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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 5mL 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-do,
Phe-dqq, 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-djo, Pyr-d;p 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 pL 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[kjfluor-
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 Al
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 Al (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 1.92 148 1.52 0.15
Fle 2.6 1.8 21 0.24 0.64 0.35 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 3.17 136 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)

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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Fig. 2. Concentrations of PAHs in the surface seawater in DP (A) and PP (B).
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Fig. 4. Vertical distribution of PAHs in DP (a) and PP (b) at the station D1.

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 PAHSs 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 PAHs. Particulate phase on this depth contains a high concentra-
tion of Pyr (4ng/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.
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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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University, Kakumamachi, Kanazawa, Ishikawa 920-1192, Japan. Tel: + 81-76-234-4413, Fax: +81-76-234-4456, E-mail: bekkanal105@gmail.com

- 160 -



18 K Bekki et al

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 (*NO%),
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 in 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 (PAHKS)
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 OHPAHSs 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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antiestrogenic activity mainly depends on the location
of substituted groups rather than on the kinds of func-
tional groups [30].

It has been reported that the phenol group (OH-3) of
17B-estradiol (E2) makes hydrogen bonds with Glu353
and Arg394 of hER and H;O and that the alcohol
group (OH-17) of E; has an affinity for the nitrogen
atom of His524 of hER. On the other hand, van der
Walls interaction takes place between the benzene ring
of E; and the benzene ring of Phe404 of the binding
site of hER [31, 32]. These reports suggest that 4-ring
OHPAHs interact with the binding site of hER, and
this binding mechanism depends on the phenol group.
Furthermore, several physical parameters, such as the
length-to-breadth (L/B) ratios of the rectangular van
der Walls plane surrounding each PAH molecule and
O-H distance, the distance between the oxygen atom
of the phenol group and the hydrogen atom located
farthest from the phenol group and partial charge,
might be correlated with these binding mechanisms
between E» and estrogen receptor (ER), showing a
correlation with estrogenic/antiestrogenic activities
of OHPAHs and PAHQs. Especially, L/B and O-H
distance showed an effect on the activity (Fig. 1).

o) Phe 404

Glu3s3
Fig. 1. Speculation of binding of OHPAH to hER.

Furthermore, compounds having a strong affinity to
hER, such as E and diethylstilbestrol (DES), have two
hydroxyl groups with the appropriate O-O distance
[31]. The L/B ratios of E; and DES were 1.545 and
1.515, respectively. These L/B ratios and O-O distanc-

O-H distance

es were close to the value of /B ratios and O-H dis-
tances of the above strongly estrogenic OHPAHs in the
small circle area (Fig. 2). The area of the L/B ratio and
O-H distance of the strongly antiestrogenic OHPAHs
was much larger than that of the strongly estrogenic
OHPAHs described above. Although it is unclear why
9-OHBaA was an exception, this result suggests that
antagonistic OHPAHs can exhibit activity even when
they bind to sites other than the active site of hER.

These facts suggest that the activities of OHPAHs
and PAHQs can be roughly predicted from their physi-
cal parameters, although differentiation between ago-
nistic and antagonistic effects is not easy.

20 (
B g otBa
16 8-OHBaP \ '\ 5-0HEad
9-OHBKFR ™\ - OHCh

10-OHBaA
4-OHBaA

& 3-OHCh

11-OHBgCh_
12F 13-0HBgCh\'{9%
o J

3-OHBcPhg 1# % d

N,

81 2.0HBcPr” © “¢®\  2-OHBad
Aad *6-OHCh
DES
4 1 1 1 1
0.5 1 1.5 2 2.5
L/B ratio

Fig. 2. Correlations between L/B ratio and O-H distance
of estrogenic/antiestrogenic OHPAHs. hERa was used in
the assay. m: Relative effective potency of estrogenic activ-
ity (REPg) > 0.001, o: REPg < 0.001, e: Relative effective
potency of antiestrogenic activity (REPAEg) > 0.1, ©: REPAE
< 0.1, @: diethylstilbestrol (DES), e: 17B-estradiol (Ez). In
the case of E2 and DES, O-O distance was used instead of
O-H distance (Reproduced from ref. [25] with permission of
Journal of Health Science).

Structural characteristic of oxidative stress
induced by ortho-PAH quinones

The oxidative stress induced by PAHQs has been
extensively studied and several reviews are available
[33-37]. Among PAHQs, ortho-PAHQs could form ei-
ther ortho-semiquinone anion radicals or catechols by
electron nonenzymatic reduction. These compounds
are unstable, and easily return to quinones. At that
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time, superoxide anion radical and hydrogen peroxide
are generated (Fig. 3). In addition, it was demonstrated
that ortho-PAHQs, such as 9,10-phenanthrenequinone
(9,10-PQ), can catalyze the transfer of electrons from
dithiol to oxygen, generating superoxide anion radical.
Regarding the para-quinone group, the generation of
superoxide by semiquinone of Coenzyme Q (ubiqui-
none) has been also reported [38]. In fact, a large part
of the electron leak to molecular oxygen results from
the semiquinone form of CoQ generated during the
Q-cycle in complex III or by a similar, less defined
mechanism in complex I [39-41]. Therefore, most
quinone compounds induce oxidative stress through
an electronic mechanism induced by semiquinone.

We recently gathered more information about ROS
generation from various PAHQs that exist in the at-
mosphere. In a study using thiol consumption as an
index for ROS generation of PAHQs, we showed that
ortho-PAHQs (9,10-PQ, 5,6-chrysenequinone (5,6-
CQ) and benzo[a]pyrene-5,6-quinone (B[a]P-5,6-Q)
consumed much more of the thiol groups, while pa-
ra-PAHQs (1,4-naphthoquinone (1,4-NQ), 9,10-an-
thraquinone (9,10-AQ), 1,4-anthraquinone (1,4-AQ),
1,4-phenanthrenequinone (1,4-PQ), 1,2-benzoanthra-
quinone (1,2-BAQ), 1,4-chrysenequinone (1,4-CQ)

S-

protein { .- / \ protein {
ortho-quinoid ‘O ‘O

e 0

o
O o}
X)z
0,-
0,

and benzo[c]phenanthren-1,4-quinone (B[c]P-1,4-Q)
didn't. We got the same results of viability for each
PAHQ. Three of the ortho-PAHQs (9, 10-PQ, 5, 6-CQ
and B[c]P-5,6-Q) significantly reduced the viability
of A549 cells to about 20% of the control, but para-
PAHQs had little effect on viability (Fig. 4). These
results provided the initial evidence that there was a
structure activity relationship by which ortho-PAHQs
have a stronger potential for ROS generation than pa-
ra-PAHQs.

Actually, several ortho-PAHQs such as 9,10-PQ and
9,10-AQ have been reported to exist in the atmosphere
at the concentration range of 20 to 730 pg m™ [18,
42, 43]. Other ortho-PAHQs with strong biological
activities might also exist in the atmosphere. In ad-
dition, ortho-PAHQs can be generated in the human
body through the metabolism of PAHs by cytochrome
P4501A1 [44, 13]. Therefore, our data suggest that
PAHQs, especially ortho-PAHQs, need to be paid
more attention from the aspect of many kinds of dis-
eases, such as pulmonary dysfunctional diseases, car-
cinogenesis, chronic inflammatory process, and acute
symptomatic responses in the respiratory tract et al.
(18, 45-47].

