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ABSTRACT — It is well known that heavy oil such as pollutant caused serious influences on the marine
ecosystem. We may suffer from various disorders in our body via intake of marine foods polluted with
heavy oil. However the influences of heavy oil on our immune system have not yet been clarified. Here
we show the effects of heavy oil extracts, water-soluble fraction (WSF), methanol-soluble fraction (MSF)
and ethanol-soluble fraction (ESF), on immunoglobulin production of mouse splenocytes. All extracts
increased IgA productivity of splenocytes. In oral administration, shrinkage of the immune organs such
as spleen or thymus was observed in only WSF-administrated mice at least during 7 days. The amount of
IgG production level in splenocytes cultured medium and sera were reduced by each extract administra-
tion, A flowcytometry method, to monitor splenocytes of WSF-administrated mice, has been set up using
double staining with B and T cell-specific surface antibody. The results from cell population analysis indi-
cated that B cells, including plasma cells producing antibody were reduced. The decrease in IgG level in
sera was caused by reduction of plasma cells in spleen. Hence, it is suggested that reduction of Ig pro-
duction was affected by the chemical compounds contained in WSF possibly such as polycyclic aromatic

hydrocarbons (PAHs) through the estrogen receptor expressed in lymphocytes.
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INTRODUCTION

Heavy oil pollution causes scrious adverse influence on
the marine ecosystem. High incidence of heavy oil spills
from shipwrecks of heavy oil tankers is one of the major
sources of marine heavy oil pollution. In recent years, a
Russian tanker, the Nakhodka, was wrecked in the Japan
Sea. A large quantity of heavy oil that leaked out from this
accident spread along the coastline of the northern part of
Japan. Many researchers have investigated the influence
of this catastrophic event on marine ecosystem (Kasai et
al., 2001; Yamamoto e al., 2003; Hayakawa e? al., 2006).
The influence was examined from various viewpoints of
the marine ecosystem, typically dealing with target spe-
cies such as mussel, fish and gea birds (Griffin and Calder,
1977; Lemiere et al., 2004; Alonso-Alvarez ef al., 2007;

Nakayama ef al., 2008). On the other hand, there are few
reports on the influence of the heavy oil on human health.
The effects of chemical substances contained in heavy
oil on human health, especially on the immune system,
have not yet been well clarified. Although direct exposure

.to heavy oil itself may be low, it cannot be ignored that

there is a possibility that the high concentration of chem-
ical substances contained in heavy oil can accur through
bioaccumulation.

Polycyclic aromatic hydrocarbons (PAHs) such as ben-
zopyrene are well known as chemicals contained in heavy
oil (Diez et al., 2005; Hayakawa e! al., 2006; Navas
et al., 2006; Saco-Alvarez et al., 2008). These chemi-
cals act as carcinogens or mutagens (Arcaro et al., 2001).
Therefore exposure to heavy oil can be a serious health
hazard. Here, we focused on the influence of water-sol-
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uble substances, including the secondary metabolites in
heavy oil on terrestrial mammals. In order to assess the
in vivo effect, in our previous studies, water-soluble frac-
tion (WSF) was orally administrated to mice. We found
that the chemical compounds in WSF of heavy oil were
induced by the abnormalities in reproductive organs
(Nishimoto et al., 2008, 2009). Humans are usually
exposed to many kinds of chemical substances in their
surroundings. Exposure to these chemicals via inhalation
or skin contact could jeopardize the immune system and
lead to immune system diseases such as sick house syn-
drome (Gao et al., 2008). The IgG and IgA in our body
play a very important role in cellular and mucosal immu-

nity (Heiner, 1984; Ochs and Wedgwood, 1987; Fagarasan

and Honjo, 2003; Cerutti, 2008). Hence, in this paper, we
focused on the mammalian immune system, and investi-
gated the potential influence of the chemical substances
contained in heavy oil on mouse splenocytes.

