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was next investigated in reactions carried out at 30°C by
adding 5 mL of buffers of different pH, 1 mL of 1% sodi-
um tetraphenylborate solution, and 2.5 mL of n-heptane
to 1 mL of 100 ng/mL methylmercury solution. The fol-
lowing buffers were evaluated: 0.2 mol/L. phosphate buf-
fer at pH 2, 3, 4, 6, 7, 8, 11, and 12; 0.2 mol/L acetate
buffer at pH 4, 5, and 6; and 0.2 mol/LL Tris buffer at pH
7, 8, and 9. The effect of reaction time was investigated
at reaction times of 0, 10, 20, and 30 min. For 0 time re-
action, centrifugation was performed immediately after
mixing of all solutions and solvent. Figure 1 shows the
peak areas for methyl phenyl mercury and biphenyl gen-
erated by phenyl derivatization under various condi-
tions. With increasing pH, the methyl phenyl mercury
peak area decreased. However, the degree of the change
was small, and the peak area for reaction at pH 7 was
about 90% of that at pH 2. In contrast, the biphenyl
peak area was greatest at pH 2, declined steeply up to
pH 5, and was negligibly small at higher pHs. The meth-
yl phenyl mercury peak area remained relatively con-
stant regardless of the reaction time, and the reaction
was considered to proceed quickly. In contrast, the bi-
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phenyl peak area increased as the reaction time in-
creased. No difference in the methyl phenyl mercury
peak area was observed at reaction temperatures of 25,
30, and 40°C. Based on these results, phenyl derivatiza-
tion reactions were carrvied out with 1% sodium tetra-
phenylborate solution in 0.2 moV/L phosphate buffer (pH
7.0) with shaking for 10 min at room temperature.
Subsequently, it was confirmed that under the above
reaction conditions, methylmercury can be phenylated
even in organic solvent, similarly to agueous solutions.
Toluene was selected as the organic solvent because it
permits easy transfer of methylmercury. To 2.5 mL of a
40 ng/mL sclution of methylmercury in toluene, 5 mL of
0.2 mol/L phosphate buffer (pH 7.0) and 1 mL of 1% so-
dium tetraphenylborate solution were added and reacted
by shaking for 10 min, after which the toluene layer was
collected (condition A). At the same time, to 2.5 mL of
40 ng/mL methylmercury in 0.2 mol/L. phosphate buffer
(pH 7.0), 2.5 mL of 0.2 mol/L, phosphate buffer (pH 7.0),
1mL of 1% sodium tetraphenylborate solution, and
2.5 mL of toluene were added and reacted by shaking for
10 min, after which the toluene layer was collected (con-

Reaction time
30 min
# 10 min
#20 min

®30 min

Reaction time

0 min
# 10 min
20 min

&30 min

Fig. 1.

Effects of pH and reaction time on (A) methyl phenyl mercury and (B) biphenyl GC-MS peak areas
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dition B). The methyl phenyl mercury peak area ob-
tained was 11,1341=160 under condition A and was
11,311+87 under condition B (n=3).

The transfer conditions of methylmercury to toluene
from acidified L-cysteine solution were also investigated.
L-cysteine solution was acidified with 30 mL of 6 mol/L
hydrochloric acid, and methylmercury was extracted
with 30 mL of toluene three times. The transfer rate was
evaluated based on the amount of methylmercury in tol-
uene layers obtained in three steps. The transfer rate at
the first procedure was 74.1%. At the second and third
times, the rate was 19.0% and 5.1%, respectively. Thus,
it was concluded that efficient derivatization can be
achieved by using 1% sodium tetraphenylborate solution
for the reaction after transfer of methylmercury in 1% L-
cysteine solution to toluene by extraction three times.

Selection of PEG amount co-injected

In GC-MS calibration curves constructed from data
obtained by direct injection of methyl phenyl mercury
solutions prepared by the derivatization of methylmer-
cury, the intercept was always negative. It was suspect-
ed that a portion of the injected methyl phenyl mercury
was lost by adsorption in the GC-MS instrument. There-
fore, the effect of co-injecting PEG to suppress adsorp-
tion of methyl phenyl mercury was investigated. As a
preliminary experiment, 1 mL of measurement solution
prepared from 20 ng/mL methyl mercury solution was
mixed with 0.5 mL of 1.5 mg/mL PEG200 solution or
0.5 mL of toluene and both mixtures were injected into
the GC-MS. The peak area of the solution containing
PEG was 3884149, while that of the solution not con-
taining PEG was 2550+190 (n=3). These results sug-
gested that PEG worked as anticipated. Then, the condi-
tions of PEG co-injection were optimized. Based on the
molecular weight of methyl phenyl mercury, PEG200
and PEG300 were evaluated.

Measurement solutions containing 250, 500, or 750 ng
of PEG200 or PEG300 and methyl phenyl mercury were
prepared, and 1 uL of each solution was injected into the
GC-MS. Although, co-injection with PEG increased the
peak area about 1.5 times as described above, increasing
the amount of PEG injected from 250 to 750 ng produced
only a slight increase in the methyl phenyl mercury
peak area. In addition, no difference in peak area was
observed between PEG200 and PEG300 (Table 1). Be-
cause the boiling point of PEG200 is lower than that of
PEG300, so that the final GC column temperature can

Table 1.

be set lower, PEG200 was selected for co-injection. In or-
der to minimize contamination of the GC-MS instru-
ment, the minimum effective amount of PEG200 was co-
injected, which was 500 ng. No extra peaks was found on
the chromatogram of methyl phenyl mercury solution
(100 ng/mL as methyl mercury) co-injected with 500 ng
of PEG200 (Fig. 2)

Elimination of ethylenediamine-N-propyl silane column
{PSA column) clean-up from the original method