S
/ \ protein <é

Fig. 3. Redox cycle for overproducing H202 by ortho-PAHQs.
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120 ~
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20

para-PAH quinone

ortho-PAH quinone

Fig. 4. Effects of PAHQs on the cell viability. A549 cells were incubated with 10 pM quinoid PAH for 12 h. The viability of the
cells was determined by MTT assay. Each value is the mean = SD of three determinations. Statistical significance, % : P < 0.001
vs. control (Reproduced from ref. [48] with permission of Journal of Health Science).
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Fish scales are a form of calcified tissue similar to that found in human bone. In medaka scales,
we detected both osteoblasts and osteoclasts and subsequently developed a new scale assay sys-
tem. Using this system, we analyzed the osteoblastic and osteoclastic responses under 2-, 3-, and
4-gravity (G) loading by both centrifugation and vibration. After loading for 10 min, the scales from
centrifugal and vibration loading were incubated for 6 and 24 hrs, respectively, after which the
osteoblastic and osteoclastic activities were measured. Osteoblastic activity significantly increased
under 2- to 4-G loading by both centrifugation and vibration. In contrast, we found that osteoclastic
activity significantly decreased under 2- and 3-G loading in response to both centrifugation and
vibration. Under 4-G loading, osteoclastic activity also decreased on centrifugation, but signifi-
cantly increased under 4-G loading by vibration, concomitant with markedly increased osteoblastic
activity. Expression of the receptor activator of the NF-xB ligand (RANKL), an activation factor of
osteoclasts expressed in osteoblasts, increased significantly under 4-G loading by vibration but
was unchanged by centrifugal loading. A protein sequence similar to osteoprotegerin (OPG), which
is known as an osteoclastogenesis inhibitory factor, was found in medaka using our sequence
analysis. The ratio of RANKL/OPG-like mRNAs in the vibration-loaded scales was significantly
higher than that in the control scales, although there was no difference between centrifugal loaded
scales and the control scales. Accordingly, medaka scales provide a useful model by which to ana-
lyze bone metabolism in response to physical strain.

Key words: osteoblast, osteoclast, scale, medaka, gravity response, RANKL, OPG

INTRODUCTION

Various in vitro models have been developed elucidate
the effect of physical strain, including the response of bone

* Corresponding author. Tel. : +81-768-74-1151;
Fax :+81-768-74-1644;
E-mail: nobuos @staff.kanazawa-u.ac.jp
doi:10.2108/zs].30.217

metabolism to different gravitational loads, (Tjandrawinata et
al., 1997; Tanaka et al., 2003; Peng et al., 2011). Most stud-
ies using in vitro models noted osteoblastic responses to
physical strain as the determinant in bone (Tjandrawinata et
al., 1997; Tanaka et al., 2003). Bone consists of osteoblasts,
osteoclasts, and the bone matrix, and both cell-to-cell and
cell-to-matrix interactions are critical for cell response to
physical stress (Harter et al,, 1995; Owan et al., 1997;
Hoffler et al., 2006). It was recently reported that mechanical
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stretch-induced calcium efflux from bone matrix and stimu-
lated osteoblasts, suggesting that the bone matrix acts as a
reservoir for mechanochemical transducers, which convert
mechanical strain into a chemical signal for the onset of
calcium efflux (Sun et al, 2012). A co-culture system of
osteoblasts and osteoclasts with the matrix is essential to
elucidate bone metabolism under gravity (G) loading condi-
tions, indicating the need for the development of such a sys-
tem.

The teleost scale, a calcified tissue, contains osteo-
blasts and osteoclasts (Bereiter-Hahn and Zylberberg, 1993,
Suzuki et al., 2000; Yoshikubo et al., 2005) that are similar
to those found in avian and mammalian membrane bone.
Moreover, multinucleated osteoclasts, an active type of
osteoclast, have been detected by tartrate-resistant acid
phosphatase (TRAP) staining in the scales of goldfish
(Suzuki et al., 2000; Azuma et al., 2007; Suzuki et al., 2011),
carp (de Vrieze et al., 2010), and rainbow trout (Persson et
al., 1999), together with the osteoblasts detected by alkaline
phosphatase (ALP) staining (de Vrieze et al.,, 2010). With
such typical components of bone matrix as type | collagen
(Zylberberg et al., 1992), bone y-carboxyglutamic acid pro-
tein (Nishimoto et al., 1992), osteonectine (Lehane et al.,
1999), and hydroxyapatite (Onozato and Watabe, 1979), a
teleost scale is a suitable model for mammalian bone.

