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I . General Introduction



Environmental pollution due to a toxic substance has become a
problem in recent years. Namely, some traces of polluting chemicals, such
as polychlorinated biphenyls (PCBs), polychlorinated dibenzo-p-dioxins
and furans (PCDD/Fs), hexachlorocyclohexanes (HCHs),
2,2-bis-(p-chlorophenyl)-1,1,1-trichloroethane (DDT), and polycyclic
aromatic hydrocarbons (PAHs), have accumulated in animals and higher up
the food chain. The concentrated chemicals influence marine mammals
(Tanabe, 2003), birds (Ricardo et al., 2006), and humans (Mori and Todaka,
2011). In heavy metals as well as polluting chemicals, similar results have
been reported (David et al., 1990; Storelli and Marcotrigiano, 2003).

On the other hand, 80% of marine pollution is caused by
pollution on land (Omori and Thorne-Miller, 2006). Chemical pollutants
that are difficult to degrade are dispersed into rivers and then into the ocean,
even if the chemicals are used on land. The hydrosphere, the world of water
on the surface layer of the earth, which includes seas and rivers, occupies
75% of the earth. Fish belong to the vertebrate group and comprise the
largest animal group among the vertebrates. Fish live everywhere in this
very large hydrosphere and are influenced by the polluted water. In fish,
actually, deformity of the bone has been reported in polluted areas of the

sea (Olufsen and Arukwe, 2011; Ju et al., 2012).
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In mammals, vertebral bone is an active organ which puts
calcium in and out, and has an important role as a mineral store. In many
bony fish, however, particularly teleosts, which form the great majority of
living fish, their vertebral bone came to be inactive organ to prevent an
outflow of calcium. Modern bony fish have developed other methods for
regulating calcium and phosphate (Dacke, 1979). Namely, teleosts develop
a new regulating system using their scales. It has been reported that teleost
scales are more important for storing calcium than are the vertebra, jaw,
and otolith, judging from a study of **Ca-prelabeled scales, vertebrae, jaws,
and otoliths of goldfish and killifish (Mugiya and Watabe, 1977). Vertebral
bone has an important role in swimming. If the vertebral bone is broken,
the fish cannot swim. Most teleosts use their scales as a calcium source. A
novel in vitro assay system was developed (Suzuki et al., 2000; Suzuki and
Hattori, 2002) using goldfish scales, which contain osteoclasts and
osteoblasts (Bereiter-Hahn and Zylberberg, 1993; Suzuki et al., 2000;
Yoshikubo et al., 2005; Suzuki et al., 2007). In the present study, the
influence of environmental chemical pollutants on fish bone metabolism
was examined using this assay method.

In the present study, I noted both mercury and PCB as

environmental chemical pollutants and examined their influence on
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osteoclasts and osteoblasts of teleost scales; I chose these particular
chemicals because they are pollutants of global concern due to their
widespread occurrence, long-term persistence, strong resistance, long-range
transportation, and high bioaccumulation and will disturb biological
diversity and the ecosystem.

This thesis is demonstrated through the following 3 experiments.
First, the effects of inorganic mercury (InHg) on osteoclasts and osteoblasts
of freshwater fish were studied in vitro. Mercury has been recognized as an
environmental contaminant since the Minamata disaster in the late 1950s.
Minamata disease was caused by the consumption of marine fish severely
polluted with mercury from local industrial discharge due to the Minamata
disaster (Takeuchi et al., 1978; Takeuchi, 1982). The effect of mercury on
the central nervous system has been studied widely, revealing that mercury
is a neurotoxic material; its poisoning effect is characterized by damage to
discrete portions of the brain, such as the visual cortex and the granule
layer of the cerebellum (Castoldi et al., 2001). As bioaccumulation of
mercury in bone is lower than that in neural tissues (Boyer et al., 1978;
Doyle, 1979; Berglund et al., 2000), little attention has been given to bone
in this area of research. Recently, Lake et al. (2006) reported that the

correlation between the total mercury concentration of the scales and that
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of the muscles was high (r = 0.89) and suggested that assessing available
mercury in fish scales was suited for predicting the mercury in muscle
tissue. In the present study, therefore, we first examined the effect of InHg
on the scale osteoclasts and osteoblasts in fresh water teleosts, goldfish
(Carassius auratus).

Second, evaluation of the effects of InHg and methylmercury
(MeHg) on osteoclasts and osteoblasts in the scales of marine teleosts was
studied. In the present study, we examined the effect of InHg and MeHg on
the scale osteoclasts and osteoblasts using the assay system with the scales
of nibbler fish. To confirm the effects of InHg and MeHg on osteoclasts
and osteoblasts, the mRNA expressions of osteoclastic markers and
osteoblastic markers were partially sequenced and investigated using a
quantitative PCR method. In addition, the mRNA expression of
metallothionein (MT), which is a metal-binding protein that protects the
organism from heavy metal (Hamer, 1986; Klaassen et al., 1999; Jin et al.,
2002), was also examined.

Third, the influence of PCB (118) on bone metabolism was
examined. In 1968, several thousand people who consumed rice bran oil
polluted with PCBs in the northern Kyushu area of Japan experienced

various symptoms throughout their bodies involving pigmentation, liver
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dysfunction, and numbness of hands and feet. For more than 30 years,
PCBs have been detected everywhere of the earth, even though using PCBs
was prohibited in most countries by the early 1970s. Because PCBs are fat
soluble, they accumulate in body fat (Mori and Todaka, 2011). In humans,
changes in bone metabolism associated with exposure to PCBs have also
been investigated (Hodgson et al., 2008). However, the direct effects of
PCBs on osteoclasts and osteoblasts have not yet been elucidated in any
animals. We, therefore, analyzed the effect of PCB (118) on scale
osteoclastic and osteoblastic activities, as well as plasma calcium levels, in
goldfish scales because PCB (118) is the highest congener as compared
with PCB-105, -156, -167, -123, -157, -114, -189, -77, -126, -81, or -169 in
fish (Bhavsar et al., 2007).

The present study is the first to demonstrate the direct effect of
environmental pollutants such as mercury and PCB on osteoclasts and

osteoblasts in teleost fish.



II. Effects of inorganic mercury (InHg) on osteoclasts and osteoblasts

of the goldfish scales in vitro



Introduction

Heavy metals such as mercury, cadmium and copper are known to
be extremely toxic to organisms. Mercury has been recognized as an
environmental contaminant since the Minamata disaster in the late 1950s.
Minamata disease which was caused by the consumption of marine fishes
severely polluted with mercury from local industrial discharge due to this
Minamata disaster (Takeuchi et al., 1978; Takeuchi, 1982). This extremely
adverse situation occurred because of mercury, a highly toxic compound,
was severely bio-accumulated (in case of long-finned eels: approx.
1,000,000 times higher than environmental water) by fish (Redmayne et al.,
2000).

The effect of mercury on the central nervous system has widely
studied and revealed that mercury is a neuro-toxic material, and its
poisoning effect is characterized by the damage in discrete portions of the
brain, such as the visual cortex and the granule layer of the cerebellum
(Castoldi et al., 2001). As bio-accumulation of mercury in bone is lower
than that in neural tissues (Boyer et al., 1978; Doyle, 1979; Berglund et al.,
2000), much attention has not been given to bone in this area of research.

Recently, Lake et al. (2006) reported that the correlation between
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the total mercury concentration of the scales and that of the muscles was
high (r = 0.89), and suggested the suitability for prediction of muscle tissue
by the assessment of available mercury in the fish scales. It is known that
the scales are calcified tissue which contains osteoclasts and osteoblasts
(Bereiter-Hahn and Zylberberg, 1993; Suzuki et al., 2000; Yoshikubo et al.,
2005; Suzuki et al., 2007) and is reported that the scales are a better
potential internal calcium reservoir than the body skeletons, jaws and
otolithes, examined by the *’Ca-labelling study for the calcified tissues of
goldfish and killifish (Mugiya and Watabe, 1977). In fishes, thus, the scale
accumulates mercury and seems to be a sensitive tissue for mercury.
Recently, we have developed a novel in vitro assay system using
goldfish scale (Suzuki et al., 2000; Suzuki and Hattori, 2002) because the
scale is a very active tissue of calcium regulation in fish described above.
In the present study, therefore, we examined the effect of InHg on the scale
osteoclasts and osteoblasts. To confirm the effects of InHg on osteoclasts
and osteoblasts, the mRNA expressions of osteoclastic markers (tartrate
-resistant acid phosphatase: TRAP and cathepsin K) and osteoblastic
marker (insulin-like growth factor-1: IGF-1) were investigated using
reverse-transcription polymerase chain reaction (RT-PCR). Furthermore,

the mRNA expression of metallothionein (MT), which is a
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metal-binding-protein that protects the organism from heavy metal (Hamer,

1986; Klaassen et al., 1999), was also examined using RT-PCR.
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Materials and Methods

Animals

Our previous study (Suzuki et al., 2000) indicated that the sensitivity
for calcemic hormone such as estrogen and calcitonin was higher in mature
female than mature male in goldfish (Carassius auratus). Therefore,
mature female goldfish (n = 12, 35.50 + 1.30 g) were purchased from
commercial source (Higashikawa Fish Farm, Yamatokoriyama, Japan) and
used in the scale in vitro assay. All experimental procedures were
conducted in accordance with the Guide for the Care and Use of

Laboratory Animals of Kanazawa University.

Effect of HgCl, (InHg) on TRAP and ALP activities in the cultured scales of
goldfish

A 1% penicillin-streptomycin mixture (ICN Biomedicals Inc.,
OH, USA) was added to Eagle’s minimum essential medium (MEM; ICN
Biomedicals Inc.). HEPES (Research Organics Inc., OH, USA) (20 mM)
was added into MEM and adjusted to pH 7.0. After filtration, MEM was
used in this experiment for analyzing the effect of HgCl, on TRAP and

alkarine phosphatase (ALP) activities in the cultured goldfish scales. Scales
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collected from goldfish under anesthesia with ethyl 3-aminobenzoate,
methanesulfonic acid salt (MS-222, Sigma-Aldrich, Inc., MO, USA) and
incubated for 6 hrs in MEM supplemented with 10°-10° M InHg (Wako
Pure Chemical Industries, Ltd., Osaka, Japan) and compared with control
(InHg-free medium). To evaluate the effect of InHg on osteoclasts and
osteoblasts, furthermore, scales were incubated with InHg (10'7, 10°, 107,
and 10™ M) for comparatively longer exposure times, namely 18, 36, and
64 hrs. After incubation, scales were fixed in 10% formalin in a 0.05 M
cacodylate buffer (pH 7.4) followed by a storage in a 0.05 M cacodylate
buffer at 4°C until analysis.