In the original method, the orange pigment thought to
be a reaction by-product of the phenyl derivatization of
methylmercury was removed using a PSA column. In
the present method, this pigment was not observed, pre-
sumably due to the improvements in the phenyl de-
vivatization method. Therefore, we considered that re-
moval of the PSA column purification step from the
analytical procedure would be desirable from the view-
point of labor reduction. However, it was unclear wheth-
er or not the matrix derived from the sample and any re-
maining derivatization reagent need to be removed. To
address this issue, measurement solutions prepared us-
ing various fish samples (cod, tuna, mackerel, and boni-
to) were analyzed after purification using a PSA column
and the results were compared with those of measure-
ment solutions not subjected to PSA purification. A mea-
surement solution prepared from methylmercury stan-
dard solution was similarly measured as a control. No
difference was observed between the chromatograms of
the methylmercury standard solution and those of the
fish samples. The ratios of the methyl phenyl mercury
peak areas for the measurement solutions prepared with
and without PSA column purification from methylmer-
cury standard, cod, tuna, mackerel, and bonito were in

2,000
: Methy1 phenyl mereury

1,500 ¢

1000 |
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Intensity
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Fig. 2. GC chromatogram obtained from methyl phenyl
mercury co-injected with 500 ng of PEG200

Comparison of GC-MS peak areas for methyl phenyl mercury co-injected with different amounts of PEG200 or 300

Peak area of methyl phenyl mercury

Metheyl mercury Amount of PEG200 co-injected (ng)

Amount of PEG300 co-injected (ng)

(ng/mL)
250 500 750 250 500 750
0 —_— — — J— — —_—
2.5 460 480 513 452 459 507
100 18,597 18,754 19,269 18,642 18,976 19,389

—: signal not detected
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the range of 1.00—1.01 in all cases. Thus, the use of a
PSA column to remove the pigment had only a minimal
effect on both the chromatograms and the peak areas,
and as the degree of purification afforded by the column
was considered to be small, its use was omitted.

Validation of the analytical method

The trueness, repeatability, and intralaboratory re-
producibility estimated based on the analytical results
for four different CRMs are shown in Table 2. The same
parameters estimated based on the analytical results for

two different spiked samples are shown in Table 3.
Trueness is the closeness of agreement between the av-
erage of the analytical results and the reference quanti-
ty value (certified level for CRMs or the spiked level) in
this study. Repeatability is estimated as the standard
deviation of the analytical results obtained in repeated
determinations. Intralaboratory reproducibility is one
kind of estimate of intermediate precision, and is esti-
mated as the standard deviation of the analytical results
under intralaboratory condition in this study. The true-
ness estimated from analysis of the certified reference

Table 2. Trueness, repeatability and intralaboratory reproducibility estimated by analysis of certified reference materials

Certified Result (mg/kg) Trueness Repeatability Intralabo.ra‘t.ory
Sample level  Analyst (%) (RSD% reproducibility
(mg/ke) 1st 2nd 3rd 4th 5th average ° i (RSD %)
, Portionl 05261 04763 05013 05072 0.4982 . = 08 2
Portion 2 0.5347 0.4771 0.5036 0.5108 0.5074 ! : :
CRM 058002 Portion1 0.5685 0.5397 0.5518 05102 0.5889 =~ Ly 5
7402-a  (as Hg) Portion 2 0.5756 0.5595 0.5568 0.5165 0.5251 ~°% - :
Portion 1 0.5200 0.4816 0.5201 0.4413 0.4420 ; 3 _
C Portion2 05017 0.5085 05374 0.4574 05184 0493 85 5.5 7.3
Portion 1 3.078 2.952 3.030 3.091  3.000 i _
A portion2 3.056 3137 2904 2910 2677 2981 98 4.6 4.6
BCR-  3.04%0.16 Portion 1 2.997 2.896 2.841 2924 2.865
463  (asMeHg) © Portion2 2913 3079 2865 3055 3008 2944 97 3.0 3.0
o Portionl 2959 2752 2788 2742 2677 . . s
Portion 2 2.700 2.664 2.857 3.263 2607 - :
Portion 1 5.432 6.032 5.078 4.942 5.321 _ R _
A Portion2 5316 5086 4866 4976 5205 225 95 6.0 6.5
ERM- 5504017 . Portionl 5.332 5287 4830 5150 5367 _ . 26 s
CE464 (as MeHg) Portion 2 5.456 5.150 5.093 5436 5.349 =% o : =
Portion 1 5.607 4.805 4.739 5.085 4664 _ . i
€ Portion2 5341 4854 5180 4986 4g7z 0013 91 3.6 61
Portion 1 4.562 4.620 4.419 4457 4.433
ac . .
A Portion2 5207 4497 4853 4478 ds7s 619 92 6.0 6.0
CRM  5.00%0.22 Portion 1 4.752 4.724 4.701 4776 4.839 . }
74032 (asHg) © Portion2 4819 4689 4619 4718 4861 700 9 09 16
¢ Portonl 5177 4185 4331 4762 4406 o 6o
Portion 2 4.600 4.225 4.285 4.370 4.416 =% - :
Table 3. Trueness, repeatability and intralaboratory reproducibility estimated by analysis of spiked samples
Splked‘ Result (mg/kg) Trueness Repeatability Intralabo?‘a‘t(‘)ry
Sample concentration Analyst (%) (RSD%) reproducibility
(mg/kg) 1st 2nd 3rd 4th 5th average ° 0 (RSD %)
Portion 1 0.2449 0.2616 0.2726 0.2766 0.2692 X .
cod A Portion 2 0.2486 0.2590 0.2812 0.2791 0.2709 200 89 12 5.0
0 0.3
Portion 1 0.3012 0.2879 0.2750 0.2814 0.2868 c .
B portion 2 0.2781 0.2855 0.2710 0.3111 02739 028 95 4.4 4.4
Portion 1 0.2613 0.2569 0.2435 0.2352 0.2913
265 . A
A portion 2 0.2554 02819 0.2917 0.2481 02866 0200 88 6.7 8.1
Tuna 0.3
Portion 1 0.2672 0.3318 0.2663 0.3181 0.3058
Portion 2 0.3004 0.2052 0.2694 02874 0.2991 204 98 6.3 76
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materials was 87-98% for analyst A, 94-97% for analyst
B, and 85-92% for analyst C. The repeatability, ex-
pressed as RSD%, was 0.8-6.0% for analyst A, 0.9-3.0%
for analyst B, and 3.6—6.7% for analyst C. The intralabo-
ratory reproducibility was 3.9-6.56% for analyst A, 1.6~
4.3% for analyst B, and 6.1-7.3% for analyst C. With re-
spect to analyses of the spiked samples, the estimated
trueness was 89 and 88% for analyst A and 95 and 98%
for analyst B. The repeatability was 1.2 and 6.7% for an-
alyst A and 4.4 and 6.3% for analyst B. The intralabora-
tory reproducibility was 5.0 and 8.1% for analyst A and
4.4 and 7.6% for analyst B.