Major population of cells in spleen is comprised of
B and T lymphocytes. B lymphocytes could be grouped
into mature B cells (B220+) and antibody-producing plas-
ma (B220%<) cells, and CD3+*T lymphocytes, are sepa-
rated into helper T (CD4*) cells and cytotoxic T (CD8*)
cells. Helper T cells and cytotoxic T cells play criti-
cal roles in acquired immunity (Singh er al., 1999; Zhu
and Paul, 2008). Many points still remain unclear in the
effects of heavy oil WSF on mouse immune system. To
clarify these points, we examined the Ig production lev-
els in mouse splenocytes and peripheral blood serum by
enzyme-linked immunosorbent assay (ELISA), and the
cell population in spleen by flowcytometry analysis.

MATERIALS AND METHODS

Sample preparation

Heavy oil was obtained from Dr. Shin-Ichi Kitamura,
Center for Marine Environmental Studies (CMES) in
Ehime University. To study the solvent-dependent manner
because the soluble components are dependent on each
solvent, the sample was extracted with distilled water
(DW), methanol, and ethanol, respectively. Heavy oil was
added to each vehicle (10%, v/v) and gently mixed for 20
hr following the methods described previously (Stephens
et al., 1997). Collected water phase sample was called
“WSF”, In the same way, methanol and ethanol extracts
were called “Methanol-soluble fraction (MSF)” and “Eth-
anol-soluble fraction (ESF)”, respectively. These samples
were withdrawn and supplied to in vifro and in vivo assay
systems. For oral administration, portions of MSF and
ESF were evaporated with these solvents, and samples
were then suspended with dimethyl sulfoxide (DMSO).
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These solutions were stored at —20°C storage and thawed
at room temperature prior to administration. .

Cell culture and condition

Mouse splenocytes and estradiol-sensitive cells were
used to investigate immunoglobulin (Ig) productivity and
estrogenic activity of heavy oil samples. For splenocytes
preparation, mice were killed by cervical dislocation,
and spleens were excised from the cavity. Spleens were
strained with 40 nm-pore nylon mesh, and collected cells
were hemolyzed with hemolysis buffer (155 mM NH,CI,
15 mM NaHCO,, | mM EDTA-2Na, pH 7.3). After wash-
ing twice, lymphocytes from spleen were obtained. For
in vitro assay in naive mice, splenocytes were cultured in
ERDF medium (Kyokuto Pharmaceutical, Tokyo, Japan)
supplemented with WSF, MSF and ESF at various con-
centrations for 24 hr. For in vitro assay in WSF, MSF and
ESF administrated mice, splenocytes were cultured in
ERDF medium without supplement for 24 hr. After the
cultivation, all supernatants were collected for the meas-
urement of Ig production. Estradiol-sensitive T47D-
KBluc cells were purchased from ATCC (Manassas,
VA, USA). These cells were transformed cells stably
expressing estradiol responsive elements (Wilson et al.,
2004). T47D-KBluc cells were normally maintained with
10% fetal bovine serum (FBS)/ERDF medium. All cells
were cultured in ERDF medium at 37°C under 5% CO, in
humidified air condition.

Animals and oral administration

Female albino mice were purchased from the Japan
SLC, Inc. (Hamamatsu, Shizuoka, Japan). Mice were
housed in a room maintained at 24°C on a 12 hr light/
dark cycle in specific pathogen-free facility, and provid-
ed tap water and diet ad libitum. All animal experiments
were carried out in accordance with protocols approved
by the Ehime University Animal Care and Use Committee
and were performed in accordance with applicable guide-
lines and regulations. Three female mice (8 weeks old)

. per group were administered WSF, MSF, ESF or DMSO

as a control. Each mouse was administrated with 20 ul
volume of each sample per day at various concentra-
tions for 7 or 28 days (only WSF) continuously. At 7, 14,
21 and 28 days, body weight and excised tissue weight
were measured and the sera were separated from collect-

-ed blood.

