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Using our original in vitro assay system with goldfish scales, we examined the direct effect of pros-
taglandin E, (PGE>) on osteoclasts and osteoblasts in teleosts. In this assay system, we measured
the activity of alkaline phosphatase (ALP) and tartrate-resistant acid phosphatase (TRAP) as
respective indicators of each activity in osteoblasts and osteoclasts. ALP activity in scales signif-
icantly increased following treatment at high concentration of PGE; (1077 and 10~ M) over 6 hrs of
incubation. At 18 hrs of incubation, ALP activity also significantly increased in the PGE; (10~° to
10~ M)-treated scale. In the case of osteoclasts, TRAP activity tended to increase at 6 hrs of incu-
bation, and then significantly increased at 18 hrs of incubation by PGE» (1077 to 10°° M) treatment.
At 18 hrs of incubation, the mRNA expression of osteoclastic markers (TRAP and cathepsin K) and
receptor activator of the NF-xB ligand (RANKL), an activating factor of osteoclasts expressed in
osteoblasts, increased in PGE; treated-scales. Thus, PGE: acts on osteoblasts, and then increases
the osteoclastic activity in the scales of goldfish as it does in the bone of mammals. In an in vivo
experiment, plasma calcium levels and scale TRAP and ALP activities in the PGEz-injencted gold-
fish increased significantly. We conclude that, in teleosts, PGE2 activates both osteoblasts and
osteoclasts and participates in calcium metabolism.

Key words: prostaglandin E, osteoblasts, osteoclasts, goldfish scales, plasma Ca, RANKL

Gardner, 2007; Kaneko et al., 2007). The bone-resorbing

INTRODUCTION activity of mature osteoclasts in osteoblast-containing
Prostaglandin E» (PGEy) is an important local regulator mouse bone cell cultures is increased by PGE: although it
in bone and promoter of osteoclastogenesis (Kaji et al., 1996; does not affect osteoclast-like cell formation in osteoblast-

free mouse spleen cell cultures (Kaji et al., 1996). The func-
tion of PGE2 must therefore be examined using a co-culture

* Corresponding author. Tel. : +81-768-74-1151;

Fax :+81-768-74-1644; system of osteoclasts and osteoblasts.
E-mail: nobuos @ staff.kanazawa-u.ac.jp In fish, the osteoblastic function of PEG2 has been
doi:10.2108/zs}.29.499 examined using salmon (Ytteborg et al., 2010). However,
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there has been no report on the osteoclastic function of
PGE: due to a lack of a suitable in vitro assay system.
Scales are calcified tissue that contains osteoclasts and
osteoblasts (Bereiter-Hahn and Zylberberg, 1993; Suzuki
et al., 2000; Yoshikubo et al., 2005; Suzuki et al., 2007).
Scales have been reported to be a better potential internal
calcium reservoir than body skeletons, jaws, and otoliths, as
examined in a “°Ca-labeling study for the calcified tissues of
goldfish and killifish (Mugiya and Watabe, 1977). In the
scale, as in mammalian bone, type | collagen (Zylberberg
et al., 1992), bone y-carboxyglutamic acid protein (Nishimoto
et al., 1992), osteonectin (Lehane et al., 1999; Redruello
et al.,, 2005), and hydroxyapatite (Onozato and Watabe,
1979) are present. Moreover, we have previously demon-
strated that the osteogenesis of regenerating scale is very
similar to that of mammalian membrane bone, and serves
as a good model of osteogenesis (Yoshikubo et al., 2005).
Thus, the teleost scale has a number of features in common
with mammalian bone.

Using goldfish scales, we recently developed a novel in
vitro assay system (Suzuki et al., 2000; Suzuki and Hattori,
2002), as the scale is a very active tissue of calcium regu-
lation in fish, as described above. Using this system in the
present study, we examined the effect of PGE2 on scale
osteoblasts and osteoclasts. In addition, the mRNA expres-
sion of osteoclastic markers (tartrate-resistant acid phos-
phatase (TRAP) and cathepsin K) and the receptor activator
of the NF-xB ligand (RANKL), an activating factor of osteo-
clasts expressed in osteoblasts, was investigated in vitro. To
confirm the results of the in vitro experiment, furthermore, an
in vivo experiment was performed.

To our knowledge, our study is the first to indicate the
effect of PGE2 on osteoclasts in teleosts.

MATERIALS AND METHODS

Animals

In a previous study (Suzuki et al., 2000), we indicated that the
sensitivity to a calcemic hormone, such as estrogen and calcitonin,
was higher in mature female than in mature male goldfish (Carassius
auratus). Mature female goldfish were purchased from a commer-
cial source (Higashikawa Fish Farm, Yamatokoriyama, Japan) and
used in the scale in vitro assay. To examine the effect of PGEz on
the calcium metabolism, immature goldfish (4-6 g), in which the
endogenous effects of sex steroids are negligible, were used for the
in vivo study. All experimental procedures were conducted in accor-
dance with the Guide for the Care and Use of Laboratory Animals
of Kanazawa University.

Effect of PGE2 on ALP and TRAP activities in the cultured
scales of goldfish

Scales collected from goldfish after anesthesia with ethyl 3-
aminobenzoate and methanesulfonic acid salt (Sigma-Aldrich, Inc.,
MO, USA) were cut into two approximately equal pieces. One piece
was treated with PGE2 (Cayman Chemical, MI, USA, 107" to 1076
M), and the other was used as a control. Using these scales, we
examined the effects of PGEz on the osteoblasts and osteoclasts
with alkaline phosphatase (ALP) and TRAP as markers because, in
mammals, the effects of hormones and some bioactive substances
on osteoclasts and osteoblasts have been investigated using ALP
and TRAP as respective markers (Vaes, 1988; Dimai et al., 1998;
Suda et al., 1999). Sixteen scales (ALP activity: eight scales; TRAP
activity: eight scales) were used for the evaluation of each con-
centration of PGEz. The pieces of scales were incubated for 6 and

18 hrs in Eagle’s modified minimum essential medium (MEM; ICN
Biomedicals Inc., OH, USA). HEPES (20 mM) was added to MEM.
The pH was adjusted to 7, and the incubation temperature was
15°C.

The measurement methods of ALP and TRAP activity reported
by Suzuki and Hattori (2002) were modified as follows. The incu-
bated scale was transferred to its own well in a 96-well microplate
after washing with saline. An aliquot of 100 pl of an alkaline buffer
(100 mM Tris-HCI, pH 9.5; 1 mM MgClg; 0.1 mM ZnCl,) was added
to each well. This microplate was frozen at —85°C immediately and
then kept at —20°C until analysis. After thawing, an aliquot of 100 ul
of 20 mM para-nitrophenyl-phosphate in an alkaline buffer was
added to each well. This plate was then incubated at 20°C for 30
min while being shaken. After incubation, the reaction was stopped
by adding 50 pl of a 3 N NaOH-20 mM EDTA solution. Aliquots of
150 pl of a colored solution were transferred to a new plate, and the
absorbance was measured at 405 nm. The absorbance was con-
verted into the amount of produced para-nitrophenol (pNP) using a
standard curve for pNP. After measurement of the absorbance, the
ALP activity was normalized by the dry weight (mg) of each goldfish
scale. The results are shown as the means + SE of eight scales.