Discussion

Phenyl derivatization of methylmercury

In the original method, the conditions for the reaction
of tetraphenylborate and methylmercury were investi-
gated in the presence of L-cysteine. When the pH exceed-
ed 2, the amount of methyl phenyl mercury formed de-
creased. Therefore, the reaction was carried out at pH
0.5-1.5 at 30°C for 1 hr. In this study, the effect of omit-
ting L-cysteine from the reaction conditions was investi-
gated. In the absence of 1L-cysteine, no decrease in the
amount of methyl phenyl mercury formed was observed
in the range of pH 2-9. Accordingly, the reported de-
crease in the amount of methyl phenyl mercury formed
at pH>2 with the original method was considered to be
due to the formation of a complex between methylmer-
cury and L-cysteine, and the optimum pH of the de-
rivatization reaction itself was considered to be in the
above-mentioned range. When the derivatization reac-
tion was carried out in the neutral pH range, the
amount of phenyl compounds formed, including the sodi-
um tetraphenylborate degradation product biphenyl, de-
creased, and unlike the case of the original method, no
formation of orange pigment was observed. Therefore,
performing the derivatization reaction in the neutral pH
range reduces the amount of undesired by-products
formed without decreasing the concentration of methyl
phenyl mercury in the measurement solution, thus less-
ening the potential for contamination of the GC instru-
ment.

When methylmercury was extracted from a sample
into the toluene layer and then transferred into water,
1% L-cysteine solution was used to increase the percent-
age of transfer. Under neutral pH conditions, L-cysteine
and methylmercury form a complex, and the methylmer-
cury contained in this complex cannot be phenylated by
sodium tetraphenylborate. Therefore, phenylation of
methylmercury with sodium tetraphenylborate in tolu-
ene in the absence of aqueous L-cysteine was investigat-
ed. In this case, the amount of methyl phenyl mercury
formed in toluene was the same as that formed when
methylmercury was phenylated in aqueous solution. In
addition, the reaction proceeded easily upon shaking for
10 min at room temperature. It is not known whether
this phenyl derivatization reaction takes place in the
water layer, in the toluene layer, or at the interface be-
tween these layers.

In order to phenylate methylmercury in toluene solu-
tion, a step was added to the analytical procedure, in
which methylmercury is again transferred from the L-
cysteine solution to toluene. By adding this step, the
need to transfer methyl phenyl mercury from the reac-
tion solution to n-heptane, as was required in the origi-
nal method, was eliminated.

Method validation

The following fish-based reference materials contain-
ing certified levels of methylmercury were selected for
method validation: CRM 7402-a (cod fish powder), BCR-
463 (tuna fish powder), ERM-CE464 (tuna fish powder),
and CRM 7403-a (swordfish powder). The certified levels
of methylmercury in the dry state were 0.58-5.00 mg/kg,
concentrations close to the provisional regulation value
of 0.3 mg/kg (wet weight).

The trueness, repeatability and intralaboratory repro-
ducibility estimated by using independent analytical re-
sults obtained by three analysts (analyst A, B, and C)
under various conditions were in agreement with the
target values shown in the validation guidelines for test
methods for metals (i.e., trueness, 80-110%; repeatabili-
ty, <10% [RSD%]; and intralaboratory reproducibility,
<15% [RSD%]). The trueness estimate for the lowest-
concentration of CRM7402-a sample was slightly lower
than that for the other CRMs for all three analysts; but
no systematic difference was observed with respect to
precision.

The number of available reference materials contain-
ing certified levels of methylmercury is limited. The con-
centration to be confirmed by the analytical method
used for the determination of compliance with the provi-
stonal regulation value may not necessarily be in agree-
ment with the certified value. In addition, CRMs are
usually expensive; thus, they are not easy to procure.
Furthermore, in order to ensure test reliability, the ana-
lytical method must be validated using actual samples
(wet samples of targeted fish species) before it is used to
determine regulatory compliance. Therefore, the perfor-
mance of the improved method was also evaluated using
spiked samples. Samples usable as blanks were selected
by analyzing the methylmercury content of several spe-
cies of fresh fish purchased at a market. Fish found to
contain less than 0.15 mg/kg, which corresponds to one-
half the provisional regulation concentration, were se-
lected for use as blanks. In the general preparation of
spiked samples, it is desirable to use a solvent that is
miscible with the sample; thus, an aqueous solution of
methylmercury was used for this purpose.

Because some methylmercury is contained in the
blank sample, variations in the concentration of mercury
in the blank sample and variations arising from analysis
contribute to the variations in the measured concentra-
tion of methylmercury. In order to reduce the first varia-
tion as much as possible, the blank sample was mixed to
be as homogeneous as possible. The SD for the results of
10 analyses of the methylmercury concentration in the
cod blank sample was 0.0028-0.007 mg/kg. The SD for
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the results of 10 analyses of the methylmercury concen-
tration in the tuna blank sample was 0.0068-0.011 mg/
kg, slightly larger than that of the cod blank sample.
The SD for the analytical results of the spiked samples
was >2 times the SD of the results for the blank sam-
ples. Thus, the contribution made by non-homogeneity of
the blank sample to the precision estimates was not
large.

The trueness, repeatability and intralaboratory repro-
ducibility estimated based on the analytical results ob-
tained by analysts A and B were similar to the values
estimated from analyses of certified reference materials,
in agreement with the target values specified in the
guidelines. Thus, we concluded that validation of an an-
alytical method is possible in circumstances where only
samples containing the analyte are available.

Conclusion

In the present study, we improved the original method
for the analysis of methylmercury in fish via phenyl de-
rivatization and subsequent GC-MS measurement. By
optimizing the phenyl derivatization reaction conditions,
the formation of degradation products from the phenyl
derivatization reagent could be successfully reduced. In
addition, undesirable adsorption of methyl phenyl mer-
cury within the GC-MS instrument was suppressed by
the co-injection of PEG200.

The performance of the improved method was evaluat-
ed by three independent analysts using CRMs, and the
practicability of validation using spiked samples was
also demonstrated. The results of these analyses were in
agreement with the target values specified in the guide-

lines for the validation of test methods for metals. Thus,
the present improved analytical method is valid for de-
termining compliance with the provisional regulation
value for methylmercury in fish.
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DIETARY INTAKE OF HEXABROMOCYCLODODECANE IN JAPAN

Takahashi K'*, Yasutake D', Kajiwara J', Watanabe T?

'Fukuoka Institute of Health and Environmental Sciences, 39 Mukaizano, Dazaifu-shi, Fukuoka, Japan;
*National Institute of Health Sciences, 1-18-1 Kamiyoga, Setagaya-ku, Tokyo, Japan

Introduction

Hexabromocyclododecane (HBCD) is a brominated flame retardant (BFR) that has been used for many
years in plastics and textile coatings around the world. In Japan, the domestic use of HBCD has recently become
more common, as it has increasingly replaced or supplemented other BFRs. A total of 2,600 t of HBCD was
produced in or imported into Japan in 2011.

HBCD’s toxicity and the environmental threat it poses are subjects of current discussion. HBCD has been
identified in environmental samples from birds, mammals, fish and other aquatic organisms, as well as in soil
and sediment. In May 2013, the Stockholm Convention on Persistent Organic Pollutants (POPs) added HBCD to
the Convention’s Annex A for elimination. In May 2014, Japan added HBCD to its list of class I specified
substances of the Chemical Substances Control Law to enact a ban on the import and production of HBCD.
However, HBCD is still diffusing into the environment from waste materials that contain HBCD.

It is important to estimate humans’ dietary intakes of HBCD. A total diet (TD) study is a useful method of
estimating the average dietary intake of contaminants. We reported that the Japanese populace is exposed to
HBCD mostly via fish and shellfish among the TD samples studied*. The dietary intake of HBCD can thus be
estimated in an analysis of TD samples consist of fish and shellfish. In the present study, we analyzed HBCD in
the TD samples and estimated the daily intake of HBCD across Japan.

Materials and methods
Chemicals

Non-labeled and Cj,-labeled a-, p-and y-HBCD analytical standards were purchased from Cambridge
Isotope Laboratories (Andover, MA, USA). Dichloromethane, n-hexane, acetone, cyclohexane, methanol and
distilled water (washed with hexane) of dioxin or pesticide analysis grade were purchased from Kanto Chemical
(Tokyo, Japan). The 44% sulfuric acid-impregnated silica gel was purchased from Wako Pure Chemical
Industries (Osaka, Japan).

Samples

TD samples were prepared at 10 locations in seven regions across Japan in 2012. The constituents of the TD
samples were designed based on the official food classification and consumption data obtained by the National
Health and Nutrition Survey in Japan. The collected various kinds of fish and shellfish were cooked or prepared
in typical ways for consumption. The samples were then blended for TD samples. The TD samples were
maintained at temperatures below —20°C until analysis.

Sample Preparation

The protocol for the HBCD analysis is illustrated in Fig. 1. Each 5 g of TD sample was mixed with 5 g of
diatomaceous earth powder. After mixing, the sample was spiked with 3¢ ,-labeled o-, B- and y-HBCD, and was
extracted using a Dionex ASE-350 Accelerated Solvent Extractor (Thermo Scientific, Sunnyvale, CA, USA)
under conditions of 1,500 psi, with acetone/hexane (1:3) as an extraction solvent. The extracts were shaken with
5% sodium chloride solution, and the organic layer was dried over anhydrous sodium sulfate and concentrated to
dryness in order to determine the lipid content gravimetrically. The residue was dissolved in 10 mL of
acetone/cyclohexane (3:7), and 2 mL of this solution was subjected to gel permeation chromatography. HBCD
was fractionated over 12.5-16.5 min after large molecules such as crude fatty acids eluted in 10-12 min. The
fraction was concentrated and dissolved in 0.3 mL of hexane, re-purified with a 1 g of 44% sulfuric acid-
impregnated silica gel-packed mini-column, and then reconstituted to 50 uL using methanol.