ELISA assay

All antibodies were purchased from Zymed
Laboratories (Carlsbad, CA, USA). The amount of IgA,
1gG, and IgM in the culture medium was measured by
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ELISA (Miyazaki et al., 1998; Sugahara et al., 2008). For
Igs detection, rabbit anti-mouse IgM, IgA and IgG were
used to fix mouse IgM, IgA and IgG, respectively. These
antibodies were diluted 1,000 times with 50 mM sodi-
um carbonate-bicarbonate buffer (pH 9.6). Each well of
ELISA plate was treated with 100 pl of the antibody
solution for 2 br at 37°C, Following blocking with 1%
bovine serum albumin (BSA)/phosphate-buffered saline
(PBS) for 24 hr at 37°C, each well is treated with 50 pl
of culture supernatant or mouse anti-sera diluted with 1%
BSA/PBS for 1hr at 37°C. For mouse Igs detection, the
secondary antibodies, HRP-conjugated goat anti-mouse
IgA, HRP-conjugated goat anti-mouse IgG, HRP-con-
jugated goat anti-mouse IgM were used, respectively.
The well was treated with 100 gl of each second anti-
body diluted 1,000 times with 1% BSA/PBS for 1 hr
at 37°C. For staining, 100 pl of 0.6 mg/ml of 2,2"-azi-
no-bis(ethylbenzothazoline-6-sulfonic acid diammonium
salt) dissolved in 0.03% H,0,-0.05M citrate buffer (pH
4.0) was added to wells. The absorbance at 415 nm was
measured after the addition of 100 pl of 1.5% oxalic acid
for termination of the coloring reaction. The wells were
washed three times with 0.05% Tween20-PBS between
each step.

Reporter gene assay

For reporter gene assay, charcoal-treated FBS (cFBS)
was used for cell culture. Briefly, FBS was prepared
with 50 mg/ml activated charcoal (Sigma, St. Louis,
MO, USA) for 0.5 hr rotation. The treated FBS were
then filtered through a 0.22 ym membrane filter. Fol-
lowing the pre-culture with 5% ¢cFBS/ERDF medium
for 3 days, T47D-KBluc cells were cultured with WSF,
MSF and ESF in ERDF medium containing 5% cFBS
for 48 hr (Wilson ef al., 2004). Culture treated with 17p-
estradiol (Sigma) at 0.1 nM was used as control. The luci-
ferase assay was carried out using the Luciferase Assay
System (Promega, Madison, W1, USA) and luminescence
was measured by Luminescencer-JNR (ATTO, Tokyo,
Japan) according to the instructions provided by the man-
ufacturer.

Flowcytometry analysls

All antibodies for FACS analysis were purchased from
BioLegend, Inc. (San Diego, CA, USA). For B and T lym-
phocytes frequencies measurement in spleen, splenocytes
were stained with the anti-CD3e and anti-B220. While for
helper and cytotoxic T lymphocytes frequencies meas-
urement, splenocytes were stained with the anti-CD4 and
anti-CD8a. Briefly, splenocytes were labeled on ice for 30
min with appropriate antibodies, followed by two wash-

¢s in FACS buffer (2% FBS/PBS, 0.01% sodium azide).
The labeled cells were resuspended in FACS buffer and
the data were acquired using FACScalibur with CellQuest
(BD Biosciences), and then analyzed using WinMDI soft-
ware (TSRI, La Jolla, CA, USA).

Statistical analysls

Results are expressed as means + standard deviation
(S.D.). Tukey's test was used to assess the statistical sig-
nificance of the difference between control and treated
groups. Each value of p < 0.05* or p < 0.01** is consid-
ered to be statistically significant.

RESULTS

in vitro effects of heavy oll extracts on mouse
splenocytes

In order to examine the effect of heavy oil extracts on
immune cells, for in vitro assay, splenocytes were pre-
pared from naive mice. The cells were inoculated at 7.5 x
108 cells/ml and cultured for 24 hr in ERDF medium sup-
plemented with each heavy oil extract at various concen-
trations. The amounts of Ig produced by splenocytes in
the culture medium were quantified by ELISA. As shown
in Fig. 1, all extracts enhanced IgA production in dose-
dependent manner. However, IgG production was not
promoted. From this result, it was found that each extract
might induce production of selectively different Ig sub-

classes in primary splenocytes.

