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ABBREVIATIONS USED 

 

AhR, aryl hydrocarbon receptor 

Arnt, AhR nuclear translocator 

ClPAHs, chlorinated polycyclic aromatic hydrocarbons 

ClPyr, 1-chloropyrene 

COSY, correlated spectroscopy 

DP, dechlorane plus 

EC50, half maximal effective concentration 

FL, fluorescence detector 

HBCD, hexabromocyclododecane 

HMBC, heteronuclear multiple bond correlation 

HSQC, heteronuclear single quantum coherence 

LC, liquid chromatography 

LC-MS/MS, LC-tandem mass spectrometry 

NMR, nuclear magnetic resonance 

PAHs, polycyclic aromatic hydrocarbons 

PBDEs, polybrominated diphenyl ethers 

PCDDs, polychlorinated dibenzo-p-dioxins 

PCDFs, polychlorinated dibenzofurans 

PDA, photodiode array detector 

POPs, persistent organic pollutants 

PM, particulate matter 

P450, cytochrome P450 

SRM, selected reaction monitoring 

TSP, total suspended particulate matter 

 



1. General introduction and aim 

In 2015, the world’s population is over 7.3 billion and expected to rise to 9.5 billion by 

2050. The growing population, coupled with rapid economic expansion and 

consumerism, has given rise to increasing environmental pollution across the world. In 

Japan, there have been serious environmental and food pollution incidents caused by 

organic pollutants, such as polycyclic aromatic hydrocarbons (PAHs), polychlorinated 

biphenyls (PCBs), polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated 

dibenzofurans (PCDFs), and polybrominated diphenyl ethers (PBDEs). These 

compounds are classified into two general groups, those generated intentionally and 

those not intentionally. As is well known, PCBs and PBDEs are intentionally generated 

compounds, the former used in insulating oils, plasticizers, and paints, and the latter in 

flame retardants. On the other hand, PAHs, PCDDs, and PCDFs are generated 

unintentionally occurring in combustion gas or existing as impurities in chemical 

products. Contaminants that accumulate in the environment and in living organisms 

have been designated as persistent organic pollutants (POPs) by the Conference of the 

Parties of the Stockholm Convention on POPs (www.pops.int) and the production and 

usage of them are restricted in treaty countries (Fig. 1).  

In my previous study, I investigated the food contamination and human exposure of 
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hexabromocyclododecane (HBCD) (Fig. 2), which is an additive brominated flame 

retardant (BFR) and used in expanded and extruded polystyrene (EPS/XPS) for 

insulation, in high impact polystyrene (HIPS) for electronics, in textiles, and in 

polyvinyl chloride (PVC) for cable sheathings. In Japan HBCD has been used since the 

mid-1980s. Its technical demand was around 2,577 metric tons in 2009, 84% for 

polystyrene foam, 15% for textiles, and 1% for other uses (Ministry of Economy, Trade 

and Industry of Japan (Fig. 3)). The European Union (EU) published a risk assessment 

report on HBCD in 2008 (EU, 2008). The report described how HBCD disrupts the 

thyroid hormone systems, causing memory defects and significant changes in 

spontaneous behavior and learning (EU, 2008). In the mid-2000s it was felt there was 

insufficient information about HBCD pollution in Japan, so contamination was 

investigated through the determination of its concentration in food (market basket study; 

Kakimoto et al., 2012, fish oil supplements; Kakimoto et al., 2008a) and human breast 

milk (Kakimoto et al., 2008b). For breast milk samples, we showed that the time trend 

of HBCD concentrations appeared to be related to that of the technical HBCD demands 

level (Fig. 3&4) with the elevation in ΣHBCD concentration appearing to be later than 

the elevation in concentration of ΣPBDEs. The concentration of ΣHBCD in the samples 

obtained in 2000 or later was in the range 1.0–4.0 ng g-1 lipid weight, and these levels 
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were approximately the same as those of PBDEs (ΣPBDEs; #28, #37, #75, #47, #66, 

#77, #100, #99, #85, #154, #153, #138, and #183) in human breast milk (1.39 ng·g-1 

lipid weight) (Akutsu et al., 2003). In 2007 the estimated average level of HBCD intake 

by breast-feeding infants (aged 0 days to 3 months) was 7.5 ng kg-1 body weight day-1 in 

breast milk samples collected from women aged 25–29. This value was derived using a 

mathematical formula in the EU risk assessment report (2008) (Fig. 5). The 

representative chromatograms of HBCD in breast milk sample are shown in Fig. 6. For 

the market basket study samples we detected HBCD in fish group in 14 food groups 

(Table 1) and the estimated the dietary intake of HBCD was 6 ng kg-1 body weight 

day-1(Kakimoto et al., 2008b; Kakimoto et al., 2012). We also detected HBCD in fish oil 

supplements (Table 2) and estimated the daily intake of ΣHBCD according to the daily 

doses proposed by the product manufacturers, as shown in Table 3. The maximum 

intake estimated in this study (200 ng day-1) was higher than the reported median intake 

of HBCD (141 ng day-1) (Covaci et al., 2006). Our data indicate that the frequent 

consumption of oil supplements will increase dietary exposure to HBCD (Kakimoto et 

al., 2008a). The HBCD levels in both breast milk and food products were much lower 

than the no-observed-adverse-effect-level (NOAEL) of 10.2 mg kg-1 body weight day-1 

for HBCD (Ema et al., 2008). The various reports revealed the bioaccumulation 
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potential, toxicity, and persistent character of HBCD, and there was enough 

circumstantial evidence to regard HBCD as a hazardous compound. The industry began 

to refrain from using HBCD step by step, and finally HBCD was designated as a new 

persistent organic pollutant (Annex A) in COP6 of the Stockholm Convention held in 

2013. Our work was cited in the reports of POPRC6 (2010) which made a 

recommendation to add HBCD to the list of POPs in Annex A. 

Although twenty-three compounds are now designated as POPs, unrestricted, 

persistent, bio-accumulative, and toxic hazardous environmental pollutants still exist. 

Many of these have not been adequately assessed and the shortage of information about 

the actual pollution conditions is a serious problem. In addition, POPs’ legacy still 

remains in the environment (Tue et al., 2013) and the biosphere (Glynn et al., 2011; 

Tornkvist et al., 2011). It is therefore also important to monitor these compounds for the 

assessment of the effectiveness of the Stockholm Convention. 

In this study, the halogenated POPs as previously described (PBDE and HBCD), and 

the potentially hazardous compounds Dechlorane Plus and chlorinated polycyclic 

aromatic hydrocarbons were particularized. Dechlorane Plus (DP, synonyms: DechPlus 

or Dechlorane 605, CAS number: 13560-89-9, IUPAC name: 

1,2,3,4,7,8,9,10,13,13,14,14-dodecachloro-1,4,4a,5,6,6a,7,10,10a,11,12,12a-dodecahydr
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o-1,4,7,10-dimethanodibenzo[a,e]cyclooctene) is an industrially manufactured chemical 

used as a flame retardant. Chlorinated polycyclic aromatic hydrocarbons (ClPAHs) (Fig 

7& 8) are unintentionally generated compounds. These compounds are still unrestricted 

and there is currently little information about their environmental pollution levels or 

toxic effects. It is therefore important to investigate the pollution and exposure level of 

these compounds. In this thesis, DP pollution in food and the atmosphere (sections 2.1. 

to 2.3.), atmospheric ClPAHs (section 2.4.), the human metabolic pathway of ClPAHs 

(section 2.5.), and the particle size distributions of ClPAHs (section 2.6.) are described. 

  

5



Table 1   Information of 14 food groups of the market basket study in Osaka, 2007 

Food 
group

Composition
No. of 
food
variety

Lipid 
content
(%)

Daily intake 
per capita
(g day-1)

Ⅰ

Ⅱ

Ⅲ

Ⅳ

Ⅴ

Ⅵ

Ⅶ

Ⅷ

Ⅸ

Ⅹ

ⅩⅠ

ⅩⅡ

ⅩⅢ

ⅩⅣ

Rice and rice products

Grains, seeds, and tubers

Sugar and confectioneries

Oils and fats

Legumes and their products

Fruits

Brightly colored vegetables

Other vegetables, mushrooms 
and seaweeds

Beverages

Fish,shellfish, and their products

Meat and eggs

Milk and dairy products

Seasonings and other processed foods

Drinking water

2

15

6

4

6

12

13

13

7

23

8

5

11

1

0.2

1.5

9.4

93

6

0.2

0.3

0.3

0

7.7

18

6.7

8.8

0

341

174

35

11

58

121

93

184

616

82

121

143

93

250

HBCD 
(ng g-1 wet weight)

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

3.6 
(α1.5, β0.03, γ2.1)

N.D.

N.D.

N.D.

N.D.

Detection limit  0.007 ng/g.
Abbreviations: N.D., not detected.

6



sample 
   No.

sample type (sample site) recommended 
dose (g/day)

sardine oil (Japan)*
lamprey oil
lamprey oil
globe fish liver oil
cod liver oil (the North sea)*
cod liver oil (the North sea)*
cod liver oil (the North sea)*
shark liver oil (Japan)*
shark liver oil (Japan)*
shark liver oil (Japan)*
shark liver oil (New Zealand)*
shark liver oil (New Zealand)*
shark liver oil (New Zealand)*
shark liver oil
shark liver oil
shark liver oil
shark liver oil
shark liver oil
shark liver oil
seal oil (Canada)
seal oil (Canada)
sea snake oil

1-3
0.6-1.8
1.5-3
0.75
1-2
1-2
0.4-1
0.75-1.75
0.75-1.75
0.75-1.75
1.8
0.6-1.2
1.5
2.6
0.5
0.6-1.5
0.9-1.2
1.8-2.7
2.2-2.8
1.5
0.9
0.9-1.8

conc. HBCD (ng/g lipid weight)
α β γ Σα,β, and γ

43
4.5
2.1
9.5
3.7
5.0
4.0
22
24
25
<0.2
<0.2
<0.2
<0.2
4.0
<0.2
<0.2
<0.2
0.4
0.4
0.5
2.1

1.1
1.8
<0.2
<0.2
0.4
0.3
<0.2
0.7
<0.2
0.3
<0.2
<0.2
<0.2
<0.2
1.4
<0.2
<0.2
<0.2
<0.2
<0.2
<0.2
1.3

23
3.0
<0.5
1.5
1.3
0.9
<0.5
21
21
19
<0.5
<0.5
<0.5
<0.5
1.9
<0.5
<0.5
<0.5
<0.5
<0.5
<0.5
1.7

6.0
1.8
7.8
3.6
32
28
16
49
53
52
0.7
0.2
0.6
0.1
15
0.3
0.1
0.5
0.1
0.9
0.8
4.7

1
2
3
4
5a
5b
6
7a
7b
8
9
10
11
12
13
14
15
16
17
18
19
20

conc. Σ10PBDEs
(ng/g lipid weight)c

cΣ10PBDEs: #28, #47, #49, #66, #99, #100, #153, #154, #155, and #183 (Akutsu et al., 2006)
*no heating step in the refining process

67
9.3
2.1
11
5.4
6.2
4.0
44
45
44
n.d.
n.d.
n.d.
n.d.
7.3
n.d.
n.d.
n.d.
0.4
0.4
0.5
5.1

Table2   Sample information and concentrations of 
HBCDs and PBDEs (ng g-1 lipid wt.) 
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sample
   No.

1
2
3
4
5a
5b
6
7a
7b
8
9
10
11
12
13
14
15
16
17
18
19
20

ΣHBCD (α,β, and γ )

67-200
5.6-16.7
3.2-6.3

8.3
5.4-10.8
6.2-12.4
1.6-4.0
33-77
34-79
33-77

1.6
0.5-1.1

1.4
2.3
3.7

0.5-1.4
0.8-1.1
1.6-2.4
0.9-1.1

0.6
0.5

4.6-9.2

Table3 Estimated daily intake (ng day-1) of 
HBCD isomers from oil supplements

Table 4   DP pollution near production facilities / e-waste site

Air 26,000 pg m-3 (China) Wang et al. 2010
490 pg m-3 (US) Hoh  et al.2006

Indoor dust 21,000 ng g-1 d.w. (e-waste) Wang et al. 2011
5,680 ng g-1 d.w. (US) Zhu et al. 2007

Sediment 300 ng g-1 d.w. (US) Qiu et al.2007

Soil 13,000 ng g-1 d.w. (China) Wang et al. 2010

Fish 9,600 ng g-1 l.w. (e-waste) Wu et al. 2010

Human 
Blood

2,900 ng g-1 l.w. (China) Zhang et al. 2013
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Fig.1 Chemical structure of legacy POPs

•Pesticides: aldrin, chlordane, DDT, dieldrin, endrin, 
heptachlor, hexachlorobenzene, mirex, toxaphene; 

•Industrial chemicals: hexachlorobenzene, 
polychlorinated biphenyls (PCBs), polybrominated
biphenyl ethers (PBDE)

•By-products: hexachlorobenzene; polychlorinated 
dibenzo-p-dioxins and polychlorinated dibenzofurans 
(PCDD/PCDF), and PCBs. 

(Br)n (Br)m
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Fig.2 Chemical structure of HBCD

α‐HBCD β‐HBCD γ‐HBCD

(10‐13％) (1‐12％) (75‐89％)

Bio-accumulative

Composition of technical products

Abundant in 
technical products
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α

α(I.S.) γ(I.S.)

Fig.6 Representative chromatograms HBCD standard (a) and 
breast milk sample (b)

50 pg

α (I.S.) γ(I.S.)

α β γ
640.5>80.6

640.5>78.9

652.7>80.6

HBCD(13C12)
1 ng

Native HBCD

(a)

(b)

Fig.5 Mathematical formula in EU risk assessment report 
for estimation of exposure level
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2. Findings on human exposure of halogenated organic pollutants through food 

and atmosphere  

2.1. Detection of Dechlorane Plus and brominated flame retardants in marketed fish 

in Japan 

2.1.1. Abstract 

Fish samples purchased from Japanese supermarkets were analyzed for Dechlorane Plus 

(DP) (syn-, anti-), polybrominated diphenyl ether (PBDE) and 

hexabromocyclododecane (HBCD) (α, γ). Twenty fish were analyzed using gas 

chromatography-mass spectrometry for DP and PBDE, and liquid 

chromatography-tandem mass spectrometry for HBCD. DP was detected in 18 samples 

and ΣDP concentrations were <0.2 to 14.2 pg g-1 wet wt. Among the DP isomers, 

anti-DP was the dominant residue observed in this study. PBDE was detected in all 

samples. Concentrations of ΣPBDE ranged from 2.2 to 878 pg g-1 wet wt. HBCD was 

detected in 18 samples, and ΣHBCD concentrations were <0.02 to 21.9 ng g-1 wet wt. In 

fish landed from the East China Sea and the Sea of Japan, we detected relatively high 

concentrations of DP, PBDE, and HBCD. These results indicate that the seawaters 

around East Asia are contaminated with flame retardants. This study shows for the first 

time that DP exists in fish marketed in Japan. 

 

2.1.2. Introduction 

In recent years, there has been increasing concern regarding worldwide pollution 

caused by halogenated flame retardants. PBDEs, HBCD, and DP have characteristics 

typical of bio-accumulative, persistent organic pollutants. In 2009, penta-BDE and 

octa-BDE were included in the Conference of the Parties of the Fourth Stockholm 

Convention on POPs (www.pops.int). 
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Dechlorane Plus is a highly chlorinated additive flame retardant, and has a cost 

advantage over comparable brominated flame retardants, such as PBDEs and HBCD. It 

has also been identified by the European Commission as a possible replacement for 

BDE-209 (Pakalin et al., 2007). DP has been manufactured for more than 40 years by 

OxyChem in Niagara Falls, NY and is used in electrical wire and cable coatings, 

computer connectors and plastic roofing materials (Tomy et al., 2007). The US EPA lists 

it as a high-production-volume (HPV) chemical, and toxicity studies were performed 

according to the HPV test plan (US EPA, 2004). However, the toxicity information in 

this test plans (US EPA, 2009; Brock et al., 2010) was limited in terms of environmental 

fate and chronic toxicity. In addition to the toxicity information from the manufacturer, 

there are a few studies into the effects of cytotoxicity, mRNA expression (Crump et al., 

2011), blood-brain barrier permeability of anti-DP in fish (Zhang et al., 2011c), 

induction of hepatic oxidative damage, perturbations of metabolism, and signal 

transduction in a mouse model (Wu et al., 2012). 