The measurement methods of TRAP and ALP activities have
been described by Suzuki and Hattori (2002). We detected the respective
enzyme activity from one scale by transferring each scale into a
96-well-microplate and directly incubating it with the substrate in each well.
The procedure of TRAP measurement was as follows. Each scale was
transferred to its own well in a 96-well microplate after measurement of the
scale weight. An aliquot of 200 pl of 10 mM para-nitrophenyl-phosphate
and 20 mM tartrate in a 0.1 M sodium acetate buffer (pH 5.3) 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 ul of 2 N
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NaOH. One hundred and fifty ul of a colored solution was transferred to a
new plate, and the absorbance was measured at 405 nm. The absorbance
was converted into the amount of produced para-nitrophenol (pNP) using a
standard curve for pNP. The results are shown as means = SEM of eight
scales.

ALP activities were measured using an alkaline buffer (100 mM
Tris-HCL pH 9.5; 1 mM MgCl,; 0.1 mM ZnCl,). Other conditions were the

same as those for the measurement of TRAP activity.

Changes of TRAP, cathepsin K, IGF-1, and MT mRNA expression in
HgCl,-treated scales for 18 hrs of culture

Scales were collected from goldfish under anesthesia with
MS-222. To examine changes in TRAP, cathepsin K, IGF-1, and MT
mRNAs that responded to HgCl,, these scales were incubated for 18 hrs in
MEM (containing antibiotic and 20 mM HEPES) supplemented with InHg
(10 M) and compared with the control (without metals). We previously
reported that IGF-1 mRNA expression decreased at 18 hrs of incubation
(Suzuki and Hattori, 2003). Therefore, this incubation period was adopted.
After incubation, the scales were frozen at -80 °C for mRNA analysis.

Total RNAs were prepared from the goldfish scales using a total
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RNA isolation kit (Nippon Gene, Tokyo, Japan). RT-PCR was performed
using Oligotex-dT 30 Super (Takara Bio Inc., Otsu, Japan) as an oligo dT
primer to prevent genomic DNA contamination (Suzuki et al., 1997). The
gene-specific primers (TRAP 5’: AACTTCCGCATTCCTCGAACAG;
TRAP 3 GGCCAGCCACCAGGAGATAA; cathepsin K 5
GCTATGGAGCCACACCAAAAGG; cathepsin K 3
CTGCGCTTCCAGCTCTCACAT) reported by Azuma et al. (2007) were
used. IGF-1 and MT cDNAs were also amplified using gene specific
primers  (IGF-1 5:  GGAGACGCTGTGCGGG; IGF-1 3’
CCTCAGCTCACAGCTCTG; MT 5’: ATGGATCCGTGCGAATGC; MT
3’: CTCCTCATTGACAGCAGCT). These were designed from the
nucleotide sequences of respective cDNA (IGF-1: Kermouni et al., 1998;
MT: Chan, 1994). B-actin c¢cDNA using a primer set
(5:CACTGTGCCCATCTACGAG; 3’: CCATCTCCTGCTCGAAGTC)
(Chan et al.,, 1998) were also amplified. The conditions for PCR
amplification were denaturation for 0.5 min at 96°C, annealing for 1 min at
55°C, and extension for 2 min at 72°C, followed by a single cycle at 72°C
for 30 min. The cycle numbers for the amplification in TRAP, cathepsin K,
IGF-1, MT, and B-actin cDNAs were determined by ensuring that PCR

amplification was at submaximum and the intensity of the band
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corresponded exactly to the amount of starting material. The PCR products
were analyzed on a 2.5% NuSive GTG agarose gel (FMC BioProducts, ME,
USA) and stained with ethidium bromide. The band densities were
estimated using a computer program (NIH Image J). The mRNA levels of
TRAP, cathepsin K, IGF-1 and MT were normalized to the mRNA level of

B-actin.

Statistical analysis

The statistical significance was assessed by one-way ANOVA

followed by Dunnett test. The significance level chosen was as p < 0.05.
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Results

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

InHg was significantly decreased the TRAP activities of the
scales by 6 hrs of incubation (p < 0.01 for 10° M; p < 0.001 for 10™* and
107 M) (Fig. 1). Thus, increased doses of InHg resulted in greater effects
on decreasing TRAP activities dose-dependently.

By the long incubation time period (18 to 64 hrs), only at 10™ M,
significant difference (p < 0.01) between InHg-treated scales and control

scales was obtained by 18 hrs of incubation (Fig. 2).

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

The ALP activity of the control scales by 6 hrs of incubation was
5.33 £ 0.41 (nmol produced pNP /mg scale /hr) which did not show any
difference with InHg-treated groups (10 to 10 M) (Fig. 3). Thus, the ALP
activity did not change during 6 hrs of incubation with InHg compared to
the control.

However, the ALP activity in the InHg-treated scales decreased
significantly by 36 hrs (p < 0.05 for 10°M, 10° M or 10 M) and 64 hrs (p

< 0.05 for 10°M; p < 0.01 for 10° M and p < 0.001 for 10™* M) of
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incubation from the values of the control scales although it did not change

at 18 hrs of incubation (Fig. 4).

Changes of TRAP, cathepsin K, IGF-1, and MT mRNA expression in
InHg-treated scales

After 18 hrs of incubation, the mRNA expressions of TRAP,
cathepsin K and IGF-1 in InHg-treated scales were significantly (p < 0.001
for TRAP; p < 0.001 for cathepsin K and p < 0.001 for IGF-1) lower than
those in the control scales (Fig. 5). Conversely, the mRNA expression was

significantly (P<0.001) increased for MT when treated with HgCl, (Fig. 5).
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Discussion

The present study demonstrated that fish scale sensitively
responded to InHg. A high co-relation of mercury between scales and
muscles was reported in largemouth bass (Lake et al., 2006). This indicates
that accumulation of mercury is occurred in the fish scale although mercury
did not accumulate in the vertebral bone of fish (Camusso et al., 1995). It is
also well-known that the scale is a more active tissue in fish calcium
regulation than vertebral bone (Mugiya and Watabe, 1977; Yamada, 1961;
Berg, 1968; Bereiter-Hahn and Zylberberg, 1993). Therefore, we strongly
believe that the fish scale is capable to accumulate mercury and respond to
mercury similarly like calcium.

In mammals, the influence of mercury on bone metabolism has
been studied only by in vivo experiments and investigated in bone
formation or osteoblastic activity (Yonaga et al., 1985; Jin et al., 2002).
Mercury inhibited the growth of tibia in rats (Yonaga et al., 1985) and
decreased serum levels of osteoblastic markers (ALP and osteocalcin) (Jin
et al., 2002). In our knowledge, our study is the first to indicate direct effect
of InHg on osteoclasts. The inhibitory action of InHg on osteoclasts after 6

hrs incubation was stronger than that of 18 to 64 hrs incubation. As for
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organic mercury, similar results were obtained in our scale assay system
(Suzuki et al.,, 2004b). Furthermore, we recently succeed to clone
osteoclastic markers: TRAP and cathepsin K in fish for the first time
(Azuma et al., 2007) and examined mRNA expressions of these markers in
the HgCl,-treated scales. In the present study, we confirmed that the both
mRNA expressions of TRAP and cathepsin K decreased as TRAP enzyme
activity did.

It was found that the mRNA expression of MT in InHg-treated
scales increased in the present study. This result is similar to that in
mammals because it has been demonstrated that MT plays a protective role
in mercury-induced toxicity in bone (Jin et al., 2002). Fish are aquatic
animals with scales that are always exposed to environmental water. In an
in vitro experiment for 6 and 18 hrs of incubation, therefore, osteoblasts
may be resistant to mercury as a result of MT production. On the other
hand, IGF-1 mRNA expression decreased compared to the control. As
IGF-1 participates in osteoblastic growth and differentiation, we speculated
that mercury has toxic effect on osteoblasts under long-term exposure.

We previously demonstrated that the osteogenesis of regenerating
scale is very similar to that of mammalian membrane bone and a good

model of osteogenesis (Yoshikubo et al., 2005). Using this system,
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furthermore, 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, suppressed the functions in both osteoclasts and osteoblasts
(Suzuki and Hattori, 2002). Osteoblasts in the scale responded to estrogen
as they do in mammals (Yoshikubo et al., 2005). In addition, 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 and
organic mercury (Suzuki et al., 2004b), on osteoblasts and osteoclasts have
been examined. Moreover, we indicated that cadmium (even at 10™° M)
responded to TRAP activity in the scale (Suzuki et al., 2004b). Considering
these results together with present data, our scale assay system will be

useful for analysis of environmental contaminant on bone metabolism.
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Ill. Effects of InHg and MeHg on osteoclasts and osteoblasts in the

scales of marine teleosts as a model system of the bone



Introduction

Mercury is widely distributed in aquatic environments. Elemental
mercury (Hg") appears to be emitted from fumaroles due to volcanic
activity in the bottom of the sea (Sakamoto et al., 1995; Selin, 2009). Hg’
has been shown to be oxidized to InHg in aquatic environments, and
particularly easily in seawater (Yamamoto, 1996). InHg is convertible to
MeHg in natural environments, and most of the mercury in fish tissue was
reported to be MeHg (WHO, 2008; WHO, 2010; Depew et al., 2012). The
toxicokinetics (absorption, distribution, metabolism, and excretion) of
mercury are highly dependent on the form of mercury (WHO, 2008; WHO,
2010). MeHg is a highly toxic compound that bioaccumulates significantly
in fish. In long-finned eels, MeHg was approximately 1,000,000 times
higher than in environmental water (Redmayne et al., 2000). Humans are
mainly exposed to MeHg through consumption of fish with
bioaccumulations of mercury (WHO, 2008). In humans, the main target
organs of MeHg are brain, kidney, and liver (WHO, 2008). Many studies
have thus focused on these tissues. Little attention, however, has been paid
to bone metabolism in this area of research, as mercury bioaccumulation in

bone was shown to be extremely low compared to that in neural tissues
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(Boyer et al., 1978; Doyle, 1979; Berglund et al., 2000).

As mentioned above, muscle in fish is the main edible part, and it
accumulates MeHg (Depew et al., 2012). In largemouth bass, the total
mercury concentration in muscle was highly correlated with that of scales
(r = 0.89) (Lake et al., 2006), indicating the importance of examining the
interaction between mercury exposure and bone metabolism in fish.
Additionally, Lake et al. suggested that assessment of mercury in fish
scales may be suitable for prediction of mercury levels in muscle tissue.
Mercury accumulated in the scales of fish (herring and sockeye salmon)
was also detected by a combination of laser ablation with relatively
low-cost cold vapor atomic fluorescence spectrophotometry (Beaudin et al.,
2010). Fish scales may thus be another mercury-sensitive organ.