Ig production of splenocytes in heavy oll
extracts-administrated mice

To investigate the effects of heavy oil extracts on
immune system in vivo, we orally administered WSF,
MSF and ESF at 10~ (n = 0-2) diluted concentration to
mice for 7 days. The body weights of each heavy oil
extracts-administrated mice did not change or slight-
ly reduced (data not shown). Splenocytes prepared from
each extracts administrated-mice were inoculated at 7.5
x 105 cells/ml and cultured for 24 hr in ERDF medium.
As shown in Fig. 2A, IgA production increased at low-
est concentration of fractions in WSF- and ESF-adminis-
trated mice. However, IgA production of splenocytes was
reduced in each extract-administrated mice at the highest
concentration of fractions. On the other hand, IgG pro-
duction was significantly suppressed at afl concentration
of fractions in WSF-administrated mice (Fig. 2B).
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Fig. 1.

In vitro effects of heavy oil extracts on immunoglobulin production and cytotoxicity of splenccytes in naive mice.

Mouse splenocytes were inoculated at 7.5 x 10 cells/ml in ERDF medium supplemented with or without three kinds of
heavy oil extracts at various concentrations and cultured for 24 hr. Amounts of IgA and IgG production measured by ELISA
were indicated in each figure. IgA and IgG were indicated as open circle (o) and open square (D), respectively. Shaded
figures showed DW or DMSO as control for each. These results are expressed as the mean + S.D. of two indepeadent meas-
urements, Significant difference with appropriate control or each sample (**; p <0.01, *; p < 0.05).

The amount of Ig contalned in the sera of heavy
oll extracts-administrated mice

1g subclass productivity differed among splenocytes
prepared from.different heavy oil extracts-administrated
mice for 7 days. To examine whether Ig productivity in
peripheral bloed has the same tendency as in splenocytes,
we measured the amount of Ig in sera collected from each
extract-administrated mice by ELISA. As shown in Fig.
3A, the amount of IgA decreased but significant differ-
ences and dose-dependent manner were not shown in
MSF- and ESF-administrated mice, respectively. In WSF-
administrated mice, IgA production was roughly constant.
On the other hand, it was indicated in Fig. 3B that the
amount of IgG was reduced in WSF-administrated mice
at the highest concentration. From the results in Figs. 2
and 3, it was revealed that the highest concentration of
WSF in this experiment decreased the amount of IgG in
the sera with decreasing of IgG productivity in spleno-

cytes.

Chemlcal substances contalned in heavy oll
extracts have estrogenic activity

T47D-KBluc cells were stably expressed estrogen
responsive elements bound to luciferase gene, and luci-
ferase gene expression responded to the 17f-estradiol
concentration (Wilson e al., 2004). Previously, we found
that chemical compounds contained in WSF have estro-
genic activity (Nishimoto ef al., 2008, 2009). To investi-
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gate whether MSF and ESF have estrogenic activity, we
carried out the luciferase reporter gene assay.

Following pre-culture, T47D-KBluc cells were inocu-
lated at 2.0 x 10¢ cells/ml and cultured for 48 hr in ERDF
medinm supplemented with each heavy oil extract at var-
ious concentrations. For the fluorescence relativity, lumi-
nescence intensity of 0.1 nM B-estradiol was calculated as
1. As indicated in Table 1, the relative estrogenic activity
in MSF- or ESF-treated cells was lower than that of the
control or WSF-treated cells. In MSF-treated cells, estro-
genic activity was enhanced at low concentration.

Histological effect of heavy oil extracts on orally
administrated mice

From the results of reporter gene assay, we found that
the estrogenic activity in WSF was stronger than that in
MSF or ESF. Moreover, from previous experiments, the
atrophy of spleen and thymus in only WSF-administrat-
ed mice for 7 days was observed. In order to examine the
histological effects of WSF for a long duration, mice were
orally administrated with WSF continuously for 28 days.
The mice were divided into three mice for each admin-
istration group, and the experiment was repeated twice
independently. The body weights of WSF-administrated
mice were slightly reduced (data not shown).