There are concerns that DP accumulates in the environment and in living systems 

because of its typical characteristics as a persistent organic pollutant. For example, it 

has a very high octanol-water partition coefficient (Log Pow = 9.3) (US EPA, 2004).  

The first detection of DP from the environment near the manufacturing plant was 
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reported in 2006 (Hoh et al., 2006). Since this report, DP has been detected near the 

manufacturing area(Sverko et al., 2008; Gauthier and Letcher, 2009; Wang et al., 2013) 

and even in environmental matrices (air, water, and soil) (Ren et al., 2008; Qi et al., 

2010; Sakiyama and Nakano, 2012) and biological matrices (fish, bird, human serum, 

human milk, and hair) (Ren et al., 2009; Kang et al., 2010; Zheng et al., 2010; Zhang et 

al., 2011a; Siddique et al., 2012) in a region remote from the manufacturing area. The 

detection of DP has especially increased in China in recent years. Possible contributing 

factors are the recently reported DP production plant, Jiangsu Anpon Electrochemical 

Company, in Huai’an City (Wang et al., 2010; Zhang et al., 2013) and electronic waste 

recycling areas (Wu et al., 2010; Wang et al., 2011; Zhang et al., 2011b) in China. The 

reports about highly DP polluted areas, such as manufacturing sites in the US and China, 

and electronic-waste recycling sites, are listed in Table 4 (Hoh et al., 2006; Qiu et al., 

2007; Zhu et al., 2007; Wu et al., 2010; Wang et al., 2010; Zhang et al., 2013). 

DP is synthesized from cyclooctadiene and hexachlorocyclopentadiene through the 

Diels–Alder reaction where the syn- and anti- isomers are produced (Fig. 7). The major 

isomer in commercial products is anti-DP (Hoh et al., 2006). The isomeric ratio of 

detected DP varies depending on the analysis samples.  

Japan’s geographical location makes it susceptible to air currents (Westerlies) or ocean 
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currents (Tsushima Current) from the Asian continent. At the 20th Symposium on 

Environmental Chemistry, held in Japan in 2011, Sakiyama and Nakano reported the 

presence of DP in Japanese soil and dust samples. However, no data are available on the 

level of human exposure to DP in Japan. The primary routes for non-occupational 

exposure to environmental pollutants are diet and inhalation. Meng et al. (2007) 

reported that the level of exposure to PBDE in China was generally similar for 

inhalation and fish consumption routes. 

To determine the DP pollution level in Japan, the fish sold in Japanese supermarket 

were analyzed for preliminary investigation because POPs (Fig. 1) tend to accumulate 

more over time in fish than in other food types. We also determined the levels of other 

halogenated flame retardants, such as PBDE and HBCD, for a comprehensive 

assessment of flame retardant contamination. 

 

2.1.3. Materials and methods 

2.1.3.1. Sample preparation 

The fish samples were purchased from supermarkets in Osaka, Japan in June 2011 

(Table 5). Body muscles were collected from the fish and chopped in a conventional 

food processor for 3 min to produce thoroughly mixed homogenates. The homogenized 
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samples were then frozen and stored until use. 

2.1.3.2. Chemicals  

The non-labelled DP (syn- and anti-), PBDE and HBCD (α and γ), 13C12-labelled 

PBDE, 13C12-labelled HBCD (α and γ) standards were purchased from Wellington 

Laboratories (Ontario, Canada). The 13C10-labelled DP (syn- and anti-) standards were 

purchased from Cambridge Isotope Laboratories (MA, USA). Organic solvents of 

pesticide analysis grade were used for the extraction and cleanup of samples, and 

sulfuric acid-impregnated silica gel of dioxin analysis grade was purchased from Wako 

Pure Chemicals (Osaka, Japan).  

2.1.3.3. Extraction and clean-up 

The 15 g samples were spiked with 13C-labeled standard mixtures (13C10-labeled DP, 

(syn- and anti-), 0.25 ng each; 13C12-labeled PBDE, 0.25–0.5 ng; 13C12-labeled HBCD, 

(α and γ), 1.25 ng each). The samples were extracted using a mixture of n-hexane and 

diethyl ether (2:1, v/v), twice using a homogenizer followed by centrifugation. The 

organic layer was collected and washed with 2%NaCl. After dehydration with Na2SO4, 

the organic solvent was concentrated using a rotary evaporator until the organic solvent 

was completely removed, and the residue was re-dissolved in an acetone-cyclohexane 

mixture (3:7, v/v). Lipid purification was then performed using gel permeation 
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chromatography. The column (CLNpak EV-G AC, 100 mm, 20 mm i.d., CLNpak 

EV-2000 AC, 300 mm, 20 mm i.d., Showa Denko, Tokyo, Japan) was eluted with an 

acetone-cyclohexane mixture (3:7, v/v) at 40°C. The flow rate was 5 ml min-1; the first 

60 ml of the eluate was discarded to remove the bulk of the lipids, and the subsequent 

100 ml of the eluate was collected. This fraction was evaporated to dryness and 

redissolved in hexane. The solution was subjected to a cleanup procedure using a 44% 

sulfuric acid-impregnated silica gel column (1 g). Hexane (10 ml) was used as an eluent. 

After adding 50 μl of nonane, the eluate was evaporated until the hexane was 

completely removed. Finally, 1 μl of sample solution was used for the analyses of DP 

and PBDE by gas chromatography-mass spectrometry (GC/MS). For HBCD analyses, 

nonane was removed under an N2 stream and 50 μl of methanol added, then 5 μl of the 

sample solution was used for the liquid chromatography-tandem mass spectrometry 

(LC/MS/MS) analysis. 

2.1.3.4. GC/MS conditions 

GC/MS analyses were performed using a gas chromatograph (6890 series, Agilent 

Technologies, CA, USA) coupled to a high-resolution mass spectrometer (JMS-700D, 

JOEL, Tokyo, Japan). The GC conditions were as follows: column, capillary non-polar 

column (DB-1, 15 m, 0.25 mm i.d., 0.1 μm film thickness, J&W Scientific, CA, USA); 
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column temperature program, 100°C (held for 2 min) to 330°C (held for 5 min) at 10°C 

min-1; carrier gas, helium; column head pressure, 10 psi; injection temperature, 250°C; 

injection mode, splitless (splitless time, 1.5 min). All target DP and PBDE were eluted 

from the column within 30 min under these conditions. The MS conditions were as 

follows: ionization mode, electron ionization mode; electron energy, 38 eV; filament 

current, 600 μA; ion source temperature, 270°C; resolution, 10,000 (10% valley 

definition). The monitoring ions for each target compound are shown in Table 6. The DP 

and PBDE were quantified by the isotope dilution method using the corresponding 

13C-labeled congeners. 

2.1.3.5. LC/MS/MS conditions 

LC/MS/MS analyses were performed on a liquid chromatograph (ACQUITY UPLC 

system, Waters) coupled to a tandem quadrupole mass spectrometer (Quattro Premier 

XE, Waters). Chromatographic separation of the HBCD isomers was performed on a 

C18 column (ACQUITY UPLC BEH C18, 100 mm, 2.1 mm i.d., 1.7 μm, Waters). The 

column temperature was maintained at 40°C. Isocratic elution was then performed using 

10 mM ammonium acetate in a mixture of acetonitrile, water, and methanol (65:23:12) 

at a flow rate of 0.2 ml min-1.  

The MS conditions were as follows: ionization mode, electrospray ionization mode 
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(negative); capillary voltage, 2800 V; extractor voltage, 2 V; cone voltage, 16 V; 

collision energy, 9 eV. The selected reaction monitoring mode was used for quantitation; 

m/z 640.5 to 80.6 transition for non-labeled HBCD and m/z 652.7 to 80.6 for 

13C12-labeled HBCD. The m/z 640.5 to 78.9 transition was verified further. The HBCD 

isomers were quantified by the isotope dilution method using the corresponding 

13C-labelled congeners. 

2.1.3.6. Quality assurance and quality control 

Spiked skipjack-tuna sample (n = 5) recoveries of DP, PBDE and HBCD are shown in 

Table 7. The spiking amounts were as follows: DP (syn- and anti-), 0.3 ng each; PBDE, 

0.2–0.4 ng; HBCD (α and γ), 1 ng each. A procedural blank was run for each batch of 

fish samples. The calculated detection limits (S/N = 3) of DP, PBDE and HBCD were 

0.2 pg g-1 wet wt, 1.0–6.0 pg g-1 wet wt, and 0.02 ng g-1 wet wt respectively.  Quality 

control standards were measured after every 10 samples to check for instrumental drift. 

None of the analytes was detected in the procedural blank samples. 

 

2.1.4. Results and discussion 

The concentrations of DP, PBDE, and HBCD in the fish samples are summarized in 

Table 8. DP was detected in 18 samples and ΣDP concentrations were < 0.2 to 14.2 pg 
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g-1 wet wt. Representative chromatograms are shown in Fig. 9. PBDE was detected in 

all samples with concentrations between 2.2 and 878 pg g-1 wet wt for ΣPBDE. Among 

the congeners, BDE-47 is known as a common indicator of PBDE contamination in 

marine fish (Akutsu et al., 2001) and it was also the most dominant congener, detected 

in all samples in the study. HBCD was detected in 18 samples with ΣHBCD 

concentrations of < 0.02 to 21.9 ng g-1 wet wt. The concentrations of ΣPBDE were 

highest in the mackerel landed at Fukuoka (sample No. 8). ΣHBCD and ΣDP were also 

relatively high in this sample. Fukuoka prefecture faces onto the East China Sea, which 

is southwest of Japan and is bordered by Japan, Korea, and China. ΣDP was highest in 

the Japanese seaperch landed at Hyogo (sample No. 13) and ΣHBCD was highest in the 

Japanese Spanish mackerel landed at Kyoto (sample No. 3). Both prefectures face the 

Sea of Japan, which is northwest of Japan and bordered by Japan, Korea, and Russia. 

These results indicate that the seawaters around Japan, Korea, Russia and China are 

contaminated by flame retardants. Among the fish species, DP, PBDE, and HBCD 

concentrations were very low in skipjack tuna, sea bream, and Pacific cod, independent 

of the landing location. 

When we assess the correlation of concentrations between ΣDP, ΣPBDE, and ΣHBCD, 

DP does not correlate with PBDE or HBCD (r = 0.20, ρ = 0.41 and r = 0.30, ρ = 0.20 
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respectively), but there is a weak correlation between PBDE and HBCD (r = 0.65, ρ < 

0.01) (Fig. 10). This correlation may be due to their similar intended end-usage and 

contamination sources (industrial effluent, waste disposal site). Both PBDE and HBCD 

are brominated flame retardants and used as a protective additive to polystyrene foam 

(upholstery and building materials), textiles (furniture, mattresses, and curtains), and 

electrical equipment (de Wit, 2002).  

As a result of the fast development of the electrical industry in recent years, electronic 

waste (e-waste) generated throughout the world is now being transported to developing 

countries for recycling. Bi et al., (2007) reported that computer e-waste is exported to 

Asia, primarily to China. Several flame retardants have been detected in water birds 

from an e-waste recycling region (Zhang et al., 2011a). These facts may contribute to 

the high environmental levels of flame retardants found in seawater around eastern Asia. 

The fractional abundance of the anti-isomer (ƒanti) was calculated by dividing the 

concentration of anti-DP by the sum of the concentrations of syn- and anti-DP. The 

mean ƒanti value in this study was 0.62 ± 0.05 (mean ± one standard deviation) and is 

similar to that of fish from rivers in Korea (0.69) (Kang et al., 2010). The ƒanti values of 

commercial DP products were 0.75–0.80 for the Great Lakes area (Hoh et al., 2006) and 

0.70 in China (Wu et al., 2010). Some reports indicate that syn-DP is more 

25



bio-accumulative than anti-DP, and there is a tendency towards higher trophic levels, 

hence the higher syn-DP ratio in aquatic biota (Wu et al., 2010; Xian et al., 2011; Wang 

et al., 2015). In this study, the ƒanti value (0.56-0.72) was rarely different from that of the 

commercial product.  

For HBCD, α-HBCD was the dominant isomer in almost all samples. In the technical 

mixture, γ-HBCD is the most dominant isomer (> 70%) followed by α-HBCD (Tomy et 

al., 2004). In marine fish/mammals, α-HBCD is reported to be the dominant residue 

among the HBCD isomers (Covaci et al., 2006) because of its relatively longer 

environmental and biological half-life compared to γ-HBCD. DP and HBCD isomer 

profiles from the results in this study indicate that, with respect to biological 

accumulation, HBCD has more pronounced isomer selectivity than DP. 

The daily intakes of ΣDP, ΣPBDE, and ΣHBCD from fish by an average Japanese adult 

were tentatively calculated to be 2.4 pg kg-1 body weight day-1, 115 pg kg-1 body weight 

day-1, and 2.2 ng kg-1 body weight day-1, respectively. Comparing these values to the 

reported estimated daily intake from fish, PBDE was comparable to the reported value 

in the UK (400 pg kg-1 body weight day-1) (UK Food Standards Agency, 2006), and the 

Netherlands (220 pg kg-1 body weight day-1) (Bakker et al., 2008) and HBCD was 

comparatively higher than the reported value in the UK (0.3 ng kg-1 body weight day-1) 
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(UK Food Standards Agency, 2006), and the Netherlands (0.12 ng kg-1 body weight 

day-1) (van Leeuwen and de Boer, 2008). 

 

2.1.5. Interim summary 

In conclusion, this study has shown for the first time that DP is being detected in fish 

in Japan, despite there being no DP manufacturing facility in Japan. Concentrations of 

ΣDP were approximately one hundredth of those of ΣPBDE and one thousandth of those 

of ΣHBCD. Although these concentrations in fish samples would not be expected to 

cause adverse effects in humans, further monitoring and research of dietary products 

focused on more food variety are needed amid mounting concerns about contamination 

by DP. This is of particular importance because DP has the typical characteristics of a 

persistent organic pollutant.  

