotS@4- HCI 51.1(3.7) 33(2.9) 20.7 (6.4)

PA and!3C,-MEP (N=3) and expressed as a percentage (%). %R.S.D. in NaOH 72.3(4.9) 4% (4.4) 56.3 (8.3)

parenthesis. %R.S.D. in parenthesis.
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Table 3 References
Accuracy and precision of thefsPA measurements
Additive Spiked concentration (ng/mL) [1] ATSDR, Toxicological Profile for Diethyl Phthalate (DEP), U.S. De-
250 50 partment of Health and Human Services, Public Health Service,
HCPR 98.7 (11.3) 92,5 (7.1) fggegcy for Toxic Substances and Disease Registry, Atlanta, GA,
NaOH’ .0(3. 8 (4. : . . , .
a0 — g? 0(3:3) _95 846 - ~ [2] ATSDR, Toxicological Profile for Dir-octyl Phthalate (DNOP), U.S.
& Interday precision, estimated as the %R.S.D. (in parenthesis) of tripli- Department of Health and Human Services, Public Health Service,
cate measurements over 3 days. Agency for Toxic Substances and Disease Registry, Atlanta, GA,
b Intraday precision, estimated as the %R.S.D. (in parenthesis) of tripli- 1997.
cate measurements. [3] ATSDR, Toxicological Profile for Dir-butyl phthalate (DBP), U.S.

Department of Health and Human Services, Public Health Service,
Agency for Toxic Substances and Disease Registry, Atlanta, GA,
2001.

[4] ATSDR, Toxicological Profile for Di(2-ethylhexyl)phthalate (DEHP),
U.S. Department of Health and Human Services, Public Health Ser-
vice, Agency for Toxic Substances and Disease Registry, Atlanta,
GA, 2002.

[5] R.M. David, R.H. McKee, J.H. Butala, R.A. Barter, M. Kayser, in:
E. Bingham, B. Cohrssen, C.H. Powell (Eds.), Patty’s Toxicology,
Wiley, New York, 2001, p. 635 (Chapter 80).

[6] W.W. Huber, B. GraslKraupp, R. SchulteHermann, Crit. Rev. Toxi-
col. 26 (1996) 365.

[7] IARC, IARC Monographs on the Evaluation of Carcinogenic Risks
to Humans, Some Industrial Chemicals, Lyon, 2000.

[8] J.E. Klaunig, M.A. Babich, K.P. Baetcke, J.C. Cook, J.C. Cor-
ton, R.M. David, J.G. Deluca, D.Y. Lai, R.H. McKee, J.M. Pe-
ters, R.A. Roberts, P.A. Fenner-Crisp, Crit. Rev. Toxicol. 33 (2003)
655.

[9] M. Ema, E. Miyawaki, Reprod. Toxicol. 15 (2001) 261.

[10] L.E. Gray, J. Ostby, J. Furr, M. Price, D.N.R. Veeramachaneni, L.
Parks, Toxicol. Sci. 58 (2000) 350.

11.3%, thus indicating the good reproducibility of the method [11] E. Mylchreest, R.C. Cattley, P.M.D. Foster, Toxicol. Sci. 43 (1998)

(Table 3. 47.

- ter, N.J. Barlow, L.E. Gray, Toxicol. Sci. 58 (2000) 339.
mous volunteer adults with no known exposure to phthalates.[13] S.M. Duty, N.P. Singh. M.J. Silva, D.B. Barr, J.W. Brock, L. Ryan,

First,. using our methOd_ described previoufg], We.de' R.F. Herrick, D.C. Christiani, R. Hauser, Environ. Health Perspect.
termined the concentration of 13 phthalate metabolites (PA, 111 (2003) 1164.
MMP, MEP, MBP, MiBP, MCHP, MCPP, MEOHP, MEHHP,  [14] S.M. Duty, M.J. Silva, D.B. Barr, J.W. Brock, L. Ryan, Z.Y. Chen,
MEHP. MOP. MNP MDP) Second. we estimated the con- R.F. Herrick, D.C. Christiani, R. Hauser, Epidemiology 14 (2003)
l- 1 1 . l- . 269
centration of PA after. HCI hydrolysis. The correlation be- [15] S.M. Duty, AM. Calafat, M.J. Siva, JW. Brock, L. Ryan, Z.Y.
tween the concentration of PA and the sum of concentra- -~ cpen, J. Overstreet, R. Hauser, J. Androl. 25 (2004) 293.
tions of phthalate metabolites was good (correlation coef- [16] J.A. Hoppin, R. Ulmer, S.J. London, Environ. Health Perspect. 112
ficient =0.845) Fig. 3). Furthermore, as expected, the con- (2004) 571. _ _ _
centrations of PA were higher than the sum of metabolites [17] g.c. B'Oumé'\w- I_S"‘{a- SF}P' Ca“dll”' L.L. ’:‘I\?egha”;' JE-'-~ _P'rk'e;_'E-Jl-h
concentrations in most of the samples, thus confirming that Pzzgng'loé ('2088;‘3;79 ). Jackson, J.W. Brock, Environ. Healt
some unidentified phthalate metabo"te_s a'fe presentin urme{lB] CDC, Second National Report on Human Exposure to Environmental
These results suggest that the determination of PA after hy-  Chemicals, Centers for Disease Control and Prevention; National
drolysis of the urinary phthalate metabolites represents an  Center for Environmental Health, Division of Laboratory Sciences,

adequate approach for assessing the total phthalate bod¥19] ﬁ“&”tibi/*v;ogg-ssbach . Drexler, 3. Angerer. Environ. Res. 83
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Fig. 3. Correlation analysis between the cumulative concentration of 13 ph-
thalate metabolites (PA, MMP, MEP, MBP, MiBP, MCHP, MCPP, MEOHP,
MEHHP, MEHP, MOP, MNP, MDP) before acid hydrolysis and the concen-
tration of phthalic after hydrolysis. The correlation coefficient of the linear
regression is 0.845.

burden. (2003) 177.
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