Most interestingly, a marked atrophy of spleen and thy-
mus in WSF-administrated mice at 28 days was cbserved
(Figs. 4A and B). As indicated in Table 2, significant
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Fig. 2.

Immunological effect on each heavy oil extract-administrated mice.

Mice were administrated with WSF, MSF and ESF for 7 days. For control, DW and DMSO were used. Splenocytes prepared
from administrated mice were inoculated at 7.5 x 10¢ cells/ml in ERDF medium. Cells were cultured for 24 hr. IgA and IgG
production measured by ELISA were indicated in (A) and (B), respectively. These results are expressed as the mean = S.D.
of two independent measurements. Significant difference with appropriate control or each sample (*; p < 0.01).

weight loss occurred in these immune organs of WSF-
administrated mice compared to that of the control mice.
Spleen and thymus were shrunk more than 20% in weight
within 7 days from the start of WSF administration. The
atrophy was quickly induced at administration period
for 7 days. Once atrophy in these organs has developed,
shrinking rate was constant or gradually increased there-
after.

Population analysis of splenocytes from
WSF-administrated mice

The chemical compounds in WSF caused atrophy of
spleen and thymus. In order to reveal the reason for atro-
phy of spleen, we analyzed the population of T and B
lymphocytes in spleen. B220 is expressed on the surface
of mature B lymphocytes. The activated B cells differen-
tiated into Ig producing plasma cells. As shown in Fig.
5A, plasma cells in B220- region reduced approximate-
ly 4.5% in spleen of WSF-administrated mice. T lym-

phocytes are mainly distinguished into helper and cyto-
toxic type, CD4 and CD8, respectively. Moreover, CD3"
T lymphocytes increased approximately 8.2% compared
to that in the control mice (Fig. 5B). To analyze the reason
for the increasing CD3* T lymphocytes population, splen-
ocytes were stained for both CD4 and CD8. As shown in
Fig. 5C, only CD4* T lymphocytes increased for approx-
imately 8.2% whercas CD8' cells population remained
constant compared to control.

DISCUSSION

When chemical compounds are taken into the body
through foods such as contaminated fish, some part of
them is metabolized and excreted, while some are accu-
mulated in our body for a long time. Heavy oil is a typ-
ical contaminant in marine ecosystem and many fishes
are contaminated with chemical substances contained in
heavy oil. To assess the risk of effects of heavy oil intake

Vol. 34 No. 5
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Fig. 3.

Immunological effect on peripheral blood in each heavy oil extract-administrated mice.

Mice were administrated with WSF, MSF and ESF for 7 days. DW and DMSO were used as controls. The amounts of IgA
and IgG production in peripheral sera measured by ELISA were indicated in (A) and (B), respectively. These results are
expressed as the mean £ S.D. of two independent measurements.

Table 1. Relative estrogenic activity in heavy oil extracts

Concentrations (%) 0.0001 0.005 0,05 0.2 25

WSF 1.21 1.20 1.83 1.60 1.36
MSF 0.69 0.59 0.33 0.31 0.03
ESF 0.25 0.31 0.36 041 0.23

Relative estrogenic activities indicate that luminescence intensity of 0.1 nM f-estradiol at was calculated as 1. Luciferase assay data

was obtained from four times independently repeated experiments.

via food web, we examine the effect of chemical com-
pounds contained in heavy oil on mice. In previous study,
we found that chemical substances in heavy oil induced
cystoma-like formation and atrophy of prostate gland
(Nishimoto er al., 2009). It was suggested that the chem-
icals in heavy oil affects reproductive organs in mam-
mals. It has been known that some chemicals could trig-
ger allergic diseases (Hess, 2002; Hasegawa ef al., 2009)

Vol. 34 No. 5

and induced immnotoxicity in the immune organs (Gao
ef al., 2008). Hence, in this study, to investigate wheth-
er the chemical substances in heavy oil could affect other
organs aside from reproductive tissues, we focused on the
immune tissues.