Considering the above, we developed the assay system with
nibbler fish to examine the effects mercury on bone metabolism in marine
teleosts. First, we morphologically examined the colocalization of
osteoclasts and osteoblasts in the scales of nibbler fish. We then determined
the location of scales with similar cell activities to enhance accuracy and
reproducibility, and developed an assay system, which we used to examine
the effects of InHg and MeHg on scale osteoclasts and osteoblasts. To

confirm the effects of InHg and MeHg on osteoclasts and osteoblasts, the
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mRNA expressions of an osteoclast marker (tartrate-resistant acid
phosphatase: TRAP) and an osteoblastic marker (collagen type I, al:
COL1A1) were partially sequenced and investigated using a quantitative
PCR method. In addition, the mRNA expression of metallothionein (MT),
which is a metal-binding protein that protects the organism from heavy
metal (Hamer, 1986; Klaassen et al., 1999; Jin et al., 2002), was also
examined.

In marine teleosts, this is the first study to indicate that both InHg
and MeHg suppress marker enzyme activities of osteoclasts and osteoblasts

in scales as a model system of bone.
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Materials and Methods

Animals

Nibbler fish (Girella punctata) (both sexes, n = 80, 64.3 £ 1.3
g) were captured by fishing in Tsukumo Bay of the Noto Peninsula
(Ishikawa Prefecture). After acclimation for around two weeks, these fish
were used in the present experiments. All experimental procedures were
conducted in accordance with the Guide for the Care and Use of

Laboratory Animals of Kanazawa University.

Morphological study of osteoclasts and osteoblasts in the scales of nibbler
fish

Scales were collected from nibbler fish anesthetized with 0.04%
of a 2-phenoxyethanol (Wako Pure Chemical Industries, Ltd., Osaka,
Japan) solution and fixed using a 4% paraformaldehyde solution
neutralized with a phosphate buffer solution (pH 7.2; Wako) for 5 min.
Subsequently, osteoclasts were observed by TRAP staining using the
methods of Cole and Walters (1987). Osteoblasts were detected by alkaline
phosphatase (ALP) staining using a kit (NBT / BCIP Stock Solution, Roche

Applied Science, Mannheim, Germany). After staining, the osteoclasts and
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osteoblasts were observed under a microscope.

Development of an in vitro assay system with the scales of nibbler fish

Nibbler fish were anesthetized with a 0.04% 2-phenoxyethanol
(Wako) solution, and body scales were then removed. The location of the
scales used in the present study is indicated in Fig. 6. In nibbler fish, we
chose a line of scales of approximately the same size. In each line, the
removed scales were put into a 96-well microplate in turn, and divided into
a control and an experimental group (See Fig. 6). To examine the variance
in osteoclastic and osteoblastic activity in the two groups of each line, we
measured the activity of osteoclasts and osteoblasts with TRAP and ALP as
the respective markers, as these markers have been shown to be affected by
a number of hormones and other factors in osteoclasts and osteoblasts in
mammals (Vaes, 1988; Dimai et al., 1998; Suda et al., 1999).

The methods for measuring TRAP and ALP activities were as
follows. An aliquot of 100 pl of an acid buffer (0.1 M sodium acetate,
including 20 mM tartrate, pH 5.3) or an alkaline buffer (100 mM Tris-HCI,
pH 9.5; 1 mM MgCl,) was added to each well. Then, the scales were put
into their own well in a 96-well microplate. This microplate was frozen at

-80°C immediately and then kept at -20°C until analysis. An aliquot of 100
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ul of 20 mM para-nitrophenyl phosphate in an acid or alkaline buffer was
then added to each well of a melted solution in the microplate. This plate
was incubated at 23°C for 60 min while being shaken. After incubation, the
reaction was stopped by adding 50 pl of 3 N NaOH. One-hundred-fifty pl
of a colored solution was transferred to a new plate, and the absorbance
was measured at 405 nm. The absorbance was converted into the amount of
produced para-nitrophenol (pNP) using a standard curve for pNP.

After measuring the activity of both TRAP and ALP , the size of
the scales was measured with Image J. Afterward, TRAP and ALP activities
were normalized to the surface area (mm®) of each scale (Suzuki et al.,

2009).

Effects of InHg and MeHg on TRAP and ALP activities in the cultured
scales of nibbler fish

Scales collected from nibbler fish under anesthesia with a 0.04%
2-phenoxyethanol (Wako) solution were incubated for 6 hrs in L-15
medium (Life Technologies Corporation, Carlsbad, CA USA) with added
InHg and MeHg (each 10° to 10* M; Wako) and compared with a
mercury-free medium as a control. After incubation, TRAP and ALP

activities were measured using the same method described above.
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Furthermore, to evaluate the influence of InHg and MeHg on osteoblasts

with longer exposure times, scales were incubated in mercury for 18 and 36

hrs.

Sequencing of TRAP, COL1A1, MT, and elongation factor 1o

Scales were collected from nibbler fish under anesthesia with a
0.04% 2-phenoxyethanol (Wako) solution. Total RNAs were prepared from
scales of nibbler fish using a total RNA isolation kit (NucleoSpin RNA II,
Takara Bio Inc., Otsu, Japan). Complementary DNA was synthesized using
the PrimeScriptTM RT reagent kit (Takara Bio Inc.). Using cDNA from the
scales of nibbler fish, partial fragments of TRAP and COLIA1l were
amplified by degenerate PCR method. The degenerated primer sets for
TRAP (sense: GCNGGNAAYCAYGAYCA; antisense l:
TCIADRAARTTICCNGCNC; antisense 2: ARRTTRTGRTCRTGICC
RCA) and for COLIAI1 (sense: TGYCAYCCNGAYTGGAA; antisense:
YTCDATYTCRTTISWNCC) were designed from multiple amino acid
sequence alignments of each vertebrate family member. To amplify the
TRAP cDNA fragment, particularly, nested PCR was done.

The sequence of the open reading frame in MT was determined

by use of the 3' RACE System for Rapid Amplification of cDNA Ends
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(Life Technologies Corporation). The gene-specific primer for MT
(ATGGATCCNTGCGAA) was also designed by the multiple amino acid
sequence alignment of MT vertebrate family members. These sequences
were analyzed by a direct sequence method using an ABI PRISM 3130x1
Genetic Analyzer.

To normalize each mRNA expression, elongation factor la
(EF-1a) was also cloned partially. The primers (sense: CCATGT
CGACTCTGGGAAAT; antisense: TTCAGGAACTTGGGGTTGTC) were
designed from the sequence of lamprey EF-1a (AB183717). Then, we also

determined the partial sequence of EF-1a by direct sequencing.

Changes in TRAP, COLIAIl, and MT mRNA expression of the scales by
InHg and MeHg treatment

Scales were collected from nibbler fish under anesthesia with a
0.04% 2-phenoxyethanol (Wako) solution. To examine changes in TRAP,
COL1A1, and MT mRNAs that responded to InHg or MeHg, these scales
were incubated for 6 hrs in L-15 medium (Life Technologies Corporation)
with added InHg (10 M) or MeHg (10 M) and compared with the control
(without mercury). After incubation, the scales were frozen at -80°C for

mRNA analysis.
34



Total RNAs were prepared from scales of nibbler fish, and cDNA
was synthesized using a kit as described above. The PCR primer
sequences—sense: TGGATGAGAAGCCCAGAGG; anti-sense: CCG
CAGAGGTAAGCAGTGG—were designed from TRAP (AB874604). The
primer sets for COL1A1 (AB874603) (sense: 5-GTGAGGTCGCCAA
GAAGAAC-3'; antisense: 5'-ATGAGACGCAGGAAGGTCAG-3') and for
MT (AB874602) (sense: 5-TCAAAGAGTGGAAAATGCAACTG-3;
antisense: 5'-GATGGGCAGCATGAGCAG-3’) were used. EF-la
(AB874605) was amplified using the following primers: sense: 5'-
GTATGGTCGTCACCTTTGCTC-3'; antisense: 5'- GTGGGTCGTTCTTG
CTGTC-3'. The PCR amplification was performed using the real-time
Mx3000p PCR apparatus (Agilent Technologies, Santa Clara, CA, US)
(Suzuki et al., 2011a). The annealing temperature of TRAP, COL1A1, MT,
and EF-1a was 60°C. The initial reaction condition was 10 s at 95°C,
followed by 40 cycles of denaturation at 95°C for 10 s and
annealing/extension at 60°C for 40 s. The TRAP, COL1A1, and MT mRNA

levels were normalized to the EF-1a mRNA level.
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Statistical analysis

Comparison between group 1 and 2 (each 8 scales) (See Fig. 6)
was assessed by Student’s #-test. The mean value from eight individual
scales of one nibbler fish in the control group was compared with that in
the experimental group. The data were assessed using the paired #-test, and
the significance level chosen was p < 0.05. All results are expressed as

means £ SEM (n= 6 or 8).
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Results

Osteoclasts and osteoblasts in the scales of nibbler fish

We detected osteoclasts in the scales of nibbler fish. Arrows
indicate multinucleated osteoclasts (Fig. 7B) in the grooves (asterisks in
Figs. 7A, B) of the scales. ALP-stained osteoblasts (arrows in Fig. 7D)
were detected around the grooves (asterisks in Figs. 7C, D). Osteoclastic
and osteoblastic cells were colocalized in the grooves of the scales. In
addition, ALP-stained osteoblasts (arrows in Fig. 8B) were detected around

the ridges (arrowheads in Fig. 8B).

Comparison of TRAP and ALP activities among the alternate scales in each
line

In each line, TRAP activity was not changed significantly among
alternative scales (Fig. 9A). In the case of ALP activity as well as, there
was no significant difference between the respective value of group 1 and

group 2 (Fig. 9B).

Effects of InHg and MeHg on TRAP activity in the cultured scales of

nibbler fish
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The results are shown in Fig. 10. TRAP activity significantly
decreased by InHg (107 and 10 M, p < 0.05) treatment at 6 hrs (Fig. 10A).
Also, MeHg was significantly decreased in the TRAP activities of the

scales at 6 hrs (10°and 10 M: p <0.05, 10™* M: p < 0.01) (Fig. 10B).

Effects of InHg and MeHg on ALP activity in the cultured scales of nibbler
fish

During 6 hrs of incubation, ALP activity did not change from the
values in the control group (Fig. 11A). However, ALP activity in the
InHg-treated scales decreased significantly at 18 (10 and 10™ M: p < 0.05)
and 36 (10° M: p <0.05; 10 M: p < 0.01) hrs of incubation from the value
of the control scales (Figs. 11B and 11C).