TRAP activity was measured using an acid-tartrate buffer (20
mM tartrate in a 0.1 M sodium acetate buffer (pH 5.3)). Other con-
ditions were the same as those for the measurement of ALP activity.

Changes in TRAP, cathepsin K and RANKL mRNA expressions
in PGEz-treated goldfish scales

Scales were collected from goldfish under anesthesia with ethyl
3-aminobenzoate and methanesulfonic acid salt (Sigma-Aldrich)
and cut into halves. One half of a piece was then put into a micro-
tube in MEM (1 ml) supplemented with PGEz (107® M). The other
half was also put into another microtube in a PGEz-free medium as
a control. To examine changes in TRAP, cathepsin K and RANKL
mRNA expressions in response to PGEg, the scales were incubated
for 6 and 18 hrs in MEM (containing an antibiotic and 20 mM
HEPES) at 15°C. The mRNA expression in the control and experi-
mental scales in the same individual was compared. After incuba-
tion, the scales were frozen at —85°C for mRNA analysis.

Total RNAs were prepared from goldfish scales using a total
RNA isolation kit for fibrous tissue (Qiagen GmbH, Hilden,
Germany). Complementary DNA synthesis was performed using a
kit (Qiagen GmbH). Gene-specific primers for TRAP (sense: 5'-
AACTTCCGCATTCCTCGAACAG-3"; antisense: 5-GGCCAGC-
CACCAGGAGATAA-3’) (Azuma et al., 2007), cathepsin K (sense:
5-GCTATGGAGCCACACCAAAAGG-3'; antisense: 5-CTGCGCT-
TCCAGCTCTCACAT-3') (Azuma et al., 2007), and RANKL (sense:
5-GCGCTTACCTGCGGAATCATATC-3"; antisense: 5-AAGTG-
CAACAGAATCGCCACAC-3") (Suzuki et al., 2011a) were used.
The amplification of B-actin cDNA using a primer set (5 CGAGCGT-
GGCTACAGCTTCA; 3 GCCCGTCAGGGAGCTCATAG) (Azuma
et al., 2007) was performed. PCR amplification was analyzed by
real-time PCR apparatus (Mx3000p, Agilent Technologies, CA,
USA) (Suzuki et al. 2011a). The annealing temperature of TRAP,
cathepsin K, RANKL, and B-actin was 60°C. The TRAP, cathepsin
K and RANKL mRNA levels were normalized to the B-actin mRNA
level.

Changes in the plasma calcium and scale TRAP and ALP activ-
ities in PGE2-injected goldfish (in vivo experiment)

In the experimental group, goldfish (body weight: 4-6 g) were
anesthetized in the same manner as above, and PGEz (500 ng/g
body weight) was then injected intraperitoneally. The goldfish in the
control group were injected with saline (0.9% NaCl) in the same
manner as experimental goldfish. These goldfish were kept in the
aquarium for one and two days, respectively (each n = 8). During
the experimental periods, these goldfish were not given any food to
exclude intestinal calcium uptake from diets. Each day after injec-
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Fig. 1. Effect of PGE» (107" to 107 M) on ALP activity in cultured scales incubated for 6 (A) and 18 (B) hrs. * and * indicate statistically sig-
nificant differences at P < 0.05 and P < 0.01, respectively, from the values in the control scales (n = 8).
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Fig. 2. Effect of PGE2 (107" to 107® M) on TRAP activity in cultured scales incubated for 6 (A) and 18 (B) hrs. * and * indicate statistically
significant differences at P < 0.05 and P < 0.01, respectively, from the values in the control scales (n = 8).
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Fig. 3. Expression analysis of osteoclastic markers: TRAP (A) and cathepsin K (B) mRNAs in the PGE2 (10® M)-treated scale. The TRAP
and cathepsin K mRNA levels were normalized to the B-actin mRNA level. » indicates a statistically significant difference at P < 0.05 from the
values in the control scales (n = 8).
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tion, blood samples were collected from the gill using a heparinized
capillary from individual, anesthetized goldfish. After centrifugation
at 15,000 rpm for 3 min, the plasma was immediately frozen and
kept at —80°C until use. The plasma total calcium level (mg/100 ml)
was determined using an assay kit (Calcium C, Wako Pure Chemical
Industries, Ltd., Osaka, Japan). Then, we measured the ALP and
TRAP activities in the scale. As the scales were very small, the
respective marker enzyme activity was normalized by the surface
area (mm?) of each goldfish scale (Suzuki et al., 2009).

Statistical analysis

All results are expressed as the means £ SE (n = 8). The sta-
tistical significance between control and experimental group was
assessed by Student’s t-test or paired f-test. In all cases, the
selected significance level was P < 0.05.

RESULTS

Effect of PGE2 on ALP activity in the cultured scales of
goldfish

PGE; significantly increased the ALP activities of the
scales by 6 hrs of incubation (P < 0.05 for 1077 M; P < 0.01
for 1076 M) (Fig. 1A). At 18 hrs of incubation, the ALP activ-
ities in the PGEz-treated scales also significantly increased
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Fig. 4. Expression analysis of RANKL mRNA in the PGE, (1078
M)-treated scale. The RANKL mRNA levels were normalized to the
B-actin mRNA level. * indicates a statistically significant difference at
P < 0.05 from the values in the control scales (n = 8).
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by PGE: treatment (P < 0.05 for 107° to 107 M) (Fig. 1B).

Effect of PGE2 on TRAP activity in the cultured scales of
goldfish

The TRAP activity of the PGEx-treated scales by 6 hrs
of incubation tended to be higher than that in the control
scales, although there was no significant difference between
the PGEx-treated and control scales (Fig. 2A).

However, the TRAP activity in the PGE»-treated scales
was significantly higher by 18 hrs (P < 0.05 for 1077 M; P <
0.01 for 1078 M) of incubation relative to the values of the
control scales (Fig. 2B).

Changes in TRAP, cathepsin K and RANKL mRNA
expressions in PGEa-treated goldfish scales

The results of TRAP and cathepsin K are shown in Fig.
3. The mRNA expression of osteoclastic markers (TRAP
and cathepsin K) in the PGE:-treated scales tended to

D control - PGE,
=y
g 10
kksk
S 91 ok
= .
=0 8
g 7
N’
g ]
s
s 47
O 3
< 2
g 1
<
E 0 T 1
1day 2day

Fig. 5. Effects of PGEz on plasma calcium (mg/100 ml) in an in
vivo experiment using immature goldfish. =» and =+« indicate statisti-
cally significant differences at P < 0.01 and P < 0.001, respectively,
from the values in the control (n = 8).
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Fig. 6. Effects of PGE2 on scale TRAP (A) and ALP (B) activity in an in vivo experiment using immature goldfish. *, =, and **= indicate statis-
tically significant differences at P < 0.05, P < 0.01, and P < 0.001, respectively, from the values in the control (n = 8).
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increase at 6 hrs of incubation compared with those in con-
trol scales. At 18 hrs incubation, mRNA expression of both
osteoclastic markers increased significantly following PGE2
treatment.

Similar results were obtained in RANKL. The mRNA
expression of RANKL, an activating factor of osteoclasts
expressed in osteoblasts, increased significantly by PGE2
treatment at 18 hrs of incubation although RANKL mRNA in
PGE-treated scales tended to be higher than that in the
control scales at 6 hrs of incubation (Fig. 4).

Changes in the plasma calcium and scale TRAP and ALP
activities in PGEz-injected goldfish (in vivo experiment)

The plasma calcium levels increased significantly at
both one and two days after PGEz injection (Fig. 5). In addi-
tion, the scale TRAP and ALP activities in PGEz-injected
goldfish were significantly promoted on both days promoted
(Fig. 6).

DISCUSSION

The present study is the first to demonstrate that PGE>
promoted both osteoblastic and osteoclastic activity in the
scales of goldfish in an in vitro experiment. Furthermore, we
found that mRNA expression of osteoclastic markers, such
as TRAP and cathepsin K, was significantly promoted in
PGE:-treated scales. An in vivo experiment reconfirmed the
findings from the in vitro experiments. In teleosts, the func-
tions of calcemic hormones in both osteoblasts and osteo-
clasts have not been elucidated because of the lack of a
suitable in vitro assay system. Using our system, we first
demonstrated that calcitonin, a hypocalcemic hormone,
suppressed osteoclastic activity in teleosts as well as in
mammals (Suzuki et al., 2000) and that melatonin, a major
hormone secreted from the pineal gland, suppresses the
functions in both osteoclasts and osteoblasts (Suzuki and
Hattori, 2002). Osteoblasts in the scale responded to estro-
gen as they do in mammals (Yoshikubo et al., 2005). The
effects of endocrine disrupters, such as bisphenol-A (Suzuki
and Hattori, 2003) and tributyltin (Suzuki et al., 2006), and
heavy metals, i.e., cadmium (Suzuki et al., 2004a), organic
mercury (Suzuki et al.,, 2004a), and inorganic mercury
(Suzuki et al., 2011b), on osteoblasts and osteoclasts have
also been sensitively evaluated. Considering these results
with the present data, our scale assay system may be useful
for the analysis of various substances, including hormones,
in bone metabolism.

RANKL produced by cells in the osteoblast lineage
binds to the receptor activator of NF-xB (RANK) in mononu-
clear hemopoietic precursors and promotes the formation
and activity of multinucleated osteoclasts (Teitelbaum,
2000). Our present study indicated that RANKL mRNA
expression was promoted by PGEz treatment. In mammals,
it has been reported that PGE2 promotes osteoclastogene-
sis via the RANK-RANKL system (Gardner, 2007; Kaneko
et al., 2007; Blackwell et al., 2009). We therefore strongly
believe that, in teleosts as well as mammals, osteoclasto-
genesis is induced by the RANK-RANKL pathway.

In our in vivo experiment, the plasma calcium levels
increased significantly at both one and two days after PGE2
injection. In the reproductive period, the plasma calcium
level in female teleosts increases remarkably (Watts et al.,

1975; Yamauchi et al., 1978; Norberg et al., 1989; Suzuki
et al., 2004b; Guerreiro et al. 2007). This calcium is bound
to vitellogenin, which is a major component of egg protein
and the calcium-binding protein (Tinsley, 1985; Kwon et al.,
1993). We previously demonstrated, in an in vivo experi-
ment with goldfish, that fugu PTH1-induced hypercalcemia
results from an increase of both osteoblastic and osteoclas-
tic activity in the scale as well as the decrease of scale cal-
cium contents after fugu PTH1 injection (Suzuki et al.,
2011a). In estrogen-injected goldfish, the scale TRAP and
ALP activities (Suzuki and Hattori, 2003) and plasma cal-
cium level (Suzuki et al.,, 2003) increased. In estrogen-
injected goldfish, we demonstrated that estrogen promoted
calcitonin secretion and that estrogen directly acts on the
ultimobranchial gland (UBG), a CT-secreting organ since the
estrogen receptor was detected in UBG (Suzuki et al.,
2004b). Our preliminary data indicate that, during reproduc-
tive periods, the plasma calcium level in female goldfish
increases corresponding to the plasma level of PGEsz. In
addition, the plasma TRAP level also increased at this
period (N Suzuki Personal Communication). There may
therefore be an interaction among calcemic hormones, such
as PGE;,, PTH, estrogen, and calcitonin, in the scales of
goldfish. As a result of the hormonal interaction, scale
resorption may occur. We are currently developing an origi-
nal array system for goldfish on the basis of EST analysis
for goldfish scales. In the future, we will examine the inter-
action among calcemic hormones and describe in detall
mechanism of teleost bone metabolism.
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Magnetic fields are known to enhance bone formation. How-
ever, basic data concerning the mechanism are limited because
there are no satisfactory model systems of human bone, which
consists of osteoblasts, osteoclasts, and a bone matrix. The
bone matrix, consisting of substances including hydroxyapatite
and type I collagen, has an important function in the response
to physical stress. Few techniques to co-culture osteoclasts and
osteoblasts that include the bone matrix have been developed.
Fish scales are calcified tissue that contains osteoclasts, osteo-
blasts, and a bone matrix, similar to human bone. We recently
developed an in vitro assay system using fish scales and then
examined the effects of physical stimuli, such as hypergravity,
microgravity, and magnetic fields, on bone metabolism. We de-
scribe here our recent results regarding bone metabolism.

Key words: extremely low-frequency magnetic fields, fish
scales, hyper-gravity, micro-gravity, bone metabolism
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Fig. 1 Morphological characteristics of goldfish
scales. Light-microscopic image of goldfish scales by
toluidine blue stain (A). The main parts of the scale
are the osseous layer (OL) and the fibrillary plate
(FP), and they are partially covered by the epitheli-
um (EP). The electron microscopic image shows a
sheetlike structure composed of multiple layers of
lamellae within FP (B); each of the layers is filled
with parallel collagen fibers, and their orientation
differs from that of the adjacent lamellae (C). The
bars shown in Figs. 1A, 1 B, and 1C are 50 um,
2 ym, and 500 nm, respectively.

Fig. 2 TRAP for osteoclast (A) and ALP for osteo-
blast (B) staining of goldfish scales.
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Fig. 3 JAXA astronaut Soichi Noguchi took a shot
of cultured goldfish scales in KIBO of the Interna-
tional Space Station. The photograph indicates
scales being cultured in space.
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ABSTRACT

Surface water samples were collected at 13 stations in the Japan Sea and filtered through a glass fiber
membrane (pore size 0.5 um). The vertical distribution of PAHs (nine points from depths between 2 m
and 3300 m) were measured at one station. Thirteen PAHs having 3-6 rings in the dissolved and
particulate phases were determined by HPLC with fluorescence detection. The mean concentration of
total PAHs on the seawater surface was 8.5 ng/L. The mean concentrations in the dissolved and
particulate phases for surface seawater were 5.6 ng/L and 2.7 ng/L, respectively. In the dissolved phase,
3-ring PAHs were the largest contributor, and 5-ring or more PAHs were in low ratio. Also,
concentrations of PAHs in the particulate phase were dominated by 3-ring and 4-ring PAHs, but ratio
of 3-ring PAHs was lower than in dissolved phase. Maximum of concentrations of PAHs in the dissolved
(6.5 ng/L) and particulate (10.6 ng/L) phases were found for a depth 300 m. The possible source of PAHs

is the atmosphere.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) containing from 2 to
8 fused aromatic rings are persistent organic pollutants. These
hydrocarbons may be released into the environment as a result of
human activity, and as a result of natural processes. PAHs may be
formed by a variety of mechanisms: pyrogenic, petrogenic,
biogenic and diagenic (Neff, 2002). As a result of human activity,
most of these hydrocarbons are formed during the incomplete
combustion of organic matter (coal, oil, timber, tobacco, etc.)
(WHO, 2000).

The physical properties of these compounds vary widely
depending on the number of benzene rings and chemical struc-
tures (McGowin, 2006). The data on the persistence of these
substances are different. For the process of partial destruction of
PAHs average half-life ranges from 2 to 700 days (Haritash and
Kaushik, 2009; Johnsen et al., 2005; Shuttleworth and Cerniglia,
1995). Also important property of PAHSs is the bioaccumulation
(D’Adamo et al.,, 1997). Some PAHs (benzo[a]pyrene, benzo[b]-
fluoranthene, etc.) are known to be carcinogenic and mutagenic
(WHO, 2001), and therefore, the distribution and fate of these
substances in the environment should be determinated. Addi-
tionally PAHs are excellent markers to determine their origin,

* Corresponding author. Tel.: +7 423 2312592; fax: +7 423 2312573.
E-mail addresses: chizhova@poi.dvo.ru,
tatianasanchizhova@gmail.com (T. Chizhova).

0967-0645/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.dsr2.2012.07.042

ways of transport and transformation processes of these sub-
stances in different environmental conditions.

The main sources of PAHs in seas and oceans are mainly river
runoff and atmospheric input (Dachs et al., 1997; Dickhut et al.,,
2000; Lipiatou and Saliot, 1991).

The Japan Sea is a relatively closed ocean system because the
each strait connecting the Japan Sea with ocean and other seas is
narrow and shallow, and the maximum and average depths of
Japan Sea are 3796 and 1350 m, respectively (Kosuke et al., 2005).
So pollutants may accumulate long-term in the bottom of the
Japan Sea and the pollution can be assumed to be of serious
proportions. The surface circulation of the sea is well described in
many works (e.g., Talley et al., 2006). The main circulation features
are the strait inflows (Tsushima Strait and Tatar Strait) and
outflows (Tsugaru Strait and Soya Strait), major currents (including
the western and eastern boundary currents), the Subpolar Front
and vigorous eddies.

The Amur River’s waters are imported into the Japan Sea by
Primorye (Liman) Current through Tatar Strait. Depending on the
season the Amur River runoff are going to the Sea of Okhotsk
(summer period) or to the Japan Sea (winter period). Approxi-
mately one-third of the annual Amur River discharge flow into the
Japan Sea that is half of total river runoff (Dobrovol'skii and
Zalogin, 1982; Ogi et al., 2001; Yakunin, 1978).

The Japan Sea is connected with waters of the East China Sea
by Tsushima Warm Current and East Korean Warm Current
through Tsushima Straight (Talley et al., 2006). The total concen-
trations of PAHs in surface waters of the East China Sea were
observed from 70.22 to 120.29 ng/L (Ren et al., 2010).
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Monsoon climate is typical for the Japan Sea, south-eastern
winds in summer and north-western winds in winter are domi-
nant over the sea (Kaneyasu et al., 2000). The winter season is
characterized by the transfer of air masses from China to the
waters of the sea (Hayakawa et al.,, 2007; Tang et al., 2005). The
last 20 years China’s economy has been developing rapidly, which
resulted in the significant growing consumption of energy derived
mainly from fuel combustion (Feng et al., 2006; Huang et al,,
2009). Hence during the heating season, air masses over China are
most heavily contaminated with PAHs (Yang et al., 2007). Spatial
distribution of atmospheric PAHs from the Bohai Sea to the high
Arctic was studied by Ding et al. (2007). They have demonstrated
a decreasing latitude trend for gas-phase PAHs and have noted
higher levels of total concentration of atmospheric PAHs occurred
in Far East Asia (34-48N, 122-148E) including the Japan Sea with
an arithmetic mean of 47.9 ng/m>.

There are a few investigations and reports of PAHs in the
seawater of the Japan Sea. Nemirovskaya (2007) has reported
total concentrations of PAHs in the Amurskiy Bay (Peter the Great
Bay, northwestern part of the Japan Sea) widely varied, from 5 to
85 ng/L. There is a gap in our knowledge about PAHs contents in
the open part of the Japan Sea. This paper presented data about
dissolved and particular forms of PAHs contents in seawater
samples collected in late summer in 2010.

2. Materials and methods

2.1. Sampling site

Surface water samples in all stations were collected in the Japan
Sea from August 11 to September 5, 2010 by cruise of R/V
“Akademik M.A. Lavrent'ev”. Also on the station D1 the vertical
distribution of PAHs were studied. The sampling sites are shown in
Fig. 1. All stations are located in northern from Subpolar Front. Five
liters of sea water was collected by a Niskin bottle and conductivity
and temperature depth profiler (CTD), respectively, were monitored.

2.2. Sample treatment

Water samples were filtered through a 0.5 pm pore glass fiber
filter (Advantec GC50) to separate the dissolved phase from the
particulate phase. The filters containing SPM samples were dried
in air conditions for 1 h in the dark.

2.3. PAH extraction

Prior to HPLC analysis, PAHs in the dissolved phase (DP) and in
the particulate phase (PP) were extracted by different methods.
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Fig. 1. The map of the cruise Lav-51.
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Extraction of PAHs in DP: PAHs in water were extracted by solid
phase extraction using a C18 cartridge (Waters Sep-Pak C-18
Cartridge). The cartridges were preconditioned with 5 mL metha-
nol and by 5 mL distilled water. After preconditioning, water
samples were applied to the cartridges. The flow rate of sample
through the cartridge was 10 mL/min. After all samples were
percolated, the cartridges were dried under vacuum condition.
PAHs in the cartridge were eluted with 15 mL of dichloromethane
(Kiss et al., 1996). Surrogate recovery standards (Nap-ds, Ace-d1o,
Phe-do, Pyr-d;o and BaP-d;;) were added to the cartridge just
before the elution. PAHs in the extracts were concentrated by
rotary evaporation to dryness and then the residue was dissolved
in 1 mL hexane for the clean-up procedure.

Extraction of PAHs in PP: the glass fiber filters were soaked in a
40 mL mixture of benzene and ethanol (3:1, v/v). Surrogate
recovery standards (Nap-ds, Ace-dyo, Phe-dio, Pyr-d;o and
BaP-d;,) were added to the sample just before the extraction.
The mixtures were extracted in an ultrasonic bath (NSD Japan,
US-106, 38 kHz, 300 W) for 30 min. Extracts were then filtered.
The extraction was repeated once without adding surrogate
recovery standard. PAHs in the extracts were concentrated by
rotary evaporation to dryness and then the residue was dissolved
in 1 mL hexane for the clean-up procedure.

24. Clean-up

After extraction, the samples were cleaned up with a silica gel
cartridge (Water Sep-Pak Silica Cartridge). The cartridges were
preconditioned with 5 mL of hexane. Samples were applied to the
cartridges and the PAHs were eluted with a mixture of hexane
and acetone (9:1, v/v). After clean-up, 200 uL DMSO was added
PAHs in the extracts were concentrated by rotary evaporation and
then the residue was dissolved in 800 pL acetonitrile. An aliquot
(20 pL) of the solution was injected into the HPLC.

2.5. HPLC

The HPLC system consisted of two Hitachi L-2130 pumps,
a Hitachi degasser, a Hitachi L-2485 fluorescence detector and
a Hitachi organizer. The analytical column and guard column
were Inertsil ODS-P (4.6 i.d. x 250 mm, 5 pm, GL Sciences) and
Inertsil ODS-P (4.0 i.d. x 10 mm, 5 pm, GL Sciences), respectively.
Both of the columns were kept at 20 °C. The mobile phase was a
mixture of acetonitrile and distilled water set in a linear gradient
program. The flow rate of mobile phase was kept at 1.0 mL/min.
The sample was detected by the fluorescence detector for which

Table 1
Concentrations of PAHs in the surface samples of the Japan Sea. Cruise Lav-51.

the excitation and emission wavelengths were automatically set
by a time program.

Fifteen PAHs from USEPA’s 16 priority PAHs list were quanti-
fied: the two-ring PAH was Napthalene (Nap); three-ring PAHs
were Acenaphtene (Ace), Fluorene (Fle), Anthracene (Ant) and
Phenanthrene (Phe); four-ring PAHs were Fluoranthene (Flu),
Pyrene (Pyr), benz[a]anthracene (BaA) and Chrysene (Chr); five-
ring PAHs were Benzo[b]fluoranthene (BbF), Benzo[k]fluor-
anthene (BKF), Benzo[a]pyrene (BaP) and Dibenz[a,h]anthracene
(DBA); six-ring PAHs were Benzo[ghi]perylene (BgPe) and
Indeno[1,2,3-cd]pyrene (IDP). Nap and Phe could not be quanti-
fied because of too low recovery rate and poor resolution in
chromatography results, respectively.

The wavelengths of fluorescence were set according to the
optimization excitation and emission of each PAH. The excitation
and emission wavelengths were set at 280 and 340 nm for Nap, Ace,
Fle, and Phe; 250 and 400 nm for Ant; 286 and 433 nm for Flu; 331
and 392 nm for Pyr; 264 and 407 nm for BaA, Chr, BbF, BKF, BaP,
DBA, and BgPe; and 294 and 482 nm for IDP, respectively.

3. Results and discussion
3.1. Distribution of PAHs in the surface waters of the Japan Sea

Table 1 shows the concentrations of the 13 PAHs identified in
the surface waters of the Japan Sea. The total concentrations of
the 13 PAHs ranged from 7.4 to 10.2 ng/L with a mean concen-
tration of 7.9 ng/L. These data are significantly lower as compared
with those of the studies for the other seas in the Far East Asia,
e.g., for the Western Taiwan Strait connecting the East China Sea
and the South China Sea the total concentrations of PAHs varied
from 23.3 to 70.9 ng/L (Wu et al,, 2011) and for the East China
Sea—70.22-120.29 ng/L (Ren et al., 2010). Excepting stations A1l
and B1, the values of the total concentration of PAHs were similar
for all other stations.

The highest concentrations (about 10 ng/L) were observed at
stations A1 (the northernmost station of the cruise) and B1 (the
station of the cruise closest to Japan). High concentration of PAHs
at station A1 may be related to the proximity of the Amur River
waters, which are probably indicated lower salinity of surface
seawater at this station (32.398 psu). As for high concentration of
PAHs at station B1 it may be associated with the Tsushima
Current from East China Sea. The surface waters of the warm
Tsushima Current spread over the southern Japan Sea to the
Subpolar Front (approximately at 40°N) and converge around the
western side of the Tsugaru Strait. Then current flows out through

PAHs DP (ng/L) PP (ng/L) Total (DP + PP) (ng/L)

Max. Min. Mean Std. dev. Max. Min. Mean Std. dev. Max. Min. Mean Std. dev.
Ace 1.0 0.8 0.9 0.09 1.0 0.6 0.7 0.13 1.92 1.48 1.52 0.15
Fle 2.6 1.8 2.1 0.24 0.64 035 0.42 0.08 3.13 2.25 239 0.28
Ant 0.50 0.26 0.34 0.06 0.093 0.051 0.064 0.011 0.59 0.31 0.38 0.07
Flu 0.90 0.24 0.63 0.16 0.69 0.12 0.31 0.15 1.32 0.59 0.90 0.18
Pyr 23 0.8 1.3 0.35 1.10 0.17 0.60 0.26 3.17 1.36 1.80 05
BaA 0.16 0.03 0.07 0.035 0.083 0.029 0.048 0.017 0.19 0.07 0.11 0.037
Chr 0.078 0.022 0.036 0.014 0.292 0.036 0.09 0.069 0.32 0.06 0.12 0.07
BbF 0.065 0.025 0.044 0.012 0.11 0.07 0.09 0.012 0.18 0.11 0.13 0.02
BkF 0.016 0.010 0.012 0.002 0.055 0.035 0.043 0.005 0.068 0.048 0.054 0.006
BaP 0.027 0.007 0.016 0.006 0.052 0.024 0.037 0.008 0.072 0.035 0.051 0.011
DBA 0.063 0.023 0.039 0.011 0.13 0.07 0.09 0.018 0.18 0.09 0.12 0.023
BgPe 0.063 0.030 0.042 0.009 0.17 0.07 0.11 0.025 0.21 0.11 0.15 0.026
IDP 0.051 0.008 0.027 0.012 0.29 0.03 0.13 0.079 0.333 0.032 0.151 0.08
S"PAHs 6.521 4.758 5.605 0.882 3.725 2.126 2.731 0.807 10.246 7.387 7.880 1.681
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the Tsugaru and Soya Straits, and the rest trends northward
(Kosuke et al., 2005). Therefore the surface waters of the East-
China Sea can be considered as source of PAHs for the Japan Sea.