Analytical Methods and Instrumentation

The HBCD concentrations were determined using liquid chromatography/mass spectrometry (LC/MS)
performed on a Quattro Ultima Pt mass spectrometer (Waters, Milford, MA, USA) connected to a 2695 liquid
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chromatography system (Waters). The HPLC column was a 150 mm x 2.1 mm i.d. 5-pm Inertsil ODS-3 (GL-
Science, Tokyo, Japan). The detection limit of both a- and y-HBCD was 0.02 ng/g wet weight (ww); that for -
HBCD was 0.01 ng/g ww.

Results and discussion

Table 1 presents the results of the HBCD analysis of the TD samples (aggregated sample of cooked fish and
shellfish following those consumption data). HBCD was detected in all samples prepared at ail 10 locations. The
concentrations of detected total HBCD were 0.17—-1.24 ng/g ww when ND was assumed to be zero. The mean
concentration of total HBCD was 0.68 ng/g ww. The concentrations of the isomers of all samples were in the
order: a-> y- > B-HBCD. We observed no correlation between the HBCD concentration and the fat content.

The estimates of HBCD daily intake basing on the concentration and consumption data are summarized in
Table 2. As mentioned earlier, the Japanese populace is exposed to HBCD mostly via fish and shellfish, so that
the daily intakes estimated basing on the concentrations of the TD sample consist of various kinds of fish and
shellfish can be considered the entire dietary intake. The daily intake of HBCD was estimated to be 13.1-86.9
ng/day. In the case of 50 kg of body weight (bw), the daily intake was calculated as 0.26—1.74 ng/kg bw/day. In
Japan, it was reported that the no observable adverse effect level (NOAEL) for HBCD was 10.2 mg/kg bw/day.
Using an uncertain (safety) factor of 100, this suggests that the total daily intake of HBCD should be less than
0.102 mg/kg bw/day. Compared with this value, the levels of the HBCD obtained in this study are not
considered a serious problem. '
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I Sample | 5 g of TD sample

€—"C_ o, p-,7-HBCD 1ng

Oven temperature: 100 °C
Solvent: acetone/hexane (1:3)

<g— 5% sodium chloride solution 120 mL

Accelerated solvent extraction

Liquid-liquid extraction

Dehydration | Anhydrous sodium sulfate

Concentration

Measurement of fat content Heated at 105 °C

GPC cleanup | Column: Shodex CLNpak EV-2000 AC

Sulfuric acid-impregnated silica gel cleanup

[
LC-MS/MS measurement

Fig.1 Protocol for HBCD analysis
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Table 1 Concentrations of HBCD in the TD samples

Fat content HBCD concentration (ng/g ww)

Z
5

Location

(%) o-HBCD  B-HBCD  y-HBCD  Total HBCD

1 A 7.15 0.71 ND 0.08 0.79
2 B 6.27 0.66 ND 0.09 0.75
3 C 5.13 1.14 ND 0.10 1.24
4 D 5.98 0.70 ND 0.12 0.82
5 E 5.38 0.62 ND 0.10 0.72
6 F 4.76 0.43 ND 0.08 0.51
7 G 5.04 0.17 ND ND 0.17
8 H 3.38 0.30 ND 0.04 0.34
9 I 3.90 1.14 ND 0.08 1.22
10 I 531 0.22 ND 0.03 0.25

Mean 0.68

Table 2 Daily intake of HBCD in 10 locations in Japan

Daily intake
(ng/day)

65.9
49.5
81.8
67.1
58.9
32.8
13.1
22.5
86.9
17.8

Mean 49.6

No. Location
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CONCENTRATION OF POLYCHLORINATED BIPHENYLS (PCBs) AND
HYDROXYLATED PCBs IN SEAFOOD SAMPLES COLLECTED IN KYUSHU
DISTRICT, JAPAN
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1 Fukuoka Institute of Health and Environmental Sciences, 39 Mukaizano Dazaifu-shi, Fukuoka, Japan
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Introduction

The hydroxylated polychlorinated biphenyls (OH-PCBs) are well known as metabolites of polychlorinated
biphenyls (PCBs). The major route of OH-PCB formation in biota is oxidation via the cytochrome P450 enzyme
system.! OH-PCBs of para- and meta-substituted OH with an adjacent chlorine atom have relatively high affinity
for the thyroid hormone transport proteins.” The concentrations of OH-PCBs and their distribution in human
serum and other biological and environmental media have been reported recently.>”

The thorough elucidation of OH-PCBs in foods is very important to our understanding of both the metabolism
of OH-PCBs in biota and the persistence of OH-PCBs in human tissues, neither of which has been determined.

Materials and Methods

Chemicals and reagents

Non-labeled OH-PCBs and PCBs, “Cj,-labeled OH-PCBs and PCBs were purchased from Wellington
Laboratories (Guelph, ON, Canada) and AccuStandard (New Haven, CT, USA). Solvents such as acetonitrile, n-
hexane and methanol of dioxin-analysis grade were purchased from Kanto Chemical (Tokyo).

Samples

The seafood samples for the OH-PCBs Table 1. The seafood samples used in this study
and PCBs analysis were purchased from Producti F

fish markets in the Kyushu district, Ngq Sample roduction at content
Japan during the period 2013-2014 regions (%)
(Table 1). Each edible parts were 1 Sardine Chugoku-Shikoku 1.3
collected, cut into small pieces and

blended. The samples were maintained 2 Mackerel-1 Kyushu 3.8
at temperatures below —20°C until 3 Mackerel-2 Kyushu 4.1
analysis. ) 4 Yellowtail Kyushu 3.5
Sample preparation for OH-PCBs

The protocol for the OH-PCBs analysis 5 Japanese seabass-1 Kyushu 0.54
is illustrated in Figure 1.* First, °C;,- 6  Japanese seabass-2 Kyushu 0.41
labeled ~ OH-PCBs  (mono-  to 5 Sea bream-1 Chugoku-Shikoku 5.0
heptachlorinated 11 congeners) were

spiked as surrogate standards in the O Sea bream-2 Kyushu 0.96
samples. The samples were 9 Tuna-1 Kyushu 18
homogenized twice in acetonitrile, _

added to 10% NaCl(aq.) and extracted 10 Tuna-2 Kyushu 28
two times with n-hexane. The extracts 11 ~ Horse mackerel-1 Kyushu 0.39
were fractionated wusing a Florisii 12  Horse mackerel-2 Kyushu 0.11
cartridge column (Sep-Pak Florisil Plus, _

Waters, Milford, MA). Non-polarity 13 Horse mackerel-3 Kyushu 0.32
compounds were removed with 0.5% 14  Horse mackerel-4 Kyushu 1.4
diethyl ether/n-hexane, and then the 15 Cod Tohoku 0.078
OH-PCBs were eluted with 50% ‘-

acetone/methanol. OH-PCBs  were 16 Largehead hairtail Kyushu 2.9
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derivatized to methoxylated PCBs (OMe-PCBs) by reaction with dimethyl sulfate and 3N KOH/ethanol (70°C
for 1 h). OMe-PCBs were extracted twice with n-hexane and then purified using a Florisil cartridge column. The
fractions were concentrated to 0.05mL and spiked with 13C ,-labeled PCB111 as an injection standard.

Sample preparation for PCBs

The protocol for the PCB analysis is illustrated in Figure 2.° The sample was loaded into the extraction cell
filled with Isolute. >C ,-labeled PCBs (tri- to decachlorinated 20 congeners) were spiked as surrogate standards
in the extraction cells. N-hexane was used as the extraction solvent of an accelerated solvent extractor. The
extract was cleaned up using 1N KOH/ethanol, concentrated sulfuric acid, and a multilayer silica gel column.
The clean-up solution was concentrated to 0.05 mL and spiked with Cj-labeled PCB111 as an injection
standard.

Analytical methods and instrumentation

We identified and quantified the OH-PCBs (OMe-PCBs) and PCBs by gas chromatograph (GC; 6890GC,
Agilent, Santa Clara, CA)/high-resolution mass spectrometer (Autospec Premier, Waters) at the resolution of R
> 10,000 (10% valley). The injector temperature was 280°C, and 2 pL samples were injected in the splitless
mode. The HT8-PCB capillary column (60 m x 0.25 mm i.d., Kanto Chemical) was used for the GC. Tri- to
decachlorinated congeners of PCBs and mono- to heptachlorinated congeners of OH-PCB were determined.

Results and Discussion:

The concentrations of OH-PCBs in the seafood samples

Table 2 shows the concentrations of OH-PCBs in the seafood samples. OH-PCBs were detected in all of the
seafood samples collected in this study. The concentrations of XOH-PCBs were 0.014-0.98 ng/g wet weight
(ww); the mean concentration was 0.18 ng/g ww. The ZOH-PCBs in the seafood samples were unrelated to the
fish species or the fat content of the fish. The dominant congeners were classified as those in the fish species that
exhibited OH-MonoCBs and OH-DiCBs and those that exhibited OH-PentaCBs and OH-HexaCBs.

The concentration of PCBs in the seafood samples

Table 3 shows the concentrations of PCBs in the seafood samples. PCBs were detected in all of the seafood
samples. The concentrations of ZPCBs were 0.20-50 ng/g ww, and the mean concentration was 9.2 ng/g ww.
The ZPCBs in the seafood samples were related to the fat content of the fish samples. The dominant congeners
were pentaCBs and hexaCBs.

Comparison of the persistence of OH-PCBs and PCBs

Table 4 summarizes the presence of ZOH-PCBs/ZPCBs in the seafood samples. The concentrations of ZOH-
PCBs/ZPCBs were 0.00094-0.25, and the mean was 0.051. The ZOH-PCBs/ZPCBs in the fish samples were not
related to the fish species or the fat content. The levels of ZOH-PCBs were low compared with those of PCBs
in all of the seafood samples. Our study findings demonstrate that OH-PCBs are accumulated in the human body
by the intake of fish.
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Figure 1. The protcol for OH-PCBs analysis.
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Figure 2. The protcol for PCBs analysis.

Table 2. The concentrations of OH-PCBs in the seafood samples.

(ng/g ww)
OH-MoCBs OH-DiCBs OH-TriCBs OH-TeCBs OH-PeCBs OH-HxCBs OH-HpCBs EOHE{PCBS
Sardine 0.14 0.12 0.010 0.023 0.0058 0.0032 0.0034 0.31
Mackerel-1 0.016 0.084 0.0035 0.010 0.0063 0.0029 0.0029 0.12
Mackerel-2 0.038 0.19 - ND 0.032 0.010 0.0040 0.0031 0.28
Yellowtail 0.016 0.074 0.00071 0.0097 0.0080 0.0084 0.0040 0.12
Japanese seabass-1 0.037 ND 0.0031 0.013 0.0015 0.0064 0.0032 0.064
Japanese seabass-2 0.0038 0.0026 0.0010 0.0019 0.0021 0.0033 0.0037 0.018
Sea bream-1 0.011 0.020 0.0016 0.0077 0.0042 0.0031 0.0028 0.050
Sea bream-2 0.0010 0.0020 0.0010 0.0023 0.0020 0.0035 0.0031 0.015
Tuna-1 0.27 0.44 0.0018 0.039 0.21 0.0082 0.0083 0.98
Tuna-2 0.066 0.097 0.00023 0.011 0.058 0.0079 0.0051 0.24
Horse mackerel-1 0.17 0.16 0.014 0.026 0.0049 0.0042 0.0039 0.38
Horse mackerel-2 0.011 0.0088 0.0013 0.0040 0.014 0.0035 0.0058 0.049
Horse mackerel-3 0.013 0.016 0.0090 0.026 0.024 0.012 0.0062 0.11
Horse mackerel-4 0.0058 0.013 ND 0.0015 0.0044 0.0043 0.00012 0.029
Cod ND 0.00098 0.00059 0.0018 0.0016 0.0044 0.0051 0.014
Largehead hairtail 0.013 0.036 0.0013 0.0020 0.0053 0.0037 0.0046 0.066
Mean 0.051 0.079 0.0031 0.013 0.023 0.0052 0.0041 0.18
Min. ND ND ND 0.0015 0.0015 0.0029 0.00012 0.014
Max. 0.27 0.44 0.014 0.039 0.21 0.012 0.0083 0.98
Organohalogen Compounds Vol. 77, 386-389 (2015) 388