  

27



No. Fish species Landing prefecture, 
Country

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Japanese spanish mackerel
Japanese spanish mackerel
Japanese spanish mackerel
Skipjack tuna
Skipjack tuna
Sea bream
Sea bream
Mackerel
Mackerel
Pacific bluefin tuna
Tongue-sole
Chicken grunt
Japanese seaperch
Olive flounder
Japanese sardine
Japanese jack mackerel
Flathead flounder
pacific cod
Greater amberjack
Greenland halibut

Hyogo, Japan
Toyama, Japan
Kyoto, Japan
Kochi, Japan
Miyagi, Japan
Fukuoka, Japan
Fukuoka, Japan
Fukuoka, Japan
Chiba, Japan
Nagasaki, Japan
Hyogo, Japan
Wakayama, Japan
Hyogo, Japan
Aomori, Japan
Chiba, Japan
Hyogo, Japan
Ishikawa , Japan
Hokkaido , Japan
Unknown, Japan
Unknown, Denmark

Table 5
Details of fish from supermarket in Osaka, Japan
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syn-DP
anti-DP
13C10- syn-DP
13C10- anti-DP
BDE-28
BDE-49
BDE-47
BDE-66
BDE-100
BDE-99
BDE-126
BDE-154
BDE-153
BDE-184
BDE-183
BDE-197
BDE-196
BDE-207
BDE-206
BDE-209
13C12-BDE-28
13C12-BDE-47
13C12-BDE-99
13C12-BDE-154
13C12-BDE-153
13C12-BDE-183
13C12-BDE-197
13C12-BDE-207
13C12-BDE-209

Compounds
Monitor ions (m/z)

Surrogate I.S.a

271.8102
271.8102
276.8269
276.8269
405.8027
485.7111
485.7111
485.7111
563.6216
563.6216
563.6216
643.5301
643.5301
721.4406
721.4406
641.5144
641.5144
719.4250
719.4250
799.3334
417.8429
497.7514
575.6619
655.5704
655.5704
733.4809
653.5547
731.4652
811.3737

273.8072
273.8072
278.8240
278.8240 
407.8006
483.7132
483.7132
483.7132
565.6196
565.6196 
565.6196 
641.5321
641.5321
723.4386
723.4386
639.5165
639.5165
721.4229
721.4229
797.3355
419.8409
495.7534
577.6598
653.5724
653.5724
735.4788
651.5567
733.4632
809.3757

13C10- syn-DP
13C10- anti-DP
-
-
13C12-BDE-28
13C12-BDE-47
13C12-BDE-47
13C12-BDE-47
13C12-BDE-99
13C12-BDE-99
13C12-BDE-99
13C12-BDE-153
13C12-BDE-153
13C12-BDE-183
13C12-BDE-183
13C12-BDE-197
13C12-BDE-197
13C12-BDE-207
13C12-BDE-207
13C12-BDE-209
-
-
-
-
-
-
-
-
-

Quantification Qualification

a  Surrogate internal standard used for quantification of each native compounds

Table 6
Monitor ions for DP and PBDE used in this study 

Compounds Recovery(%) R.S.D.(%)

syn-DP
anti-DP
BDE-28
BDE-49
BDE-47
BDE-66
BDE-100
BDE-99
BDE-126
BDE-154
BDE-153
-HBCD
-HBCD

106
101
103
106
105
102
101
94
100
110
101
107
100

1.0
0.9
2.3
9.6
3.0
1.7
8.0
2.6

10.4
3.6
3.7
8.3
5.6

Table 7  Results of recovery test for 
DP, PBDE, and HBCD
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Fig.9  Chromatogram of Fish sample（Sample No.2）
(a) DP, (b) PBDE, and (c) HBCD

syn

anti(a)
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2.2. Exposure level evaluation for Dechlorane Plus in Osaka, Japan 

2.2.1. Abstract 

This study estimated daily exposure to Dechlorane Plus (DP) and polybrominated 

diphenyl ethers (PBDE) via inhalation and diet. Samples of atmospheric particles and 

food (obtained by the market basket method) from Osaka, Japan were analyzed for DP 

(syn-, anti-) and PBDE using gas chromatography-mass spectrometry. DP was detected 

in both atmospheric particles and food samples. Among the atmospheric particles, DP 

was detected in all samples. ΣDP concentration was 7.1–15.4 pg m-3 and anti-DP was 

the dominant residue among DP isomers. PBDE was also detected in all the atmospheric 

particles. ΣPBDE concentration was 9.9–23.3 pg m-3. In the market basket study, DP 

was detected in Groups Ш (sugar and confectionery), V (legumes and their products), X 

(fish, shellfish, and their products), and XI (meat and eggs) at concentrations of 3.3, 2.8, 

1.9, and 1.5 pg g-1 wet wt, respectively. PBDE was detected in Groups Ш, IV (oils and 

fats), V, X, XI, and XШ (seasonings and other processed foods) at concentrations of 153, 

79.1, 74.6, 308, 94.8, and 186 pg g-1 wet wt, respectively. The daily intake of ΣDP (750 

pg day-1) via inhalation and diet was approximately one percent of that for ΣPBDE (62 

ng day-1).  

 

2.2.2. Introduction 

In a preliminary study, we detected DP in fish samples for the first time and 

determined its pollution status in Japan. On the basis of this result, we believe it is 

important to estimate the human DP exposure level in Japan. We therefore determined 

the inhalational and dietary intake amounts through the analysis of atmospheric particle 

samples and basket study samples collected in Osaka, Japan. In addition to DP, we also 

determined the exposure levels of PBDE. 
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2.2.3. Methods 

2.2.3.1 Sample preparation 

Atmospheric particle samples 

Samples were collected in the vicinity of a research laboratory located in the eastern 

urban area of Osaka City, Japan. Osaka City is one of the biggest cities in Japan. Air 

samples were collected using a high-volume air sampler equipped with a quartz-fiber 

filter (QFF) at a flow rate of 0.5 m3 min-1. Sampling periods were November to 

December 2012, and February to March 2013. The QFF was replaced every week. After 

sampling, the filters were packaged with aluminum foil and stored in a freezer until 

analysis.  

Market basket study samples 

The market basket study samples were prepared in line with official food classification 

and consumption data from the National Nutrition Survey, conducted by the Ministry of 

Health, Labour and Welfare of Japan. A total of 123 food samples were purchased from 

supermarkets in Osaka in 2012. These food samples were cooked (boiled or broiled) in 

accordance with the guidelines provided by the Ministry of Health, Labour and Welfare 

of Japan and were then weighed according to daily consumption amounts. The weighed 

foods were mixed and homogenized to form 13 food-group composites numbered I to 
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XШ, as listed in Table 9. The homogenized samples were then frozen and stored until 

use. 

2.2.3.2. Extraction and cleanup 

Atmospheric particle samples 

The filter samples were extracted ultrasonically for 30 min with 50 mL of 

dichloromethane containing 13C-labeled standard mixtures (13C10-labeled DP, (syn- and 

anti-), 0.25 ng each; 13C12-labeled PBDE, 0.25–1.25 ng). After centrifugation, the 

supernatant was concentrated to dryness and re-dissolved in hexane. The solution was 

cleaned-up using a 44% sulfuric acid-impregnated silica gel column (1 g). Hexane (10 

ml) was used as an eluent. After adding 20 μl of nonane, the eluate was evaporated until 

hexane was completely removed. Finally, 1 μl of sample solution was used for the 

analyses of DP and PBDE via gas chromatography-mass spectrometry (GC/MS).  

Market basket study 

The market basket study samples were treated using the same method as described 

previously for the fish sample analyses (section 2.1.3.). Ten grams of each sample were 

used for extraction. 

2.2.3.3. Quality assurance and quality control of filter samples 

Analytical recoveries of the DP and PBDE in the filter samples (n = 5) ranged from 
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83% (BDE-126) to 108% (syn-DP) and relative standard deviations ranged from 3% to 

24% (BDE-126) (spiking amount: DP (syn- and anti-), 0.25 ng each; PBDE, 0.2–1 ng 

each). The calculated detection limits of DP and PBDE were 0.01 pg m-3 and 0.02–0.12 

pg m-3, respectively (S/N = 3). 

 

2.2.4. Results and discussion 

2.2.4.1. Atmospheric particle samples 

The concentrations of DP and PBDE in the filter samples are summarized in Table 10. 

DP was detected in all samples and ΣDP concentrations ranged from 7.1 to 15.4 pg m-3. 

The mean concentration of ΣDP in this study (11 pg m-3) is lower than that reported for 

urban sites in China (15.6 pg m-3) (Ren et al., 2008) and the Great Lakes area near a DP 

manufacturing point (34 pg m-3) (Hoh et al., 2006); and is higher than concentrations 

recorded at rural sites in China (3.5 pg m-3) (Ren et al., 2008) and in the Shanghai area 

(5.48 pg m-3) (Yu et al., 2011). Recently, very high atmospheric concentrations of DP 

were reported at an e-waste site (13.1−1,794 pg m-3) (Chen et al., 2011) and a location 

near a DP production facility in China (7,737−26,734 pg m-3) (Wang et al., 2010). Hoh 

et al. (2006) reported that atmospheric DP consisted almost entirely of particle phase, 

and that < 1% of total DP was present in gas-phase samples. We therefore consider that 
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the concentrations of ΣDP found in this study can represent DP levels in ambient air 

around Osaka, Japan. There is no DP manufacturing facility located in Japan, therefore 

potential sources of considerable atmospheric DP are likely to be via atmospheric 

transport across the sea from the Asian continent and release from DP-containing 

products used in Japan, such as electrical wire and cable coatings, computer connectors, 

and plastic roofing materials.  

The fractional abundance of the anti-isomer (ƒanti) was calculated by dividing the 

concentration of anti-DP by the sum of the syn- and anti-DP concentrations. The mean 

ƒanti value in this study was 0.74 ± 0.05 (mean ± one standard deviation) and was similar 

to both commercial DP products and atmospheric DP in China (0.63−0.68) (Ren et al., 

2008; Wang et al., 2010)as well as urban Korea (0.82−0.88)(Baek et al., 2013). It is 

reported that the stereo-selective depletion of the anti-isomer was caused by UV 

radiation from sunlight during long-range atmospheric transport(LRAT)(Möller et al., 

2010). We believe that the atmospheric DP in Osaka was little affected by long-range 

atmospheric transportation from remote DP sources, but further study is needed for 

LART estimation because in this study, we only analyzed the samples for Osaka, Japan. 

PBDE was detected in all filter samples, at concentrations between 9.9 and 23.3 pg m-3 

for ΣPBDE. These values were similar to the range 1.5–49 pg m−3 reported for 
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particulate samples investigated in Japan (Hayakawa et al., 2004). Among the PBDE 

congeners inthis study, BDE-209 was the most abundant in the atmosphere. One reason 

for the high concentrations of BDE-209 is that technical deca-BDE has not yet been 

banned, and remains one of the most widely used forms of BFR. Another reason is that 

only particulate samples were analyzed in this study, whereas low-brominated BDEs 

exist in both gas and particle phases. Strandberg et al. (2001) reported that the 

percentages present in the gas phase were about 80% for BDE-47, about 55–65% for 

BDE-100 and BDE-99, and about 30% for BDE-154 and BDE-153. Nona-BDE and 

deca-BDE were reported to occur almost exclusively in particle-phase samples, 

irrespective of the sampling season, and deca-BDE (BDE-209) was detected at 

relatively high concentrations compared to other PBDE congeners (Hayakawa et al., 

2004; Yang et al., 2012). We considered BDE-209 as a reasonably representative 

indicator of atmospheric PBDE contamination in this study. 

2.2.4.2. Market basket study 

The concentrations of DP and PBDE in the food samples are summarized in Table 11. 

DP was detected in four food groups at ΣDP concentrations of 1.5–3.3 pg g-1 wet wt. 

PBDE was detected in six food groups at ΣPBDE concentrations of 74.6–308 pg g-1 wet 

wt. Both DP and PBDE were detected in Groups Ш (sugar and confectionery), V 
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(legumes and their products), X (fish, shellfish, and their products), and XI (meat and 

eggs); and PBDE alone was detected in IV (oils and fats) and XШ (seasonings and other 

processed foods). Groups IV and XШ contained oil products of animal and plant origin. 

Total DP concentration was highest in the sugar and confectionary group. This may be 

caused by either the usage of DP contaminated raw materials, such as wheat and sugar, 

or contamination through the confectionary -making process in the plant. Wang et al 

reported that wheat was highly contaminated with DP in China (Wang et al., 2013). 

Total PBDE concentration was highest in the fish group (Group X) and BDE-47 was 

highest among the congeners in this group. BDE-47 is known as a common indicator of 

PBDE contamination in marine fish. With the exception of the fish group, BDE-209 was 

the most abundant. A recent dietary study also indicated that BDE-209 accounts for a 

large proportion of PBDE in food groups except for fish(UK Food Standards Agency, 

2006; Chen et al., 2012).  

The mean ƒanti value was 0.62 ± 0.09 (mean ± one standard deviation), which is 

smaller than that of the atmospheric samples in this study. Some reports indicate that 

syn-DP is more bio-accumulative than anti-DP (Wu et al., 2010; Xian et al., 2011; She 

et al., 2013), and tends towards higher trophic levels, thereby explaining the higher 

syn-DP ratio in Group X (fish, shellfish, and their products).  
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2.2.4.3. DP and PBDE intake estimation 

Assuming that DP showed the same level in outdoor air and indoor air, and that the 

mean inhalation rate for an adult is 15.7 m3 day-1 (US EPA, 2011), we estimated the 

mean daily intakes of ΣDP and ΣPBDE for the sampling season as 174 pg day-1 and 238 

pg day-1 , respectively. The dietary intakes of ΣDP (576 pg day-1) and ΣPBDE (61.8 ng 

day-1) by an average Japanese adult were estimated by multiplying the daily intake of a 

food group (Table 9) by the DP and PBDE concentration for that group (Table 11). 

Non-detected values were treated as zero. These results indicate that DP exposure via 

inhalation is one-third of that via diet, and that PBDE exposure occurs mainly via diet. 

Dietary exposure levels of DP and PBDE estimated in this study were compared to 

recently reported values. Our DP estimate was significantly lower in comparison with 

Korea (11.2 ng day−1) (Kim et al., 2014) while our PBDE estimate was similar to data 

for Korea (72.30 ng day−1)(Na et al., 2013) and Taiwan (67.95 ng day−1) (Chen et al., 

2012). 

 

2.2.5. Interim summary 

In conclusion, this is the first study to detect atmospheric DP in Japan, and has 

estimated daily exposure levels via inhalation and diet. These findings indicate that 
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Japanese residents are exposed to DP in everyday life. The atmospheric exposure to DP 

was around three-quarters that of PBDE; whereas, the dietary intake of DP was 

approximately one percent of that for PBDE. This result indicates that food 

contamination by DP is in an early phase in Japan. We have conclusively proven that DP 

persists and remains in the Japanese environment, and it is beginning to make the 

transition into the biota and food components. 

Despite there being no DP manufacturing facility in Japan, the atmospheric 

concentration in Osaka, Japan is comparable to that reported for urban areas in China. In 

addition, the inhalational exposure ratio of DP is much higher than that of PBDE in 

Japan. When trying to find out whether the atmospheric DP contamination source in 

Japan is domestic or cross-border pollution by LRAT, it is necessary to analyze the 

atmospheric samples from multi-sampling points in a wide area because Japan’s 

geographical location makes it susceptible to air currents (Westerlies) from the Asian 

continent. 
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1.8

11.9

93

9.2

0.2

0.1

0.03

0.03

6.6

13.3

6.2

7.2

334

176

32

10

52

107

95

184

679

72

120

111

101

0.04

Group
No.

Composition (representative example) No. of food
varieties

Lipid content
(%)

Daily intake 
per capita (g day−1)

I

II

III

IV

V

VI

VII

VII
I

IX

X

XII

Rice and rice products 

(wheat, wheat products, potato, potato products, sesame)

Sugar and confectionary

Oils and fats

Legumes and their products

Fruits

Brightly colored vegetables

Other vegetables, mushrooms, and seaweeds

Beverages

Fish, shellfish, and their products

Meat and eggs

Milk and dairy products

Seasonings and other processed foods

2

15

8

4

7

11

10

13

7

17

13

5

11

XI

XIII

Grains, seeds, and tubers

(doughnut, potato chips, biscuit)

(butter, margarine, salad oil, lard)

(soy bean, tofu, fried bean curd, natto, chickpea)

(strawberry, orange, banana, apple, pineapple, kiwi fruit)

(tomato, carrot, spinach, pumpkin, broccoli)

(cucumber, white radish, eggplant, dried barilla)

(soft drink, beer, coffee, distilled spirit)

(Spanish mackerel, salmon, fish sausages, canned tuna)

(beef, pork, chicken, chicken egg)

(milk, cheese, yoghurt, ice cream)

(soy sauce, mayonnaise, ketchup, curry block , vinegar)

(rice, rice powder)

Table 9  The 13 food groups used in the market basket study, Osaka 2012
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2.3. Atmospheric level of Dechlorane Plus in East-Asian countries and particle size 

distribution 

2.3.1. Abstract 

Atmospheric particles were collected in both summer and winter in several cities in 

Japan (Sapporo, Sagamihara, Kanazawa, and Kitakyushu), Korea (Busan), and China 

(Beijing) using a high-volume air sampler equipped with a quartz-fiber filter. The 

samples were analyzed for Dechlorane Plus (DP) using gas chromatography 

high-resolution mass spectrometry. The samples from Kanazawa and Beijing were also 

analyzed for decabromodiphenyl ether (BDE-209). DP was detected in all samples. The 

mean ΣDP concentration was highest (6.7 pg m-3) and lowest (0.87 pg m-3) in the winter 

samples from Sagamihara and Busan, respectively. The study found that the seasonal 

variation of DP concentrations varied by sampling site. BDE-209 was detected in all the 

analyzed samples except for one of the Kanazawa winter samples. BDE-209 

concentration was considerably higher in Beijing than in Kanazawa. Significant 

correlations were found between the concentrations of ΣDP and BDE-209 in the winter 

samples from Kanazawa and both summer and winter samples from Beijing. This 

similarity in the atmospheric behavior of DP and BDE-209, especially in winter, is 

assumed to reflect a common end usage and release mechanism. In the DP particle-size 

fraction distribution study, the highest DP concentration (~43% of ΣDP) was found in 

the finest particle group (<1.1 µm ). For the ƒanti value, there was a tendency for the 

value to decrease with the decreasing particle size. 

 

2.3.2. Introduction 

The purpose of this study was to compare the seasonal atmospheric levels of DP 

among Northeast Asian countries during the same season. It is possible to compare the 

atmospheric DP concentration level in different cities, and countries and discover the 

DP contamination source and its atmospheric behavior using the multipoint samples 

collected during the same periods. There is currently little information on DP 
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size-specific particle distribution, which is needed to better understand itsatmospheric 

fate. In this study, therefore, we used a high volume air sampler equipped with a 

five-stage porous jet nozzle for investigation of DP particle-size distribution behavior. 

 

2.3.3. Methods 

2.3.3.1. Sample preparation 

Total suspended particle (TSP) samples were collected from six cities in Japan, Korea, 

and China. Detailed information about the sampling sites and periods is presented in 

Table 12. Sapporo is located in the northern part of Japan, and is the country’s fourth 

largest city. Sagamihara borders Tokyo, Kanazawa is located centrally on the Sea of 

Japan side of the archipelago, and Kitakyushu is in the south of Japan. Busan is the 

second largest city in Korea and is located in the southern part of the country, while 

Beijing is the largest city in China and is located in the northeast of the country. 

Samples were collected using a high-volume air sampler equipped with a quartz-fiber 

filter at a flow rate of 1.0 m3 min-1. The quartz-fiber filter was replaced daily. After 

sampling, the filters were packaged in aluminum foil and stored in a freezer until 

analysis. We analyzed BDE-209 in addition to DP for the samples from Kanazawa and 

Beijing.  
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For the investigation of DP particle-size distribution behavior, size-classified particle 

matter was collected from 11 April 2014 to 14 April 2014 and 14 April 2014 to 21 April 

2014 using a high volume air sampler equipped with a five-stage (> 7.0 µm; 7.0–3.3; 

3.3–2.0; 2.0–1.1; < 1.1 µm porous jet nozzle (AH-600, Sibata scientific technology, 

Japan) at a flow rate of 0.566 m3 min−1. 

2.3.3.2. Extraction and cleanup 

The filter samples were treated using the same method described for the previous filter 

sample analyses (2.2.3.). 

 

2.3.4. Results and discussion 

The mean DP and BDE-209 particulate concentrations are shown in Table 13. DP was 

detected in all analyzed samples. The mean values of total DP isomers (ΣDP) were 

determined to be in the following order: Sapporo > Sagamihara >Kitakyushu > 

Kanazawa > Beijing > Busan. The samples from Sagamihara showed seasonal variation, 

while those from Sapporo showed relatively high concentrations in both summer and 

winter. In Sagamihara, the mean DP concentration in summer is more than quadruple 

the winter concentration. The ΣDP concentrations of samples collected in Japan, during 

this study were higher than those in Korea and China. Yang et al. (2013) reported the 
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correlation of annual average concentrations of atmospheric PBDE at 11 urban sites in 

China with high urban populations using a high-volume air sampler. In our previous 

study, in which we analyzed air particulate samples collected in Osaka, Japan, the ΣDP 

concentration was 11 pg m-3. The population of Osaka City is 2.6 million, and when the 

ΣDP concentrations in five Japanese cities (including the data from Osaka) were plotted 

against the population, a good correlation (Fig. 11, R2 = 0.87, ρ < 0.01) was obtained. 

This result indicates that in Japan the main DP contamination sources are closely linked 

with urban centers having dense populations. In China, high atmospheric DP 

concentrations were reported from DP contamination source areas, such as an e-waste 

site (13.1–1,794 pg m-3) (Chen et al., 2011) and a location near a DP production facility 

in China (7,737–26,734 pg m-3) (Wang et al., 2010). The mean DP concentration in the 

Beijing samples (1.98 pg m-3) in this study was higher than that in the study using the 

high-volume air sampler in Harbin, China (0.4 pg m-3) (Ma et al., 2011), and lower than 

that in Dalian, China (3 pg m-3) (Yang et al., 2012), and Shanghai, China (2.32–5.48 pg 

m-3) (Yu et al., 2011). In China, the DP concentrations seemed to decrease with 

increasing distance from the DP manufacturing plant in Huai’an City.  

The fractional abundance of the anti-isomer (ƒanti) is calculated by dividing the 

concentration of anti-DP by the sum of the syn- and anti-DP concentrations. The mean 
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ƒanti value in this study was 0.63–0.73, and ƒanti values for each sampling site are 

summarized in Fig. 12 as box plots, which were produced using R statistical software 

program version 3.0.3. It seems that the ƒanti values were slightly higher in Japan than in 

Busan. It has been reported that stereo-selective depletion of the anti-isomer can be 

caused by UV radiation from sunlight during long-range atmospheric transport (Möller 

et al., 2010; Salamova and Hites, 2011). The mean ƒanti values in Japan ranged from 

0.69 to 0.73 and were similar to those of DP commercial products. Therefore, we 

assumed that the atmospheric DP in Japan is minimally affected by long-range 

atmospheric transportation (LRAT) from remote DP sources. Alternatively, the DP in 

the Busan sample (ƒanti = 0.63) possibly was affected by LRAT. BDE-209 was also 

analyzed for the samples from Kanazawa and Beijing, and it was detected in all samples 

except for one of the Kanazawa winter samples. The BDE-209 concentration was much 

higher in Beijing than in Kanazawa. No seasonal variation was found for the BDE-209 

concentration in Kanazawa. On the other hand, in Beijing, the BDE-209 concentration 

was significantly higher in summer than winter. BDE-209 primarily exists in the 

atmospheric particle phase, irrespective of ambient temperatures (Yang et al., 2012); it 

is thought, therefore, not to be susceptible to seasonal variation. However, Hu et al. 

(2011) also reported that concentrations of PBDEs, including BDE-209, were relatively 
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high in summer. They considered this seasonal variation to be consistent with the 

seasonal trends in atmospheric suspended particle concentrations in Beijing. We believe 

that further study is necessary to understand the reason for high BDE-209 concentration 

during the summer. In Beijing, the concentration of BDE-209 was significantly higher 

than that of DP, indicating that BDE-209 is still an important flame retardant in China. 

Yu et al. (2011) also reported the BDE-209 predominance between PBDE and DP in the 

air particulate samples collected in Shanghai, China. Significant correlations in the 

winter samples of Kanazawa (summer: R2= 0.02; winter: R2 = 0.70, ρ = 0.01) and 

Beijing (summer: R2 = 0.56, ρ = 0.05; winter: R2 = 0.98, ρ < 0.01) were found between 

the concentrations of ΣDP and BDE-209. This similarity in atmospheric behavior of DP 

and BDE-209 was assumed to indicate a common end usage and release mechanism for 

these compounds.  

 The result of DP particle size fraction distribution behavior is shown in Fig 13. 

Regardless of the sampling period, the highest DP concentration (~43% of ΣDP) was 

found in the finest particle group (< 1.1 µm). For the ƒanti value, there was a tendency 

for the value to decrease with the decreasing particle size. The results of DP in total 

suspended particle matter samples indicated that the atmospheric DP in Japanese cities 

was minimally affected by LRAT, but DP particle size fraction behavior showed the 
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larger stereo-selective depletion of the anti-isomer caused by LRAT in the finer particle 

stage. The one possible reason for this result is that particles smaller than 2µm are able 

to remain in ambient air for a longer time and are not as efficiently removed by wet or 

dry deposition, further prolonging their atmospheric lifetime (Bidleman, 1988; 

Kurokawa et al., 1998). 

 

2.3.5. Interim summary  

We determined the DP concentrations in atmospheric particles in east Asia for samples 

collected during the same periods in 2010. Relatively high atmospheric DP 

concentrations were found in several Japanese cities, despite there being no DP 

manufacturing facility in Japan. Additionally, the DP concentrations were correlated 

with the population of those cities. These facts indicate that considerable potential 

sources of atmospheric DP in Japan were released from DP-containing products used in 

Japan, such as electrical wire, cable coatings, computer connectors, and plastic roofing 

materials. The atmospheric concentrations of DP and BDE-209 were similar in 

Kanazawa.  However, the BDE-209 abundance in Beijing indicates that BDE-209 is 

still an important flame retardant in China. In 2006, production of the technical 

deca-BDE mixture was reported to have reached 15,000 tons in China(Hu et al., 2010). 
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The highest DP concentration (~43% of ΣDP) was found in the finest particle group 

( <1.1 µm). There was a tendency for the ƒanti value to decrease with decreasing particle 

size. This may contribute to stereo-selective depletion of the anti-isomer caused by 

long-range atmospheric transport. I therefore conclude that atmospheric DP was 

released from DP-containing products used in Japan on the whole, but DP in the fine 

particulates was seen to be partly affected by LRAT.  
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Sapporo

Sagamihara
Kitakyushu

Busan

Beijing

Kanazawa

location Population
(million)

season period Temperature
(ºC)

Sapporo, Japan
(latitude43°04' 54.998", longitude 141°20' 00.366")

2
summer
winter

9—15,Aug
12—18,Feb

25
-5

Sagamihara, Japan
(latitude35°34' 41.675", longitude 139°23' 21.415")

0.7
summer 
winter 

7—13,Aug
12—17,Feb

27
3

Kanazawa, Japan
(latitude36°32' 51.997", longitude 136°42' 33.188")

0.5
summer 
winter 

9—16,Aug
11—24,Feb

29
3

Kitakyushu, Japan
(latitude33°53' 43.018", longitude 130°49' 45.753")

1
summer 
winter 

9—22,Aug
13—19,Feb

29
5

Busan, Korea
(latitude35°15' 16.53", longitude 129°5' 1.114")

3.6
summer 
winter 

9—15,Aug
12—20,Feb

27
5

Beijing, China
(latitude40°24' 50.94", longitude 116°43' 3.695")

20
summer 
winter 

9—16,Aug
25—31,Jan

26
-1

Table 12 Sampling information
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1.49 ± 1.52

1.31 ± 0.91

0.47 ± 0.25

1.76 ± 0.95

0.73 ± 0.45

0.49 ± 0.33

1.80 ± 3.78

0.63 ± 0.38

0.26 ± 0.12

0.41 ± 0.59

0.41 ± 0.22

0.76 ± 1.57

4.36 ± 5.83

3.78 ± 2.51

1.04 ± 0.55

4.97 ± 2.77

2.26 ± 1.57

1.26 ± 0.89

2.68 ± 4.62

2.10 ± 1.47

0.62 ± 0.32

0.46 ± 0.49

0.83 ± 0.73

1.96 ± 3.99

1.63 ± 0.81

1.81 ± 2.21

54.3 ± 19.2

12.2 ± 12.9

syn-DPa anti-DPa BDE-209a

Kanazawa 

Kitakyushu

Sagamihara 

Sapporo 

Beijing

Busan 

Summer (n=7)

Winter (n=7)

Summer (n=7)

Winter (n=7)

Summer (n=7)

Winter (n=7)

Summer (n=7)

Winter (n=7)

Summer (n=7)

Winter (n=7)

Summer (n=7)

Winter (n=7)

ΣDPb

a the mean concentration ± standard deviation
b the mean total DP concentrations of the all samples on each site ± standard deviation
detection thresholds < 0.01 pg/m3 for syn- and anti-DP; < 0.12 pg/m3 for BDE-209

5.46 ± 5.51

3.61 ± 5.91

2.37 ± 1.72

4.12 ± 3.70

0.88 ± 0.78

1.98 ± 3.90

Table 13   DP and BDE-209 concentration (pg/m3) on each sampling site
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Mean ΣDP concentrations of five cities 
in Japan against the population

Po
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Concentration (pg m‐3)

Osaka*

Fig.11 

* Kakimoto et al. (2014)

Technical product  
ƒanti（0.70‐0.80）

Fig.12 ƒanti values on each sampling site
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0.64

0.66

0.68

0.70

0.72
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0.82

0.0

0.5

1.0

1.5
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Fig.13 DP concentrations and ƒanti values on each particle size
(a) 72 h collection (b) 168 h collection
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2.4. Atmospheric chlorinated polycyclic aromatic hydrocarbons 

2.4.1. Abstract 

This study estimates atmospheric concentrations of chlorinated polycyclic aromatic 

hydrocarbons (ClPAHs) and polycyclic aromatic hydrocarbons (PAHs) in East Asia 

using a gas chromatograph with a high resolution mass spectrometer (GC-HRMS). 

ClPAHs are ubiquitously generated from PAHs through substitution, and some ClPAHs 

show higher aryl hydrocarbon receptor (AhR)-mediated activities than their parent 

PAHs. Atmospheric particles were collected using a high-volume air sampler equipped 

with a quartz-fiber filter. We determined the ClPAH concentrations of atmospheric 

particles collected in Japan (Sapporo, Sagamihara, Kanazawa, and Kitakyushu), Korea 

(Busan), and China (Beijing). The concentrations of ClPAHs were highest in the winter 

Beijing sample, where the total mean concentration was approximately 15 to 70 times 

higher than in the winter samples from Japan and Korea. The concentrations of 

Σ19ClPAHs and Σ9PAHs were significantly correlated in the Kanazawa and Busan 

samples. This indicates that within those cities ClPAHs and PAHs share the same origin, 

implying direct chlorination of parent PAHs. Toxic equivalent concentrations (TEQs) of 

the total ClPAHs and PAHs were lowest in Kanazawa in the summer, reaching 1.18 and 

2,610 fg-TEQ m-3 respectively, and highest in Beijing in the winter, reaching 627 and 

4,240,000 fg-TEQ m-3 respectively. 

 

2.4.2. Introduction 

Polycyclic aromatic hydrocarbons (PAHs) are environmental carcinogens and 

mutagens (IARC, 2013) that are distributed in the environment through combustion, 

discharge of fossil fuels, and automobile emissions (Takasuga et al., 2007; Pinedo et al., 

2013; Lee et al., 1995). Humans are exposed to PAHs from various sources, including 

certain occupational environments, dietary sources, cigarette smoking, and fossil fuels 

(Lodovici et al., 1995; Hoffmann and Hoffmann, 1997; Liu et al., 2001). In recent 
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decades, the detection of chlorinated PAHs (ClPAHs) in the environment, including in 

tap water, road tunnels, and soil (Shiraishi et al., 1985; Nilsson and Öestman, 1993; 

Sugiyama et al., 1999; Ishaq et al., 2003) has attracted considerable interest. The 

structure of ClPAHs is similar to polychlorinated dibenzo-p-dioxins (PCDDs), 

dibenzofurans (PCDFs), and polychlorinated biphenyls (PCBs). PAHs generated from 

the combustion of organic compounds can lead to concurrent production of ClPAHs 

(Takasuga et al., 2007). Horii et al. (2008) reported a mechanism of direct chlorination 

of parent PAHs during incineration of wastes. In addition, the combustion of 

polyvinylchloride (PVC) and plastic wrapping made from polyvinylidene chloride 

(PVDC) results in the production of ClPAHs (Fujima et al., 2006). The evidence 

suggests that the combustion of organic materials in combination with a chlorine source, 

or of organic materials containing chlorine, is a possible source of environmental 

ClPAH pollution. There are concerns that ClPAHs have adverse effects on humans, 

based on reports that some ClPAHs exhibited mutagenic potential in Salmonella 

Typhimurium strains TA98 and TA100 (Colmsjö et al., 1984; Bhatia et al., 1987), and 

showed stronger aryl hydrocarbon receptor (AhR)-mediated activities than those of the 

parent PAHs in yeast assays (Ohura et al., 2007). Due to the lack of authentic ClPAH 

analytical standards, their environmental chemistry has not yet been examined in detail. 
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In this study, we compare levels of atmospheric ClPAH contamination across East Asian 

countries. Atmospheric particles were collected using a high-volume air sampler 

equipped with a quartz-fiber filter, and we determined ClPAHs using a gas 

chromatograph with a high-resolution mass spectrometer (GC-HRMS).  

 

2.4.3. Materials and methods 

2.4.3.1. Sample preparation 

TSP particulates samples were collected from six cities in Japan, Korea, and China. 

Sampling information was described in section 2.3.3 and detailed information about the 

sampling sites and times is presented in Table 12.  

2.4.3.2. Chemicals  

A non-labeled 19ClPAH (Fig. 8) solution mix was provided by Prof. Ohura (Ohura et 

al., 2005). A non-labeled PAH solution mix was purchased from Accu Standard (CT, 

USA). Deuterium-labeled standards (phenanthrene-d10, chrysene-d12, and perylene-d12) 

were purchased from Wako Pure Chemicals (Osaka, Japan), and pyrene-d10 was 

purchased from Cambridge Isotope Laboratories (MA, USA). Organic solvents of 

pesticide-analysis grade were used for the extraction and cleanup of samples, and a 

silica gel of dioxin analysis grade was purchased from Wako Pure Chemicals. The 
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nineteen different ClPAHs analyzed in this study are abbreviated as follows: 

9-chlorophenanthrene (9-ClPhe), 2-chloroanthracene (2-ClAnt), 9-chloroanthracene 

(9-ClAnt), 3,9-dichlorophenanthrene (3,9-diClPhe), 9,10-dichloroanthracene 

(9,10-diClAnt), 1,9-dichlorophenanthrene (1,9-diClPhe), 9,10-dichlorophenanthrene 

(9,10-diClPhe), 3-chlorofluoranthene (3-ClFluor), 8-chlorofluoranthene (8-ClFluor), 

1-chloropyrene (1-ClPy), 3,9,10-trichlorophenanthrene (3,9,10-triClPhe), 

1,3-dichlorofluoranthene (1,3-diClFluor), 3,8-dichlorofluoranthene (3,8-diClFluor), 

3,4-dichlorofluoranthene (3,4-diClFluor), 6-chlorochrysene (6-ClChry), 

7-chlorobenz[a]anthracene (7-ClBaA), 6,12-dichlorochrysene (6,12-diClChry), 

7,12-dichlorobenz[a]anthracene (7,12-diClBaA), and 6-chlorobenzo[a]pyrene 

(6-ClBaP). The PAHs used in this study are abbreviated as follows: phenanthrene (Phe), 

anthracene (Ant), pyrene (Pyr), chrysene (Chry), benz[a]anthracene (BaA), 

benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP), and 

perylene (Pery). 

2.4.3.3. Extraction and cleanup 

The treatments for the atmospheric particle samples followed almost the same method 

used by Kitazawa et al. (2006). Briefly: the filters were treated ultrasonically for 30 min 

with 50 mL of dichloromethane containing a stable isotope standard mixture 
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(phenanthrene-d10, pyrene-d10, chrysene-d12, and perylene-d12; 5 ng each). After 

centrifugation, the supernatant was concentrated to approximately 1 mL. The solution 

was cleaned using a silica gel column (0.5 g). Then 10 mL of a hexane-dichloromethane 

mixture (9:1, v/v) was used as an eluent, 0.5 mL of nonane was added to this solution, 

after which it was evaporated until the hexane was completely removed. Finally, 1 μL of 

the sample solution was used for analysis by GC-HRMS. 

2.4.3.4. GC/MS conditions 

GC-HRMS analyses used a gas chromatograph (6890 series, Agilent Technologies, CA, 

USA) coupled with a high-resolution mass spectrometer (JMS-800D, JOEL, Tokyo, 

Japan). The GC conditions were as follows: column, capillary column (DB-5MS, 30 m, 

0.25 mm i.d., 0.25 μm film thickness, J&W Scientific, CA, USA); column temperature 

program: 100°C (held for 1 min) to 200°C at 25°C min–1, then to 310°C (held for 5 min) 

at 5°C min–1; carrier gas, helium; column head pressure, 10 psi; injection temperature, 

270°C; injection mode, splitless (splitless time, 1.5 min). The MS conditions were as 

follows: electron ionization mode; electron energy, 38 eV; filament current, 500 μA; ion 

source temperature, 270°C; resolution, 10,000 (10% valley definition). The monitoring 

ions for each target compound are shown in Table 14. 

2.4.3.5. Quality assurance and quality control 
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The filters were spiked with the working solution, which includes all 19 ClPAHs and 9 

PAHs, then extracted and analyzed by the same method used for the samples. 

Recoveries of each ClPAH and PAH in the filter samples (n = 5) all exceeded 90%, and 

the relative standard deviations of the recoveries of each ClPAH and PAH were less than 

16.8% (spiking amounts: ClPAHs, 2–4.4 ng; PAHs, 20 ng) (Table 15). The calculated 

detection limits for ClPAHs and PAHs were 0.05–0.39 pg m–3 and 0.28–1.43 pg m–3 

respectively (S/N = 3). The ClPAH and PAH congeners were identified by comparing 

their relative retention times, and by monitoring ion ratios with those of authentic 

calibration standards. A deviation of the ion intensity ratio within 20% of the mean 

value of the calibration standard was considered acceptable. The quality control 

standards were measured after every 10 samples to monitor instrumental drift. For each 

batch of samples a procedural blank was performed, none of which detected ClPAHs or 

PAHs. 

 

2.4.4. Results and discussion 

2.4.4.1. ClPAHs and PAHs in atmospheric particulates 

The mean concentrations, concentration ranges, and detection rates of the ClPAHs and 

their parent PAHs are shown in Table 16. Irrespective of the season, both ClPAHs and 
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PAHs were highest in Beijing, China. This trend is similar to that found by a previous 

study that analyzed PAHs and NPAHs in China, Korea, Russia, and Japan(Tang et al., 

2005). Both ClPAHs and PAHs showed higher concentrations in winter than in summer, 

regardless of the sampling site. These results are in agreement with Ohura et al. (2013), 

who reported that atmospheric gaseous and particulate ClPAH concentrations increased 

significantly in winter. Kitazawa et al. (2006) also reported that ClPAH and PAH 

concentrations in atmospheric particles increased in the cold season and decreased in the 

warm season. Possible causes for these seasonal trends include: (і) greater emission of 

particulates from fossil fuel-burning heaters in winter, (іі) gas–particle distributions, and 

(ііі) photochemical degradation in summer. However, the atmospheric behavior of 

ClPAHs is more complicated than that of PAHs for the following reasons. Firstly, with 

regard to, gas–particle partitioning, the partitioning of PAHs into particle phase showed 

a dependency on molecular weight, whereas that of ClPAHs does not completely follow 

this trend (Ohura et al., 2013). Fu and Suuberg (2012) reported decreased vapor 

pressure accompanying chlorination of the parent PAH (3 to 4 rings). On the other hand, 

Ohura et al. (2008) reported that among the ClPhe congeners, the number of chlorines 

substituted on the Phe does not affect gas–particle partitioning. Secondly, in general, 

ClPAHs are generated from the combustion of organic materials in combination with 
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the chlorine source, or of organic materials containing chlorine. However, there is also 

the possibility of chlorination of PAHs on the surface of ambient particles (Ohura et al., 

2013), and ClPAH production via photochemical reaction of PAH present in tidal flats 

(Sankoda et al., 2012). 

Among the analyzed ClPAHs, 1-ClPyr was detected in all samples, and 6-ClBaP was 

also ubiquitous, except in the summer samples from Kitakyushu. The high 

concentrations of 1-ClPyr and 6-ClBaP among the ClPAHs in our study is in agreement 

with the profiles reported from air collected at Shizuoka, Japan (Kitazawa et al., 2006), 

in fly ash from incineration facilities (Horii et al., 2008), and in air collected from a road 

tunnel (high traffic areas) (Nilsson and Öestman, 1993).  

The concentration ratios of 1-ClPyr and 6-ClBaP normalized to their corresponding 

parent PAHs for each sampling site are summarized in Fig. 14 as box plots, which were 

made using R statistical software version 3.0.3. This figure indicates that the 

chlorination of PAHs proceeds to a greater extent in Japan and Korea, compared to 

China, especially in winter. It is reported that the ClPAH/PAH ratio in ash varied 

according to the type of waste incinerator (Horii et al., 2008), and that the formation of 

chlorinated hydrocarbons and PAHs was affected by parameters including furnace 

temperature and the types of material combusted (Wang et al., 2003; Takasuga et al., 
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2007). Consequently, we consider that the lower ClPAH/PAH ratio in China is 

influenced by the contributions from specific PAH emission sources, which generate 

relatively low ClPAHs. The 1-ClPyr/Pyr ratio increased in winter except in Beijing, and 

that of 6-ClBaP/BaP decreased in winter, except at Kanazawa. The compositions of nine 

ClPAHs and seven PAHs are shown in Fig. 15. At all locations, the proportions of 

6-ClBaP and BaP were enhanced in summer samples compared with winter samples. 

Ohura et al. (2013) also reported that among ClPAHs, 6-ClBaP has low vapor pressure 

and is a significant contributor in the particulate phase, and that the contribution of 

6-ClBaP was greater in summer than in winter. On the other hand, the contributions of 

ClPhe, ClFluor, and their parent PAHs were enhanced in the winter samples from every 

sampling site. This is thought, to some extent, to be a result of the 

temperature-dependent differences in the gas-particle partitioning of ClPAHs in the 

atmosphere, especially for semi-volatile ClPAHs. 

The concentrations of Σ19ClPAHs and Σ9PAHs (Fig. 16) showed significant 

correlations within the Kanazawa samples (summer: r = 0.93, ρ < 0.01; and winter: r = 

0.94, ρ < 0.01) and Busan samples (summer: r = 0.98, ρ < 0.01; and winter: r = 0.96, ρ < 

0.01). There were the seasonal correlations within the Sapporo winter samples (r = 0.86, 

ρ < 0.01) and the Kitakyushu summer samples (r = 0.90, ρ < 0.01). These results 
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indicate that Kanazawa and Busan have uninterrupted, non-seasonal sources of ClPAHs 

formed through direct chlorination of the parent PAHs, for example from incineration 

facilities, possibly via a previously reported mechanism (Horii et al., 2008). Conversely, 

ClPAHs in Beijing are thought to be derived from more complex sources, including 

secondary generation sources such as photochemical reaction and automobile exhaust 

fumes (Nilsson and Öestman, 1993), or from PAH-generating sources that result in the 

irregular generation of ClPAHs.  

2.4.4.2. Toxicity evaluation of ClPAHs and PAHs in atmospheric particulates 

Ohura et al. (2007; 2009) calculated toxic equivalent concentrations (TEQs) for 

mixtures of ClPAHs and PAHs in air particulates using the following equation:  

TEQ = Σ [Ci] ×REPBaP,i/60  

where Ci represents the mean concentration of an individual ClPAH or PAH in air 

particulates in this study, and REPBaP represents the degree of toxicity compared to BaP 

as determined by Ohura et al. (2007; 2009) for AhR-mediated activities of ClPAHs in a 

yeast assay system (Table 17). In the YCM3 cell assay system, the intensity of the 

AhR-associated toxicity of TCDD was 60 times that of BaP (Kawanishi et al., 2003). 

On the basis of these relative potency values, we estimated TEQs for Σ17ClPAHs and 

Σ7PAHs using the individual REPBaP values and corresponding mean concentrations in 
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the air particulates studied (Table 18). Ohura et al. (2009) reported that the TEQs of 

total ClPAHs and PAHs in Shizuoka, Japan were 44.1 fg-TEQ m-3 and 11,500 fg-TEQ 

m-3 respectively, which are similar to those found in Sagamihara, Japan in this study. 

Assuming that an average person stays outdoors all day, and that the mean inhalation 

rate for an adult is 15.7 m3 day-1 (US EPA, 2011), we estimated the mean daily TEQ 

exposure to ClPAHs and PAHs: the lowest values are 18.5 fg-TEQ day-1 and 41,000 

fg-TEQ day-1 respectively, recorded in summer in Kanazawa, whereas the highest are 

9,840 fg-TEQ day-1 and 66,600,000 fg-TEQ day-1 respectively, recorded in winter in 

Beijing. The contributions of ClPAHs to the total TEQs of ClPAHs and PAHs were very 

low, and were highest in the summer Sapporo samples (0.23%) and lowest in winter 

Beijing samples (0.01%). However, as human exposures to ClPAHs remain 

incompletely defined, further studies should seek to elucidate the relevant exposure 

pathways. 

 

2.4.5. Interim summary  

There is presently limited information on atmospheric ClPAH concentrations (Ohura et 

al., 2004; Ohura et al., 2008; Ohura et al., 2009). This is the first multinational 

comparison of seasonal atmospheric ClPAH concentrations. Among the study locations, 
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Beijing showed the highest ClPAH concentrations, especially in winter, and a lower 

ClPAH-PAH ratio than at any other site. We identified differences in the correlativity 

between ClPAHs and PAHs within the sampling sites.  
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Table 14

Compounds
Monitor ions (m/z)

Surrogate I.S.a

Phe-d10

Phe-d10

Phe-d10

Pyr-d10

Pyr-d10

Pyr-d10

Pyr-d10

Pyr-d10

Pyr-d10

Pyr-d10

Pyr-d10

Chry-d12

Chry-d12

Chry-d12

Chry-d12

Chry-d12

Chry-d12

Chry-d12

Pery-d12

Phe-d10

Phe-d10

Pyr-d10

Pyr-d10

Chry-d12

Chry-d12

Pery-d12

Pery-d12

Pery-d12

-
-
-
-

Quantification Qualification

a Surrogate internal standard used for quantification of each native compounds

Monitoring ions for ClPAHs and PAHs used in this study

9-ClPhe
2-ClAnt
9-ClAnt
3,9-diClPhe
9,10-diClAnt
1,9-diClPhe
9,10-diClPhe
3-ClFluor
8-ClFluor
1-ClPyr
3,9,10-triClPhe
1,3-diClFluor
3,8-diClFluor
3,4-diClFluor
6-ClChry
7-ClBaA
6,12-diClChry
7,12-diClBaA
6-ClBaP
Phe
Ant
Fluor
Pyr
Chry
BaA
BbF
BkF
BaP
Phe-d10

Pyr-d10

Chry-d12

Pery-d12

212.0393
212.0393
212.0393
246.0003
246.0003
246.0003
246.0003
236.0393
236.0393
236.0393
279.9613
270.0003
270.0003
270.0003
262.0549
262.0549
296.0160
296.0160
286.0549
178.0783
178.0783
202.0783
202.0783
228.0939
228.0939
252.0939
252.0939
252.0939
188.1410
212.1410
240.1692
264.1692

214.0363
214.0363
214.0363
247.9973
247.9973
247.9973
247.9973
238.0363
238.0363
238.0363
281.9583
271.9973
271.9973
271.9973
264.0519
264.0519
298.0130
298.0130
288.0519
176.0626
176.0626
200.0626
200.0626
226.0782
226.0782
250.0782
250.0782
250.0782
184.1159
208.1159
236.1410
260.1441
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97%
96%
96%
96%
104%
114%
94%
103%
94%

201%
472%
387%
102%

107%
101%
91%
114%
102%
148%
120%
110%
113%
95%
106%
105%
114%
107%

3.0 
6.2 
16.8 
3.5 

4.7 
6.8 
1.7 
2.8 
2.8 
4.6 
9.7 
6.1 
5.4 
2.2 
2.4 
4.4 
2.8 
2.4 

4.9 
3.5 
4.7 
3.5 
2.8 
5.8 
3.3 
4.5 
6.0 

recovery(%) R.S.D.(%)spike amount (ng)

20
20
20
20
20
20
20
20
20

2.14
4.4
2.1
2.56

2.4
2.16
2.06
2.06
2.2
4.2
4.16
4.08
4.04
2.06
2
2.42
2.18
2.2

Results of recovery tests of ClPAHs and PAHs

ClPAHs
9-ClPhe
2-ClAnt
9-ClAnt
3,9-diClPhe
9,10-diClAnt
&1,9-diClPhe

9,10-diClPhe
3-ClFluor
8-ClFluor
1-ClPyr
3,9,10-triClPhe
1,3-diClFluor
3,8-diClFluor
3,4-diClFluor
6-ClChry
7-ClBaA
6,12-diClChry
7,12-diClBaA
6-ClBaP

PAHs
Phe
Ant
Fluor
Pyr
Chry
BaA
BbF
BkF
BaP

Table 15
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REPBaP

0.03
0.10
0.03
0.32
0.20
0.12
0.16
0.17
0.18
0.10
0.77
5.7
2.1
0.83
0.03
0.10
0.09

0.004
0.01
0.01
0.05
2.5
1.4
1

REP values of each ClPAH relative 
to BaP used in this studya

ClPAHs
9-ClPhe
2-ClAnt
9-ClAnt
3,9-diClPhe
9,10-diClAnt
1,9-diClPhe
9,10-diClPhe
3-ClFluor
8-ClFluor
1-ClPyr
3,9,10-triClPhe
3,8-diClFluor
6-ClChry
7-ClBaA
6,12-diClChry
7,12-diClBaA
6-ClBaP

PAHs
Phe
Ant
Fluor
Pyr
Chry
BaA
BaP

Table 17

a Ohura et al., 2007 & Ohura et al., 2009

Sapporo Sagamihara Kanazawa

summer winter summer winter summer winter

Σ17ClPAHs 9.05 29.9 7.39 43.0 1.18 6.06
Σ7PAHs 3,980 30,900 6,150 20,200 2,610 4,800

Kitakyushu Busan Beijing
summer winter summer winter summer winter

Σ17ClPAHs 5.41 55.0 3.29 50.0 34.4 627
Σ7PAHs 5,080 58,000 4,230 31,700 154,000 4,240,000

aΣ17ClPAHs reflects the sum of 9-ClPhe, 2-ClAnt, 9-ClAnt, 3,9-diClPhe, 9,10-diClAnt &1,9-diClPhe(average REPBaP), 
9,10-diClPhe, 3-ClFluor, 8-ClFluor, 1-ClPyr, 3,9,10-triClPhe, 3,8-diClFluor, 6-ClChry, 7-ClBaA. 6,12-diClChry, 
7,12-diClBaA, and 6-ClBaP.
bΣ7PAHs reflects the sum of Phe, Ant, Fluor, Pyr, Chry, BaA, and BaP.

Table 18   Toxic equivalent concentrations (TEQs) 
of ClPAHsa and PAHsb (fg-TEQ m–3)
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Fig.14   Concentration ratios of 1-ClPyr (a) and 6-ClBaP (b) 
normalized to corresponding parent PAHs.

(ratio was not calculated where a compound was not detected)  
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2.5. Identification and characterization of oxidative metabolites of 1-chloropyrene 

2.5.1. Abstract 

Polycyclic aromatic hydrocarbons (PAHs) and chlorinated PAHs (ClPAHs) are 

ubiquitous contaminants that bind the aryl hydrocarbon receptor (AhR) and exhibit 

mutagenic potential. It is difficult to monitor human exposure levels to ClPAHs because 

the exposure routes are complicated and environmental concentrations are not always 

correlated with the levels of PAHs. Urinary PAH metabolites are useful biomarkers for 

evaluating PAH exposure, and ClPAH metabolites may therefore contribute to the 

estimation of ClPAH exposure. One of the most abundant ClPAHs present in the 

environment is 1-chloropyrene (ClPyr) and urinary ClPyr metabolites may have the 

potential to be good biomarkers to evaluate the level of exposure to ClPAHs. Since the 

metabolic pathways involving ClPAHs, are still undetermined, we investigated the 

effect of human cytochrome P450 enzymes on ClPyr and identified three oxidative 

metabolites by liquid chromatography-tandem mass spectrometry and nuclear magnetic 

resonance. We found that ClPyr was metabolized most efficiently by the P450 1A1 

enzyme, followed by the 1B1 and 1A2 enzymes. Like ClPyr, these metabolites were 

shown to have agonist activity for the human AhR. We detected these metabolites when 

ClPyr reacted with a pooled human liver S9 fraction as well as in human urine samples. 

These results suggest that the metabolites may be used as biomarkers to evaluate the 

extent of exposure to ClPAHs. 

 

2.5.2. Introduction 

It is, of course, important to know the pollution level in the environmental matrix, but 

it is difficult to analyze every environmental matrix. As described in the former section, 

atmospheric ClPAH concentrations do not always correlate with the recorded levels of 

PAHs. This may be because the sources of ClPAHs are thought to be more complex than 

for PAHs, including secondary generation by photochemical reactions and automobile 
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exhaust fumes. Alternatively, sources that generate PAHs may generate irregular 

quantities of ClPAHs. At present, there is still a limited amount of information about the 

mechanisms of formation (Shiraishi et al., 1985; Wang et al., 2003; Takasuga et al., 

2007; Sankoda et al., 2012), environmental pollution levels (Ohura et al., 2013; Ma et 

al., 2013), biological matrix levels, and human exposure levels to ClPAHs. Since it is 

difficult to analyze the total intake of contaminants from every source, the measurement 

of PAH metabolites, which are excreted in the urine, is a well-established method for 

the estimation of the levels of human PAH exposure (Buchet et al., 1992; 

Chetiyanukornkul et al., 2002; Kakimoto et al., 2008). It is possible that this approach 

could be adapted to estimate the level of exposure to ClPAHs, but the pathways 

involved in the metabolism of ClPAHs are unknown. The most abundant ClPAH found 

in the environment is 1-chloropyrene (ClPyr) (Ohura et al., 2008; Kakimoto et al., 2014; 

Ma et al., 2009) and therefore this study investigated ClPyr metabolites as potential 

biomarkers. We studied the metabolic behavior of ClPyr by searching for phase І 

metabolites in vitro using cytochrome P450. We synthesized the metabolites, identified 

their chemical structures by nuclear magnetic resonance (NMR) analysis, and 

determined the kinetic parameters of the cytochrome P450 enzymes (P450) for ClPyr. 

P450 enzymes play a key role in the initial step of xenobiotic detoxification but, as a 
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result, can also produce highly mutagenic and carcinogenic metabolites such as 

benzo[a]pyrene (B[a]P). We evaluated the activities of ClPyr metabolites as ligands for 

the AhR in order to assess their potential risk for human health.  

 

2.5.3. Materials and methods 

2.5.3.1. Chemicals and reagents 

1-chloropyrene was purchased from Frinton Laboratories (NJ, USA). 1-hydroxy 

pyrene and organic solvents for pesticide analysis, high-performance liquid 

chromatography (LC), and NMR were purchased from Wako Pure Chemicals (Osaka, 

Japan). NADPH, glucose-6-phosphate (G6P), and G6P dehydrogenase (G6PD) were 

purchased from Oriental Yeast (Tokyo, Japan). Pooled human liver S9 and human P450 

recombinant microsomes were obtained from Corning Incorporated Life Sciences (MA, 

USA). The Saccharomyces cerevisiae strain, YCM3, expressing human AhR and AhR 

nuclear translocator (Arnt), carrying a lacZ reporter plasmid containing the aryl 

hydrocarbon response element (XRE) system, was kindly provided by Dr. C. A. Miller, 

III (Tulane University, LA, USA)(Miller 1999). 

2.5.3.2. P450 enzyme assay 
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A reaction mixture containing ClPyr, 1.3 mM NADPH, 3.3 mM G6P, 0.4 U mL-1 

G6PD, and 3.3 mM magnesium chloride in 100 mM potassium phosphate (pH 7.4) was 

pre-incubated at 37°C and the enzymatic reaction was initiated by addition of 

recombinant P450 enzyme. After an appropriate incubation at 37°C, the reaction was 

terminated by the addition of an equal volume of ice-cold acetonitrile. The mixture was 

vortexed vigorously and centrifuged at 10,000 g for 10 min. After centrifugation, the 

mixture was incubated at 20°C for 2 h and then the upper acetonitrile layer was 

collected; an aliquot of this layer was analyzed by liquid chromatography. To determine 

the kinetic parameters, P450 enzymes were assayed at a final concentration of 4 

pmol/mL (for P450 1A1) or 10 pmol mL-1 (for P450 1A2 and 1B1) with the length of 

reaction time up to 40 min for P450 1A1 and 60 min for P450 1A2 and 1B1. To 

examine the linearity of the P450 1A1 reaction with time, 10 µM ClPyr was used as the 

substrate with 5 pmol mL-1 P450. For the S9 reactions, recombinant P450 was replaced 

by 1 mg mL-1 S9. Analyses of the Michaelis–Menten kinetic parameters and plots were 

performed by GraphPad Prism software version 6.0 for Windows (GraphPad Software, 

San Diego, CA). 

2.5.3.3. LC analysis of ClPyr metabolites 
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LC-tandem mass spectrometry (LC-MS/MS) analyses were performed on a liquid 

chromatograph (ACQUITY UPLC system I-Class, Waters) coupled to a tandem 

quadrupole mass spectrometer (Xevo TQ-S, Waters). Chromatographic separation was 

performed on a C18 column (CORTECS C18, 100 mm, 2.1 mm i.d., 1.6 μm, Waters). 

The column temperature was maintained at 40°C and gradient elution (methanol; 70% 

in water to 100% in 10 min) was at a flow rate of 0.2 mL min-1.  

MS/MS was performed in the electrospray negative ionization mode with a capillary 

voltage of 3000 V, a cone voltage of -30 V, and a collision energy of 25 eV. The 

selected reaction monitoring (SRM) mode was used to quantify the m/z 250.8 to 214.8 

transition for ClPyr mono-hydroxylated metabolites. For further verification, the m/z 

252.8 to 214.8 transition was used for 8-chloropyren-1-ol and 6-chloropyren-1-ol and 

m/z 250.8 to 186.8 was used for 3-chloropyren-1-ol. 

LC-PDA-FL analyses were performed on a liquid chromatograph (Alliance e2695, 

Waters) coupled to a photodiode array detector (2998, Waters) and a fluorescence 

detector (2475 Multi λ, Waters). Chromatographic separation was performed on a C18 

column (CORTECS C18, 150 mm, 4.6 mm i.d., 2.7 μm, Waters). The column 

temperature was maintained at 40°C and gradient elution (methanol; 70% in water to 

100% in 20 min) was performed at a flow rate of 1.0 mL min-1. The wavelength for 
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PDA analyses was set at 200-400 nm. The excitation and emission wavelengths were 

348 nm and 391 nm for mono-hydroxylated metabolites in the LC-FL analyses, 

respectively. To determine the enzymatic kinetic parameters, we quantified each ClPyr 

metabolite using the standard curves from 0.001 to 1 μM (R2 > 0.997). The detection 

limits for each metabolite were 0.001 μM in LC-FL analyses. 

2.5.3.4. Synthesis of ClPyr Metabolites 

The mono-hydroxylated metabolites of ClPyr were synthesized by the chlorination of 

1-hydroxypyrene using a modification of the method previously reported for the 

chlorination of PAH (Ohura et al., 2004b). 1-Hydroxypyrene (1 mmol) was dissolved in 

4 mL of propylene carbonate, and an equimolar amount of N-chlorosuccinimide was 

added to this solution while stirring. The mixture was allowed to react at 100°C for 3 h 

with stirring and then the reaction product was recrystallized in methanol and water. The 

solid product was collected on filter paper and dissolved in ethyl acetate then 

evaporated to dryness and re-dissolved in methanol. The solution was further purified 

by fractionation using LC equipped with a C18 column (CORTECS C18, 150 mm, 4.6 

mm i.d., 2.7 μm, Waters) and RP-amide column (Ascentis, 150 mm, 4.6 mm i.d., 5 μm, 

Sigma-Aldrich). The representative chromatograms of LC fractionation were showed in 

Fig. 17. The fractionated ClPyr metabolites were used for NMR analysis, and assays for 
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P450 enzyme activity, and yeast reporter genes. The purities of the synthesized ClPyr 

metabolites were >98% (determined by LC-PDA peak area) 

2.5.3.5. Urine sample treatment 

A urine sample was collected from the author, living in Osaka, Japan. Informed 

consent was obtained from the donor. Urine sample was assayed as previously described 

(Chetiyanukornkul et al., 2006) with some modifications. Briefly, a 100-mL aliquot of 

the urine sample was adjusted to pH 5.0 with 0.1 M HCl, then buffered with 200 mL of 

0.1 M acetate buffer (pH 5.0) and incubated for 2 h at 37°C with 

β-glucuronidase/arylsulfatase (13,600 and 750 units, respectively). Using a vacuum 

manifold, the reaction mixture was then loaded onto a Bond Elut Jr C18 cartridge 

(Agilent Technologies, CA, USA) that had been primed with 3 mL methanol and 3 mL 

water. The cartridge was sequentially washed with 10 mL water and 10 mL of 40% 

methanol in water. The cartridge was completely dried under vigorous air flow before 

connecting it to a Sep-Pak Silica Plus cartridge (Waters), which was conditioned with 

10 mL n-hexane. After washing with 10 mL n-hexane, the trapped metabolites were 

eluted with 10 mL n-hexane/ethyl acetate (9:1, v/v) through the two cartridges. The 

eluate was evaporated and the residue was re-dissolved in methanol, and sonicated. The 

solution was then injected into the LC-MS/MS system for SRM analysis. 
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2.5.3.6. Nuclear Magnetic Resonance (NMR) Analysis 

1H-NMR, COSY, 13C-HMBC, and HSQC spectra were obtained on a Bruker 

AVANCE700 spectrometer (Bruker Biospin Co., Karlsruhe, Germany) at 30°C, using 

solvent (CD3OD) signals as an internal standard. 1H-NMR and 13C-NMR scans were 

operated at 700.334 MHz and 176.116 MHz, respectively, for all analyses. 