Similar changes were induced by MeHg. ALP activity did not
change at 6 hrs (Fig. 12A). In MeHg as well as InHg, ALP activity in the
treated scales decreased significantly at 18 hrs (10° M, p < 0.05; 10~ and
10 M, p <0.01) and 36 hrs (10° M, p <0.05; 10° M, p <0.01; 10* M, p <

0.001) of incubation from the values of the control scales (Figs. 12B, C).

Sequencing of TRAP, COL1A1, MT, and EF-1a

The sequences of TRAP, COL1A1, and MT are shown in Fig. 13.
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We determined the sequences of TRAP, COL1A1, and MT from the scales
of nibbler fish. Deduced amino acid sequences of TRAP and MT showed
high identity to salmon (84.6%) in TRAP and to goldfish (75.0%) in MT. In
TRAP and MT, there was a relatively high sequence identity to other
vertebrate counterparts (TRAP: 57.7% to human and 60.0% to mouse; MT:
65.6% to human and 69.9% to rat). However, the sequence of COL1AI
was well-conserved among vertebrates, at least in the obtained sequence.
Sequence identity of nibbler fish COA1A1 to goldfish, human, and mouse

COLI1AT1 was 88.7, 82.7, and 84.2%, respectively.

Changes in TRAP, COLIAI, and MT mRNA expression of the scales by
InHg and MeHg treatment

The relative ratio of amplified TRAP, COL1A1, and MT cDNAs
to EF-la cDNA is shown in Fig. 14. After 6 hrs of incubation, the
expression of TRAP mRNA in both InHg- and MeHg-treated scales was
lower than that in the control scales (InHg: p < 0.05; MeHg: p < 0.01),
although COLTA1 mRNA did not change significantly. Conversely, MT
mRNA expression was increased by both InHg (p < 0.05) and MeHg

treatment (p < 0.01).
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Discussion

In this study, we found that the enzyme activity of TRAP
(osteoclastic marker) was decreased at 6hrs following treatment by both
InHg and MeHg. In osteoblasts, also, both InHg and MeHg inhibited the
ALP enzyme activity at 18 and 36 hrs after incubation. It is known that the
scales are calcified tissue that contains osteoclasts and osteoblasts
(Bereiter-Hahn and Zylberberg, 1993; Yoshikubo et al., 2005; Suzuki et al.,
2007; Suzuki et al., 2008; de Vrieze et al., 2010; Suzuki et al., 2011a;
Thamamongood et al., 2012, Yano et al., 2013). Additionally, it has been
reported that scales are a better potential internal calcium reservoir than
body skeletons, jaws, and otolithes examined by the *Ca-labeling study of
calcified tissues of goldfish and killifish (Mugiya and Watabe, 1977). In
fish, thus, scales accumulate mercury and sensitively respond to mercury
exposure in a short time.

In nibbler fish (a marine teleost), we have shown that both InHg
and MeHg directly affect osteoclasts by both analyses of TRAP enzyme
activity and TRAP mRNA expression in the present study. In goldfish
(freshwater teleost), we previously reported that InHg (10 to 10° M)

(Suzuki et al., 2011b) and MeHg (10® to 10° M) (Suzuki et al., 2004)
40



significantly suppressed TRAP enzyme activity. Particularly, the response
of MeHg in nibbler fish is lower than that in goldfish. It is known that the
exchange of calcium in the scales of freshwater teleost is faster than that in
marine teleost because freshwater teleosts live in a low-calcium
environment. In fact, the response of the calcemic hormone estrogen in the
scale osteoclasts of freshwater teleosts was higher than that in those of
marine teleosts (Persson et al., 1994; Persson et al., 1995; Guerreiro et al.,
2002). We believe that osteoclasts in freshwater teleosts have some
important roles in calcium metabolism as compared with those in marine
teleosts.

In the case of osteoblasts, the ALP enzyme activity did not
change from the values in the control group during 6 hrs of incubation with
either InHg or MeHg. However, ALP activity in the InHg (10~ and 10™* M)-
and MeHg (10 to 10™ M)-treated scales decreased significantly at 18 and
36 hrs of incubation from the value of the control scales. From each marker
mRNA expression analysis, at 6 hrs of incubation, the expression of TRAP
mRNA in InHg- and MeHg-treated scales was significantly lower than that
in the control scales, although the mRNA expression of COLI1AI
(osteoblastic marker) did not change significantly. Conversely, MT mRNA

expression significantly increased with both InHg and MeHg treatment.
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This result is similar to those from studies in mammals, as it has been
demonstrated that MT plays a protective role in mercury-induced toxicity
in bone (Jin et al., 2002). As it has been reported that osteoblasts express
MT and protect from heavy metal (Angle et al., 1990; Nagata and
Lonnerdal, 2011), the activation of MT in osteoblasts may be involved in
resistance to mercury.

In mammals, the influence of mercury on bone metabolism has
been studied mainly by in vivo experiments and investigated in bone
formation or osteoblastic activity (Yonaga et al., 1985; Jin et al., 2002).
Both MeHg and InHg inhibited the growth of tibia in rats (Yonaga et al.,
1985), and InHg decreased the serum levels of osteoblastic markers (ALP
and osteocalcin) in rats (Jin et al., 2002). Mammalian bone has resorptive
cells (osteoclasts) and formative cells (osteoblasts). These cells act on the
regulation of calcium homeostasis in mammals as well as in fish.
Simultaneous incubation of osteoclasts and osteoblasts is therefore
necessary for the evaluation of the effects of mercury on bone metabolism.
However, a co-culture of osteoclasts and osteoblasts is not particularly easy
to obtain because of the difficulty in handling osteoclasts. Pre-osteoclasts
are triggered by the receptor activator NF-kB—the receptor activator of the

NF-xkB ligand binding of osteoclasts and osteoblasts followed by
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differentiation, activation, and multinucleation (Suda et al., 1999;
Teitelbaum, 2000; Hofbauer et al., 2004). In the present study, therefore,
we used scales from a marine teleost to develop an in vitro assay system.
This system can be used to simultaneously detect both osteoclastic and
osteoblastic activities with TRAP and ALP enzyme activities. Furthermore,
we determined TRAP, COL1A1, and MT cDNAs from the scales of nibbler
fish. Thus, we conclude that the in vitro assay system we developed may be
a useful means for analyzing heavy metal in bone metabolism. In the future,
we will further examine different toxic mechanisms between MeHg and

InHg using fish scales as a model of bone.

43



[O'[q Ul pajesrput
are (g dnoi3) soreos 10ypo oyl ouym ur umoys e | dnoid jo sopeos dyl ‘dnoi3 [pjudowiddxd ue pue
dnoi3 [onuod & ‘dnoi3 omy ur pojeredas o1oM SA[BIS PIAOWAI Y} ‘QUI] YOBd Uf "9ZIs dwes dy) A[djewrnxoidde
JO SO[BOS JO QuI[ Y} JSOYD M ‘YSIJ I9[qqIu u] ‘Apnys juasaid dy} ur pasn sA[eds Y} JO uonedoT 9 ‘I

44



-

\\f 74 %““7"‘::-'
\ -t \ AR

™
.

- P,

4 .-
-/,;’ = -

SN
".'f,’.\"

‘ eag

-

45

Fig. 7 Microscopic views of nibbler fish scales stained for osteoclasts (A, B) and osteoblasts (C,
D). Panels (B) and (D) are enlarged view of (A) and (C), respectively. Arrows indicate

multinucleated osteoclasts (B) and osteoblasts (D). Asterisks show grooves of the scales in

nibbler fish.
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IV. Polychlorinated biphenyl (118) activates osteoclasts and induces

bone resorption in goldfish



Introduction

It has been reported that polychlorinated biphenyl (PCB)
congeners act as endocrine-disrupting compounds (Lind et al. 2004a, b;
Bovee et al. 2011; Nakayama et al. 2011; Ju et al. 2012). As bone formation
and resorption are controlled by several hormones and vitamins (see a
review, Peacock 2010), PCBs might disturb bone metabolism. In some
animals, actually, the bone disruption caused by PCB has been reported (rat,
Lind et al. 2004a; bear, Sonne et al. 2004; sheep, Gutleb et al. 2010;
alligator, Lind et al. 2004b; turtle, Holliday and Holliday 2012; salmon,
Olufsen and Arukwe 2011; zebrafish, Ju et al. 2012). In humans, changes in
bone metabolism associated with exposure to PCBs have also been
investigated (Hodgson et al. 2008). However, the direct effects of PCBs on
osteoclasts and osteoblasts have not yet been elucidated in any animals.

The teleost scale is a calcified tissue that contains osteoblasts,
osteoclasts, and the bone matrix of two layers (bony layer—a thin,
well-calcified external layer; a fibrillary layer—a thick, partially calcified
layer) (Bereiter-Hahn and Zylberberg 1993; Suzuki et al. 2000, 2007;
Yoshikubo et al. 2005; Ohira et al. 2007). The bone matrix, which includes

type 1 collagen (Zylberberg et al. 1992), osteocalcin (Nishimoto et al.,
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1992), and hydroxyapatite (Onozato and Watabe 1979), is present in the
scale as well as in mammalian bone. Recently, we detected both cathepsin
K and TRAP mRNA expression in scale osteoclasts (Azuma et al. 2007). In
osteoblasts, we detected osteoblast-specific markers, such as ALP,
runt-related transcription factor 2, osterix, osteocalcin, type I collagen, and
RANKL (Thamamongood et al. 2012). Therefore, the features of
osteoclasts and osteoblasts in scales are similar to those in mammals.

In fish as well as mammals, plasma calcium level was regulated
by hormones such as parathyroid hormone (Suzuki et al. 2011a) and
calcitonin (Suzuki et al. 2000, 2004a). In an in vivo experiment, fugu
parathyroid hormone I induced hypercalcemia resulted from the increase of
both osteoblastic and osteoclastic activities in the scale and caused to
decrease scale calciumcontents (Suzuki et al. 2011a). Scale osteoclastic
activation was also observed in the prostaglandin E2-injected goldfish
(Omori et al. 2012). It is reported that the scales are a better potential
internal calcium reservoir than the body skeletons, jaws, and otoliths,
examined by the *’Ca-labeling study for the calcified tissues of goldfish
and killifish (Mugiya and Watabe 1977). Thus, we conclude that teleost
scale 1s an active and functional calcium reservoir.

In fish, PCB (118) is the highest congener compared with
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PCB-105, -156, -167, -123, -157, -114, -189, -77, -126, -81, or -169
(Bhavsar et al. 2007). Furthermore, it has been reported that trabecular
bone mineral content was almost 30% lower in the PCB (118) (49 g/kg
body weight/day) at the metaphysis in sheep (Gutleb et al. 2010), although
the detail mechanism has not yet been elucidated. We therefore analyzed
the effect of PCB (118) on scale osteoclastic and osteoblastic activities, as
well as plasma calcium levels, in the goldfish scales. In addition, effect of
PCB (118) on osteoclasts and osteoblasts was investigated in vitro. This is
the first to demonstrate that PCB (118) activates osteoclasts and activates

osteoclasts and induced bone resorption in fish.
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Materials and methods

Animals

To examine the effect of PCB (118) on the bone metabolism,
immature goldfish (4-6 g), in which the endogenous effects of sex steroids
are negligible, were used for the in vivo study. A previous study (Suzuki
et al. 2000) indicated that the sensitivity for calcemic hormones was higher
in mature female than in mature male teleosts. Therefore, female goldfish
(Carassius auratus) (30-40 g) were purchased from a commercial source
(Higashikawa Fish Farm, Yamatokoriyama, Japan) and used for the in vitro
experiments.

All experimental procedures were conducted in accordance with
the Guide for the Care and Use of Laboratory Animals prepared by

Kanazawa University.

Effects of PCB (118) on scale osteoclastic and osteoblastic
activities and the plasma calcium in goldfish at day 1 and 2 after PCB
(118) injection (in vivo experiment)

PCB (118) was solubilized in dimethyl sulfoxide (DMSO) at a

concentration of 10 ppm. Goldfish (body weight 4-6 g) were anesthetized
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with ethyl 3-aminobenzoate and methanesulfonic acid salt (Sigma-Aldrich,
Inc., MO, USA) and taken the blood (about 100 pul) from caudal vessels of
each individual into heparinized syringes just before PCB (118) injection.
After centrifugation at 15,000 rpm for 3 min, the plasma was immediately
frozen and kept at -80 °C until use. In the experimental group (n = 10), In
the experimental group (n = 10), thereafter, PCB (118) was
intraperitoneally injected (100 ng/g body weight). The goldfish in the
control group (n = 10) were injected with DMSO in the same manner.
These goldfish were kept in the aquarium for 1 and 2 days. During the
experimental periods, these goldfish were not given any food to exclude
intestinal calcium uptake from diets. Each day after injection, the scales
were collected from each goldfish. At day 2 after injection, blood samples
(about 100 pl) 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 also 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 activities of ALP and TRAP activities as respective
indicators of each activity in osteoclasts and osteoblasts (Suzuki et al. 2000,

2009; Suzuki and Hattori 2002). The measurement methods (Suzuki et al.
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2009) of ALP and TRAP activities were as follows. The incubated 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 MgCly; 0.1 mM ZnCl,) for ALP activity or an acid buffer (0.1 M
sodium acetate including 20 mM tartrate, pH 5.3) for TRAP activity was
added to each well. This microplate was frozen at -80°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 or an acid buffer was
added to each well. This plate was then incubated at 20°C for 30 min with
shaking. After incubation, the reaction was stopped by adding 50 ul 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 converted into the amount of produced pNP using
a standard curve for pNP. After measurement of the absorbance, the ALP
and TRAP activities were normalized by the surface area (mm?) of each

goldfish scale. The results are shown as the means + SE of eight scales.

PCB (118) contents in the scales of goldfish (in vivo experiment)
At day 1 and 2 after PCB (118) injection, the scales were

collected from goldfish and then immediately frozen and kept at -80°C
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until use. The PCB (118) contents were analyzed by the methods of Hirai et
al. (2005). Because a single sample volume was very small, we conducted
three measurements to obtain a pulled sample. Thus, the mean of three

measurements was described in the results.

Effects of PCB (118) on osteoclastic and osteoblastic activities in the
cultured scales of goldfish (in vitro experiment)

Scales collected from goldfish (n = 10) after anesthesia with ethyl
3-aminobenzoate and methanesulfonic acid salt (Sigma-Aldrich) and
incubated for 6 and 18 h in Leibovitz's L-15 medium (Invitrogen, Grand
Island, NY, USA) containing a 1% penicillin-streptomycin mixture (ICN
Biomedicals, Inc., OH, USA) supplemented with PCB (118) (0.025, 0.25,
and 2.5 ppm). In an in vivo experiment, around 0.05 to 0.1 ppm PCB was
detected in the PCB-injected scales. Based on these PCB contents in the
scales, we decided the administration doses of PCB in an in vitro
experiment. The PCB concentration in one goldfish was performed using
48 scales from each left or right side. The 48 scales used in the present
study were considered to use as follows: (1) eight scales for TRAP analysis
by 0.025 ppm, (2) eight scales for TRAP analysis by 0.25 ppm, (3) eight

scales for TRAP analysis by 2.5 ppm, (4) eight scales for ALP analysis by
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0.025 ppm, (5) eight scales for ALP analysis by 0.25 ppm, and (6) eight
scales for ALP analysis by 2.5 ppm. The respective mean for TRAP
(obtained from eight individual scales of one goldfish) and ALP (obtained
from eight individual scales of one goldfish) activities from the left side
(experimental group) was compared with those of the right side (control
group). Using 10 individual goldfish, the same experiment was done
repeatedly. The experiments for 0.25 and 2.5 ppm PCB (118) were carried
out in the same manner. After incubation, TRAP and ALP activities were
measured using the same methods described above (Suzuki et al. 2009).

The results are shown as means = SEM (n = 10).

Changes in TRAP, cathepsin K, and RANKL mRNA expressions
in PCB (118)-treated goldfish scales (in vitro experiment)

Scales were collected from goldfish under anesthesia with
ethyl3-aminobenzoate and methanesulfonic acid salt (Sigma-Aldrich). To
examine changes in TRAP, cathepsin K, and RANKL mRNAs that
responded to PCB (118), these scales were incubated for 18 h in Leibovitz's
L-15 medium (Invitrogen) containing a 1% penicillin-streptomycin mixture
(ICN Biomedicals). In the prostaglandin E2-treated scales of goldfish, we

previously reported that TRAP, cathepsin K, and RANKL mRNA
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expression increased at 18 h of incubation (Omori et al. 2012). Therefore,
this incubation period was adopted. After incubation, the scales were frozen
at-80°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 ' -AACTTCCGCAT
TCCTCGAACAG-3’ ; antisense, 5’ -GGCCAGCCACCAGGAGA
TAA-3" ) (Azuma et al. 2007), cathepsin K (sense, 5’ -GCTATGGAGC
CACACCAAAAGG- 3’ ; antisense, 5 -CTGCGCTTCCAGCTCTC
ACAT-3" ) (Azuma et al. 2007), and RANKL (sense, 5-GCGCTTA
CCTGCGGAATCATATC-3 7 ; antisense, 5’ -AAGTGCAACAGAA
TCGCCACAC-3" ) (Suzuki et al. 2011a) were used. The amplification of
B-actin cDNA using a primer set (57 ,CGAGCGTGGCTACAGCTTCA;
3’7 , GCCCGTCAGGGAGCTCATAG) (Azuma et al. 2007) was
performed. The 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.
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Statistical analysis

All results are expressed as the means = SE (n = 10). The
statistical significance between control and experimental group was
assessed by Student’s 7 test (in vivo experiment) or paired ¢ test (in vitro

experiment). In all cases, the selected significance level was P < 0.05.
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Results

Effects of PCB (118) on scale osteoclastic and osteoblastic activities and
the plasma calcium in goldfish at 1 and 2 days after PCB (118) injection in
VIVO

We measured the activities of ALP and TRAP activities as
respective indicators of each activity in osteoclasts and osteoblasts. At day
2, scale TRAP activity in PCB-injected goldfish increased significantly
(Fig. 15a), while ALP activity did not change significantly at day 1 and 2
(Fig. 15b). Corresponding to the elevation of osteoclastic activity, plasma
calcium levels increased significantly at day 2 after PCB administration

(Fig. 16).

PCB (118) contents in the scales of goldfish in vivo

At day 1 and 2 after PCB (118) injection, PCB (118) was
detected in the scales. At day 1, PCB contents in the control and
PCB-injected scales were determined as 0.39 and 79 (ng/g-wet),
respectively. At day 2, PCB (ng/g-wet) of 0.38 and 55 was detected in the

control and PCB injected scales, respectively.
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Effect of PCB (118) on osteoclastic and osteoblastic activities in the
cultured scales of goldfish in vitro

PCB (118) significantly increased the TRAP activities of the
scales by 6 h of incubation (p < 0.05 for 0.25 ppm) (Fig. 17a). At 18 h of
incubation, the TRAP activities in the PCB (118)-treated scales also
significantly increased (p < 0.05 for 0.025 and 2.5 ppm; p < 0.001 for 0.25
ppm) (Fig. 18a).

In case of the ALP activities, it significantly increased (p < 0.05)
only by the concentration of 2.5 ppm at the 6 and 18 h incubation (Figs.

17b and 18b).

Changes in TRAP, cathepsin K, and RANKL mRNA expressions in PCB
(118)-treated goldfish scales in vitro

The mRNA expression of osteoclastic markers (TRAP and
cathepsin K) increased significantly by PCB (118) (0.25 ppm) treatment
(Fig. 19a, b).

Similar results were obtained in RANKL. The mRNA expression
of RANKL, an activating factor of osteoclasts, increased significantly in

the osteoblasts in the PCB (118)-treated scales (Fig. 19¢).
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Discussion

In the present study, we are the first to demonstrate that
PCB(118) induced hypercalcemia resulting from increasing osteoclastic
activity in vivo. In an in vitro experiment, the data were reproduced and
osteoclastic marker mRNA expression as well as enzyme activity increased.
In fish, PCB (118) is the highest congener compared with PCB-105, -156,
-167, -123, -157, -114, -189, -77, -126, -81, or -169 (Bhavsar et al. 2007).
In aquatic environment, PCB (118) was detected (Hope 2008; Aksoy et al.
2011). Therefore, we paid attention to bone metabolism by PCB (118)
pollution.

At day 1 and 2 after PCB (118) injection intraperitoneally, we
detected PCB (118) in the scale. As described in the “Introduction”, the
scales are potential internal calcium reservoir than the body skeletons, jaws,
and otoliths. Lake et al. (2006) reported that the correlation between the
total mercury concentration of the scales and that of the muscles was high
(r = 0.89). In sheep, PCB was accumulated and detected in bone at 2
months after administration (Jan et al. 2006). We therefore suggest that
scale PCB content can be used as an environmental PCB monitor to

estimate the environmental pollution of PCB.
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In the present study, we measured hydroxy-PCB which is a kind
of metabolites from PCB because hydroxy-PCB possessed specific and
competitive interactions with the plasma thyroid hormone transport protein,
transthyretin (Lans et al. 1993). In PCB-treated scales, however,
hydroxyl-PCB was not detected. Therefore, this phenomenon of
osteogenesis seems to be direct action of PCB (118)

In an in vivo experiment, osteoblastic activity increased by the
high concentration of PCB (118) (2.5 ppm). This indicates that PCB (118)
is affected on osteoblasts. Osteogenesis is regulated by osteoblasts (Suda et
al. 1999; Teitelbaum 2000; Lacey et al. 2012). RANKL produced by cells
in the osteoblast lineage binds to RANK in mononuclear hemopoietic
precursors and promotes the formation and activity of multinucleated
osteoclasts (Suda et al. 1999; Teitelbaum 2000; Lacey et al. 2012). Our
present study indicated that RANKL mRNA expression was promoted by
PCB (118) treatment. In addition, osteoclastic
Marker (TRAP and cathepsin K) mRNA expression also increased
significantly. Therefore, we strongly suggest that PCB (118) promotes
osteoclastogenesis by the RANK—-RANKL pathway.

In the present study, we succeeded to analysis the PCB (118) on

osteoclasts and osteoblasts. Our results suggest that scale is a good model
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for analysis of bone metabolism. We previously demonstrated that the
osteogenesis of regenerating scale is very similar to that of mammalian
membrane bone and a good model of osteogenesis (Yoshikubo et al. 2005).
Using this system, furthermore, 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, suppressed the functions in both osteoclasts
and osteoblasts (Suzuki and Hattori 2002). Osteoblasts in the scale
responded to estrogen as they do in mammalian bone (Yoshikubo et al.
2005). In addition, 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 and mercury (Suzuki et al. 2004b, 2011b), on
osteoblasts and osteoclasts have been examined. Moreover, we indicated
that cadmium (even at 10 "° M) responded to TRAP activity in the scale
(Suzuki et al. 2004b).

In conclusion, PCB (118) disrupts bone metabolism in goldfish
both in vivo and in vitro experiments. Our results suggest that PCB (118)
promotes osteoclastogenesis by the RANK—RANKL pathway. Furthermore,
our previous and present results indicate that the scale assay system will be

useful for the analysis of environmental contaminant on bone metabolism,
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and findings of PCB (118) on bone in fish may be tied in to an overall

health issue for mammals in general.
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V. General Discussion



Effects of InHg on osteoclasts and osteoblasts as analyzed by an in vitro
assay system with goldfish (fresh water teleosts)

The present study demonstrated that fish scale was sensitive to
InHg. A high correlation of mercury between scales and muscles was
reported in largemouth bass (Lake et al., 2006). This indicates that
accumulation of mercury has occurred in fish scales, although mercury did
not accumulate in the vertebral bone of fish (Camusso et al., 1995). It is
also well known that the scale is a more active tissue in fish calcium
regulation than is the vertebral bone (Mugiya and Watabe, 1977; Yamada,
1961; Berg, 1968; Bereiter—Hahn and Zylberberg, 1993). Therefore, we
strongly believe that fish scale is capable of accumulating mercury and
responding to mercury similarly to calcium.

In the present study, TRAP activity in the scales significantly
decreased with treatment of InHg (10° to 107 M) during 6 hrs of
incubation. In addition, mRNA expressions of osteoclastic markers TRAP
and cathepsin K significantly decreased as compared with the control with
18 hrs of incubation. On the other hand, ALP activity decreased after
exposure to InHg at concentrations of 10 °to 10™* M for 36 and 64 hrs,
although its activity did not change after 6 and 18 hrs. It was found that the

mRNA expression of MT in InHg-treated scales increased with 18 hrs of

76



incubation. In an in vitro experiment for 6 and 18 hrs of incubation,
therefore, osteoblasts may be resistant to mercury as a result of MT
production. On the other hand, IGF-I mRNA expression decreased as
compared to the control with 18 hrs of incubation. As IGF-I participates in
osteoblastic growth and differentiation, we speculate that mercury has a

toxic effect on osteoblasts under long-term exposure.

Effects of InHg and MeHg on osteoclasts and osteoblasts as analyzed by an
in vitro assay system with nibbler fish (marine teleosts)

In nibbler fish (marine teleosts), we found that the enzyme
activity of TRAP (osteoclastic marker) was decreased at 6 hrs following
treatment by both InHg and MeHg. In osteoblasts, also, both InHg and
MeHg inhibited ALP enzyme activity with 18 and 36 hrs of incubation. In
goldfish (freshwater teleosts), we previously reported that InHg (10™ to 107
M) (Suzuki et al., 2011b) and MeHg (10 to 10° M) (Suzuki et al., 2004)
significantly suppressed TRAP enzyme activity. Particularly, the response
of MeHg in nibbler fish is lower than that in goldfish. In fact, the response
of the calcemic hormone estrogen in the scale osteoclasts of freshwater
teleosts was higher than that in those of marine teleosts (Persson et al.,

1994; Persson et al., 1995; Guerreiro et al., 2002). It is known that the
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exchange of calcium in the scales of freshwater teleosts is faster than that in
marine teleosts because freshwater teleosts live in a low-calcium
environment.

From each marker mRNA expression analysis at 6 hrs of
incubation, the expression of TRAP mRNA in InHg- and MeHg-treated
scales was significantly lower than that in the control scales, although the
mRNA expression of COLIA1 (osteoblastic marker) did not change
significantly. Conversely, MT mRNA expression significantly increased
with both InHg and MeHg treatments. This result is similar to that in
goldfish, as it has been demonstrated that MT plays a protective role
against mercury-induced toxicity in bone (Jin et al., 2002).

In the present study, using the scales of marine teleosts, we
developed an in vitro assay system. This system can be used to detect both
osteoclastic and osteoblastic activities simultaneously with TRAP and ALP
enzyme activities. Furthermore, we sequenced TRAP, COL1A1, and MT
cDNAs from the scales of nibbler fish. Thus, we conclude that the in vitro
assay system we developed may be a useful means for analyzing heavy
metal in bone metabolism. In the future, we will further examine the
difference in toxic mechanism between MeHg and InHg using fish scales

as a model of bone.
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Influence of PCB on bone metabolism as analyzed by both in vivo and in
vitro experiments with goldfish

The present study is the first to demonstrate that PCB
(118)-induced hypercalcemia results from increasing osteoclastic activity in
vivo. In an in vitro experiment, the data were reproduced, and osteoclastic
marker mRNA expression as well as enzyme activity increased. In addition,
RANKL mRNA expression was promoted by PCB (118) treatment.
Therefore, we strongly suggest that PCB (118) promotes osteoclastogenesis
by the RANK—RANKL pathway.

We succeeded in analyzing the effect of PCB (118) on osteoclasts
and osteoblasts. Our results suggest that scale provides a good model for
analyzing bone metabolism. We previously demonstrated that the
osteogenesis of regenerating scale is very similar to that of mammalian
membrane bone and a good model of osteogenesis (Yoshikubo et al., 2005).
Using this system, furthermore, 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, suppressed the functions in both osteoclasts
and osteoblasts (Suzuki and Hattori, 2002). Osteoblasts in the scale

responded to estrogen as they do in mammalian bone (Yoshikubo et al.,
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2005). In addition, the effects of endocrine disrupters, such as bisphenol-A
(Suzuki and Hattori, 2003) and tributyltin (Suzuki et al., 2006), and heavy
metals, 1.e., cadmium and mercury (Suzuki et al., 2004b; Suzuki et al.,
2011b), on osteoblasts and osteoclasts have been examined. Moreover, we
indicated that cadmium (even at 10" M) responded to TRAP activity in the
scale (Suzuki et al., 2004b). Considering the results above, we concluded

that fish scale is a suitable model for analyzing bone metabolism.
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VI. General Summary



1) Effects of InHg on osteoclasts and osteoblasts as analyzed by an in
vitro assay system with goldfish (fresh water teleosts)

This study is the first to indicate a direct effect of InHg on
osteoclasts. In addition, both mRNA expressions of TRAP and cathepsin K
decreased as TRAP enzyme activity decreased. TRAP activity in scale
decreased significantly with treatment of InHg in a shorter time than did
ALP activity. Osteoclasts decreased in a shorter time than did osteoblasts.
We strongly believe that osteoblasts may be resistant to mercury as a result

of MT production.

2) Effects of InHg and MeHg on osteoclasts and osteoblasts as
analyzed by an in vitro assay system with nibbler fish (marine
teleosts)

We successfully developed an in vitro assay system by using
nibbler fish (marine teleosts) in the present study. This system can be used
to detect both osteoclastic and osteoblastic activities simultaneously with
TRAP and ALP enzyme activities. This is the first report concerning the
effects of mercury on osteoclasts and osteoblasts in the marine teleost scale
as a model system of bone. Furthermore, we sequenced TRAP, COL1A1,

and MT cDNAs from the scales of nibbler fish. Thus, we conclude that our
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developed in vitro assay system may be a useful means for analyzing the

effects of heavy metal on bone metabolism.

3) Influence of PCB on bone metabolism as analyzed by both in vivo
and in vitro experiments with goldfish

We successfully analyzed the effect of PCB (118) on osteoclasts
and osteoblasts in both in vivo and in vitro experiments. PCB (118) induced
hypercalcemia, resulting from increasing osteoclastic activity in vivo.
Furthermore, we found that PCB (118) promotes osteoclastogenesis by the
RANK-RANKL pathway, judging from in vitro experiments. Thus, our
previous and present results indicate that the scale assay system will be
useful for analyzing the effects of environmental contaminants on bone
metabolism, and that finding PCB (118) in fish bone may be tied to an

overall health issue for mammals in general.

83



References



Aksoy A, Das YK, Yavuz O, Guvenc D, Atmaca E, Agaoglu S (2011)
Organochlorine pesticide and polychlorinated biphenyls levels in fish
and mussel in Van region, Turkey. Bull Environ Contam Toxicol 87:
65-69

Angle CR, Thomas DJ, Swanson SA (1990) Toxicity of cadmium to at
oteosarcoma cells (ROS 17/2.8): Protective effect of
la,25-dihydroxyvitamin D; Toxicol Appl Pharmacol 103:113-120

Azuma K, Kobayashi M, Nakamura M, Suzuki N, Yashima S, Iwamuro S,
Ikegame M, Yamamoto T, Hattori A (2007) Two osteoclastic markers
expressed in multinucleate osteoclasts of goldfish scales. Biochem
Biophys Res Commun 362: 594-600

Barra R, Colombo JC, Eguren G, Gamboa N, Jardim WF, Mendoza
G(2006) Persistent Organic Pollutants (POPs) in Eastern and Westem
South American Countries. Rev Environ Contam Toxicol 185: 1-33

Beaudin L, Johannessen SC, Macdonald RW (2010) Coupling laser
ablation and atomic fluorescence spectrophotometry: An example
using mercury analysis of small sections of fish scales. Anal Chem 82:
8785-8788

Bereiter-Hahn J, Zylberberg L (1993) Regeneration of teleost fish scale.

Comp Biochem Physiol 105A: 625-641

85



Berg A (1968) Studies on the metabolism of calcium and strontium in
freshwater fish. 1. Relative contribution of direct and intestinal
absorption. Mem Ist Ital Idrobiol 23: 161-196

Berglund M, Akesson A, Bjellerup P, Vahter M (2000) Metal-bone
interactions. Toxicol Lett 112-113: 219-225

Bhavsar SP, Fletcher R, Hayton A, Reiner EJ, Jackson DA (2007)
Composition of dioxin-like PCBs in fish: An application for risk
assessment. Environ Sci Technol 41: 3096-3102

Bovee TFH, Helsdingen RJR, Hamers ARM, Brouwer BA, Nielen MWF
(2011) Recombinant cell bioassays for the detection of (gluco)
corticosteroids and endocrine-disrupting potencies of several
environmental PCB contaminants. Anal Bioanal Chem 401:873—882

Boyer CI-Jr, Andrews EJ, deLahunta A, Bache CA, Gutenmann WH, Lisk
DJ (1978) Accumulation of mercury and selenium in tissues of
kittens fed commercial cat food. Cornell Vet 68: 365-374

Camusso M, Vigano L, Balestrini R (1995) Bioconcentration of trace
metals in rainbow trout: A field study. Ecotxicol Environ Saf 31:
133-141

Castoldi AF, Coccini T, Ceccatelli S, Manzo L (2001) Neurotoxicity and

molecular effects of methylmercury. Brain Res Bull 55: 197-203
86



Chan, K.-M. 1994 PCR-cloning of goldfish and tilapia metallothionein
complementary DNAs. Biochem Biophys Res Commun 205: 368-374

Chan KW, Yu KL, Rivier J, Chow BK-C (1998) Identification and
characterization of a receptor from goldfish specific for a teleost
growth hormone-releasing hormone-like peptide. Neuroendocrinology
68: 44-56

Cole AA, Walters LM (1987) Tartrate-resistant acid phosphatase in bone
and cartilage following decalcification and cold-embedding in plastic.
J Histochem Cytochem 35: 203-206

Dacke CG (1979) Calcium Regulation in Sub-Mammalian Vertebrates.
Academic Press, London

de Vrieze E, Mets JR, Von den Hoff, Flik G (2010) ALP, TRAcP and
cathepsin K in elasmoid scales: A role in mineral metabolism? J Appl
Ichthyol 26: 210-213

Depew DC, Basu N, Burgess NM, Campbell LM, Devlin EW, Drevnick PE,
Hammerschmidt CR, Murphy CA, Sandheinrich MB, Wiener JG
(2012) Toxicity of dietary methylmercury to fish: Derivation of
ecologically meaningful threshold concentrations. Environ Toxicol
Chem 31: 1536-1547

Dimai HP, Linkhart TA, Linkharat SG, Donahue LR, Beamer WG, Rosen

87



CJ , Farley JR, Baylink DJ (1998) Alkaline phosphatase levels and
osteoprogenitor cell numbers suggest bone formation may contribute
to peak bone density differences between two inbred strains of mice.
Bone 22:211-216

Doyle JJ (1979) Toxic and essential elements in bone. A review J Anim Sci
49: 482-497

Guerreiro PM, Fuentes J, Canario AVM, Power DM (2002) Calcium
balance in sea bream (Sparus aurata): The effect of estradiol-17p. J
Endocrinol 173: 377-385

Gutleb AC, Arvidsson D, Orberg J, Larsson S, Skaare JU, Aleksandersen M,
Ropstad E, Lind PM (2010) Effects on bone tissue in ewes (Ovies
aries) and their foetuses exposed to PCB 118 and PCB 153. Toxicol
Lett 192: 126-133

Hamer DH (1986) Metallothionein. Annu Rev Biochem 55: 913-951

Hirai T, Fujimine Y, Watanabe S, Nakano T (2005) Congener-specific
analysis of polychlorinated biphenyl in human blood from Japanese.
Environ Geochem Health 27: 65-73

Hodgson S, Thomas L, Fattore E, Lind PM, Alfven T, Hellstrom L,
Hékansson H, Carubelli G, Fanelli R, Jarup L (2008) Bone mineral

density changes in relation to environmental PCB exposure. Environ

88



Health Perspect 116: 1162-1166

Hofbauer LC, Kiihne CA, Viereck V (2004) The OPG/RANKL/RANK
system in metabolic bone disease. J Musculoskelet Neuronal Interact
4:268-275

Holliday DK, Holliday CM (2012) The effects of the organopollutant PCB
126 on bone density in juvenile diamondback terrapins (Malaclemys
terrapin). Aquat Toxicol 109:228-233

Hope BK (2008) A model for the presence of polychlorinated biphenyls
(PCBs) in the Willamette River Basin (Oregon). Environ Sci Technol
42: 5998-6006

Jan J, Milka V, Azra P, Dominik G, Matjaz Z. (2006) Distribution of
organochlorine pollutants in ovine dental tissues and bone. Environ
Toxicol Pharmacol 21: 103-107

Jin G-B, Inoue S, Urano T, Cho S, Ouchi Y, Cyong J-C (2002) Induction of
anti-metallothionein antibody and mercury treatment decreases bone
mineral density in mice. Toxcol Appl Pharmacol 185: 98-110

Ju L, Tang K, Guo XR, Yang Y, Zhu GZ, Lou Y (2012) Effects of
embryonic exposure to polychlorinated biphenyls on zebrafish skeletal
development. Mol Med Report 5: 1227-1231

Kermouni A, Mahmoud SS, Wang S, Moloney M. Habibi HR (1998)
89



Cloning of a full-length insulin-like growth factor-1 complementary
DNA in the goldfish liver and ovary and development of a quantitative
PCR method for its measurement. Gen Comp Endocrinol 111: 51-60

Klaassen CD, Liu J, Choudhuri S (1999) Metallothionein: An intracellular
protein to protect against cadmium toxicity. Annu Rev Pharmacol
Toxicol 39: 267-294

Lacey DL, Boyle WJ, Simonet WS, Kostenuik PJ, Dougall WC, Sullivan
JK, Martin JS, Dansey R (2012) Bench to bedside: Elucidation of the
OPG-RANK-RANKL pathway and the development of denosumab.
Nat Rev Drug Discov 11:401-419

Lake JL, Ryba SA, Serbst JR, Libby, AD (2006) Mercury in fish scales as
an assessment method for predicting muscle tissue mercury
concentrations in largemouth bass. Arch Environ Contam Toxicol 50:
539-544

Lans MC, Klasson-Wehler E, Willemsen M, Meussen E, Safe S, Brouwer A
(1993) Structure-dependent, competitive interaction of
hydroxy-polychlorobiphenyls, -dibenzo-p-dioxins and -dibenzofurans
with human transthyretin. Chem Biol Interact 88: 7-21

Lind PM, Eriksen EF, Lind L, Orberg J, Sahlin L (2004a) Estrogen

supplementation modulates effects of endocrine disrupting pollutant

90



PCB126 in rat bone and uterus diverging effects in ovariectomized
and intact animals. Toxicology 199: 129-136

Lind PM, Milnes MR, Lundberg R, Bermudez D, Orberg J, Guillette LJ Jr
(2004b) Abnormal bone composition in female juvenile American
alligators from a pesticide-polluted lake (Lake Apopka, Florida).
Environ Health Perspect 112: 359-362

Mori C, Todaka E (2011) Environmental Contaminants and Children's
Health. Maruzen Planer Co., Ltd, Tokyo

Mugiya Y, Watabe N (1977) Studies on fish scale formation and resorption
II: Effect of estradiol on calcium homeostasis and skeletal tissue
resorption in the goldfish, Carassius auratus, and the killifish,
Fundulus heteroclitus. Comp Biochem Physiol 57A: 197-202

Nagata M, Lonnerdal B (2011) Role of zinc in cellular zinc trafficking and
mineralization in a murine osteoblast-like cell line. J Nutr Biochem
22:172-178

Nakayama K, Sei N, Handoh IC, Shimasaki Y, Honjo T, Oshima Y. (2011)
Effects of polychlorinated biphenyls on liver function and sexual
characteristics in Japanese medaka (Oryzias latipes). Mar Pollut Bull
63:366-369

Nishimoto SK, Araki N, Robinson FD, Waite JH (1992) Discovery of bone
91



y-carboxyglutamic acid protein in mineralized scales. J Biol Chem
267: 11600-11605

Omori M, Boyce TM (2006) Marine Biodiversity, Tsukiji-Shokan, Tokyo

Ohira Y, Shimizu M, Ura K, Takagi Y (2007) Scale regeneration and
calcification in goldfish Carassius auratus: Quantitative and
morphological process. Fisherys Sci 73: 46-54

Olufsen M, Arukwe A (2011) Developmental effects related to
angiogenesis and osteogenic differentiation in salmon larvae
continuously exposed to dioxin-like 3,3’,4,4’-tetrachlorobiphenyl
(congener 77). Aquat Toxicol 105: 669-680

Omori K, Wada S, Maruyama Y, Hattori A, Kitamura K, Sato Y, Nara M,
Funahashi H, Yachiguchi K, Hayakawa K, Endo M, Kusakari R, Yano
S, Srivastav AK, Kusui T, Ejiri S, Chen W, Tabuchi Y, Furusawa Y,
Kondo T, Sasayama Y, Nishiuchi T, Nakano M, Sakamoto T, Suzuki N
(2012) Prostaglandin E2 increases both osteoblastic and osteoclastic
activities in the scales of goldfish and participates in the calcium
metabolism in goldfish. Zool Sci 29: 499-504

Onozato H, Watabe N (1979) Studies on fish scales formation and
resorption III: Fine structure and calcification of the fibrillary plates of

the scales in Crassius auratus (Cypriniformes: Cyprinidae). Cell

92



Tissue Res 201: 409-422

Peacock M (2010) Calcium metabolism in health and disease. Clin J Am
Soc Nephrol 5: S23-S30

Persson P, Sundell K, Bjornsson BTh (1994) Estradiol-17B-induced
calcium wuptake and resorption in juvenile rainbow trout,
Oncorhynchus mykiss. Fish Physiol Biochem 13: 379-386.

Persson P, Takagi Y, Bjornsson BTh (1995) Tartrate resistant acid
phosphatase as a marker for scale resorption in rainbow trout,
Oncorhynchus mykiss: Effects of estradiol-173 treatment and
refeeding. Fish Physiol Biochem 14: 329-339

Redmayne AC, Kim JP, Closs GP, Hunter KA (2000) Methyl mercury
bioaccumulation in long-finned eels, Anguilla dieffenbachii, from
three rivers in Otago. New Zealand. Sci Total Environ 262: 37-47

Sakamoto H, Tomiyasu T, Yonehara N (1995) The contents and chemical
forms of mercury in sediments from Kagoshima Bay, in comparison
with Minamata Bay and Yatsushiro Sea, south western Japan.
Geochem J 29: 97-105

Selin NE (2009) Global Biogeochemical Cycling of Mercury: A Review.
Annu Rev Environ Resour 34: 43-63

Sonne C, Dietz R, Born EW, Riget FF, Kirkegaard M, Hyldstrup L, Letcher
93



RJ, Muir DCG (2004) Is bone mineral composition disrupted by
organochlorines in east Greenland polar bears (Ursus martitimus)?
Environ Health Perspect 112: 1711-1716

Storelli MM, Marcotrigiano GO (2003) Heavy metal residues in tissures of
marine turties. Marine Poll Bull 46(4): 397-400

Suda T, Takahashi N, Udagawa N, Jimi E, Gillespie MT, Martin TJ (1999)
Modulation of osteoclast differentiation and function by the new
members of the tumor necrosis factor receptor and ligand families.
Endocr Rev 20: 345-357

Suzuki N, Danks JA, Maruyama Y, lkegame M, Sasayama Y, Hattori A,
Nakamura M, Tabata MJ, Yamamoto T, Furuya R, Saijoh K, Mishima
H, Srivastav AK, Furusawa Y, Kondo T, Tabuchi Y, Takasaki I,
Chowdhury VS, Hayakawa K, Martin TJ (2011a) Parathyroid
hormone 1 (1-34) acts on the scales and involves calcium metabolism
in goldfish. Bone 48: 1186-1193

Suzuki N, Hattori A (2002) Melatonin suppresses osteoclastic and
osteoblastic activities in the scales of goldfish. J Pineal Res 33:
253-258

Suzuki N, Hattori A (2003) Bisphenol A suppresses osteoclastic and

osteoblastic activities in the cultured scales of goldfish. Life Sci 73:

94



2237-2247

Suzuki N, Kitamura K, Nemoto T, Shimizu N, Wada S, Kondo T, Tabata
MJ, Sodeyama F, Ijiri K, Hattori A (2007) Effect of vibration on
osteoblastic and osteoclastic activities: Analysis of bone metabolism
using goldfish scale as a model for bone. Adv Space Res 40:
1711-1721

Suzuki N, Kitamura K, Omori K, Nemoto T, Satoh Y, Tabata MJ, Ikegame
M, Yamamoto T, Ijiri K, Furusawa Y, Kondo T, Takasaki I, Tabuchi Y,
Wada S, Shimizu N, Sasayama Y, Endo M, Takeuchi T, Nara M,
Somei M, Maruyama Y, Hayakawa K, Shimazu T, Shigeto Y, Yano S,
Hattori A (2009) Response of osteoblasts and osteoclasts in
regenerating scales to gravity loading. Biol Sci Space 23:211-217

Suzuki N, Somei M, Seki A, Reiter RJ, Hattori A (2008) Novel
bromomelatonin derivatives as potentially effective drugs to treat bone
diseases. J Pineal Res 45: 229-234

Suzuki N, Suzuki T, Kurokawa T (2000) Suppression of osteoclastic
activities by calcitonin in the scales of goldfish (freshwater teleost)
and nibbler fish (seawater teleost). Peptides 21: 115-124

Suzuki N, Tabata MJ, Kambegawa A, Srivastav AK, Shimada A, Takeda H,

Kobayashi M, Wada S, Katsumata T, Hattori A (2006) Tributyltin
95



inhibits osteoblastic activity and disrupts calcium metabolism through
an increase in plasma calcium and calcitonin levels in teleosts. Life Sci
78:2533-2541

Suzuki N, Yachiguchi K, Hayakawa K, Omori K, Takada K, Tabata JM,
Kitamura K, Endo M, Wada S, Srivastav AK, Chowdhury VS, Oshima
Y, Hattori A (2011b) Effects of inorganic mercury on osteoclasts and
osteoblasts of the goldfish scales in vitro. J Fac Agr Kyushu Univ 56:
47-51

Suzuki N, Yamamoto K, Sasayama Y, Suzuki T, Kurokawa T, Kambegawa
A, Srivastav AK, Hayashi S, Kikuyama S (2004a) Possible direct
induction by estrogen of calcitonin secretion from ultimobranchial
cells in the goldfish. Gen Comp Endocrinol 138: 121-127

Suzuki N, Yamamoto M, Watanabe K, Kambegawa A, Hattori A (2004b)
Both mercury and cadmium directly influence calcium homeostasis
resulting from the suppression of scale bone cells: The scale is a good
model for the evaluation of heavy metals in bone metabolism. J Bone
Miner Metab 22: 439-446

Suzuki N, Hattori A (2002) Melatonin suppresses osteoclastic and
osteoblastic activities in the scales of goldfish. J Pineal Res 33:

253-258
96



Suzuki N, Eguchi C, Hirai T, Sasayama Y (1997) Nucleotide sequences of
reptile calcitonins: Their high homology to chicken calcitonin. Zool
Sci 14: 833-836

Takeuchi T (1982) Pathology of Minamata disease: With special reference
to its pathogenesis. Acta Pathol Jpn 32 Suppl 1: 73-99

Takeuchi T, Eto K, Oyanag S, Miyajima H (1978) Ultrastructural changes
of human sural nerves in the neuropathy induced by intrauterine
methylmercury poisoning (so-called fetal Minamata disease).
Virchows Arch B Cell Path 27:137-154

Tanabe S(2003) Global environmental contamination by bioaccumulative
endocrine disrupters. J Limnology 64 : 225-237 (in Japanese)

Teitelbaum SL (2000) Bone resorption by osteoclasts. Science 289:
1504-1508

Thamamongood TA, Furuya R, Fukuba S, Nakamura M, Suzuki N, Hattori
A (2012) Expression of osteoblastic and osteoclastic genes during
spontaneous regeneration and autotransplantation of goldfish scale: A
new tool to study intramembranous bone regeneration. Bone 50:
1240-1249

Thompson DR, Stewart FM, Furness RW (1990) Using seabirds to mercury

in marine environments: The validity of conversion ratio for tissue

97



comparisons. Marine Poll Bull 21(7): 339-342

Vaes G (1988) Cellular biology and biochemical mechanism of bone
resorption. Clin Orthop 231: 239-271

World Health Organization (2008): Guidance for identifying populations at
risk from mercury exposure. Geneva, Switzerland.

World Health Organization (2010): Children’s exposure to mercury
compounds. Geneva, Switzerland.

Yamada J (1961) Studies on the structure and growth of the scales in the
goldfish. Mem Fac Fish Hokkaido Univ 9: 181-226

Yamamoto M (1996) Stimulation of elemental mercury oxidation in the
presence of chloride ion in aquatic environment. Chemosphere 32:
1217-1224

Yonaga T, Fujino Y, Tamura R, Kurabayashi K, Uraya T, Aono K,
Yoshimura K (1985) Effect of organic and inorganic mercury
compounds on the growth of incisor and tibia in rats. Anat. Anz., 159:
373-383

Yoshikubo H, Suzuki N, Takemura K, Hoso M, Yashima S, Iwamuro S,
Takagi Y, Tabata MJ, Hattori A (2005) Osteoblastic activity and
estrogenic response in the regenerating scale of goldfish, a good

model of osteogenesis. Life Sci 76: 2699-2709
98



Zylberberg L, Bonaventure J, Cohen-Solal L, Hartmann DJ, Bereiter-Hahn
J (1992) Organization and characterization of fibreillar collagens in

fish scales in situ and in vitro. J Cell Sc1 103: 273-285

99



Acknowledgements

I very gratefully acknowledge the advice, support, and
encouragement from my supervisor, Professor Nobuo Suzuki, Noto Marine
Laboratory, Kanazawa University, for my scientific background and the
preparation of this thesis. Special thanks to honorary Professor Yuichi
Sasayama, Kanazawa University, for giving me the opportunity for this
study and for teaching me. I express my gratitude to Professor Takeshi
Nakano, Osaka University, for leading my study abroad and for his helpful
advice and encouragement. I am grateful to Professor Atsuhiko Hattori,
Tokyo Medical and Dental University, for teaching me and for his helpful
advice.

In particular, 1 thank Dr. Toshio Sekiguchi, Noto Marine
Laboratory, Kanazawa University, for putting so much time and effort into
my research. I am grateful to Professor Kazuichi Hayakawa and Dr.
Kei-ichiro Kitamura, Kanazawa University, for teaching me and for their
helpful advice. Special thanks to Mr. Masahiro Matada, Noto Marine
Laboratory, Kanazawa University, for technical support and for his helpful
advice.

I express my gratitude to Dr. Hiromitsu Kamauchi and Mr.

100



Shouzo Ogiso, Noto Marine Laboratory, Kanazawa University, for
technical support and for their helpful advice. I am grateful to Dr. Masaki
Nakano, Tokyo Medical and Dental University, for his effort on behalf of
my research. I express my gratitude to Mrs. Michiko Sora and all the
members of the Noto Marine Laboratory, Kanazawa University, for their
technical support and encouragement. I also acknowledge Mr. Husao
Nagata and Mr. Koei Hamada, Ishikawa Prefecture Fisheries Research
Center, and all the members of the Noto Marine Center, Ishikawa

Prefecture, for their encouragement and assistance in this study.

101



Abbreviation

ANOVA : analysis of variance

ALP: alkarine phosphatase

COL1AT: collagen type I al

DDT: 2,2-bis-(p-chlorophenyl)-1,1,1-trichloroethane

DMSO: dimethyl sulfoxide

EF-1a: elongation factor 1a

HCHs: hexachlorocyclohexanes

HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

IGF-1: insulin-like growth factor-1

InHg : inorganic mercury (HgCl,)

MeHg : methylmercury (CH;HgCl)

MEM: Eagle’s minimal essential medium

MS-222 : ethyl 3-aminobenzoate, methanesulfonic acid

MT: metallothionein

NIH Image J: a computer program by the National Institute of Mental
Health (USA)

PCB : polychlorinated biphenyl

PCDD/Fs : polychlorinated dibenzo-p-dioxins and furans
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pNP : para-nitrophenol

RANK: receptor activator of the NF- k B

RANKL: receptor activator of the NF- « B ligand
RT-PCR: reverse-transcription polymerase chain reaction

TRAP: tartrate-resistant acid phosphatase
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