Medaka (Oryzias latipes), a small teleost, is a particu-
larly suitable model organism, as its entire genome
sequence has been mapped, facilitating genetic analysis. Its
relatively short life cycle and high productivity (Kasahara et
al., 2007; Kawakami, 2007; Takeda, 2008) are also valuable
features. Therefore, medaka appears to be a model organ-
ism that can be used to analyze various biological pro-
cesses, including bone metabolism, at the molecular level
(Inohaya et al., 2007; Watanabe-Asaka et al.,, 2010).
Medaka were launched into space in 1994 as part of a
microgravity experiment (ljiri, 1995). This experiment
included the first observation of the mating behavior, devel-
opment, and hatching of a vertebrate in space. Using
medaka, we can analyze the response of osteoblasts and
osteoclasts, not only in a hypergravity environment on the
ground but also under microgravity conditions in space.

In the present study, we investigated bone metabolism
under G-loading using medaka scales as a bone model. To
demonstrate the coexistence of bone cells in medaka
scales, we first analyzed the morphological features of both
osteoblasts and osteoclasts. Second, we developed a new
in vitro assay system using medaka scales. In this system,
ALP and TRAP were used as respective markers of osteo-
blasts and osteoclasts. Third, we examined static (centrifuga-
tion) and dynamic (vibration) G-loading using the developed
assay system with medaka scales. We demonstrated that
osteoblasts and osteoclasts in medaka scales responded
with certain degrees of sensitivity to G-loading by both cen-
trifugation and vibration. Using our original system with
medaka scales, we measured the difference between static
and dynamic G-loading.

MATERIALS AND METHODS

Animals
Medaka were purchased from a commercial source (Higashikawa
Fish Farm, Yamatokoriyama, Japan) and used for the in vitro scale

assay. All experimental procedures were conducted in accordance
with the Guidelines for the Care and Use of Laboratory Animals of
Kanazawa University, Japan.

Morphological study of osteoblasts and osteoclasts in medaka
scales

Scales were collected from medaka anesthetized with ethyl 3-
aminobenzoate, methanesulfonic acid salt (Sigma-Aldrich, Inc., St.
Louis, MO, USA) and fixed using 4% paraformaldehyde solution
neutralized with phosphate buffer solution (pH 7.2; Wako, Co., Ltd.,
Osaka, Japan). Subsequently, osteoblasts were detected by ALP
staining using NBT/BCIP Stock Solution (Roche Applied Science,
Mannheim, Germany). The scales were TRAP stained using the
methods described by Cole and Walters (1987). After staining, the
osteoblasts and osteoclasts were observed under a microscope.

Development of an in vitro assay system using medaka scales

Medaka were anesthetized with ethyl 3-aminobenzoate, meth-
anesulfonic acid salt (Sigma-Aldrich, Inc., St. Louis, MO, USA), after
which all scales collected from the left side of the animal were
placed into a 1.5-mL microtube and all scales collected from the
right side of medaka were transferred into a different 1.5-mL micro-
tube. One hundred microliters of distilled water were added to each
microtube. After sonication, the tube was centrifuged and the super-
natant was used to detect both ALP and TRAP activities. The meth-
ods for measuring ALP and TRAP activities were reported by
Suzuki et al. (2007). The ALP and TRAP data obtained for the
scales from the left and right sides of the medaka were compared.

Effect of osteoblastic and osteoclastic activities under 2-, 3-,
and 4-G loading by centrifugation and vibration

Scales were collected from medaka anesthetized with ethyl 3-
aminobenzoate, methanesulfonic acid salt. All the left-side scales
(loaded experimental scales) and right-side scales (unloaded
control scales) from each individual were put into respective micro-
tubes, followed by the addition of a 500-uL aliquot of Leibovitz’s L-
15 medium (Invitrogen, Grand Island, NY, USA) containing a 1%
penicillin—streptomycin mixture (ICN Biomedicals, Inc., Aurora, OH,
USA). To fix the scales, a cotton ball (1 cm in diameter) was placed
into each microtube. The microtube containing the scales was
loaded to 2-, 3-, and 4-G by centrifugation (LIX-130; Tomy Digital
Biology Co., Ltd., Tokyo, Japan) or by vibration with the original
apparatus (Suzuki et al., 2007) for 10 min at room temperature. The
loaded scales were compared with unloaded (1-G control) scales.
The loading times were determined following our previous study
using goldfish scales (Suzuki et al., 2007). After loading, the centri-
fuged and vibrated scales were incubated for 6 and 24 hrs, respec-
tively, at 15°C. We previously reported that calcemic hormones
such as calcitonin and estrogen were effective at these incubation
times (Suzuki et al., 2000; Yoshikubo et al., 2005); therefore, we
used these times in the present study. After incubation, the ALP and
TRAP activities in the medaka scales were measured as described
above.

Analysis of the interaction between osteoblasts and osteo-
clasts under 4-G loading by centrifugation and vibration

We analyzed the mRNA expression of both the receptor acti-
vator of the NF-xB ligand (RANKL), an activating factor of osteo-
clasts expressed in osteoblasts, and osteoprotegerin (OPG), an
osteoclastogenesis inhibitory factor in osteoblasts. OPG, a decoy
receptor of RANKL, inhibits osteoclastogenesis by binding to
RANKL (see the review by Lacey et al., 2012). To analyze the inter-
action between osteoblasts and osteoclasts, the ratio of the expres-
sion of the RANKL/OPG-like mRNA was examined.

After 4-G loading, the scales were incubated for 24 hrs at 15°C
and then frozen at -80°C for mRNA analysis. The loaded scales
were compared with unloaded (1-G control) scales. Total RNAs

- 169 -



Hypergravity Responses in Medaka Scales

219

Fig. 1.

Microscopic views of medaka scales stained for alkaline
phosphatase (ALP). Arrows indicate ALP positive cells. Bar: 100 um.

were prepared from medaka scales using a total RNA isolation kit
for fibrous tissue (Qiagen GmbH, Hilden, Germany). Complemen-
tary DNA was synthesized using the PrimeScript™ RT reagent kit
(Takara Bio Inc., Otsu, Japan). The primer sequences—sense:
AGGCAAAACGGCAAAGAAAT; anti-sense: CCCAGCTTTATG-
GCTCCAA—were designed from medaka RANKL (JN119285) (To
et al., 2012). The OPG-like sequence in medaka was determined by
sequence analysis, as follows. All amino acid sequences of medaka
were retrieved from the Genome to Protein Structure and Function
database. We analyzed the amino acid sequence of OPG in fugu
(ENSTRUP00000023772) as a query to all amino acid sequences
of medaka, and selected the best-hit sequence as the candidate for
the OPG amino acid sequence of medaka. Thereafter, we used
CLUSTAL X2 (Larkin et al., 2007) for multiple sequence alignment
of homologous sequences. The primers for the OPG-like sequence
in medaka were as follows: sense: 5-GGATCCGTCCACTGG-
TAAAA-3’; antisense: 5-GAGCACTCGATTTCCACCTC-3".

B-actin (ENSORLT00000021168) was amplified using the fol-
lowing primers: sense: 5-TGTGCTACGTGGCTCTTGAC-3’; anti-
sense: 5-GCCAATGAAAGAAGGTTGGA-3. The PCR amplification
was performed using the real-time Mx3000p PCR apparatus (Agilent
Technologies, Santa Clara, CA, USA) (Suzuki et al., 2011). The
annealing temperature of RANKL, OPG-like, and B-
actin fragments was 60°C. The initial reaction con-
dition was 10 s at 95°C, followed by 40 cycles of
denaturation at 95°C for 5 s, and annealing/exten-
sion at 60°C for 40 s. The RANKL and OPG-like
mRNA levels were normalized to the B-actin mRNA
level.
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Comparison of ALP and TRAP activities
between scales from the left and right sides
of medaka

ALP activity in scales from the left side of
medaka was similar to that in scales from the
right side (Fig. 3A) with no significant differ-
ence. The TRAP activity in the scales from the
left side was nearly equal to that in scales from
the right side (Fig. 3B).

Effect of osteoblastic and osteoclastic activ-
ities under 2-, 3-, and 4-G loading by centrif-
ugation

The ALP activity significantly increased
under 2-G loading by centrifugation after 6 hrs
of incubation (Fig. 4A). The ALP activity
increased significantly under 3- and 4-G load-
ing by centrifugation after 24 hrs of incubation
(Fig. 4B). In contrast, under 2- to 4-G loading
by centrifugation, the TRAP activity signifi-
cantly decreased after both 6 and 24 hrs of
incubation (Fig. 5A, B).

Effect of osteoclastic and osteoblastic
activity under 2-, 3-, 4-G loading by vibration
The ALP activity increased significantly
under 3- and 4-G loading by vibration after 6
hrs of incubation (Fig. 6A). Under 2- to 4-G
loading by vibration, the ALP activity signifi-
cantly increased after 24 hrs of incubation (Fig.
6B). Under 3-G loading by vibration, the TRAP
activity significantly decreased after 6 hrs of
incubation (Fig. 7A). After 24 hrs of incubation,
the TRAP activity significantly decreased
under 2-G loading but significantly increased
under 4-G loading by vibration (Fig. 7B).

Determination of the OPG-like sequence in
medaka

Using our original system, the OPG-like
sequence was determined from the medaka
database. After analysis using CLUSTAL X2,
we found that 18 cysteines are strictly con-
served in fish, birds, and mammals (Fig. 8).
The amino acid identity of the medaka OPG-
like sequence was 69.9% compared to the
fugu OPG, 38.3% compared to the chicken
OPG, 39.0% compared to the mouse OPG,
and 41.2% compared to the human OPG. Fur-
thermore, similarity analysis using the
BLOSUM®62 matrix confirmed that the medaka
OPG-like sequence shows a high similarity to
fugu (80.1%) and a relatively high similarity to
other vertebrate OPG (chicken, 60.0%; mouse,
58.0%; human, 58.3%).

Analysis of the interaction between osteo-
blasts and osteoclasts under 4-G loading by
centrifugation and vibration

RANKL mRNA expression was increased
significantly by vibration loading, but not by

S. Yano et al.
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centrifugal loading (Fig. 9A). The expression of the OPG-like
mRNA was not significantly different between centrifugal
and vibration loading (4-G) (Fig. 9B). The ratio of the
expression of RANKL/OPG-like mRNA in the vibration-
loaded scales was significantly higher than that in the con-
trol scales (Fig. 10).

DISCUSSION

The present study is the first to demonstrate that
medaka scales respond to G-loading by using ALP and
TRAP as marker enzymes of osteoblasts and osteoclasts
stained by the respective substrates (Figs. 1, 2), supporting
the notion that this new assay system can be a useful tool
in analyzing the response of these cells to gravitational
stress.