2.5.3.7. Yeast reporter gene assay  

The assay procedure was based on previously described methods (Nagayoshi et al., 

2015). Briefly, yeast from a glycerol stock was grown overnight at 30°C with shaking, 

in synthetic medium consisting of 0.17% yeast nitrogen base (without amino acids and 

ammonium sulfate), 0.5% ammonium sulfate, 2% D-glucose, and 0.13% amino acids 

and nucleic acid bases. One microliter of various concentrations of test chemicals 

dissolved in DMSO, 5 μL of yeast overnight culture, and 200 μL of synthetic medium 

containing 2% galactose (instead of glucose) were mixed and incubated at 30°C for 18 h. 

In this step, AhR and Arnt were expressed under the control of the bi-directional 

GAL1/GAL10 promoter. When a test chemical binds to the AhR/Arnt complex, the 

resulting ligand-receptor complex binds the ligand-binding domains of the reporter 

plasmid introduced into the same yeast cell and triggers expression of the reporter gene, 

β-galactosidase. After measuring the cell density spectrophotometrically at 595 nm 
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(OD595), 10 μL of cell suspension and 90 μL of Z-buffer (60 mM Na2HPO4, 40 mM 

NaH2PO4, 1 mM MgCl2, 10 mM KCl, 2 mM dithiothreitol, and 0.2% sarcosyl) 

containing 1 mg L-1 o-nitrophenyl-β-D-galactopyranoside were mixed and incubated for 

1 h at 37°C. The amount of o-nitrophenol produced by β-galactosidase was measured 

spectrophotometrically at OD405. Galactosidase activity (measured as lacZ units) was 

calculated by the following formula: absorbance at 405 nm/(absorbance at 595 nm × ml 

of cell suspension added × min of reaction time). Βeta-naphthoflavone (β-NF) was used 

as a positive control. For calculation of the half-maximal effective concentration (EC50) 

values and other parameters for regression analysis, data were plotted on 

single-logarithmic charts and fitted using a 3-parameter logistic method by GraphPad 

Prism. Each assay was conducted three times. 

 

2.5.4. Results and discussion 

2.5.4.1 Identification of the ClPyr metabolites 

PAHs are metabolized to various products by xenobiotic (drug)-metabolizing enzymes. 

P450s play a key role in the initial step of oxidation of PAHs to phenols and oxides. 

PAHs are known to act as AhR ligands and induce AhR-mediated transcription of P450 

1A1, 1A2, and 1B1 genes (Tang et al., 1996; Beedanagari et al., 2010). On the basis of 
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these reports, we exposed ClPyr to recombinant P450 1A1, 1A2, and 1B1 enzymes and 

identified the resulting metabolites. We found three potential ClPyr metabolites in the 

P450 1A1 reaction mixture and labeled them M1, M2, and M3 according to the order of 

elution from the C18 column (Fig. 18). These three metabolites were also observed in 

reactions with P450 1A2 and 1B1 as well as with pooled human liver S9. These findings 

indicated that the production of these metabolites could occur in the human body. The 

LC-MS/MS analyses provided the information about the molecular ion m/z 251 for 

these metabolites, and product ion scan analyses showed that the fragmentation patterns 

of M1 and M2 were different from that of M3 (Fig. 19)). The mass fragmentation of M1 

and M2 involved desorption of hydrochloric acid [M-HCl]- while desorption of an 

additional carbon monoxide, [M-HCl-CO]-, was observed for M3. It was previously 

reported that the active reaction sites of pyrene were at the C-1, 3, 6, and 8 positions 

(Luthe et al., 2002). We therefore expected that these three compounds were 

3-chloropyren-1-ol, 6-chloropyren-1-ol, and 8-chloropyren-1-ol. The main mass 

fragmentation of M1 and M2 involved desorption of hydrochloric acid [M-HCl]-. An 

additional desorption of carbon monoxide, [M-HCl-CO]-, was observed in M3. Since 

hydrochloric acid desorption is likely to destabilize the ring and induce carbon 

monoxide desorption, we inferred that the chlorine atom and hydroxyl group existed in 
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the same ring of the pyrene molecule and it as 3-chloropyren-1-ol. The loss of carbon 

monoxide following the desorption of hydrochloric acid was reported in the case of 

dichloro catechol, which also has chlorine and hydroxyl in the same benzene ring 

(Ziagova and Liakopoulou-Kyriakides, 2007). The loss of hydrochloric acid was also 

reported in LC-MS/MS analysis as being involved in the main fragmentation pathway 

of chlorophenol (Sarrión et al., 2003). To determine the precise structures of M1, M2, 

and M3, we synthesized these metabolites by chlorination of 1-hydroxypyrene, purified 

them using LC fractionation, and analyzed by NMR. The FL spectra of these 

synthesized compounds are shown in Fig. 20.  

The 13C˗NMR data indicated that the carbon bound to the hydroxyl group was shifted 

to the high frequency range due to electron un-shielding. This carbon (Ca; Fig. 21) 

correlated with Hc, Hm, and Hb in the HMBC spectra for M1 and M2 (Fig. 22(d) &  

23(d)). However, our findings indicate that in M3, Ca correlated only with Hm and Hb in 

the HMBC spectrum (Fig. 24(d)). Furthermore, in the 1H˗NMR, the Hb spectrum 

appeared as a singlet (Fig. 24(a)). These results indicate that the chlorine atom in M3 is 

at the Cc position in the pyrene skeleton and in agreement with the LC-MS/MS analysis, 

we identified M3 as 3-chloropyren-1-ol (3-ClPyr-1-ol). In the M1 COSY spectrum, Hm 

had a correlation with Hl (Fig. 22(c)), and from the Hl in HSQC, we determined 
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122.0244 ppm as Cl (Fig. 22(d)). Cl did not have any correlation in HMBC (Fig. 22(d)). 

The chlorine atom in M1 was therefore identified at the Cj position in the pyrene 

skeleton. These findings identified M1 as 8-chloropyren-1-ol (8-ClPyr-1-ol). M2 

showed a correlation between Cl and Hj in the HMBC analysis (Fig. 23(d)).  However, 

Ch of M2 did not show any correlation with proton in HSQC and Cf also showed the 

lack of correlation with protons in HMBC. These results indicated that the chlorine 

atom was at the Ch position in the pyrene skeleton of this compound. This identified M2 

as 6-chloropyren-1-ol (6-ClPyr-1-ol). The chemical structures of the three identified 

compounds are shown in Fig. 25. The same positions of hydroxylation were also 

observed in the metabolism of 1-nitropyrene (Toriba et al., 2007). Finally, we confirmed 

that the metabolites generated in vitro corresponded to these synthesized compounds by 

matching their LC retention times, MS information, and PDA spectra. 

2.5.4.2 Metabolism of ClPyr by P450 Enzymes 

The amounts of metabolites produced were determined using the LC-FL system. We 

showed the amounts of metabolites generated in an enzyme amount and reaction 

time-dependent manner in Fig. 26. ClPyr was used as the substrate at a final 

concentration of 2.5 µM, and the reaction time was 2.5 min for P450 1A1 and 10 min 

for P450 1A2 and 1B1. Under these conditions, the formation of metabolites increased 
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linearly for up to 4 pmol/mL P450 protein for 1A1 and 20 pmol/mL P450 protein for 

both 1A2 and 1B1. The time-dependent increase in metabolite production was observed 

at 2.5 µM ClPyr and the length of time to the equilibrium condition was shortest in 

P450 1A1 among enzymes. The enzyme kinetic parameters determined using the Hill 

equation for the three metabolites of ClPyr by the three P450 enzymes are listed in 

Table 19 and the plots are shown in Fig. 27. P450 1A1 had the highest Vmax value, 

followed by 1B1 and 1A2; this indicated that P450 1A1 had the greatest ability to 

metabolize ClPyr. This result was also observed for pyrene (Kim et al., 2004). The most 

abundant metabolite produced by each enzyme was 6-ClPyr-1-ol. Although all 

metabolites were created by each P450 preparation, the proportion of metabolites 

differed. In the presence of P450 1A1 and 1A2, the production rates for 8-ClPyr-1-ol 

and 6-ClPyr-1-ol were approximately equal. However, P450 1B1 produced more 

6-ClPyr-1-ol and less of the other metabolites. Reaction with all the P450 enzymes 

consistently produced the same three metabolites but the three P450 enzymes varied in 

their efficacy to metabolize ClPyr. This result is consistent with differences in the 

structures of the P450 1A1, 1A2, and 1B1 enzymes in regions associated with substrate 

access/egress, and regio- and stereo-selective substrate binding. The structure of the 

P450 1A1 enzyme was reported to prefer polycyclic aromatic hydrocarbons and other 
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planar molecules, while 1A2 displayed a preference for aromatic amines and 

heterocyclic compounds (Zanger and Schwab, 2013; Walsh et al., 2013). Therefore, the 

planar structure of ClPyr may better fit the P450 1A1 active site. The formation of 

oxidative metabolites from ClPyr with P450 1B1 was faster than that with 1A2 in our 

study. Shimada et al. also reported that the oxidative metabolites formations of 

acenaphthene and acenaphthylene with P450 1B1 were more rapid than those with 1A2 

(Shimada et al., 2015). The active site of the P450 1A1 enzyme has been reported to 

share a closer similarity to that of P450 1B1 than that of 1A2 (Walsh et al., 2013). It has 

also been reported that P450 1B1 is able to catalyze the activation of both polycyclic 

aromatic hydrocarbons and aryl amines (Shimada et al, 1996). These facts could be one 

reason for the higher efficacy of 1B1 than that of 1A2 in metabolizing the substrate. 

These results suggest that the expression levels of P450 genes could affect the 

proportion of the ClPyr metabolites produced in humans. The lowest level of product 

for all the enzyme types was for 3-ClPyr-1-ol. Hydroxylation by P450 is thought to be 

affected by steric hindrance of the chlorine atom. The enzyme reaction curve plot was 

well fitted by the Hill equation, which gave a smaller residual sum of squares than that 

of the Michaelis–Menten plot in each enzyme. These results indicate that the oxidation 

of ClPyr shows ligand cooperativity behavior in these P450 enzymes. In the case of 
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pyrene 1-hydroxylation in rabbit and human P450 1A2, it is reported that the plot of the 

oxidation rate showed a sigmoidal curve and fitted to a Hill expression (Sohl et al., 

2008). In our study, h values in the Hill plot are from 1.4 to 2.4 and these values indicate 

that hydroxylation of ClPyr showed positive cooperativity. Sohl et al reported that the 

enzyme kinetic results are affected by substrate concentration, product inhibition, 

prolonged incubation time etc. in cases of weak cooperativity (Sohl et al., 2008). Hence, 

further study is needed to determine the reason for cooperativity behavior on ClPyr 

hydroxylation in P450 enzymes. Miranda et al. (2006) reported that the Km and Vmax 

values for zebrafish CYP 1A toward B[a]P were 4.17 µM and 0.94 nmol min-1nmol-1 

P450, respectively. We calculated that the Km and Vmax values for 6-ClPyr-1-ol 

production by P4501A1 were 5.2 µM and 5.4 pmol min-1 pmol-1 P450, respectively. 

Comparison of these results showed that these compounds had similar binding affinities 

for P450 1A1, but this enzyme metabolized ClPyr much more rapidly than B[a]P. This 

indicated that ClPyr is likely to be much less stable than B[a]P in the human body. We 

also detected these metabolites in a human urine sample analyzed by LC-MS/MS with 

SRM mode (Fig. 28). This showed that the ClPyr metabolites detected in this study are 

produced in human body and may therefore provide biomarkers for exposure to ClPyr 

and other ClPAHs. 
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2.5.4.3 ClPyr Metabolite AhR Ligand Activities 

In this study, we used a yeast reporter gene assay to evaluate the AhR agonist activity 

of these metabolites. As shown in Fig. 29 and Table 20, all metabolites significantly 

activated the AhR, with similar EC50 values as the parent compound, ClPyr. The 

metabolite with the highest AhR ligand activity was 8-ClPyr-1-ol. 6-ClPyr-1-ol showed 

the lowest EC50 value, but the absolute intensity of its ligand activity was much lower 

than that of the other metabolites. The stability of compounds acting as AhR ligands 

relates closely to their toxicity. Continuous AhR activation induces a wide range of 

adverse biological effects, including mutagenesis, carcinogenesis, and immunological 

deficits (Duarte et al., 2013; Benson & Shepherd, 2011). Compounds which are 

considered non-toxic have also been shown to undergo rapid metabolism by 

AhR-induced phase I enzymes such as P450 1A1, limiting their ability to remain active 

as AhR ligands (Adachi et al., 2004).  

However it has also been reported that the metabolites of 3-methylindole themselves 

have the ability to activate the AhR mechanism and induce the P450 1A1 enzyme 

(Weems & Yost 2010). Therefore, an examination of whether the ClPyr metabolites 

maintain AhR agonist activity represents an initial and important step towards 

evaluating the toxicity of ClPyr. The results of our study demonstrated that the 
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metabolites of ClPyr, like those of 3-methylindole, are as efficient ligands of the AhR as 

the parent compound.  

Taken together, these findings indicated that once ClPyr is taken into the human body, 

it activates the AhR, induces AhR-related genes (such as P450s), and is subsequently 

metabolized by these enzymes. In addition, the resulting metabolites of ClPyr produced 

by phase І reactions retain equivalent AhR ligand activity.  

 

2.5.5. Interim summary  

In this study, the author identified the phase І reaction metabolites of ClPyr and 

revealed the kinetics of their production by relevant drug-metabolizing enzymes for the 

first time. In addition, the author found that ClPyr metabolites retained AhR ligand 

activity. These results will provide a basis for further research to develop methods for 

the evaluation of ClPAH exposure and in vivo kinetics, and to determine the resultant 

biological effects. We consider that further research is needed to investigate the 

biological activities of ClPAH metabolites because other compounds acting on the 

AhR-mediated xenobiotic metabolizing system (such as B[a]P) can form highly 

mutagenic and carcinogenic metabolites.  
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Table 19 The kinetic parameters in Hill plota for ClPyr metabolism by P450
Enzyme Metabolites KA (µM)* Vmax

*

(pmol/min/pmol
P450)

h* R2 Residual sum
of squares
(Hill plot)

Residual sum of
squares (Michaelis-
Menten)

P450
1A1

8-chloropyren-1-ol 5.0±0.39 4.0±0.15 2.2±0.31 0.9727 2.0 4.9

6-chloropyren-1-ol 5.2±0.46 5.4±0.23 2.0±0.28 0.9712 3.7 7.8

3-chloropyren-1-ol 5.4±0.39 1.2±0.044 2.4±0.39 0.9738 0.17 0.48

P450
1A2

8-chloropyren-1-ol 4.6±0.41 0.15±0.0054 1.4±0.13 0.9848 0.0013 0.0022

6-chloropyren-1-ol 4.3±0.37 0.16±0.0057 1.4±0.13 0.9843 0.0016 0.0028

3-chloropyren-1-ol 8.9±1.4 0.0082±0.00064 1.6±0.24 0.9650 7.5×10-6 1.0×10-5

P450
1B1

8-chloropyren-1-ol 5.5±0.37 0.24±0.0077 1.8±0.18 0.9856 0.0034 0.0099

6-chloropyren-1-ol 3.3±0.15 0.52±0.0097 2.0±0.14 0.9917 0.010 0.054

3-chloropyren-1-ol 9.4±0.67 0.20±0.0078 1.8±0.16 0.9886 0.0015 0.0043

a; V = Vmax ×Substrateh / (KA
h + Substrateh) KA; the concentration which gives the half of the Vmax. 

h; Hill coefficient.
*; Each parameter was shown with the standard error of the mean.
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Table 20 Regression analysis and intensities of AhR
activation by ClPyr and its metabolites

OD405/OD595 values were plotted on single-logarithmic 
charts and fitted using a 3-parameter logistic method 
using the following formula: LacZ unit = a + (b - a) / (1 
+ 10(logEC

50 
- concentration)); where a is the value at 

concentration 0, b is the LacZ unit value at infinity, and 
R2 is the coefficient of determination of the regression 
curve.

93



1OHPyr

Cortecs C18
15cm*4.6mm*2.7μm
70%MeOH→100%MeOH(20min)

LC purification 1st
M1 

M2 

M3 

collect

M1+M2 

M3 

LC purification 2nd

Ascentis Express RP-Amide
15cm*4.6mm*5μm
85%MeCN

collect

collect

M3 completed

LC purification 3rd

Cortecs C18
15cm*4.6mm*2.7μm
50%MeCN→100%MeOH(20min)

collect
collect

M1 
M2 

M1 completed

LC purification 4th

Cortecs C18
15cm*4.6mm*2.7μm
70%MeOH→100%MeOH(20min)

M2 completed

collect

M2 

Fig.17 LC-PDA (353nm) chromatograms of synthesized mixture  
purification
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Fig.18 Chromatogram at 353 nm and PDA spectra (nm) 
of the P450 1A1 reaction mixture
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m/z 251

‐ HCl

m/z 215

‐ CO

m/z 187

M1&2

m/z 251

‐ HCl

m/z 215

M3

Fig.19  Expected fragmentation pathway of ClPyr metabolites 
in LC-MS/MS analyses

[M‐H]‐

[M‐H‐HCl]‐

[M‐H‐HCl‐CO]‐

[M‐H]‐

[M‐H‐HCl]‐
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Fig.20 Excitation (λem=390 nm; upper) and emission(λex=350 nm; lower) 
fluorescence scan spectra of ClPyr metabolites.

8-ClPyr-1-ol
6-ClPyr-1-ol
3-ClPyr-1-ol

Fig.21 Letter code used for the NMR spectrum
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Fig.25 Chemical structures of mono-hydroxyl metabolites of ClPyr
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Fig.26 Formation of metabolites by P450 1A1, 1A2, and 1B1   
Formation of metabolites by P450 1A1, 1A2, and 1B1. The upper 

panel shows the effect of the amount of enzyme on the production of 
metabolites (reaction time: 2.5 min for 1A1, 10 min for 1A2 and 1B1. 
ClPyr: 2.5 µM for each enzyme). The lower panel shows production of 
metabolites over time (amount of protein: 4 pmol /mL for 1A1, 10 
pmol/mL for 1A2 and 1B1. ClPyr: 2.5 µM for each enzyme). Each plot 
indicates P450 1A1 (black diamond), P450 1A2 (black square), and 
P450 1B1 (black triangle). Error bars represent the standard deviation 
of triplicate samples.
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Fig.27 Hill equation plots of ClPyr metabolism by P450 
The upper panel shows the plots of P450 1A1, the middle shows 
1A2, and the lower shows 1B1 (reaction time; 40 min for 1A1, 60 
min for 1A2 and 1B1. Amount of protein: 4 pmol /mL for 1A1, 10 
pmol/mL for 1A2 and 1B1.). Nine concentrations (0, 0.5, 0.75, 1, 
2.5, 5, 10, 20, and 40 µM) of ClPyr were assayed. Each plot 
indicates 8-ClPyr-1-ol (circle), 6-ClPyr-1-ol (black square), and 
3-ClPyr-1-ol (black triangle). Error bars represent the standard 
deviation of triplicate values.
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Fig.28 LC-MS/MS SRM chromatograms of S9 reaction mixture and 
human urine. 
The top two chromatograms were obtained from human liver S9 reaction
mixture and the bottom two were generated from analysis of urine. 
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Fig.29 The AhR ligand activities of ClPyr and its metabolites
Plot shows Cl-Pyr (black diamond), 8-ClPyr-1-ol (circle), 6-
ClPyr-1-ol (black square), 3-ClPyr-1-ol (black triangle), and 
β-NF (cross). β -NF was used as a positive control. Error bars 
show the standard deviation of each test. 
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2.6. Size distribution of chlorinated polycyclic aromatic hydrocarbons in 

atmospheric particles 

2.6.1. Abstract 

In this study, the particle size distributions of particulate matter (PM), polycyclic 

aromatic hydrocarbons (PAHs), and chlorinated polycyclic aromatic hydrocarbons 

(ClPAHs) were determined. The PM was collected using a PM0.1 air sampler, equipped 

with six stages of Teflon and inertial fiber filters. PM was collected in October 2014 and 

January 2015, allowing seasonal variations in the atmospheric behaviors of PM, PAHs, 

and ClPAHs to be identified in each particle size fraction. In addition, the aryl 

hydrocarbon receptor (AhR) ligand activity of extracts from each size fraction of the 

PM was evaluated. From this, it was found that the extracts of PM smaller than 2.5 μm 

show the strongest AhR ligand activity. 

 

2.6.2. Introduction 

In recent times, studies have revealed the negative effects of atmospheric particulate 

matter (PM) on human health. The International Agency for Research on Cancer 

(IARC) classified PM from outdoor air pollution into Group 1, meaning it is 

carcinogenic to humans, based on the evidence linking PM, and especially PM2.5, to 

lung cancer risk (Krewski 2009, Loomis et al. 2013). It has also been reported that PM 

that reaches the lungs can directly and indirectly affect remote cardiovascular (CV) 

territories, and mediate CV disease (Brook 2008). It is known that the chemical 

compositions and sources of PM vary according to its particle size (Cheng et al. 2015), 

and almost all nanoparticles smaller than 100 nm are thought to reach and be deposited 
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within the lungs (Bolch et al. 2003). Therefore, considering the human health risk posed 

by PM in general, it is important to obtain a deeper understanding by determining the 

chemical compositions of PM of different size fractions. The main constituent of PM is 

organic carbon, in the form of carboxylic acids, alkanes, and polycyclic aromatic 

hydrocarbons (PAHs)(Li et al. 2013). Among the PAHs, a number of compounds, such 

as Benz[a]anthracene, Chrysene, and Benzo[a]pyrene, are classified as carcinogens by 

the IARC. In recent decades, certain PAH derivatives, known as chlorinated PAHs 

(ClPAHs), have attracted considerable interest as a new class of environmental 

contaminant. Studies have been conducted into ClPAHs in incineration ash (Horii et al. 

2008), the atmosphere (Ohura et al. 2008; Kakimoto et al. 2014), and sediments (Ohura 

et al. 2015), and have partly revealed their generation mechanisms and behaviors in the 

environment. However, the particle size distribution of atmospheric ClPAHs is still 

unknown. Moreover, there are concerns that ClPAHs can have an adverse effect on 

human health, based on reports that some ClPAHs exhibit a mutagenic potential in 

Salmonella Typhimurium strains TA98 and TA100 (Bhatia et al. 1987, Colmsjö et al. 

1984), and show stronger aryl hydrocarbon receptor (AhR)-mediated activities than 

those of the parent PAHs in yeast assays (Ohura et al. 2007). For this reason, 

atmospheric ClPAHs in fine particles that can easily reach the lung periphery are of 
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particular concern, and thus we consider it important to determine the concentrations of 

ClPAHs with respect to particle size, and to evaluate the effects of ClPAHs in 

atmospheric PM on human health. In this study, we determine the concentrations of 

PAHs and ClPAHs in atmospheric particles across six size fractions, collected and 

separated using a PM0.1 air sampler (Furuuchi et al. 2010). Further, we evaluate the AhR 

ligand activity of silica-gel purified extracts from air particulates, in order to assess their 

potential risk to human health.  

 

2.6.3. Methods 

Samples were collected in a research laboratory in the eastern urban area of Osaka 

City, Japan, which is one of the largest cities in Japan. Air samples were collected using 

a PM0.1 air sampler (Fig. 30) (Furuuchi et al. 2010) equipped with Teflon and inertial 

filters, with a flow rate of 40 L min-1. Sampling took place on October 6, 7, 8, and 9 in 

2014, and January 13, 16, 19, and 22 in 2015. The filters were replaced every 24 hours. 

After sampling, the filters were packaged with aluminum foil and stored in a freezer 

until needed for analysis. The target of ClPAHs and PAHs analyzed in this study are 

1-ClPy, 6-ClBaP, Phe, Ant, Pyr, Chry, BaA, BbF, BkF, BaP, and Pery and information of 

chemicals are described earlier in section 2.4.3.2. The treatments for the atmospheric 
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particle samples are described in 2.4.3.3. The GC/MS analysis conditions are described 

in 2.4.3.4. The experimental conditions for the yeast reporter gene assay are described 

in 2.5.3.7. and a slightly modified preparation method for PAHs and ClPAHs analyses 

was employed in this study. Specifically, the extraction was performed without the 

addition of an internal standard. Additionally, 20 μL of dimethyl sulfoxide (DMSO) was 

added to the eluent after silica gel purification, and evaporated until the hexane and 

dichloromethane were completely removed, before use in the yeast reporter gene assay. 

Half of the filter samples that were collected in January 16 were used for the yeast 

reporter gene assay. 

 

2.6.4. Results and discussion 

As illustrated in Fig. 31, the most abundant PM particle size fraction in October was 

10 2.5 μm. However, in January, the PM within the 2.51.0 μm, 1.00.5 μm, and 

0.50.1 μm size fractions increase markedly, and the highest abundance was shifted to 

1.00.5 μm. Therefore, although approximately 50% of PM exists as particles larger 

than 2.5 μm in October, in January, the PM belonging to these larger fractions decreases 

to less than 30%.  

Among the ClPAHs, 1-ClPyr and 6-ClBaP were detected in 44 out of 48 samples and 
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37 out of 48 samples, respectively. Target PAHs were detected in all 48 filters, with the 

exception of Phenanthrene in PM samples >10 μm in October. In both October and 

January, the maximum concentrations of ClPAHs and PAHs were found in particles 

ranging from 1.0 to 0.5 μm in size (Fig. 32).  

The distributions of ClPAH and PAH concentrations (pg m-3) among the different 

particle size fractions are shown in Fig. 33. This figure reveals that, in both sampling 

seasons, over 80% of PAHs and ClPAHs exist in the particles that are smaller than 2.5 

μm, which are expressly understood to adversely affect human health. PAHs and 

ClPAHs have roughly the same distribution patterns in both sampling periods, but as 

with overall PM distributions, the concentrations of PAHs and ClPAHs markedly 

increase in the 2.51.0 μm and 1.00.5 μm fractions in January. PAH and ClPAH 

concentrations in the nanoparticle fraction (<0.1 μm) were between 11 and 26% of the 

total concentrations in October, and between 6 and 14% in January. These results 

demonstrate that PAHs and ClPAHs are present in the nanoparticle phase, which can 

easily reach and be deposited in the lung peripheries. 

 Particulate matter is generally classified into three modes, according to particle size. 

Among these, the 0.11.0 μm size fraction belongs to the ‘accumulation’ mode, whose 

particles have relatively long lifetimes in the atmosphere, compared with the other two 
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aerosol modes: ‘nuclei’ and ‘coarse particles’ (Hinds 1999). Therefore, it is possible that 

the observed increases in PM, PAHs, and ClPAHs in the 1.00.5 μm size fraction in 

January are the result of remote contamination sources. Back trajectory analyses for all 

sampling dates show that the airmasses during January were derived from the Asian 

continent, however no particular tendencies were identified in October (Fig. 34) (Stein 

et al. 2015). This suggests that the airmasses from the Asian continent are a possible 

carrier of accumulation mode PM, along with PAHs and ClPAHs. Further, it is possible 

that the ClPAHs were generated from PAHs within the PM during atmospheric 

transportation. Because it is reported that natural photochemical reactions of PAHs are 

responsible for the occurrence of ClPAHs (Sankoda et al. 2013). 

It is well known that PM has carcinogenic characteristics, but the clear causes of such 

risks are still unknown, due to its inherently complex chemical composition. Aryl 

hydrocarbon receptor (AhR) activity is one important indicator that can be used to 

evaluate carcinogenesis. Therefore, in order to investigate the relationship between 

particle size distributions and carcinogenesis, we evaluated the AhR ligand activity of 

each PM fraction from 16 January, 2015. Results of the yeast reporter gene assay are 

shown in Fig. 35. These analyses indicate that every particle size fraction contains AhR 

ligands, and that the extracts of PM smaller than 2.5 μm show the strongest AhR ligand 
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activity. The four PM size fractions smaller than 2.5 μm showed approximately equal 

AhR ligand activities. This result revealed that the PM2.5 fraction is important for 

determining the effects of PM on cancers. The toxic equivalent concentrations (TEQs) 

for mixtures of ClPAHs and PAHs in the air particulates have been calculated, using the 

same equation as in our previous report (Kakimoto et al. 2014), using the PAHs and 

ClPAHs concentrations in PM sampling on 16 January 2015, and the degree of toxicity 

compared to BaP, as determined by Ohura et al. (2007; 2009) for AhR-mediated 

activities of ClPAHs in a yeast assay. The calculated TEQs for Σ2ClPAH and Σ7PAH 

concentrations in the air particulates were high in the 2.51.0 μm and 1.00.5 μm 

fractions. This suggests that the atmospheric ClPAHs and PAHs may contribute to the 

AhR-induced toxic effects of airborne PM, especially for particles between 2.5 and 0.5 

μm in size. Additionaly, the results also indicate that potential AhR ligands, other than 

PAHs and ClPAHs, exist within the 0.5 0.1 and <0.1 μm size fractions. 

 

2.6.5. Interim summary  

In this study, the particle size distribution of ClPAHs has been revealed for the first 

time, demonstrating that 1020% of ClPAHs exist in the nanoparticle phase, which can 

easily reach and be deposited in the lung periphery. It appears that airmasses derived 

from the Asian continent contribute to an increase in accumulation mode ClPAHs and 
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PAHs, as well as PM. In addition, this study has revealed that every particle size 

fraction contains AhR ligands, and that the extracts from PM smaller than 2.5 μm show 

the strongest AhR ligand activity. 
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Fig.30 The shape of PM0.1 air sampler
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Fig.34 Representative results of back trajectory analysis over the 
sampling period. (upper, 10 Oct, 2014; lower, 20 Jan 2015)
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Fig.35 The AhR ligand activities of  the extracts of each PM fraction
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3. Summary 

This thesis aimed to reveal the pollution and exposure level of halogenated organic 

pollutants, such as Dechlorane Plus and chlorinated polycyclic aromatic hydrocarbons, 

which are not yet restricted, and we do not have enough information about their 

exposure levels in Japan.  

In this thesis, the author have described the following about my research study and 

original discoveries and conclusions. 

1. The DP concentrations in fish samples and revealed the correlation between 

halogenated flame-retardants (DP, PBDE, and HBCD). (Section 2.1.) 

2. The dietary and inhalational DP exposure level in Japan and compared with legacy 

POPs (PBDEs). Their concentrations are not likely to cause adverse health effects in 

the general Japanese population. (Section 2.2.) 

3. The atmospheric DP levels in East-Asian countries and DP particle size fraction 

distribution behavior. The results indicate that atmospheric DP contamination is 

from domestic sources, such as electrical wire, cable coatings, computer connectors, 

and plastic roofing materials, and in Japan is closely linked to urban centers with 

dense populations. (Section 2.3.) 

4. The atmospheric ClPAH levels in East Asian countries and considered the effect of 
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the locational and seasonal variations of sampling on their behavior. The author 

estimated the toxic effects of atmospheric ClPAHs on each sampling city. (Section 

2.4.) 

5. The oxidative metabolites of ClPyr and revealed the kinetics of their production by 

relevant drug-metabolizing enzymes. In addition, the author found that ClPyr 

metabolites retained AhR ligand activity. (Section 2.5.) 

6. The particle size distribution of ClPAHs was revealed for the first time and 10 to 

20% ClPAHs exist in the nanoparticle phase which easily reach and deposit to lung 

periphery. In addition, the author found that the extracts of PM smaller than 2.5 μm 

show the strong AhR ligands activity. (Section 2.6.) 
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