Table 3. The concentration of PCBs in the seafood samples.

fig/g ww)
TrCBs TeCBs PeCBs HxCBs HpCBs OcCBs NoCBs DeCB 2PCBs

Sardine 0.053 0.22 0.41 0.75 0.38 0.066 0.0094 0.0074 1.9
Mackerel-1 0.062 0.18 0.43 0.76 0.41 0.049 0.014 0.012 1.9
Mackerel-2 0.19 0.96 2.4 3.3 1.4 0.19 0.038 0.028 8.5
Yellowtail 0.26 1.6 54 10 4.9 0.66 0.093 0.086 23
Japanese seabass-1 0.14 0.65 1.2 1.5 0.47 0.072 0.0053 0.0019 4.1
Japanese seabass-2  0.34 1.3 2.5 2.7 0.90 0.14 0.012  0.0046 7.8
Sea bream-1 0.35 1.1 1.9 24 0.99 0.12 0.015 0.011 6.9
Sea bream-2 0.94 2.6 4.5 5.6 2.4 0.31 0.038 0.023 16
Tuna-1 0.79 5.1 15 20 8.0 1.1 0.20 0.12 50
Tuna-2 0.16 0.82 2.5 3.3 1.4 0.22 0.043 0.027 8.5
Horse mackerel-1 0.030 0.12 0.35 0.62 0.34 0.046 0.0028 0.0011 1.5
Horse mackerel-2 0.047 0.23 0.58 1.1 0.77 0.12  0.0083 0.0047 2.8
Horse mackerel-3 0.039  0.11 0.20 0.35 0.22 0.038 0.0049 0.0042 0.96
Horse mackerel-4 0.065 0.20 0.44 0.71 0.43 0.071  0.012 0.014 1.9
Cod 0.029 0.061 0.064 0.040 0.0093 0.0010 ND  0.00037 0.20
Largehead hairtail 0.18 0.80 1.9 4.4 2.5 0.32 0.018  0.0047 10

Mean 0.23 1.0 2.5 3.6 1.6 0.22 0.034 0.022 9.2

Min. 0.029 0.061 0.064 0.040 0.0093 0.0010 ND  0.00037 0.20

Max. 0.94 5.1 15 20 8.0 1.1 0.20 0.12 50

Table 4. The presence of XOH-PCBs/ZPCBs in the seafood samples.
Fatcontent XPCBs XOH-PCBs SOH-PCBs/SPCBs
(%) (nggww) (ng/gww)

Sardine 1.3 1.9 0.31 0.16

Mackerel-1 3.8 1.9 0.12 0.063

Mackerel-2 4.1 8.5 0.28 0.033

Yellowtail 3.5 23 0.12 0.052

Japanese seabass-1 0.54 4.1 0.064 0.016

Japanese seabass-2 0.41 7.8 0.018 0.0023

Sea bream-1 5.0 6.9 0.050 0.0072

Sea bream-2 0.96 16 0.015 0.00094

Tuna-1 18 50 0.98 0.020

Tuna-2 2.8 8.5 0.24 0.028

Horse mackerel-1 0.39 1.5 0.38 0.25

Horse mackerel-2 0.11 2.8 0.049 0.018

Horse mackerel-3 0.32 0.96 0.11 0.11

Horse mackerel-4 1.4 1.9 0.029 0.015

Cod 0.078 0.20 0.014 0.070

Largehead hairtail 2.9 10 0.066 0.0066

Mean 2.9 9.2 0.18 0.051

Min. 0.078 0.20 0.014 0.00094

Max. 18 50 0.98 0.25
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Abstract: The purpose of this study was to examine whether a simple bioassay used for the detection
of dioxins (DXNs) could be applied to detect trace amounts of harmful DXN-like substances in food
products. To identify substances with possible DXN-like activity, we assessed the ability of various
compounds in the environment to bind the aryl hydrocarbon receptor (AhR) that binds specifically
to DXNs. The compounds tested included 19 polycyclic aromatic hydrocarbons (PAHs), 20 PAH
derivatives (nitrated, halogenated, and aminated derivatives), 23 pesticides, six amino acids, and eight
amino acid metabolites. The AhR binding activities (AhR activity) of these compounds were measured
using the chemical activated luciferase gene expression (CALUX) reporter gene assay system. The
majority of the PAHs exhibited marked AhR activity that increased in a concentration-dependent
manner. Furthermore, there was a positive link between AhR activity and the number of aromatic
rings in the PAH derivatives. Conversely, there appeared to be a negative correlation between AhR
activity and the number of chlorine residues present on halogenated PAH derivatives. However, there
was no correlation between AhR activity and the number and position of substituents among nitrated
and aminated derivatives. Among the pesticides tested, the indole-type compounds carbendazim
and thiabendazole showed high levels of activity. Similarly, the indole compound tryptamine was
the only amino acid metabolite to induce AhR activity. The results are useful in understanding the
identification and characterization of AhR ligands in the CALUX assay.

Keywords: aryl hydrocarbon receptor; reporter gene assay; food hygiene; polycyclic aromatic
hydrocarbon; pesticide; amino acid

1. Introduction

Food products can be contaminated by a number of harmful substances, including dioxins (DXNs)
and polycyclic aromatic hydrocarbons (PAHs); previous studies have focused on evaluating the health
risks associated with these substances as well as ways to manage these health risks [1,2]. Human
exposure to DXNs mainly occurs through foods, such as fish, meat, and dairy products. PAHs are
formed mainly during cooking and during processes, such as smoking. There are currently 16 PAHs
that are considered worthy of health concern by the EU (EU priority PAHs); the EU has set maximum
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limits of PAHs in foodstuffs. Additionally, some pesticides can be detected at relatively high rates in
foodstuffs. These findings prompted us to investigate the aryl hydrocarbon receptor (AhR) activities
of DXNs, PAHs, and pesticides. Although trace amounts of these contaminants pose a low health risk,
the risk management of the maximum limits of their residual levels is crucial to food safety.

The DXN and PAH families are comprised of various analogs that have similar chemical structures.
Detection and quantification of these compounds in food products are currently achieved using a
GC-MS approach, wherein the levels of DXNs and PAHs are determined using standardized methods
as indicators [3,4]. However, because this approach is both complicated and costly, various simplified
analytical methods have been proposed. For example, bioassays using AhR are commonly performed
to measure levels of environmental pollutants, including DXNs [5]. Indeed, these assays led to the
discovery that AhR is a dioxin receptor. It has, therefore, been suggested that AhR binding could be
associated with the biological toxicity of these pollutants. In addition, AhR was reported to be activated
by binding of PAHs [6]. The AhR-binding properties of PAHs could enable bioassay screening of
foodstuffs for both DXNs and PAHs. Furthermore, because AhR bioassays are rapid and inexpensive,
they could provide a convenient alternative to the current screening methods for toxic compounds, as
well as other aforementioned substances.

To assess the efficacy of such an assay for detecting food contaminants, we developed a simple
AhR-based bioassay technique to detect potentially hazardous substances with DXN-like activity, and
determined whether there was a correlation between chemical structure and AhR activity. For this
assay, AhR activity was evaluated using the chemical activated luciferase gene expression (CALUX)
system, which was originally designed to detect DXNs [7]. The CALUX assay has been widely used for
screening for dioxins in food and feed [8,9]. It is important to know the dioxin-like activity for various
compounds in food to understand the possible influence of these compounds on our screening assay.
The compounds examined included 39 PAHs (including nitrated derivatives, halogenated derivatives,
and aminated derivatives), 23 pesticides, and 14 amino acids or amino acid metabolites.

2. Experimental Section

2.1. Chemicals and Reagents

The following 39 PAHs (including nitrated, halogenated, and aminated derivatives) were used in
this study: benzo(c)fluorene, 1,2-benzanthracene (benzo(z)anthracene), cyclopenta(c,d)pyrene, chrysene,
5-methylchrysene, benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(j)fluoranthene, benzo(a)pyrene,
indeno(1,2,3-c,d)pyrene, dibenzo(a,h)anthracene, benzo(g,k,i)perylene, dibenzo(a,l)pyrene,
dibenzo(az,e)pyrene,  dibenzo(a,i)pyrene,  dibenzo(a,h)pyrene,  l-amino-4-nitronaphthalene,
9,10-dinitroanthracene,  1,3-dinitronapthalene,  1,5-dinitronaphthalene, 1,8-dinitronaphtalene,
2-nitroanthracene, 9-nitroanthracene, 7-nitrobenzo(a)anthracene, 6-nitrobenzo(a)pyrene,
1-nitronaphthalene, 2-nitronaphthalene, 1-chloronaphthalene, 2-chloronaphthalene,
1,4-dichloronaphthalene, octachloronaphthalene, 1,2,3,4-tetrachloronaphthalene, 1-aminoanthracene,
2-aminoanthracene, 1-aminonaphthalene, 1,8-diaminonaphthalene, naphthalene, anthracene, and
fluorene were purchased from Kanto Chemical (Tokyo, Japan). The following 23 pesticide residues
were also used: malathion, chlorpyrifos, diazinon, prothiofos, pirimiphos-methyl, fenitrothion,
ethyl-p-nitrophenyl phenylthiophosphonothiate (EPN), tolclofos-methyl, parathion-methyl, phenthoate,
chlorpyrifos-methyl, methidathion, imazalil, carbendazim, leucomalachite green, imidacloprid,
acetamiprid, thiabendazole, azoxystrobin, tribenuron-methyl, flufenoxuron, pyraclostrobin, and
kresoxim-methyl (Kanto Chemical). The amino acids L-tryptophan, L-glutamic acid, L-tyrosine, L-lysine,
L-arginine, and histidine, as well as the amino acid metabolites tryptamine, 4-aminobutanoic acid,
tyramine, putrescine, cadaverine, and histamine were purchased from Wako Pure Chemical Industries
(Osaka, Japan). L-Ornithine and agmatine were obtained from Tokyo Chemical Industry (Tokyo, Japan)
(Table 1, Figure 1). 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) and dimethyl sulfoxide (DMSQO) were
purchased from Wako Pure Chemical Industries. All chemicals were of analytical grade.