To examine whether heavy oil extracts has effects on
mouse immune cells, we used splenocytes from naive
mice. IgA production of splenocytes treated with WSF,
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Fig. 4. Pathological abnormality of immune tissues in WSF-administrated mice.
Mice were orally administrated with WSF for 7, 14, 21 and 28 days. Spleen (A) and thymus (B) was excised from perito-
neal and thoracic cavity, respectively, at each collection date. Three mice were divided into each administration group. This

experiment was carried out twice independently.

MSF and ESF was enhanced in a dose-dependent manner
(Fig. 1). However 1gG production remained constant.
Moreover, the amount of IgA produced by splenocytes
from WSF-administrated mice at low concentration of
fractions was increased. On the other hand, the amount

of IgG produced by splenocytes from each extract-admin-
istrated mice significantly decreased irrespective of the
fraction concentration. Through the differences in the Igs
productivity in splenocytes between naive and adminis-
trated mice, we suggest that splenocytes from naive mice

Vol. 34 No. 5
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Table 2. Relative atrophic rate of various tissues in WSF-administrated mice

Administration period Spleen Thymus Liver Kidney

1 week 75542 5444+24" 868:+16° 933+ 6.5
2 week 80.7 59 79.8 £ 16.1 773249 964 + 6.6
3 week 65.0 =159 68245 701 45" 883+27°
4 week 69.1 £ 9.5 53.7x13.1° 73787 900 7.1

Relative atrophic rate was calculated based on the tissue weight of control mouse for criteria. The value are expressed as mean + S.D,
for 3 to 6 mice per administration period. One (*) and two (**) asterisk marks indicate statistical significance at P < 0.05 and P < 0.01

vs control, respectively.

directly and rapidly responded without observed effects

by metabolite. These different responses may be induced

by not only chemical metabolites but also chemical com-
pounds contained in each extract in administrated mice,
because solvent-dependent differences were shown on the
productivity and concentration of Igs.

The amount of IgG in the sera from WSF-adminis- .

trated mice decreased approximately 60% compared to
the control level. Both the in vifro effect and the amount
of Igs in sera i.e., IgG production has the same tenden-
cy. The IgG in our body plays a very important role in
cellular immunity (Heiner, 1984; Ochs and Wedgwood,
1987). Since these results showed that 1gG level reduc-
tion occurred in the sera from WSF-administrated mice,
it followed that chemical components in WSF may have
IgG-oriented effects.

An intensive estrogenic activity was exhibited in
WSEF thought there was also estrogenic activity in MSF
and ESF. With regard to the relationship between estro-
genic activity and 1gG production, we found that the
chemical compounds showing intense estrogenic activi-
ty suppressed IgG production. Therefore chemical com-
pounds exhibiting estrogenic activity are more soluble in
water than in methanol or ethanol. There are many kinds
of chemical substances contained in heavy oil, and the
well known major components are PAHs. Some PAHs
are water soluble, and have estrogenic activity and car-
cinogenicity (Singhal ef al., 2008). Estrogen receptors
(ERs) are expressed in lymphocytes (Pernis, 2007; Tai ef
al., 20608), chemical compounds such as PAHs that have
estrogenic activity may affect immune responses of lym-
phocytes by signal transduction via ERs.

We observed atrophy of spleen and thymus in only
WSF-administrated mice. T and B cell maturation
progress in white pulp of spleen, and many antibodies
are produced from plasma cells. Immature T cells devel-
op in thymus, and naive T cells migrate to spleen or other

Vol. 34 No. 5

lymph nodes. To confirm the reason for atrophy of spleen,
we analyzed lymphocytes population in spleen. We found
that B220* B cells number decreased and CD3* T cells
number were increased, and the numbers of CD4* T cells
increased whereas populations of CD8* T cells were
almost constant. It was suggested from FACS analysis
that decrease in B cell population was correlated with the

‘reduction of IgG production in sera or spleen from WSF-

administrated mice. Since the number of plasma celis pro-
ducing Ig was decreased, we presumed that the amount of
IgG was low.