Osteoblasts in medaka scales were activated by loading
with increasing gravity (2-G, 3-G, and 4-G) for 10 min by
centrifugation. Medaka scales responded to G-force < 5,
which is much lower than the 5 to 50 G needed for mamma-
lian osteoblasts to respond (Gebken et al., 1999; Saito et al.,
2003; Searby et al., 2005), suggesting that medaka scales
are very sensitive to G-loading. In addition, the osteoclastic
activity in medaka scales decreased under 2-G, 3-G, and 4-
G loading by centrifugation, suggesting a very good
response of osteoclasts to low G loading, although the
mechanisms have yet to be determined. Moreover, osteo-
blastic and osteoclastic activities in medaka scales were
sensitive not only to dynamic G-loading by vibration with a
G-load apparatus, but also to static G-loading by centrifuga-
tion. Fish scales contain osteoblasts, osteoclasts, and a
matrix similar to that in bone (Bereiter-Hahn and Zylberberg,
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1993; Suzuki et al., 2000; Yoshikubo et al., 2005; Azuma et
al., 2007). Bone matrix plays an important role in the
response to physical stress (Owan et al., 1997; Hoffer et al.,
2006); in future studies, we will seek to identify the differ-
ence in matrix components, if any, to elucidate the mecha-
nisms underlying the extreme sensitively of medaka scales
to G-loading.

The interaction between osteoblasts and osteoclasts
has been reported in mammals, and cytokine from osteo-
blasts, in particular, is required to produce differentiated
osteoclasts (Suda et al., 1999). RANK in osteoclasts binds
RANKL, the ligand, resulting in osteoclast activation
whereby multinucleated osteoclasts (an active type of osteo-
clast) are formed (Teitelbaum et al., 2000). OPG, a decoy
receptor of RANKL, inhibits osteoclastogenesis by binding to
RANKL (see the review by Lacey et al., 2012). We demon-
strated that RANKL mRNA expression increases signifi-
cantly in response to vibration loading, but not centrifugal
loading. In addition, the ratio of the expression of RANKL/
OPG-like mRNA in the scales loaded by vibration was sig-
nificantly higher than that in control scales, while there was
no difference on centrifugation. Because the RANKL/OPG
ratio is an indicator of bone resorption (Lacey et al., 2012),
medaka scales provide a good model by which to investi-
gate bone metabolism.

In a study of a widely used hind-limb-elevation (tail sus-
pension) model, the results of bone resorption by osteo-
clasts were inconsistent (Carmeliet et al., 2001); in this field,
most subsequent research has thus been focused on osteo-
blastic response in bone formation. Recently, in isolated
osteoclasts, it was reported that osteoclastic activity
increased in those osteoclasts that were cultured in space
(Tamma et al., 2009); however, there has been no data
relating the interaction between osteoblasts and osteoclasts
in space. Although bone mass is reportedly increased by
mechanical strain, it has also been reported that mechanical
strain on isolated osteoclasts upregulated their bone-resorbing
activity (Kurata et al., 2001); therefore, the results obtained
from the isolated osteoclast system may differ from that
obtained from the in vivo system. Moreover, we demon-
strated that melatonin, a major hormone secreted from the
pineal gland, activated the growth of isolated osteoblasts in
culture, although this hormone also suppressed the func-
tions of osteoblasts using an in vitro assay system with
scales (Suzuki and Hattori, 2002). These results obtained
using an in vitro assay system resembled those of an in vivo
study in rats (Ladizesky et al.,, 2003). Based on these
results, we propose that our study using a scale-organ-culture
system provides more accurate reproduction of the in vivo
study.

Medaka has a number of beneficial features as a model
organism, and transgenic systems have been developed
using this species. For example, fluorescent protein markers
of osteoblasts can be observed in vivo (Inohaya et al.,
2007). Furthermore, the launch of the aquatic animal habi-
tation module (Aquatic Habitat), which is planned for the
near future, will enable breeding medaka in the International
Space Station (Sakimura et al., 2003; Watanabe-Asaka et
al.,, 2010). We will be able to perform space experiments
using the scales of space-bred medaka, both in vitro and in
vivo, in the near future. Together with the present data,

medaka scales provide a promising model system by which
to study bone metabolism, and will also be useful in evalu-
ating the physical strain associated with gravity and micro-
gravity in space flight.
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