Table 1 and Fig. 2 show the concentrations of the 13 PAHs in
DP and PP ranged from 4.8 to 6.5 ng/L (mean—5.6 ng/L) and 2.1 to
3.7 ng/L (mean—2.7 ng/L), respectively. In the both phases, DP
and PP, 3-ring and 4-ring PAHs were dominant. But concentra-
tions of PAHs with 3-ring and 4-ring (excepted Chr) were higher
in DP than in PP. While concentrations of Chr and 5,6-rings PAHs
were 2-5 times higher in PP than in DP. These results indicate
that DP and PP contained 67% and 33% of the total PAHs,
respectively. Similarly, in the atmosphere low molecular weight
PAHs are mainly in the gas phase, while high molecular weight
species are in particulate phase (Dickhut et al., 2000). For the
Mediterranean Sea, which similar to the Japan Sea, due to
connecting with adjacent basins by straits, the concentrations of
PAHs in DP ranged from 0.4 (in the open sea) to 2.2 ng/L (in the
estuaries). The concentrations of PAHs in PP ranged from 0.3 to
1.1 ng/L accounting for 30-40% of total PAHs (Dachs et al., 1997).
This correlation agrees with our data. The higher concentrations
of PAHs in this investigation can be explained that the sampling
for the Mediterranean Sea's study was conducted in 1993 and 11
PAHs were analyzed.

3.2. PAHs ratios as markers of PAHs contamination

Different genetic sources of PAHs have the various ratios
between the individual compounds themselves. Therefore these
ratios have been selected as markers to determine the sources of
pollution of ecosystems by PAHs. Yunker et al. (2002) use PAH
isomer pairs ratios Ant/(Phe-+Ant), Flu/(Flu+Py), BaA/(BaA+ Chr)

T. Chizhova et al. / Deep-Sea Research Il 86-87 (2013) 19-24

and IDP/(IDP+BgPe) to elucidate possible sources of PAHs in
marine environment. They proposed that for IDP/(IDP+BgPe), a
ratio < 0.2 probably implies petroleum (petrogenic source), 0.2-
0.5 implies petroleum combustion (liquid fossil fuels combus-
tion), and > 0.5 implies grass, wood or coal combustion; for Flu/
(Flu+Pyr) the petroleum boundary ratio appears close to 0.4, and
the ratio between 0.4 and 0.5 is characteristic of petroleum
combustion, whereas a ratio > 0.5 is characteristic of implies
grass, wood or coal combustion. Similarly, the BaA/(BaA+ Chr)
ratio of less than 0.2 implies the petroleum input, between
0.2 and 0.35 suggests liquid fossil fuel combustion and more
than 0.5 infers grass, wood and coal combustion (Wu et al., 2011).
As shown in Fig. 3A and B, the ratios IDP/(IDP+ BgPe) were ranged
from 0.2 to 0.8, and the values in PP were a little higher than
those in DP. On the contrary the values of BaA/(BaA+ Chr) ratios
in DP were a little higher than those in PP and were ranged from
0.4 to 0.9 for DP and from 0.2 to 0.6 for PP (Fig. 3C and D). Flu/
(Flu+Pyr) ratios were mostly found in the range from 0.2 to 0.4;
the values in PP and DP are very similar (Fig. 3A-D). This suggests
that PAHs mainly descended from the mixed sources both with
the inputs from petrogenic and pyrolytic origins.

3.3. Vertical distribution of PAHs at the station D1

The main feature of hydrophysical characteristics determining
the vertical structure of the Japan Sea is that all of the subtropical
water from about 300 m to the bottom and all of the subpolar
water in the Japan Sea is very ventilated north of the Subpolar
Front. All of this subpolar-ventilated water can be referred to as
Japan Sea Proper Water, once thought to be a nearly homogenous
water mass (Talley et al., 2006). Station D1 is located about 50 km
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far from northern edge of the Subpolar Front. This area is
characterized as relatively high productive unit. Vertical distribu-
tion of PAHs in PP and DP is almost homogenous below 500 m
(Fig. 4). The maximum concentrations of PAHs in DP and PP were
detected on the sea surface and at a depth of 300 m. The high
concentrations of PAHs for the sea surface indicate the main
source of PAHs is the solid particles of the atmosphere (aerosols).
Sufficiently high concentrations of PAHs for greater depths lead us
to the same conclusion. We assume the basic mechanism of
penetration of PAHs in the deep horizons of the sea is the settling
of solid particles with adsorbed PAHs. Otherwise, the penetration
of these compounds in the intermediate and deep waters of the
sea only by the mechanism of turbulent diffusion would take

several decades, during which low molecular PAHs with a half-life of
several tens of days are destroyed. During the settling of the solid
particles, PAHs partially transfers from the particulate phase to the
dissolved phase. The rate of deposition of particles varies widely
from a few meters to several hundred meters per day (Burd and
Jackson, 2009). A depth of 300 m showed the highest concentrations
of PAHSs. Particulate phase on this depth contains a high concentra-
tion of Pyr (4 ng/L). As observed zooplankton fecal pellets are
important vector of vertical flux of PAHs (Lipiatou et al,, 1993).
In an earlier authors have found the plankton samples contain high
concentrations of Pyr and Flu (Lipiatou and Saliot, 1992). Therefore
we suggest the relationship between the maximum of the
Pyr-concentration at the depth 300 m and zooplankton fecal pellets.
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4. Conclusions

This investigation first provides the data of PAHs spatial dis-
tribution in the northwestern part of the Japan Sea and contributes
to the present status of PAHs contamination in studied region.

Thirteen PAHs were quantitatively analyzed in this study. The
values of total PAHs concentration in the Japan Sea were similar
for surface seawater at all stations (excepting stations A1 and B1)
and were ranged from 7.4 to 10.2 ng/L with a mean concentration
of 7.9 ng/L. The level of PAHs contamination was founded lower in
comparison with others seas of the Far East Asia.

Data PAHs isomer pair ratios Flu/(Flu+Py), BaA/(BaA+Chr)
and IDP/(IDP+BgPe) suggest that PAHs mainly descended from
the mixed sources both with the inputs from petrogenic and
pyrolytic origins.

Vertical distribution of total PAHs was detected maxima on the
sea surface and depth of 300 m. We assume the former originate
from atmosphere and the later relate with zooplankton fecal
pellets.

Acknowledgments

This research was partially supported by the grant # 12-1-P30-
07 from Presidium of Far Eastern Branch Russian Academy of
Science. Also the authors have greatly appreciated to reviewer Dr.
Ying Li and anonymous reviewer of this paper. Their reasonable
remarks and comments seriously helped to improve this paper
quality and obtain its final form.

Also this work was supported by the Grant for young research-
ers of Japan-Russia Youth Exchange (JREX, Tokyo, Japan).

References

Burd, A.B., Jackson, G.A., 2009. Particle aggregation. Annu. Rev. Mar. Sci. 1, 65-90.

D’Adamo, R., Pelosi, S., Trotta, P., Sansone, G. 1997. Bioaccumulation and
biomagnification of polycyclic aromatic hydrocarbons in aquatic organisms.
Mar. Chem. 56 (1-2), 45-49.

Dachs, J., Bayona, J.M., Raoux, C., Albaiges, J., 1997. Spatial, vertical distribution and
budget of polycyclic aromatic hydrocarbons in the western Mediterranean
seawater. Environ. Sci. Technol. 31, 682-688.

Dickhut, R.M,, Canuel, E.A., Gustafson, KE., Liu, K., Arzayus, K.M., Walker, S.E.,
Edgecombe, G., Gaylor, M.O., Macdonald, E.H., 2000. Automotive sources of
carcinogenic PAHs associated with particulate matter in the Chesapeake Bay
region. Environ. Sci. Technol. 34, 4635-4640.

Ding, Xiang, Wang, X.-M., Xie, Z.-Q., Xiang, C.-H., Mai, B.-X,, Sun, L.-G., Zheng, M.,
Sheng, G.-Y., Fu, ].-M., Poshel, U., 2007. Atmospheric polycyclic hydrocarbons
observed over the North Pacific Ocean and the Arctic area: spatial distribution
and source identification. Atmos. Environ. 41, 2061-2072.

Dobrovol’skii, A.D., Zalogin, B.S., 1982. Seas of the USSR. Moscow State University,
Moscow 192 p.

Feng, J., Hu, M., Chan, C.K,, Lau, P.S,, Fang, M., He, L., Tang, X., 2006. A comparative
study of the organic matter in PM2.5 from three Chinese megacities in three
different climatic zones. Atmos. Environ. 40, 3983-3994.

Haritash, A.K,, Kaushik, C.P., 2009. Biodegradation aspects of Polycyclic Aromatic
Hydrocarbons (PAHs): a review. ]. Hazard. Mater. 169, 1-15.

Hayakawa, K., Tang, N., Kameda, T., Toriba, A., 2007. Atmospheric behaviors of
polycyclic aromatic hydrocarbons and nitropolycyclic aromatic hydrocarbons
in East Asia. Asian J. Atmos. Environ. 1 (1), 19-27.

Huang, D., Peng, P., Xy, Y., Deng, Y., Deng, H., 2009. Distribution and deposition of
polycyclic aromatic hydrocarbons in precipitation in Guangzhou, South China.
J. Environ. Sci. 21, 654-660.

Johnsen, AR, Wick, L.Y., Harms, H., 2005. Principles of microbial PAH-degradation
in soil. Environ. Pollut. 133, 71-84.

Kaneyasu, N., Takeuchi, K., Hayashi, M., Fujita, S., Uno, 1., Sasaki, H., 2000. Outflow
patterns of pollutants from East Asia to the North Pacific in the winter
monsoon. J. Geophys. Res. 105, 17361-17377.

Kiss, G., Varga-Puchony, Z., Hlavay, J., 1996. Determination of polycyclic aromatic
hydrocarbons in precipitation using solid-phase extraction and column liquid
chromatography. J. Chromatogr. A 725 (2), 261-272.

Kosuke, M., Takeshi, M., Senju, T., 2005. Seasonal/spatial variations of the near-
inertial oscillations in the deep water of the Japan Sea. ]J. Oceanogr. 61 (4),
761-773.

Lipiatou, E., Saliot, A., 1991. Fluxes and transport of anthropogenic and natural
polycyclic aromatic hydrocarbons in the western Mediterranean Sea. Mar.
Chem. 32, 51-71.

Lipiatou, E., Saliot, A., 1992. Biogenic aromatic hydrocarbon geochemistry in the
rhone river delta and in surface sediments from the open North-western
Mediterranean Sea. Estuarine Coastal Shelf Sci. 34, 515-531.

Lipiatou, E., Marty, J.-C,, Saliot, A, 1993. Sediment trap fluxes of polycyclic
aromatic hydrocarbons in the Mediterranean Sea. Mar. Chem. 44, 43-54.
McGowin, A.E., 2006, Polycyclic aromatic hydrocarbons. In: Nollet, LM.L. (Ed.),
Chromatographic Analysis of the Environment, third ed. CRC Press Taylor &

Francis Group, pp. 556-616.

Nemirovskaya, L.A., 2007. Hydrocarbons in water and bottom sediments of a
region with continuous petroleum contamination. Geokhimiya 7, 704-717
(in Russian).

Neff, .M., 2002. Polycyclic aromatic hydrocarbons in the ocean. In: Neff, ].M. (Ed.),
Bioaccumulation in Marine Organisms. Elsevier Science, pp. 241-318.

Ogi, M., Tachibana, Y., Nishio, F., Danchenkov, M.A,, 2001. Does the fresh water
supply from the Amur River flowing into the Sea of Okhotsk affect sea ice
formation? J. Meteorol. Soc. Jpn. 79, 123-129.

Ren, H., Kawagoe, T., Jia, H., Endo, H., Kitazawa, A., Goto, S., Hayashi, T., 2010.
Continuous surface seawater surveillance on poly aromatic hydrocarbons
(PAHs) and mutagenicity of East and South China Seas. Estuarine Coastal
Shelf Sci. 86, 395-400.

Shuttleworth, K.L., Cerniglia, C.E., 1995. Environmental aspects of PAH biodegra-
dation. Appl. Biochem. Biotechnol. 54, 291-302.

Talley, L.D., Min, Dong-Ha, Lobanov, V.B., Luchin, V.A., Ponomarev, V.1, Salyuk,
AN., Shcherbina, A.Ya., Tishchenko, P.Ya., Zhabin, I.A.,, 2006. Japan/East Sea
water masses and their relation to the sea’s circulation. Oceanography 19 (3),
32-49.

Tang, N., Hattori, T., Taga, R, Igarashi, K., Yang, X., Toriba, A, Kizu, R., Hayakawa, K.,
Tamura, K., Kakimoto, H., Mishukov, V.F., 2005. Polycyclic aromatic hydro-
carbons and nitropolycyclic aromatic hydrocarbons in urban air particulates
and their relationship to emission sources in the Pan-Japan Sea countries.
Atmos. Environ. 39, 5817-5826.

WHO, 2000. The World Health Report 2000: Health Systems: Improving Perfor-
mance. World Health Organization, Geneva.

WHO, 2001. International Programme on Chemical Safety, Environmental Health
Criteria 202. Selected Non-heterocyclic Polycyclic Aromatic Hydrocarbons.
World Health Organization, Geneva.

Wu, Y.-L., Wang, X.-H., Li, Y.-Y., Hong, H.-S., 2011. Occurrence of polycyclic
aromatic hydrocarbons (PAHs) in seawater from the Western Taiwan Strait,
China. Mar. Pollut. Bull. 63, 459-463.

Yakunin, L.P.,, 1978. Distribution of Amur River runoff between mouth’s channels.
In: Vladivostok, FERHRI Proceedings, vol. 71, pp. 162-168 (in Russian).

Yang, X.-Y., Okada, Y., Tang, N., Matsunaga, S., Kameda, T., Toriba, A, Hayakawa, K.,
Tamura, K., Lin, J.M., 2007. Long-range transport of polycyclic aromatic
hydrocarbons from China to Japan. Atmos. Environ. 41, 2710-2718.

Yunker, M.B., Macdonald, R.W.,, Vingarzan, R., Mitchell, R.H., Goyette, D., Sylvestre,
S., 2002. PAHs in the Fraser River basin: a critical appraisal of PAH ratios as
indicators of PAH source and composition. Org. Geochem. 33, 489-515.

- 352 -



J UOEH (EEZEERASMRE) 35 (1):17-24 (2013) 17

[Review]

Biological Effects of Polycyclic Aromatic Hydrocarbon Derivatives

Kanae Bekk1', Akira ToriBa®, Ning Tanc>?, Takayuki Kamepa® and Kazuichi Hayakawa®
g yu

! Division of Environmental Science and Engineering, Graduate School of Natural Science and Technology, Kanazawa
University, Kakumamachi, Kanazawa, Ishikawa 920-1164, Japan

? Faculty of Pharmaceutical Sciences, Institute of Medical, Pharmaceutical and Health Sciences, Kanazawa Univer-
sity, Kakumamachi, Kanazawa, Ishikawa 920-1164, Japan

? Hyogo College of Medicine, Mukogawa-cho, Nishinomiya, Hyogo 663-8501, Japan

Abstract : Polycyclic aromatic hydrocarbons (PAHs) are included in various environmental pollutants such as air-
borne particles and have been reported to induce a variety of toxic effects. On the other hand, PAH derivatives
are generated from PAHs both through chemical reaction in the atmosphere and metabolism in the body. PAH de-
rivatives have become known for their specific toxicities such as estrogenic/antiestrogenic activities and oxidative
stress, and correlations between the toxicities and structures of PAH derivatives have been shown in recent studies.
These studies are indispensable for demonstrating the health effects of PAH derivatives, since they would contribute
to the comprehensive toxicity prediction of many kinds of PAH derivatives.
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Introduction

An important group of pollutants associated with
airborne particulate matter (PM) are polycyclic aro-
matic hydrocarbons (PAHs), which are constructed
of two or more aromatic rings and are produced by
incomplete combustion of fossil fuels. PAHs have
carcinogenicity and mutagenicity [1], and have been
classified according to International Agency for Re-
search for Cancer (IARC) as carcinogenic or probably
carcinogenic compounds [2, 3]. PAHs are believed
to be the main causal compounds in the health effects
of ambient air pollutants. PAHs generate various de-
rivatives both in the atmosphere and in the body. PAH
derivatives are becoming known to have particular ef-
fects, such as oxidative stress and endocrine disrup-

tion. Many studies give information on the possible
roles of PAH derivatives in several diseases which
have been increasing for several decades worldwide.
However, a comprehensive assessment of the toxici-
ties of these compounds is not easy, since numerous
PAH derivatives exist in the atmosphere and they have
different toxicities.

In recent years, studies of the structure and activity
relationship have developed in the study of environ-
mental science. This study can predict the possibil-
ity of the toxicities of compounds according to the
relationship between chemical three-dimensional (3D)
structures, even though the toxicities of their com-
pounds have not been measured. Therefore, an analy-
sis of the structure and activity relationship is a key to
know the health risk of numerous compounds in the
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atmosphere, including PAH derivatives.

This review provides information mainly about our
recent observation assessing the relationship between
structural and biological activities of PAH derivatives.

Generation of PAH derivatives

It is well known that PAH derivatives such as hy-
droxylated PAHs (OHPAHs) and PAH quinones
(PAHQs) are generated in the atmosphere through
chemical reactions with nitrogen radicals (sNO?),
hydroxide radicals (*OH) and ultraviolet light [4-6].
These PAH derivatives are also generated in the body.
After entering the body, PAHs bind to one of the nucle-
ar receptors, the aryl hydrocarbon receptor (AhR), and
then induce the cytochrome P450 drug-metabolizing
enzymes such as Cyplal, Cypla2 and Cyplbl, which
metabolize PAHs into various PAH derivatives.

Toxicities of PAH derivatives

Concerning the toxicities of PAH derivatives, the
mutagenicity induced by nitrated PAHs (NPAHs) has
been well known for many years [7]. Inrecent years, it
has been shown that other PAH derivatives also show
various toxicities. For instance, PAHQs produce reac-
tive oxygen species (ROS) through redox cycle, lead-
ing to ROS-related toxicities, such as physical DNA
damage, oxidative stress and cell death [8-10]. The
most important information is that PAH derivatives-
induced oxidative stress might be involved in various
diseases, such as allergic reaction, circulatory organ
system disease, infection and aging [11-17]. Cho et
al. have recently reported that phenanthrenequinone
(PQ) induced the recruitment of inflammatory cells,
such as eosinophils and neutrophils, into the lung with
the lung expression of pro-inflammatory molecules
such as interleukin (IL)-5 and eotaxin ir vivo [19]. PQ
also aggravates antigen-related airway inflammation
in mice, and PQ has adjuvant activity for antigen-spe-
cific immunoglobulin G (IgG), leading to aggravation
of antigen-related airway inflammation in mice [20].
Because PQ is a major quinone in diesel exhaust par-
ticles (DEP) [18], which have been reported to cause
lung inflammatory-related impacts, these reports sug-
gest a key role of PQ in lung diseases by air pollutants.

Interestingly, there are several reports suggesting
that PAH derivatives have endocrine disruptor-like
activities. DEP extracts including numerous PAH
derivatives exhibit estrogenic and/or antiestrogenic
activities in human MCF-7 breast cancer cells and
recombinant yeast cells [21-23]. These samples also
exhibited a significant antiandrogenic effect in PC3/
AR human prostate carcinoma cells [24]. Actually,
one of the OHPAHs, hydroxyphenanthrene (OHPhe)
and hydroxyfluoranthene (OHFrt), constructed with
three or four rings, were determined in the DEP ex-
tracts as antiandrogenic compounds. Furthermore,
strong estrogenic activities of several OHPAH iso-
mers, hydroxybenz[a]anthracene (OHBaA) and hy-
droxychrysene (OHCh), were also detected by screen-
ing evaluation using yeast two-hybrid assay [25].

Structure activity relationship of estrogenic/
antiestrogenic activity of PAH derivatives

It has gradually become known that the endocrine
disruptor-like activities of PAH derivatives are related
to their structure. It has been reported theoretically
that the common structure of estrogenic compounds
is a phenol with a hydrophobic moiety at the para-
position without a bulky group at the ortho-position
[26]. This theory could be applied to the activities of
PAH derivatives. In our recent study, we investigated
whether OHPAHs, PAHQs and PAH ketones (PAHKSs)
having two to six rings show estrogenic or antiestro-
genic activities [25, 27] by using the yeast two-hybrid
assay system [28], in order to elucidate the character-
istics of PAH derivatives in more detail.

Among the OHPAHs we tested, strong estrogenic
activity was observed mainly in OHPAHs having
4 rings. We also observed strong antiestrogenic ac-
tivity in several OHPAHs having 4 and 5 rings [25].
Because PAHs can't bind to the active site of human
estrogen receptor (hER), it is strongly suggested that
the hydroxyl modification and its location are key fac-
tors for the large difference in estrogenic activities be-
tween PAHs and OHPAHSs. At this time, relative bind-
ing affinity (RBA) is also correlated with estrogenic
or antiestrogenic activity [29]. On the other hand, we
have found that several PAHQs also showed strong
antiestrogenic activities, suggesting that exhibition of
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