There are several reasons for atrophying spleen. In
conclusion, we suggest that one of the reasons of spleen
atrophy is the reduction in the population of plasma cell
producing IgG. Chemical substances such as PAHs hav-
ing estrogenic activity in WSF may affect Ig secreted
from lymphocytes via ERs.

On the other hand, CD4* T cells performed impor-
tant roles such as in immune diseases (Mellergrd et al.,
2004; Zhu and Paul, 2008). We speculate that increase of
CD4* T cells is attributed to the feedback stimulation of
irregularly secreted cytokines by intracellular disturbance
through ERs (Pernis, 2007; Tai et al., 2008). Though we
have to analyze the Th subsets in detail, it could be sug-
gested that chemical compounds in WSF may modulate
the balance between Thl and Th2 in CD4* T lymphocytes
(Nohara e? al., 2002; Kushima et al., 2009).

Hence, considering these results it is possible that we
may suffer from opportunistic infection or immune dis-
eases such as allergy or rheumatoid arthritis by severe
damage in immune system when chemical substances
having estrogenic activity are orally taken into our body
(Hess, 2002; Hasegawa et al., 2009). However, the pre-
cise mechanism of the effect of WSF on immune system
is not completely clarified. The detailed analysis of splen-
ocytes and thymocytes population is now under investi-
gation.
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Fig. 5.

Splenocytes population analysis in WSF-administrated mice.

Splenocytes were prepared from 14 days WSF-administrated mice. (A) High or low B220 expressed cells are indicated as
mature B or plasma cells, respectively. (B) B and T cells population. (C) Cytotoxic and helper T cells belonging to T cells.
These results are expressed as the mean £ S.D. of six individual mice in two independent experiments.

ACKNOWLEDGMENTS

We thank, F.T. Celino, for proofreading of this man-
uscript. This work was supported by Research Grant for
Young Scientists from Ehime University “Global COE
Program” (S.N.) from the Japanese Ministry of Educa-
tion, Culture, Sports, Science and Technology. (T. S.)

REFERENCES

Alonso-Alvarez, C., Pérez, C. and Velando, A. (2007): Effects of
acute exposure to heavy fuel oil from the Prestige spill on a sea-
bird. Aquat. Toxicol., 84, 103-110.

Arcaro, K.F., Gierthy, J.F. and Mackerer, C.R. (2001): Antiestro-
genicity of clarified slurry oil and two crude oils in a human
breast-cancer cell assay. J. Toxicol. Environ. Health A., 62, 505-

Vol. 34 No. 5



468

S. Nishimoto et al.

s21.

Cerutti, A. (2008): The regulation of IgA class switching. Nat. Rev.
Immunol., 8, 421-434,

Diez, S., Sabaté, J., Viilas, M., Bayena, J.M., Solanas, AM. and
Albaigés, J. (2005): The prestige oil spill. 1. Biodegradation of
a heavy fuel oil under simulated conditions. Environ. Toxicol.
Chem., 24, 2203-2217.

Fagarasan, S. and Honjo, T. (2003): Intestinal IgA synthesis: regula-
tion of front-fine body defences. Nat. Rev. Immunol,, 3, 63-72.

Gao, S., Wang, Y., Zhang, P., Dong, Y. and Li, B. (2008): Suba-
cute oral exposure to dibromoacetic acid induced immunotoxic-
ity and apoptosis in the spleen and thymus of the mice. Toxicol.
Sci., 105, 331-341.

Griffin, L.F. and Calder, J.A. (1977): Toxic effect of water-soluble

_ fractions of crude, refined, and weathered oils on the growth of 2
marine bacterium. Appl. Environ. Microbiol., 33, 1092-1096.

Hasegawa, G., Marinaga, T. and Ishihara, Y. (2009): Ortho-Phthala-
Idehyde enhances allergen-specific IgE production without aller-
gen-specific IgG in ovalbumin-sensitized mice. Toxicol. Lett.,
188, 45-50.

Hayakawa, K., Nomura, M., Nakagawa, T., Oguri, S., