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ABSTRACT—In teleosts, it is well known that plasma calcium levels increase as a result of treatment with
estrogen for at least during 2 weeks and that calcitonin secretion is induced by estrogen. The present study
examined the influence of bisphenol A on calcium homeostasis in goldfish and compared the above known
estrogenic action. In goldfish kept in water containing bisphenol A (107 M), the plasma calcium concen-
tration increased significantly (P<0.001) at 4 days but decreased significantly (P<0.05) at 8 days. By the
treatment of bisphenol A, calcitonin secretion was not induced until 4 days. At 8 days, however, plasma
calcitonin, as well as calcium, decreased significantly (P<0.05), although vitellogenin was detected in the
plasma. Therefore, bisphenol A influences plasma calcium levels, but its action is different from that of
estrogen, which indicates that bisphenol A affects the calcium homeostasis and might bring about abnor-

mal conditions in teleosts.
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INTRODUCTION

Bisphenol A, 4,4’-isopropylidenediphenol, is an impor-
tant industrial compound, a major component of epoxy and
polystyrene resins used in food packaging and as a protec-
tive coating. This compound has been shown to possess
estrogenic properties and is called an endocrine disrupter
because it binds to the estrogen receptor (ER) (for a review,
see Safe et al., 2001). Therefore, the reproductive effect has
already been noted (Gould et al., 1998; Luconi et al., 2001).

Calcitonin, a 32-amino acid peptide hormone, is
secreted from the C-cells of the thyroid gland in mammals
and from the ultimobranchial gland in non-mammals (Dacke,
1979). In mammals, this hormone has a hypocalcemic
action that can mineralize bones by suppressing the activi-
ties of osteoclasts (Azria, 1989). In teleosts as well as mam-
mals, we found that this hormone can suppress the activities
of osteoclasts in the scale (Suzuki et al., 2000a), which is a
calcified tissue that contains osteoblasts and osteoclasts,
similar to those found in avian and mammalian bone (for a
review, see Bereiter-Hahn and Zylberberg, 1993). In eel, fur-
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thermore, we demonstrated that plasma calcitonin levels
increased with the rise of plasma calcium caused by a
dietary uptake of calcium (Suzuki et al., 1999). These results
indicate that calcitonin is a hypocalcemic hormone in
teleosts. On the other hand, this hormone has been closely
related to reproductive physiology in female teleosts.
Plasma calcitonin levels in some female teleosts increase
corresponding to sexual maturation (Watts et al, 1975;
Yamauchi et al., 1978; Norberg et al., 1989). An injection of
estrogen into rainbow trout induced calcitonin secretion
(Bjérnsson et al., 1989). Bisphenol A, a putative endocrine
disrupter, might influence plasma calcium and calcitonin lev-
els because it is known that estrogen affects bone metabo-
lism (Komm et al., 1988; Eriksen et al., 1988; Okazaki et al.,
2002).

To examine the effect of bisphenol A on calcium
homeostasis in teleosts, in the present study, the plasma
calcium level was measured in bisphenol A-treated imma-
ture goldfish, in which the endogenous effects of sex ste-
roids are negligible. In addition, the plasma calcitonin level
was examined and compared with the plasma calcium level.
Furthermore, plasma vitellogenin was detected using SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) to recon-
firm that bisphenol A, as well as estrogen, acts on the liver
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and promotes its synthesis.
This study is the first to demonstrate that bisphenol A
affects calcium homeostasis in teleosts.

MATERIALS AND METHODS

Animals

The exact effect of estrogen on the calcium metabolism cannot
be examined in matured fish because of the endogenous effects of
sex steroids. Using immature fish, therefore, the influence of estro-
gen on the calcium metabolism has been examined (Mugiya and
Watabe, 1977; Bjornsson et al., 1989: Persson et al., 1995). In the
present study, immature goldfish (Carassius auratus) were pur-
chased and used (both sexes, n=56, 6.05+0.51 g).

Blood sampling in goldfish kept in water containing bisphenol A

Goldfish were kept at 25°C during experiment. Blood samples
from eight goldfish were taken prior to the start of the experiment
(zero hr) after anesthetization with ethyl 3-aminobenzoate, meth-
anesulfonic acid salt (MS-222, Aldrich Chemical Company, Inc.,
USA) into heparinized hematocrit capillary tubes from the gill. The
remaining fish were randomly divided into 2 groups (control and
experimental groups, each n=24), and each was kept in an 8 L
glass aquarium. Our recent study using immature goldfish of almost
the same size indicated that bisphenol A at 10° M suppressed
osteoclastic and osteoblastic activities in cultured scales (Suzuki
and Hattori, 2003). In the present study, therefore, we used bisphe-
nol A (Wako Pure Chemical Industries, Ltd., Japan) at 10° M for
2, 4, and 8 days (each n=8), and the group was compared with a
control group kept in tap water. After the exposure, blood samples
were taken from the goldfish gill by heparinized hematocrit capillary
tubes under anesthesia with MS-222.

Measurement of plasma calcium and calcitonin levels

The plasma calcium concentration was measured using a
microplate reader and a modified method of Gitelman (1967).

The plasma calcitonin level was analyzed by the competitive
enzyme-linked immunosorbent assay, according to the procedure
of Suzuki (2001). The detection limit was 25 pg/ml. The specificity
of anti-salmon calcitonin serum (No. 626, Cosmo Bio Co. Lid.,
Japan) was checked using peptide hormones (1-34 bovine parathy-
roid hormone and human calcitonin gene-related peptide). This
anti-serum did not cross-react to these peptide hormones.

Detection of plasma vitellogenin using SDS-PAGE in the
bisphenol A-treated goldfish

The plasma vitellogenin in goldfish was detected around 140
kDa by SDS-PAGE (De Vlaming et al., 1980). On the basis of the
report, the separation gel was prepared with 7.5% polyacrylamide.
SDS-PAGE was performed by the method of Laemmli (1970). Five
ul of plasma sample at 8 days in either bisphenol A-treated or con-
trol goldfish was solbilized in 10 pl of a lysis buffer containing 4%
SDS, 4% 2-mercaptoethanol, 8M urea, and 10 mM Tris-HCI (pH
6.8) and subjected to electrophoresis. To calculate the molecular
weight of vitellogenin, molecular markers (High Range; Bio-Rad
Laboratorys, USA) were used. After electrophoresis, the gel was
stained with Coomassie Brilliant Blue R-250 (Research Organics
Inc., USA).

Statistical analysis

All results are expressed as the means + SEM (n=8). Student’s
ttest was used to determine the statistical significance. In all stud-
ies, the experimental group was compared to its specific time in the
control group. The significance level chosen was P<0.05.

RESULTS

Effect of bisphenol A on the plasma calcium level in
goldfish

The results are shown in Fig. 1. In the control goldfish,
the plasma calcium concentration did not change during 8
days.

Conversely, the plasma calcium concentration incre-
ased significantly (P<0.001) at 4 days (8.94+0.25 mg/100
ml) by bisphenol A treatment. At 8 days, however, plasma
calcium decreased significantly (P<0.05)(5.96+0.42 mg/100
ml).
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Fig. 1. Plasma calcium levels in the bisphenol A-treated goldfish
(a) and control goldfish (@). Values are means+SEM. *, *** indi-
cate statistically significant differences at P<0.05 and P<0.001,
respectively, compared with the values in the control.

Effect of bisphenol A on the plasma calcitonin level in
goldfish

The results are shown in Fig. 2. In the control group,
there was not any change for 8 days. The plasma calcitonin
levels at 2 and 4 days after bisphenol A treatment were
186.93+£11.81 and 168.33+17.50 pg/ml, respectively. At 8
days, however, plasma calcitonin, as well as calcium,
decreased significantly (P<0.05) in the bisphenol A-treated
goldfish (117.50+£10.86 pg/ml).

Detection of plasma vitellogenin using SDS-PAGE in the
bisphenol A-treated goldfish

The results are shown in Fig. 3. At 8 days, plasma vitel-
logenin (140 kDa) was detected by SDS-PAGE in the
bisphenol A-treated goldfish. However, it was not found in
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Fig. 2. Plasma calcitonin levels in the bisphenol A-treated goldfish
(a) and control goldfish (@). Values are means+SEM. * indicates a
statistically significant difference at P<0.05, compared with the val-
ues in the control.
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Fig. 3. Detection of plasma vitellogenin using SDS-PAGE in the
bisphenol A-treated goldfish and control goldfish. The band of vitel-
logenin (VTG)(140 kDa) was detected in the plasma of bisphenol A-
treated goldfish but not in that of control goldfish.

the plasma of control goldfish.

DISCUSSION

In teleost fish, estrogen is known to be a hypercalcemic
hormone that enhances the activities of scale osteoclasts
(Persson et al., 1995; Suzuki et al., 2000a). Several reports
have shown that the plasma calcium level increased by
treatment with estrogen at least during 2 weeks (Mugiya and

Watabe, 1977; Bjérnsson et al., 1989: Persson et al., 1995).
By the treatment of bisphenol A, the plasma calcium level
had increased at 4 days and then dramatically decreased at
8 days in the present study (Fig. 1). Therefore, bisphenol A
treatment brought about different actions from estrogen in
the goldfish and affected the calcium homeostasis. In addi-
tion, we indicated that bisphenol A directly suppressed
osteoclastic and osteoblastic activities in the scale in an in
vitro study (Suzuki and Hattori, 2003). These data show that
bisphenol A affects calcium metabolism in teleosts.

During reproductive period, the synthesis of vitellogenin
in the liver was induced by estrogen (Kwon ef al., 1993). In
the present study, plasma vitellogenin was detected at 8
days after treatment of bisphenol A (Fig. 3). However, the
plasma calcitonin level was inhibited at 8 days after the
treatment (Fig. 2), although it has been reported that calci-
tonin secretion increased by estrogen (Bjérnsson et al.,
1989). In plasma calcitonin as well as calcium, therefore,
bisphenol A acts differently from estrogen in the goldfish.
Furthermore, we demonstrated that calcitonin receptor was
expressed in the ovary of teleosts (Suzuki et al., 2000b),
suggesting that calcitonin has some roles in the maturation
and early development of eggs. These results suggest that
bisphenol A influences fish reproduction as well as calcium
homeostasis. On the other hand, bisphenol A is known to
induce larval deformities and growth suppression (for a
review, see Vos et al., 2000). Our recent in vitro study indi-
cated that bisphenol A suppressed bone cell activities
(Suzuki and Hattori, 2003). In addition, we have shown in
the present study that bisphenol A affects calcium homeo-
stasis. Therefore, bisphenol A might induce the deformity of
larvae and growth suppression.

Bisphenol A, similar to estrogen, binds to ER, as is well
known in mammals and teleosts (for reviews, see Vos et al.,
2000; Safe et al., 2001). However, a different action caused
by bisphenol A and estrogen has been reported, although
the detailed mechanism has not been elucidated. For exam-
ple, bisphenol A had no effect on rat uterine weight (Gould
et al., 1998). In human spermatozoa, it did not exert any
direct effect on progesterone-mediated calcium fluxes,
although estrogen had an inhibitory effect on it (Luconi et al.,
2001). Furthermore, it has been reported that, in the human
endometrial carcinoma cell line, estrogen produced a 2-fold
increase in the cell number, but bisphenol A did not induce
cell proliferation (Bergeron et al., 1999). Our recent study
shows that bisphenol A significantly suppressed the tartrate-
resistant acid phosphatase and alkaline phosphatase activ-
ities in the cultured scale, that estrogen stimulated both
activities, and that the insulin-like growth factor-1 mRNA
expression decreased as a result of a bisphenol A treat-
ment, which was in contrast to the control and the estrogen
treatment (Suzuki and Hattori, 2003).

In the present study, we demonstrated that bisphenol A,
an estrogenic endocrine-disrupting chemical, induced an
action that was different from that of estrogen, and influ-
enced calcium homeostasis. In reproductive periods, many
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hormones such as the gonad-tropic hormone, are related to
the serial phenomena. Therefore, bisphenol A might influ-
ence other hormone(s) and affect fish reproduction. Further
study will be needed to elucidate the detail effect of bisphe-
nol A on reproduction.

ACKNOWLEDGMENTS

This study was supported by grants to N.S. (Grant-in-Aid for
Encouragement of Young Scientists, No. 14740455) and to A.H.
(Grant-in-Aid for Scientific Research (C), No. 12640647) sponsored
by the Ministry of Education, Science, Sports, and Culture of Japan.

REFERENCES

Azria M (1989) The Calcitonins: Physiology and Pharmacology.
Karger, Basel

Bereiter-Hahn J, Zylberberg L (1993) Regeneration of teleost fish
scale. Comp Biochem Physiol 105A: 625—641

Bergeron RM, Thompson TB, Leonard LS, Pluta L, Gaido KW
(1999) Estrogenicity of bisphenol A in a human endometrial
carcinoma cell line. Mol Cell Endocrinol 150: 179-187

Bjérnsson BTh, Haux C, Bern HA, Deftos LJ (1989) 17p-estradiol
increases plasma calcitonin levels in salmonid fish. Endocrinol-
ogy 125: 1754-1760

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

De Vlaming VL, Wiley HS, Delahunty G, Wallace RA (1980) Gold-
fish (Carassius auratus) vitellogenin: induction, isolation, prop-
erties and relationship to yolk proteins. Comp Biochem Physiol
67B: 613-623

Eriksen EF, Colvard DS, Berg NJ, Graham ML, Mann KG, Spels-
berg TC, Riggs BL (1988) Evidence of estrogen receptors in
normal human osteoblast-like cells. Science 241: 84-86

Gitelman HJ (1967) An improved automated procedure for the
determination of calcium in biological specimens. Anal Biochem
18: 521-531

Gould JC, Leonard LS, Maness SC, Wagner BL, Conner K,
Zacharewski T, Safe S, McDonnell DP, Gaido KW (1998)
Bisphenol A interacts with the estrogen receptor o in a distinct
manner from estradiol. Mol Cell Endocrinol 142: 203-214

Komm BS, Terpening CM, Benz DJ, Graeme KA, Gallegos A, Korc
M, Greene GL, O'Malley BW, Haussler MR (1988) Estrogen
binding, receptor mRNA, and biologic response in osteoblast-
like osteosarcoma cells. Science 241: 81-84

Kwon HC, Hayashi S, Mugiya Y (1993) Vitellogenin induction by
estradiol-17p in primary hepatocyte culture in the rainbow trout,
Oncorhynchus mykiss. Comp Biochem Physiol 104B: 381-386

Laemmli UK (1970) Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature 227: 680—
685

Luconi M, Bonaccorsi L, Forti G, Baldi E (2001) Effects of estrogenic
compounds on human spermatozoa: evidence for interaction
with a nongenomic receptor for estrogen on human sperm
membrane. Mol Cell Endocrinol 178: 39—-45

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

Norberg B, Bjérnsson BTh, Brown CL, Wichardt U-P, Deftos LJ,
Haux C (1989) Changes in plasma vitellogenin, sex steroids,
calcitonin, and thyroid hormones related to sexual maturation in
female brown trout (Salmo trutta). Gen Comp Endocrinol 75:
316-326

Okazaki R, Inoue D, Shibata M, Saika M, Kido S, Ooka H,
Tomiyama H, Sakamoto Y, Matsumoto T (2002) Estrogen pro-
motes early osteoblast differentiation and inhibits adipocyte dif-
ferentiation in mouse bone marrow stromal cell lines that
express estrogen receptor (ER) o or . Endocrinology 143:
2349-2356

Persson P, Takagi Y, Bjérnsson 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

Safe SH, Pallaroni L, Yoon K, Gaido K, Ross S, Saville B, McDon-
nell D (2001) Toxicology of environmental estrogens. Reprod
Fertil Dev 13: 307-315

Suzuki N, Suzuki D, Sasayama Y, Srivastav AK, Kambegawa A,
Asahina K (1999) Plasma calcium and calcitonin levels in eels
fed a high calcium solution or transferred to seawater. Gen
Comp Endocrinol 114: 324-329

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

Suzuki N, Suzuki T, Kurokawa T (2000b) Cloning of a calcitonin
gene-related peptide receptor and a novel calcitonin receptor-
like receptor from the gill of flounder, Paralichthys olivaceus.
Gene 244:81-88

Suzuki N (2001) Calcitonin-like substance in the plasma of Cyclos-
tomata and its putative role. Comp Biochem Physiol 129B:
319-326

Suzuki N, Hattori A (2003) Bisphenol A suppresses osteoclastic and
osteoblastic activities in the cultured scales of goldfish. Life Sci
(in press)

Vos JG, Dybing E, Greim HA, Ladefoged O, Lambré C, Tarazona
JV, Brandt I, Vethaak AD (2000) Health effects of endocrine-
disrupting chemicals on wildlife, with special reference to the
European situation. Crit Rev Toxicol 30: 71-133

Watts EG, Copp DH, Deftos LJ (1975) Changes in plasma calcitonin
and calcium during the migration of salmon. Endocrinology 96:
214-218

Yamauchi H, Orimo H, Yamauchi K, Takano K, Takahashi H (1978)
Increased calcitonin levels during ovarian development in the
eel, Anguilla japonica. Gen Comp Endocrinol 36: 526-529

(Received January 14, 2003 / Accepted March 10, 2003)



