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Abstract

The leaching of di(2-ethylhexyl)phthalate (DEHP) and mono(2-ethylhexyl)phthalate (MEHP) from medical products made of polyvinyl-chloride
(PVC) to enteral nutrition (EN) for neonatal patients was determined in a simulated study. The study simulated a typical case of EN administration to
aneonatal patient (body weight, 3 kg) in aneonatal care unit (temperature, 25 *C); the medical products used were an irrigator and catheter containing
DEHP (9.1-31.8%, w/w) as a plasticizer. The worst-case daily exposures of the neonatal patient to DEHP and MEHP by the administration of EN
were estimated to be 148 and 3.72 pg/(kg day), respectively, as assessed from the levels of these compounds leaching from the medical products
to the EN. The use of DEHP-free medical products reduced the exposure of DEHP and MEHP to the minimum levels contained in the EN at
preparation. A transition to DEHP-free medical products for neonatal patients would be effective in reducing the exposure of neonatal patients to

DEHP via EN administration.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Di(2-ethylhexyl)phthalate (DEHP) is a common plasticizer
used to impart flexibility to polyvinyl-chloride (PVC). It readily
leaches from PVC into the environment and transfers to other
materials attached to the PVC or via the atmosphere. PVC is
used in a variety of medical products for its excellent physi-
cal characteristics such as flexibility, strength, and transparency.
Patients undergoing medical procedures such as intravenous
therapy, nutritional support, blood transfusion, haemodialysis,
cardiopulmonary bypass, or extracorporeal membrane oxy-
genation (EMO) are potentially exposed to DEHP released
from medical products. Previous studies have shown detectable
amounts of DEHP in blood products, intravenous solutions,
and intravenous fat emulsions stored in PVC bags (Mazur et
al., 1989; Dine et al.,, 1991; Waugh et al., 1991; Faouzi et al.,
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1999; Hanawa et al., 2000). DEHP is hydrolyzed to mono(2-
ethylhexyl)phthalate (MEHP) in vive and in blood products
by esterase activities (Albro and Thomas, 1973; Lake et al..
1977). DEHP and MEHP have also been detected in the blood of
haemodialysed patients (FFlaminio et al., 1988a). Orally admin-
istrated DEHP in enteral nutrition (EN) can be hydrolyzed
to MEHP by lipase, which is then absorbed via the intes-
tine as well as within food and water (Albro and Thomas,
1973).

In animal studies, DEHP and/or MEHP are toxicants to the
reproductive and developmental systems (Gray and Gangolli,
1986; Sjoberg et al., 1986; Moss el al., 1988; Davis et al.,
1994). The toxicities of DEHP and/or MEHP are dose-, time-,
and age-dependent for the target organ and tissue deposition
(Latini, 2000). Recent epidemiologic studies report that certain
phthalates exposure levels of pregnant women were signifi-
cantly associated with duration of pregnancy and reproductive
health of male infants (Latini et al., 2003; Swan et al., 2005;
Marsee et al., 2006), and the possible effects of phthalates on
the reproductive systems of male infants are well documented
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(Lottrup et al., 2006). Male neonates and infants are considered
a sensitive population to toxicity because their reproductive
systems are still developing.

Calafat et al. (2004) reported that the geometric mean of
MEHP and its glucuronide concentrations in the urine of ill
neonates who spent time in neonatal intensive care units was 30
times higher than that in healthy children; the neonatal patients
were exposed to DEHP via medical procedures. The Center
for Devices and Radiological Health in U.S. Food and Drug
Administration (FDA/CDRH) has reviewed the potential health
risks of DEHP leaching from medical devices (FDA/CDRH.
2001, 2002) and recommended considering alternatives when
high-risk procedures such as transfusion, haemodialysis, total
parenteral nutrition (TPN), EMO, or EN are to be performed on
male neonatal patients, pregnant women carrying a male fetus, or
peripubertal males (FDA/CDRH, 2002). The FDA report esti-
mated the daily exposure of neonatal patients to DEHP from
EN administration to be 140 pg/(kg day) (FDA/CDRH, 2001),
while the exposure of infants to DEHP from infant formula and
breast milk was estimated to be 8-21 pg/(kgday) (Latini et al.,
2004). The difference in exposure level between EN and infant
formula or breast milk is deriving from the DEHP leached from
medical products; however, information regarding the exposure
of neonatal patients to DEHP and MEHP via EN administration
is limited. We previously developed a method for determining
DEHP and MEHP levels in human sera without severe contam-
ination of DEHP, using a liquid chromatography with tandem
mass spectrometry (LC/MS/MS) (Takatori et al., 2004). In the
present study, we use this method to investigate the exposure
of neonatal patients to DEHP and MEHP via EN administra-
tion.

2. Materials and methods
2.1. Materials

DEHP (99.6%), MEHP (99.3%), DEHP-dy (99.0%), and
MEHP-d4 (99.8%) were purchased from Hayashi Pure Chemical
Industries Ltd. (Osaka, Japan), while analytical-grade acetone,
hexane, acetonitrile, ethanol, and tetrahydrofuran were pur-
chased from Wako Pure Chemical Co. Ltd. (Osaka, Japan).
Water for HPLC was purified using the Milli-Q system (Milli-
Q, Millipore, Bedford, MA). The water used in this study
(except for eluent of LC/MS/MS) was prepared by washing
the Milli-Q water with hexane. To eliminate contamination
by DEHP and MEHP, glassware was washed twice with ace-
tone and hexane and then baked at 200 °C for 2h in a clean
oven.

In the present study, we used two types of irrigators and
catheters that are commercially available in Japan and are com-
monly used for neonatal or infant patients: PVC (standard-type)
containing DEHP as a plasticizer, and poly-butadiene (DEHP-
free type) that contains no DEHP. Both types of irrigators consist
of four components (bag, tube, drip tube, and adaptor) and a
clamp for flow control. The catheters consist of a connector and
a tube. The sizes of the two types of irrigators and catheters are
shown in Table 1.

Table 1
Sizes of urigators and catheters
Component Size
Standard DEHP-free
Imigator
Bag® 500 500
Tube® 890, 3.5 1010, 3.5
Drip tube” 55,16 50,18
Adaptor” 35,35 40,35
Catheter
Tube® 420, 1.7 420, 1.7
Adaptor® 25,35 25,35

* Volume (ml).
b Total length and internal diameter (mm).

2.2. LC/MS/MS conditions

LC/MS/MS was used to determine DEHP and MEHP.
LC/MS/MS analysis was performed using an API3000 mass
spectrometer (Applied Biosystems, Foster City, CA, USA)
equipped with an electro-spray ionization (ESI) interface and
an Agilent 1100 series high performance liquid chromatogra-
phy (HPLC, Agilent Technologies, Waldbronn, Germany). The
HPLC system consisted of a G1312A HPLC binary pump,
a G1367A autosampler, and a G1379A degasser. We used a
reverse-phase HPLC column (Wakosil3C18,2.0 mm x 150 mm,
3 pm; Wako Pure Chemical Co. Ltd.). The mobile phases con-
sisted of 100% acetonitrile (A) and 5 x 10™*% aqueous acetic
acid (B). Elution was performed using an isocratic mode (A/B:
80/20, v/v) at 0.2 ml/min, and the ESI interface was controlled
by Analyst Software (v.1.3.2). The MS/MS was operated in neg-
ative or positive ion mode. The heated capillary and voltage were
maintained at 500°C and +4.0kV (negative/positive mode),
respectively. MEHP and MEHP-d4 were detected in the negative
mode. The declustering potential (DP), focussing potential (FP),
and collision energy (CE) for MEHP and MEHP-d; measure-
ments were —31, =110V, and —22 eV, respectively. DEHP and
DEHP-ds were detected in the positive mode. The DP, FP, and
CE for DEHP and DEHP-d4 measurements were 26, 100V, and
27 eV, respectively. The respective combinations of precursor
ions and product ions were as follows: MEHP (—277, —134),
MEHP-d, (—281, —138), DEHP (391, 149), and DEHP-d4 (395,
153).

2.3, DEHP and MEHP content in irrigators and catheters

To determine the DEHP content in the components of the
standard-type irrigator and catheter, sections of each were
cut into 2mm x 2 mm squares. To dissolve the pieces, 5.0ml
tetrahydrofuran was added to a 50-ml volumetric flask con-
taining 0.2 g of the cut squares. PVC polymer was precipitated
by adding ethanol up to the volumetric line of the flask. After
removing the precipitant by centrifugation, the aliquot of super-
natant was diluted with acetonitrile before being analyzed using
LC/MS/MS.
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Table 2
DEHP content of the standard-type irrigator and catheter (n=3)

Component Content (%, w/w)
Irrigator

Bag 26.1 £ 0.8

Tube 220+ 1.4

Drip tube 152+ 1.6

Adaptor 9.4 £:1:3
Catheter

Tube 3.8 £ 06

Adaptor 313206

2.4. Preparation of EN

Four commercially available brands of EN (EN-A, -B, -C,
and -D) were used in the present study. Both EN-A and -B are
used for neonatal and infant patients, while EN-C and -D are
used for adult patients. EN-A, -B, and -C are supplied as pow-
ders that were prepared immediately prior to the experiments
with warmed hexane-washed Milli-Q water (40 °C) to minimize
contamination with DEHP and MEHP. EN-A, -B, and -C were
prepared at standard concentrations (EN-A: 20%, w/v; EN-B:
17%, wiv, EN-C: 27%, w/lv) according to the manufacturer’s
directions. EN-D is a canned liquid that was opened just before
the experiments and used without further preparation.

2.5, Leaching of DEHP and MEHP from medical products
10 EN

Simulated studies were performed assuming that EN-A is
administrated to a neonatal patient, Details of the case are as fol-
lows. A neonatal patient (body weight, 3 kg) was cared for in a
neonatal patient care unit at 25 °C. Daily nutrition (312 kcal/day)
was supplied by EN-A (20%; 392 ml) with an irrigator and
catheter that contained DEHP. The daily EN-A was divided into
seven portions (56 ml/portion), administered seven times a day.
Each portion was administered over 15 min. The simulated stud-
ies were performed in our laboratory in an incubator regulated
at 25°C. The glass flask of prepared EN-A was equilibrated to
25°C in the incubator for 30 min. The EN-A was then poured
into the irrigator before flowing into clean glass tubes via the
catheter. The flow time of 56 ml of EN-A from the irrigator to
the glass tubes was regulated using a clamp to 15 min, The flow
rate was approximately 3.5-4 ml/min. To compare leaching of
DEHP and MEHP between the ENs, the same volume (56 ml)
of EN-A (10-15%), -B, -C, -D, and water was run through the
irrigator and catheter set as described above. The collected EN
solutions were frozen at —40 °C until analysis.

2.6. Determination of DEHP and MEHP in EN

DEHP and MEHP in the EN were determined using the pre-
viously described procedure for determining these compounds
in human serum ("Takatori et al,, 2004). Briefly, 50 ng DEHP-d,
and MEHP-d, were added to a glass tube containing (0.5 ml EN.
DEHP and MEHP in the EN were initially extracted with ace-

tone. The acetone extraction was dried under an N stream and
then dissolved with 0.5 ml hexane-washed Milli-Q water con-
taining 4 pl acetic acid. Next, DEHP and MEHP in the acetic
acid aqueous solution were extracted three times with hexane,
The extract was dried as described above and then dissolved in
(.5 ml acetonitrile before being analyzed using LC/MS/MS.

2.7. Raman microspectroscopic analysis of the medical
products

A Raman microspectrometer, NRS-3100 (JASCO, Tokyo,
Japan), was used to measure the Raman spectra of the internal
surface of irrigator and catheter. The Raman microspectrome-
ter was coupled with thermoelectrically cooled charge-coupled
device detector. The holographic grating was 1800 g/mm. The
exciting wavelength was 532 nm from a green laser with a power
0f 9.2mW. The laser was focused on the surface of the sample
by using a 5x microscope objective. The spatial resolution was
120 wm in the X-Y¥ plane. The spectral resolution was 1¢m™".
Raman spectrum was collected over the range from 1879 to
541 cm~" and the integration time was 30's. The measurements
were repeated five times to normalize data.

3. Results

The content of DEHP and MEHP was determined for each
part of the irrigator and catheter made of PVC (standard-type)
without surrogates. DEHP and MEHP were recovered from the
extraction solution to satisfactory levels (95-105%). All parts
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Fig. 1. Calibration curves for DEHP and MEHP. Points and bars represent the
averages and standard deviations of five independent experiments. (a) Vertical
axis corresponds to the peak-area rauo (DEHP/DEHP-dy). Inset indicates the
low range (2-60 ng/ml) of the curve. (b) Vertical axis corresponds to the peak-
area ratio (MEHP/MEHP-d4). Inset indicates the low range (1-25 ng/ml) of the
curve.



142 S. Takatori et al. / International Journal of Pharmaceutics 352 (2008) 139-145
Table 3
DEHP and MEHP concentrations in the EN at preparation and after flowing through the irrigator and catheter (n=6)
EN Concentration (%, w/v; kcal/ml) Fat (mg/ml) DEHP (ng/ml) MEHP (ng/ml)
Before After Before After

A 20; 0.8 T2 49.6+ 8.4 1130 + 190 <.OQ" 285 + 4.8
A 15; 0.6 54 312.8+4.1 1080 + 40 <LOQY 305+ 1.5
A 10; 0.4 3.6 21.6+4.1 1000 + 65 <LOQ"I 286 + 1.6
B 17; 0.6 43 58.6+3.0 203 + 43 6.0+03 235+ 14
{5 27 1.0 1.7 64.3+2.4 513 + 60 6.9+0.7 26.1 £ 0.1
D =10 33.2 158+ 7.7 721 £ 93 <L.OQY 249 £ 1.9
Water -0 0 <LOQ? 54+ 17 <1.OQ" 244 +£ 09

3 1S ng/ml.

P 5ng/ml.

contained 9.1-31.8% (w/w) of DEHP (Table 2), while the con-
tent of MEHP in the same parts was less than 0.1%.

For DEHP measurement in EN, the calibration curve was
obtained for the peak-area ratio (DEHP/DEHP-dy4) versus DEHP
concentration (Fig. 1(a)). The curve was linear over the range of
2.0~1500 ng/ml. The mean linear regression equations obtained
from five replicates were y=0.0237x+0.566 (r=0.999), with
mean values for the slope and intercept of 0.0237 £ 0.0003 and
0.566 £ 0.129, respectively (y, peak-area ratio; x, DEHP con-
centration, ng/ml). For MEHP measurements, the calibration
curve was obtained for the peak-area ratio (MEHP/MEHP-
dy) versus the MEHP concentration (Iig. 1(b)). The curve
was linear over the range of 1.0-200ng/ml. The mean lin-
ear regression equations obtained from five replicates were
y=0.0541x — 0.0530 (r=0.999) with mean values for the slope
and intercept of 0.0541 £ 0.0012 (mean £ S.D. (standard devia-
tion)) and —0.0530 +0.0186, respectively (v, peak-area ratio;
x, MEHP concentration, ng/ml). The recoveries of 20 ng/ml

25
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DEHP and MEHP fortified into EN-A (20%) were 91£3.0
and 994 3.0%, respectively (n=6). The average and S.D. of
background levels of DEHP and MEHP of the preparation of
test solution were 5.5 + 1.8 and less than 1.0 ng/ml, respectively
(n=6). The limits of quantification (LOQ) of DEHP and MEHP
determined by the equation LOQ = background + S.D. x 5 were
15 and 5 ng/ml, respectively.

Atpreparation, the concentrations of DEHP and MEHP in the
EN were 21.6-158 and <5-6.9ng/ml, respectively (Table 3).
After flowing the EN through the irrigator and catheter, we
observed that DEHP and MEHP had leached from the med-
ical products. Typical chromatograms of EN-A are shown in
Fig. 2. The degree of DEHP leaching was dependant on the
brand of EN; in contrast, MEHP leaching was approximately
20 ng/ml for all EN. The leaching of DEHP was not affected by
the concentration of EN-A.

We calculated the exposure of a neonatal patient to DEHP
from EN administration using the DEHP concentration in EN-A

25
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Fig. 2. DEHP and MEHP chromatograms. Retention times of MEHP and DEHP were 3.0 and 23.8 min, respectively. (a) Standard mixture 50 ng/ml; (b) standard
mixture 1000 ng/ml; (¢) EN-A (20%) at preparation; (d) EN-A (20%) after flowing through the irrigator and catheter.
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Fig. 3. Raman spectra of the internal surface of irrigator bags used for adminis-
tration of EN under the conditions as described, (N) unused; (A) used for EN-A
administration; (B) used for EN-B administration; (C) used for EN-C adminis-
tration; (1)) used for EN-I) administration; (W) used for water administration;
(X) DEHP standard; (Y) Pure PVC, which did not contain plasticizers including
DEHP.

(20%) and the following equation:
X (ng/ml) x 392 (ml/day)
3(kg) x 1000

Where Y is the daily exposure per kg body weight and X is the
concentration of DEHP in EN-A (20%).

In this case, the exposures to DEHP and MEHP {rom EN-
A administration were calculated as 148 and 3.72 pg/(kg day),
respectively. For the case of EN-B (17%), supplying the
same calories (312 kcal/day) via EN administration, expo-
sure to DEHP and MEHP was estimated to be 354 and
4.09 pg/(kg day), respectively.

When a standard-type irrigator and DEHP-free type catheter
set were used, the leaching of DEHP and MEHP to EN-A (20%)
was reduced to 795444 and 24.0+ 3.1 ng/ml, respectively
(n=3). When a DEHP-free type irrigator and a standard-type
catheter set were used, the leaching of DEHP and MEHP was
reduced to 439+ 19 and 17.3 +4.2 ng/ml, respectively (n=3).
When a DEHP-free type irrigator and DEHP-free type catheter
set were used, leaching of DEHP and MEIP was not observed.
Thus, in this case the exposures of neonatal patients to DEHP
and MEHP can be reduced to a minimum level that can be cal-

¥ (pe/(kgday)) =

culated from the concentration at preparation. The exposure to
DEHP and MEHP from EN-A (20%) administration was 6.48
and <0.653 pg/(kg day), respectively.

Raman spectroscopic analysis was conducted to examine the
loss of DEHP at the internal surface of medical products. Fig. 3
shows the Raman spectra of the internal surface of the irriga-
tor bags. The spectra consist of peaks derived from PVC (1429,
692 and 632 cm™!), DEHP (1725, 1597, 1585, 1454, 1273 and
1037¢m™"!) and unknown components of the part (1505 and
1118 cm™!). Significant differences were not found between the
spectra of unused and used irrigators. The Raman intensity ratio
(RIR) between 1725 and 692 cm ™" (Jpeak 1725/ Ipeak 692) was cal-
culated as an index of content ratio of DEHP to PVC at the
internal surface. RIR of the irrigators were as follows: unused,
0.54; used for EN-A, 0.55; used for EN-B, 0.56; used for EN-C,
(0.55; used for water, (.55. Significant differences were also not
found between the spectra of unused and used catheters (data
not shown).

4. Discussion

To prevent adverse effects such as diarrhea, EN can be pre-
pared in a range of concentrations appropriate to the physical
condition of the patient. We observed that the lipid content of
the EN was not a factor in promoting the leaching of DEHP;
interestingly, leaching of DEHP from the irrigator and catheter
was not affected by the concentration of EN-A. Some EN prod-
ucts incorporate an emulsifier to dissolve lipophilic components
uniformly; lecithin and polysorbate 80 (PS80) are added to EN-
A and EN-C, while lecithin alone is added to EN-D. The lecithin
and PS80 exert emulsification in the ranges of appropriate con-
centration, Neither lecithin nor PS80 is added to EN-B, which
recorded the lowest levels of DEHP leaching. Thus, we consider
that the presence of an emulsifier in EN is an important factor
that promotes leaching of DEHP from EN medical products.
Hanawa et al. (2000) reported that the leaching of DEHP from
medical products to saline reached a plateau with the addition
of PS80 at around its critical micelle concentration; this find-
ing corresponds with the observations of the present study. The
leaching of DEHP from medical products to intravenous solu-
tions is also promoted by the addition of lipophilic components
and emulsifiers (Haishima et al., 2005). In these cases, emulsi-
fiers would be potentially one of the most important factors in
determining the level of leaching.

We observed that a small amount of MEHP leached from
the medical products into all the ENs and Milli-Q water. MEHP
is produced from DEHP in medical products by gamma ray
irradiation or ethylene oxide gas treatment for sterilizing. MEHP
detected in the present study would have been produced from
DEHP in the medical products after sterilization with ethylene
oxide gas (Ito et al., 2006). MEHP is more soluble in water than
DEHP; thus, the components of the EN would not have affected
the leaching of MEHP.

The daily exposure of a neonatal patient to DEHP by
EN-A administration with the irrigator and catheter sel was
148 pg/(kg day), which is close to the amount of 140 pg/(kg day)
estimated by the FDA (FDA/CDRH, 2001). This exposure
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level corresponds to the upper acceptable daily intake of
DEHP (140 pg/(kg day)). Leaching of DEHP and MEHP from
DEHP-free medical products was not observed; thus, by using
DEHP-free type medical products, exposure to DEHP via
EN administration can be reduced to the minimum level
that is present in the EN at initial preparation. Recently,
DEHP-free medical products have become widely used. It
would seem reasonable that such products should be used
for the population sensitive to the toxicity of DEHP and
MEHP, including pregnant women, male neonatal patients,
and infants; alternatively, medical products with substitute
plasticizers such as tri(2-ethylhexyl)trimellitate (TOTM) and
di(2-ethylhexyl)adipate (DEHA) should be used. The leacha-
bility of TOTM from haemodialysis tubes to blood is lower than
that of DEHP (Flaminio et al., 1988b). The hepatic toxicity of
TOTM is lower than that of DEHP (Hodgson. 1987; Kambia
et al., 2004). The testicular toxicity of DEHA has not been
observed in animal studies (Kang et al.. 2006); however, there
is much less information regarding the toxicities of these plas-
ticizers compared to DEHP, and further investigation into these
potential plasticizers is required to guarantee pregnant women
and neonatal and infant patients against the risk associated with
usage.

A Raman spectrometer is useful to determine the content
of components in resin (Kikuchi et al., 20004; Norbygaard and
Berg, 2004). Norbygaad and Berg successfully determined the
content of phthalate diesters in PVC by a Raman spectrometer
(Norbygaard and Berg, 2004). We utilized a Raman microspec-
trometer to examine the loss of DEHP at the internal surface of
medical products. No obvious differences between the unused
products and used products were found on the Raman spectra.
Norbygaad and Berg determined the content of DEHP in PVC
by the RIR at 1726 and 696 nm, which are independent and char-
acteristic peaks of DEHP and PVC, respectively. In this study,
the corresponding RIR of the internal surface of irrigator bags
remained at approximately 0.5, whether they were unused or
used. The main parts of the irrigator and catheter have atotal con-
tent of DEHP corresponding to around 25% of their total weight
of 47 g. Their total DEHP content is thus estimated to be 11.8 g.
From the results described above, the leached DEHP to EN was
estimated to be at most 59 g, which is only 5.0 x 10™*% of the
total DEHP contained in those medical products. These obser-
vations suggest that the loss of DEHP would be too low to detect
it by Raman spectroscopic changes even though at the surface,
and/or DEHP corresponding to the loss by leaching to EN may
be promptly supplied to the surface from the inside of the resin.
Our results imply that used medical products have the potential
to leach similar amounts of DEHP to EN to new products. Fur-
ther studies to determine correlations of DEHP leaching from
medical products with times of their use may be informative and
may provide a basis for avoiding excessive exposure of patients
to DEHP.
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MEP -CH,CH,
O'R MBP -CH,CH,CH,CH,
o MezF s
) MEHP ’Nfzvﬁ‘“
H,
MEHHP : /\Crcu,
MiNP -CoHyg
Fig. 1 Structures of phthalale monoesters examined

in this study

FLEEIX, PDEs B TF PMEs @ #MEISR 5 @RI =
RASHTEY"™, FoREFHIRDSNTV S,
B3k, ALY FEAEERTHY, TOPIZETN
L PMEs OBFBHSICT S H1E, HLYME® PMEs 0 #
BRANBTLIATHETHD. BT, Main 5O YL
— 7k, & FEAHO PMEs £ 7T L. FHE T PMEs 2%
BEENAESE4£8ELTVL", LaLads, HAA
OEHLTG PMEs e WS L APNER %S 5w £ 2
T, BEEAIOT b7 ¢~ ¥ T ARERT G
LC/MS/MS T, 5o EEL PMEs Y b7
UG Es el ooiEelREL, HAADRT
11 iR o MEE{ L OME L HIE L 2O THRET 5.

N

21 HERRUHHE

AF: BEUZ. 1999 FI2 1 BOBHES L Kl KFEER
ERERMAFHIB VLT, FlE, 1~5 HEBLAKAT
RECS AL, MFEBILE, HBREERFROREREIGE
ST SN, FENL, HE T CRERAF AR AR
ATICE R, S T—40C TR SILL.

WG 6 fEEIO PMEs, T4 E, MEP. MBP,
MBzP, MEHP, 7% LEEE / (2-0F bs-b Fd inF
V) (MEHHP) BUS7 % VEEE /4 7/ =) (MiNP
oW ELAL (Fig. 1), MEP. MEP-"'C,, MBP,
MBP-"*Cy, MBzP, MBzP-''C;;, MEHP, MEHP-''C,.
MEHHP, MEHHP-"'C,. MiNP B T¥ MiNP-"'C, @2 % 100
ug/ml BEEEHHIL Cambridge Isotope Laboratories & 1)
AL

ik ERREE®R 5 pg/ml RO SR G
B# 5 pg/mL &, REMEHERE, THATHR 20 mL
DARAZ7IRAAPTRAL, TP P NVTEFLTH
LA ZASEERSEELYABEREEERERE

KAGARU Vol. 6 N7
I'able 1 HPLC Conditions
Column Svimmetry C18, 100 - 2 mm, 3.5 um
(Waters)
Elution Gradient mode
Flow rate 200 pul./ min
Column temperature 400
Injecion volume 5.0ul
Gradient Program
Time/min A, % B, %= Profile
0 60 40 Linea
5 35 65 Step
5 0 100 Hold
10 0 100
AL 2010 Y72 formic acid aqueous solution; B: 2+ 10 Y5y

formic acid contuining acetonitrile

L, 95% 7 F= b LKBETHRLCEEZERE L
fo. HEREEMICE, ABEREE 0ng mLE LT EN
5.

A¥E. V8 HrLCcH). ¥ odPLCH, ) BT
AFF Ry A KA K& . BAKKERS UYL
AT EESH I, MRTEZ VL 5. 95 T
BT A OWESEH . B RWRESNHE .
vru~xtr BREARESIAH . WHATER=MY
Vo ERBETHTH . BRI TR MU Lo/Ms
R¥B-IVoa=y—+H E oli g3, 85 Uyml i3, #
FRCER AR L2 £72.0 4methvlumbelliferone -
MU B TF danethylumbelliferyl glucuronide " 1-MU-Glu
d. SIGMA BAHVv A, @R, 2 ETRO Milli-Q
SP.TOC. ICEDHBLAZLO Mli-Q XK #EF0OF TH
e, BRYEY) CBREREHE 25 mol/L Gk U FBRTK
FH P A KW 218g BRI Y8 1 mL & Milli-Q

KTCEME, 100mLIZEEL THEBL .
A%, PMEsDIC ¥ I - YarY®iET A48,

gl fese 75 AR AR OEARMF U YA, TEE
YRUAFTTHRILAE, A7 LAREGDIZEL
Tono'C ToREMiLL BB L, A7 ¥ L ARFEHDTHE
HLTHwA.

2:2 HBRUBERS

HPLC (&, Agilent 1100 series & FVa7z. HPLC O FfF4&
Table 112 L 720 MS/MS 1X. Applied Biosystems API3000
FHwi, 4 2% 724 AL, electrospray ionization
FEEAWAL Xre3) —BLERTRER. 4500V R
4530C & L1
(MRM! THT-7:. MRM £&fFiX, 100 ng/ml, O % FE ks
R R EERA2 ) >V FE 7T 10ul/min T
MS/MS VLA L, Analyst 1.3.2 ThHaffb L7z,

AR multiple reaction monitoring
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EEL, BT, T, IR, BB, hFE . LO/MS/MSIZE AL FEAYD 7 Y VEET /2 2 F LEO S 1027

Breast Milk 1.00 mL
Surrogate mixture (100 ng/mL) 100 L
Acidic phosphate buffer 100 uL
Ethylacetate/cyclohexane (95/5) 5mL
Anhydrous sodium sulfate 2g
Extraction

Mixing (10 min)

Centrifugation (2000 x g, 10 min)

Dry up of organic phase

Dissolve with CH,CN and water

Deconjugation

Ammonium acetate buffer (2.5 mol/L, pH 6.5) 3 mL
B-Glucuronidase (8.5 U/mL) 60 uL
4-MU-Glu (1.0 ug/mL) 100 pL
Incubation (40°C, 45 min)

Ammonium solution (25%) 100 pl.
Cleanup

OASIS MAX (6cc, 150 mg)

Elute with 2% formic acid containing CH,CN 5mL
Dry up and reconstitute with 40% CH,CN 1 mL

LC-MS/MS Analysis

Fig. 2 Sample preparation for determination of phthalate monoesters in human breast milk

2°3 AIALIEE

BRE L Fig. 202 L L, BPotE, 5B 1.00 mL
(2 100 ng/mL M RER SR GH# 100 pL, 2.5 mol /L B
VBRI 100 uL, FERoFL 2 r Ut
lv/v: 95/5) 5mlL RIFEEKIERRT R 7 49 g il
T 10 5 HBERE L 2. L (2000 < g 10 7R #,
AR ARIL, SFRKWMFTREELL. Shc7+E b=
PV 50 UL, Milli-Q K 1 mL @NETHRMN L CHmL 2.
iz 25mol/LEEET ¥ & =7 LRIEW (pH 65 3mL,
85 U/mL -V Z =¥ —+¥ 60 uL BT 1.0 pg/ml 4-
MU-Glu o0 uL 23R L THEEE, 400 Tas 501 » %
am—pLZ A ¥Fan— b, KECEL, 25% 7
CYEZTFRBEERNLAL. 2RO LHTEIZ D
T 15mL B Milli-Q KbmL TI > 74 a7 L
7o OASIS MAX Bt — F ) w il d &
Waters! (SBFLZ:. #5 54& Milli-Q K5 mL RIFT +

LBee, 150 mg;

F=FU10mlL THEL, 2% FBEA7EF=FY
VosmL TEM LA HHEE, RERFEF, 00 T
B2, 0% TEH P FULESHEA I mLIZHERL
TREWE L b, HBESAHTO PMEs® I ¥ 3 1
cva yERiBRET L0, HHP U PMEs AR SR A
WI kAR IoF Y L IRK 2 AR - L CRT
AL, G R (A BRSO L Ao

3 AR RUEE

3.1 HMARHEORBEL

THIAFE LA PMES 122 WT, 0.0M% FEEET,
FHTATE—FTRIEFAEA 4 LB . 14,
4MU BTF4AMUGI 22w TiE, #¥ 74 7E— VTR
Bl 4 4 e Fod e hs, KEHELT, MINPD
MRM A7 T A& LA (Fig. 3. MNP O % X
MLAARZ PUARSH LN, X—RE—~% [M-H]’
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im/z=991) CHLT, ¥E—-7MELVPRIAKEVT S
AV (m/z=141) 2F=F) 7442 L H
B PMEs oW T E= 7 ¥4 A L&D, F
DFEZRM% Table 2 (IR L 2.

BEANGENT 2 ¥Ro s+ Rl 2 7 V%% T
R M) RKBHRISFREITML AL 5034?:%?111@ E .
T, % 20ng/ml PMEs # &L 8H# 4 MS/MS (2717
—A Y2y aryhFATHALL Fig 1IIBEHHICE
ﬁn&#&mEPE—ﬁﬁﬁmﬂW&TLt.%@F%
2.0 % 10 "% FEEEMEFICEEAS RS REFICR D 2 LAty
Mot T, AOUEREHE, YXFL 4 /A 10
B L0255 50 ng/mL FeESMIES . £
noERiE, UWTorBYThol |x: BEHMLBE
V- 2T (B S N SREEEE | MEP:

9

ing/mLJ), ¥:

y=0.129x — 0.0001 (FF, LO0O0) ; MBP: y =0.0814x + 0.0083
07, 0.999) ) MBzP: y = 0.0341x + 0.0008 (', 1000 ;
MEHP: y = 0.0658x + 0.0040 (», 1.000' ; MEHHP: y =

= o) - a 0

c—0 C—O0—CgHyy
o] &

9

/'
100 3y

E [o:c — c,u,,] :
: ol
l 141
@ 1214, 247
z 77

147
i " L

50 100 160 200 250 300

mz

Fig. 3 MRM spectrum of MiNP

KAGARU Vol. 56 12007

0.0650x = 0.0020 (r', 1000 ; MiNP: ¥y = 0.1640x — 0.0107

OF 0,998,

3.2 AUAAIRK

fEFLGE, BRI T CHBIBIM L M S TIRIEER &
WL, Ry 7 BeERRRLL KICKERT > €
ERFN 1T AR g A R S (TR T
FOERBEMIZ2WTIX, PMEs @7V 710 7 Bia & &8
mOATF, BRCHRFICHETE A+ o RO BHLORERS
WL so, +MUG ORFEEGZIHEE LT L.
Fo&ER, BEOERBRZ, 4+MUGPEEIZHAL
THMUDEEN 7T b—ZET 545 T2 L. 4,
ZN—rT oy T, EHERAG CLBRESATD
OASIS MAX B 7e, HHEZHEEMEMFTTHY I LICA
L, Milli-Q KEIF7E b= ML THiFHK, PMEs. 4-
MU-Gln B0 MU 25EHT5 2% FBEF7EF=FY
W E5mL CHHTAZ EE L.

33 EETER
PMEs 22w T & PDEs & A BICEBRIED & R~
DAYFId—TaLNERINE ok, RERT
FHREERE A SIRAT S PMEs BRE RNy 2757 L F
1“&‘ BT LA ARTRTHL. ZOHFHIIEL
, BOEDLO PMEs A S IR VI EEERL AT
/zﬁtﬁhk'&.;ztﬂk LClHEEOREE T, B L 2R
A ORIH XL A PMEs IBEZ Sy 2 /57 L FEEL
72, MEP, MBzP, MEHHP RI¥MiNP D23y 7 75 % »
FEE, 0.2 ng/mL £ TH o7, MBP KIF MEHP @23
wa gy FiE, £FhER, 0252009 RTF 233 =
0.06 ng/ml Td -7z, MBP BT MEHP @ik FR#% /3
w2 ¥I s FE+BREE S 5IIED, FhEhoT ik
F 2.7 ng/mL & L7

Table 2 MRM conditions
Compounds MRM transitgon/ m/ 2 CE®/eV RT" /min
MEP -193 > —191 =1 1.6
MEP-"C, =197 > =79 - 96 1.6
MBP -291 > =77 - 96 28
MBP-"C, =g95 > =79 ~24 28
MBzP 955 > -77 32 2.9
MBzP-'"'C, 959 > 107 20 19
MEHP 977 > —13%4 94 7.1
MEHP-""C, 281 > —137 =94 7.1
MEHHP -293 > —121 - 30 25
MEHHP-'"C, -9297 > —145 =20 2.5
MiNP —ag] > —141 - 96 7.6
MiNP-"C, -295 > -79 36 7.6
+MU FIFT ¥ W + 49 1.%
+MU-Glu +353 > 4177 23 1.0

a) collision energy; b) retention time
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Fig. 4 Effects of formic acid in eluent on peak area of MPEs
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Table 3 Means of recoveries and relative standard
deviations (RSD) of PMEs from consumer
milk

Forufied concentration
PMEs 5.0 ng/mL 50 ng/mL
Recovery, %o RSD Recovery, %% RSD

MEP 103 (1.3) 103 (0.1)

MBP 96.5% (4.8) 103 (2.4)

MB:P 101 (3.0) 105 (L)

MEHP 9.8 (3.0) 106 (0.4)

MEHHP 101 (1.7) 106 (3.2)

MiNP 102 (3.1) 104 (0.2)

n==5

34 FRANEIRLEER

M F-FLIZ PMEs & # B IEAT 5.0 B T8 50 ng/mL 2%
LEAEMLZ b 0% F B L-GRINEILERE % 17 -
o, AATEIE s E L7 5.0 BT 50 ng/mL MBI I
BT, BAFLRBEIE (963~ 106%) KM 2
(5% i #RL7 (Table 3).

35 BEAOBIPO pMEs BE

AT LAAHAANDEI (11 k) o3 2THh S, MEP,
MBP, MBzP, MEHP BTN MiNP #8220 MEHP O]
SHATKRIL S h U TH DL MEHHP (220 Tk, | K
hosh ot shi, RENL 2T 75 L% Fig. 5
WAL, ARPETORLOFHER L Main 5128 5 F
PRI RFET AT RTOGHAERYE Table 4103
WTHB LA, MEP BUFMB2P I22WTCiE, AEAE 7>
R MF74 27 FOET, FORRMEIIEML A
fiChot. —N, MBP RIFMEHP &Hdefiid, HAA
OFFLOE IDNEFESL L e/ nidimicd s b #Es
SRl H, MINPORIEICDWTI, HAAORILT
WHEED 12 ng/mL THLDWIH LT, Frv—2 Rk
F74 272 FTW, £hEh, 100 RTF 89 ng/mL TH

MBzP; @: MEHP; &: MEHHP; I
Paints represent the average of three experiments

3.0
S-1) M-1)
| v
0
20
S-2) M-2)
L +
0 P
—~ 4.0
§ S-3) v M-3)
; I
x 0
%*’-" S-4) ¥ M-4)
& .0
120
S-5) M-5) v
. i 1
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S-6) M-6)
+
i A
0 2 a 6 B 0 2 4 8 8
Retention time/min
Fig. 5 Typical MRM chromatograms of standard

solution (S) and test solution prepared from human
breast milk sample (M)

S§-1) MEP, 1 ng/ml; M-1) MEP in human breast milk ;
5-2) MEHHP, 1 ng/mL; M-2) MEHHP in human
breast milk (not detected); 5-3) MBP, A ng/ml; M-3)
MBP in human breast milk; S-1) MBzP, 1 ng/mL; M-
4) MBzP in human breast milk; S-5) MEHP, 50
ng/mL; M-5) MEHP in human breast milk; S-6)
MiNP, 5 ng/mL; M-6) MiNP in human breast milk

D, BRAORALE LB L CHEiisnRn L. ZOkIkE
WASRG BN Lk, PDEs BT PMEs OB B 21583
59 ATRKBECARTHL, Pre—2RUFZ742F >
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Table 4 PMEs in human breast milk (ng/mL)

Japan (n = 11; This study) Denmark (2 = 653" Finland (n ~ 65)""
PMEs

Median Range Median Range Median Range
MEP 0.5 3 = 1.3 0.93 0.07 =~ 336 0.97 025 ~ 41.4
MBP 26.0 1.8~ 158 4.3 0.60 =~ 10900 12 24 ~ 123
MB:zP 1.0 0.7 ~ 743 0.9 02 -~ 14.0 1.3 0.4 -~ 26
MEHP 279 14 =~ 129 9.5 i~ 191 13 1.0 ~ 1410
MEHHP 20,2 <02 ~ 02 ND ND*
MiNP 1.2 n7 - 8.7 101 27 - 469 39 28 == )
4) not detecred

ARMBEEET A EYHE L ORISR SRT SR T 149 (1997).

WAREH L EU T DINP & DEHP IIHT AR EWHFMO
EH RS OEGORFLE T MINP A MEHP X 0 i
ETRBEhsEHo ok LTHEZEINL,

KA RICEDWT, LED A D 5O PMEs O
iz RMEb -2, FAROBREIL4kg 2 L, PREDIRE
DEPMEs #5821 HY 20 600 mL BELL 24—
A &MELT, PMEs DKHE 1 kg /20 @ 1 H U 2 LL
ForBHHEHB LA MEP: 0.075; MBP: 3.9; MBzP: 0.15;
MEHP: 4.2: MEHHP: <C0.030: MiNP: 0.18 ‘ug/kg/day .
DEHP @ 1 HEHILE TDD I,
TdHA. DEHP O HEE MEHP O #HEAS L w2 oA
Dbk, ThEGFFEICETE, MEHP O TDI £ LTH#
HE2E, 26~100 pg/kg/day L7 bh. HHBAPSO
MEHP O HEHE ik, ZoRMO TDI %

37 ~ 140 pg/kg/day

1.2 pg/kg/day

Tl 5., FA, BRBEREHELLHBEIIOVWTD,
MEHP OERLE L 194 pg/kg/day TH Y, {RED TDI %
THES.

4 4 El
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Lz, BRI, AHEOEELRBRETHAZ L6,
AL LR G PMEs D BEROBTIZRIZob o Xk
Eiohd 58, oHfzigeTE L, BELESP
7) PMEs OBEZ B2 TotT L, fEFLP @ PMEs OIREL X
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iHH o PMEs T4 % L, EXBosT+EDTW
5.
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Phthalate diesters (PDEs) are ubiquitous contaminants in our life. Phthalate monoesters
(PMEs) and their glucuronide conjugates are common metabolites of PDEs, which are
detectable in sera and urine of humans exposed to PDEs.  In animal studies, some PDEs and
PMLEs are toxicants to the reproductive and developmental systems.  Thus, studies about expo-
sure to PDEs and PMEs in human fetus and infants are required.  Breast milk is one of the most
unportant resources of nutrition to infants.  However, there is significant information about the
concentrations of PMEs in huinan breast milk.  We developed a method to determine PMEs in
human breast milk by using a liquid chromatograph-tandem mass spectrometer.  Breast milk
was extracted with ethylacetate/cvclohexane under an acidic condition.  The organic phase was
dried under an N» stream and dissolved in an acetic ammonium buffer. The extract was
processed using enzymatic deconjugation of the glucuronidase, followed by solid-phase purifica-
tion to obtain a test solution. The recoveries and relative standard deviations of PMEs (5.0
ng/mL) fortified in consumer milk were satisfactory, which were 96.3~ 1 03% and less than 5%,
respectively.  Eleven human milk samples obtained from Japanese women were examined.
Monocthylphthalate (median; range, 0.5; 0.5~ 1.5 ng/mL), monobutylphthalate (26.0; 1.8~
156), monobenzylphthalate (1.0; 0.7~ 74.3), monoethylhexylphthalate (27.9; 4.4~ 129) and
monoisononylphthalate (1.2; 0.7~ 8.7) were detected from all of the samples.  This method
would be useful for the determination of PMEs in human breast milk.

Keywords : phthalate monoester; breast milk ; LC/MS/MS.
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Abstract

This study presents the results of a total diet study (TDS) performed for estimating the dictary intake of
polybrominated diphenyl ethers (PBDEs) in Osaka, Japan. The concentrations of 36 PBDEs were measured in
14 TDS food group samples (groups I-XIV). PBDEs were detected only in groups IV (oils and fats), V
(legumes and their products), X (fish, shellfish, and their products), and XI (meat and eggs) at the
concentrations of 1.8, 0.03, 0.48, and 0.01 ng-g", respectively. For an average adult, we estimated the lower
bound dietary intake of penta- and decaBDEs (sum of tri- and nona- through hexabrominated and
decabrominated congeners, respectively) to be 46 and 21 ng-d', respectively (assuming ND = 0). PentaBDE
constituents were dominant in groups V, X, and XI. In contrast, we observed a high proportion of DeBDE-209
in group IV. To confirm the presence of DeBDE-209 in vegetable oils, we performed an additional analysis
using 18 vegetable oil samples; of these, 7 contained DeBDE-209 at the ppb level. Further studies are required
to reveal the pathways of oil contamination and to examine the formation of toxic polybrominated dibenzo-p-
dioxins/dibenzofurans (PBDDs/PBDFs) from PBDEs under specific cooking conditions.

Introduction

Polybrominated diphenyl ethers (PBDEs) are widely used as flame retardants in a variety of consumer products.
PBDEs are persistent and lipophilic in nature, and thus they accumulate in the food chain. Fish and other fatty
foods have been recognized as sources of human contamination with PBDEs. We have reported the PBDE
levels detected in marine fish' and dietary supplements® from samples collected in Japan. Other researchers have
also reported the PBDE levels in a variety of Japanese food items’ . However, human exposure to PBDEs has
not been sufficiently documented through a total diet study (TDS) in Japan. This study presents the results of a
local-scale TDS performed for estimating the dietary intake of PBDEs. Further, the results of an additional
analysis of 18 vegetable oil samples has been discussed.

Materials and Methods

Sample collection: A total of 125 food samples were purchased from 2 supermarkets in Osaka in 2006. TDS
samples were prepared based on the official food classification and consumption data obtained from the
National Nutrition Survey, which was conducted by the Ministry of Health and Welfare of Japan from 2001 to
2003. These food samples were cooked or prepared for consumption in a typical manner and blended to form 14
food group composites. These food groups were designated as groups I-XIV as shown in Table 1. In addition,
18 bottled vegetable oil samples obtained from rapeseed, com, safflower, sesame, olive, and soybean were
purchased from 2 supermarkets in Osaka in 2006 (Table 2).

Chemicals: Standard solutions of PBDEs were purchased from AccuStandard (New Haven, CT, USA) and
Wellington Laboratories (Ontario, Canada). In this study, 36 PBDE congeners having 3—10 bromine atoms were
monitored. PBDE numbers were assigned according to the [IUPAC PCB nomenclature. Acetone, acetonitrile,
and n-hexane of pesticide analysis grade and 44% sulfuric acid-impregnated silica gel and n-nonane of dioxin
analysis grade were purchased from Wako Pure Chemicals (Osaka, Japan).

PBDE measurements: The TDS sample was digested with 1 mol'L™" aqueous KOH for 2 h at room
temperature after adding '*C),-labeled surrogate standards. Subsequently, alkaline hydrolysate was extracted
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twice with n-hexane. The extract was purified with sulfuric ac1d mlpregnated silica gel by using n-hexane as an
cluent. The eluate was concentrated and then spiked with a Clz—labeled injection standard. The additional
vegetable oil samples were diluted with n-hexane after adding ' 3C)>-labeled surrogate standards and partitioned
3 times with n-hexane-saturated acetonitrile. The acetonitrile phase was combined and e\aporated to dryness.
The residue was treated with the sulfuric acid-impregnated silica gel and then spiked with the 13C,,-labeled
injection standard. The cleaned extract was assayed with a gas chmmalograpln /mass spectrometry (GC/MS)
system. Quantitation was based on an isotope dilution method by using 3C,,-labeled internal standards. The
mean percent recovery of most PBDEs ranged from 80% to 110%. The limit of detection (LOD) for all the
PBDE congeners ranged from 0.01 to 0.1 ng-g”’

Results and Discussion

Example chromatograms of the standard solution and TDS samples are shown in Fig. 1. The PBDE
concentrations in the TDS samples are shown in Fig. 2A. PBDEs were detected only in food groups IV (oils and
fats), V (legumes and their products), X (fish, shc]]ﬁsh and their products), and XI (meat and eggs) at the
concentrations of 1.8, 0.03, 0.48, and 0.01 ng-g”', respectively. Fig. 2B reveals the lower bound intake of

PBDEs  (assuming ‘ ' ) i _
- p, I'able 1. Information ol 14 food groups of the total diet study in Osaka. 2006
ND 0). For an 2
average adult, W€ (nupNo.  Fooad composition { NL':: ;::::l’mm ' 'p": N ."Jm‘"“ Ehubiy '"m::_‘r; .
estimated the lower : : b 3
b d diet: intak l Rice and rice products 2 0.28 334
ound aietary intakes Grains. sceds, and tubers 15 29 179
of pentaBDE (Sum of m Sugar and conlectioneries 6 20 342
. v Oils and faty 4 93 1.4
igSPB#D:ig‘s :3]27‘ igg’ v I.ezumes and their products 6 &2 3R
s s > 5 Vi Fruits 1 016 123
#35, #37, #47, #49, Vil Brightly colored vegetables 13 0.29 100
#66, #7 1: #75 #77, VIl :lal:':-:‘r;‘gul:lhlc:\. mushrooms, and 13 0.28 184
#85, #99, #100, #116, 1X Beverges ¥ 0.01 577
X Fish. shellfish. and their products 23 7.1 89 4
#118’ #119 #126' Xl Meat and cggs 8 18 124
#138, #153, #154, xu Milk and dairy products s 6.7 157
#155. and #]66) and X Scasonings and other processed foods 11 R& 91.3
XIv Dnnking water 1 H] 250
decaBDE (sum of 4 Daily intake wa q'n; :l I'L»r an average adull consumer in Osaka based on the reponts of National Nutrition Survey
QIR ke Was esl (s 1 Lrage & " L 4 AR Dased s PP O L Nu on 2 N,
PBDEs: #206, #207, 001 w0 2003.
#208, and #209) to be w3 Standard solution Standard solution

1% | "y

46 and 21 ng'd I‘ mﬂ\ mm (Tr-HxBDEs) L] . {Hp-DeBDEs)
respectively, and the -c.,-::: B . ::::

ﬂliddle' (ND — 1/2 - ma:mlm “o‘m 97 | urse

LOD) and  upper ., rmce L nags Py B N~ S

bound intakes (ND = WM |77 | 1 BN I | O
LOD) to be 330 and I - - e | -
610 ng-d" for HiBOE DesoE ¥ ol
pelIIBBDE and 310 ¥, HIBOE ——j—l— 'C,) DTBOE : A
and 600 ng-d'l for YT 13 1 15 18 17 18 19 7 11 20 2 21 21 74 25 2 2 @ M W

decaBDE,
respectively.
Comparison data of
the estimated dietary
intake of PBDEs in
different countries are
shown in Table. 3.
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PBDE dietary intake
values estimated in
this study  were
almost comparable to
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those reported in the UK (91 ng-d ')°, USA (88 ng-d ')’ Spain (82 ng-d™)*, Japan (68 ng-d')*, Sweden (51 ng-d
') (middle bound)’, and Belgium (23 ng-d™')"’. Assuming that a typical Japanese adult weighs merely 50 kg, the

lower, middle, and 2 50
upper bound intakes Oia & fana A - - [l oeeoe200
were estimated to be (A) ' (B) B rxeoe1s
0.0009, 0.007, and : i: 40 T
0012 pgkg'd' for & > B
pentaBDE and 0.0004, = ® 30
0006, and 0012 § 3 [ reces
pgkg'd! for g 1 & {7 PeBDE-100
decaBDE, respectively.  § B 20 B reeoeee
Q )
These values were 2-5 g £ B reeoe o
orders of magnitude © E
low 10 E reeoe4s
ower than the
TrBDE-2833
reference  doses of m
penta- and decaBDE (2 0 0
and 10 pgkg'd’, v VvV X X
respectively), both of Food group Food group
which were Fig. 2 Concentrations of PBDES in foods (A) and estimated daily intakes of PBDEs from foods (B)
-]

Table 2. Information of vegetable oil samples I owsoc2n
No. (hl COMPOSItIon Country ol ongin_ Boltlle matenal  JAS centilicd

| Rapeseed oil NA PLT No { nosoe200
2 Rapeseed oil NA PET Yes 4 D NOBDE.-207
3 Rapesend oil NA PE. ENOH Yes -

4 Rapeseed oil Japan PET No E i Nere-20n
5 Rapesced oil Japan Gilass No ? . HBDE 138
6 Rapesead oil Japan Glass No ~ 3 . =
7 Brended oil (rapesced. sovbean)  NA PE.EVOII Yes g o

8 Brended oil (rapesced, sos bean) NA PE. EVOH Yes -E @ HXBOE- 154
9 Comml NA PET Yes

10 Comoal NA PET No g 2 Bl reoess
11 Comml NA PE. FN'OH No s j PeROE 49
12 SafMlower vil NA FET Yes o 5 e,
13 Safflower oil NA PET Yes E

14 Scsame oil NA Glass Nao 1f [ renoess
15 Sesame vil NA Glass Yes . TeBDE4T
16 Brended oil (penlla. sesame) NA Glass No

17 Olive oil Spain Glass No ] reoocas
18 Brended oil (unspecified) NA PET No 0

Abbreviation: NA. not available, PE 1 polycthy lene terephthalate, PE, poly cihy lenc: No1 No2 No3 No4 No7 No.ié No.i8

Ripesssd  Napecss  Mapetest  Sapidted Kiapedeed & :::: Unagas e
Fig 3. Concentrations of PBDEs In vegetable oil samples
Table 3. Comparison of estimated dietary intake of PBDEs in defferent countries

EVOIL ethy lene-vim | alchol copoly mer: JAS. Japanese Apriculiunl Standand

Country Daily intake per capita (ng-d-')* Sampling year Target congeners Reference
Lowerbound Middicbound Upperbound

UK 91 - - 1999-2000 47,99, 100, 153, 154 Harrad ct al., 2004

UsSA §g** - 2003-2004  17,28,47.66,77. 85,99, 100, 138, 153, Schecter et al.. 2006
154. 183, and 209

Spain 82 97 2000 Tetra- through octabrominated congeners  Bocio et al.. 2003

Japan - 94 - 1995 47,99, 100, and 153 Wada et al., 2005

Japan 68 2 - 47.49.66, 71, 77.85,99,100. 119, 126,  Ashizuka ct al . 2004
138, 153, 151, and 183

Sweden 51 1999 47.99. 100, 153, 154 Darnerud et al.. 2001

Belgium 23 35 48 2005 28, 47,99, 100, 153, 154, and 183 Voorspocls ct al., 2007

Japan 46 330 610 2006 PentaBDE (17, 25, 28, 30, 32, 33, 35,37,  This study

47.49.66, 71.75.77. 85,99, 100, 116.
118, 119,126, 138, 153, 154, 155, and 166)

Japan | 30 600 206 DecaBDE (206, 207, 208. and 209) This study

*Lower, middle, and upper bound intakes were estimated by assuming the nondetect values as zero, one half of the detection limit, and the
detection limit, respectively. **The intakes were estimated for 70 kg males aged 20-39 years.
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proposed by the US Environmental Protection Agency. These results suggested that the dietary exposure to
PBDESs was not serious in Japan as well as in the other reported countries.

PentaBDE constituents such as TeBDE-47 and PeBDE-99 were dominant in food groups V, X, and XI. In
contrast, a high proportion of DeBDE-209, a major constituent of decaBDE, was observed in the group IV food
samples, which mainly consisted of vegetable oils (Fig. 2A). To confirm the presence of DeBDE-209 in
vegetable oils, we performed an additional analysis using individual oil samples obtained from rapeseed, corn,
safflower, sesame, olive, and soybean. We observed that 7 out of the 18 oil samples contained DeBDE-209 as a
major or secondary dominant congener at approximately the ppb level (0.7-2.6 ng-g”’, Fig. 3). These results
partially explained the reason for the high proportion of DeBDE-209 found in the group IV food samples.
Sample No. 2 was the most contaminated rapeseed oil, and it contained TeBDE-47, PeBDE-99, and DeBDE-
209 at the concentrations of 0.59, 1.8, and 1.5 ng'g ', respectively. The results indicated that this vegetable oil
sample was contaminated with both decaBDE and pentaBDE. The contamination may have occurred during the
oil manufacturing processes. Another possible pathway of contamination involved the absorption and adsorption
of PBDEs by the original farm plants during their growth processes. Mueller et al. reported that both radish
(Raphanus sativus L.) and summer squash (Cucurbita pepo L.) absorbed pentaBDE from contaminated soil in a
model experiment''. Thus, farm plants probably absorb a part of the PBDEs from contaminated soil. Hale et al.
reported that 11 biosolid fertilizer (recycled sewage sludge) samples that were collected from different regions
in the US all contained high concentrations of penta- and decaBDE (1100-2290 and 84 84890 ngg™' dry
weight, respectively)'®. The land application of biosolids may increase PBDE levels in farm plants and their
products. However, the relationship between PBDE levels in plants and those in soils has not been sufficiently
documented. In addition, it is known that considerable amounts of polybrominated dibenzo-p-
dioxins/dibenzofurans (PBDDs/PBDFs) can be formed from PBDEs under thermal stress conditions'”. Further
studies are required to reveal the pathways of oil contamination and to examine the formation of toxic
PBDDs/PBDFs from PBDEs in heated vegetable oils under specific cooking conditions.
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Abstract

Polybrominated diphenyl ethers (PBDEs) are widely used as flame retardants in different types of consumer
products. PBDEs are now ubiquitous environmental contaminants. Several studies have indicated that PBDEs
may affect male fertility. We present the results of a pilot study on the relationship between human serum
PBDEs and sperm quality. Serum and sperm samples from 10 healthy Japanese males aged 18-22 years were
obtained in St. Marianna University. The PBDE concentrations in the serum samples were determined using gas
chromatography/mass spectrometry. Four PBDE congeners (2,2'4,4'-tetrabromodiphenyl ether (TeBDE-47),
2,24, 4' 5-pentabromodiphenyl ether (PeBDE-99), 2,2’ 4 4' 6-pentabromodiphenyl ether (PeBDE-100), and
2,2'4,4'5,5"-hexabromodiphenyl ether (HXBDE-153)) were quantified in all serum samples. The median levels
of the individual PBDE congeners were 1.4 ng-g ' lipid weight (Iw), TeBDE-47; 0,21 ng:g” Iw, PeBDE-99; 0.24
ngg”" Iw, PeBDE-100; and 0.72 ng-g ™" Iw, HXBDE-153. Thesc levels are comparable to those found in European
countries. Clear inverse correlations were observed between the serum HxBDE-153 concentration and sperm
concentration (r = —0.838, p = 0.002) and testis size (r = —0.764, p = 0.01). However, the serum concentrations
of the other 3 congeners did not correlate with sperm concentration or testis size. Extensive studies on the
relationship between PBDEs and sperm quality are required.

Introduction

Polybrominated diphenyl ethers (PBDEs) are used as flame retardants in the production of common consumer
products. PBDEs are now ubiquitous and persistent environmental contaminants, and they have been detected in
human tissues. Because PBDEs have some structural similarity to thyroid hormones such as thyroxine (T4), it
was speculated that PBDEs may mimic thyroid hormones and may disrupt thyroid homeostasis. Several studies
indicate that exposure to PBDEs can reduce circulating levels of T4 in laboratory animals' and can cause
permanent neurological effects similar to those associated with thyroid hormone deficiencies’. In addition,
several PBDEs possess weak estrogenic/antiestrogenic activities’. The proliferation and differentiation of Sertoli
cells and sperm production are regulated by thyroid and sexual hormones. Thus, PBDEs may affect male
reproductive health by interfering with thyroid and sexual hormone function. Kuriyama et al. have reported that
developmental exposure to a single low dose (60 pgkg ' body weight) of 2,2'4.4' 5-pentabromodiphenyl ether
(PeBDE-99) decreased sperm counts in male Wistar rats’. However, no previous studies have examined the
relationship between human PBDE levels and sperm quality. We participated in the international project
examining the sperm quality of fertile men and found that the sperm concentration of Japanese men was lower
than that of European men’. The examination of sperm quality and the estimation of the concentration of
chemicals in the serum would be required to reveal the correlation between the sperm quality of Japanese men
and their exposure to chemicals. The aim of this pilot study was to measure PBDEs in serum samples from
Japanese young males and to examine the relationship between serum PBDE levels and sperm quality.

Materials and Methods

Sample collection: Blood serum and sperm samples were collected monthly from 45 young Japanese males at
the Department of Urology, St. Marianna University School of Medicine, in 2003. The men were asked to
remain abstinent for at least 48 h before sperm collection. The blood samples were collected in vacuum tubes,
and the serum fractions were separated by centrifugation. Serum samples were stored at —80°C until analysis. Of
the 45 sample sets, 10 sample sets were randomly chosen for this study. For PBDE analysis, 10 pooled serum

Organohalogen Compounds Vol 69 (2007) P-216 1926



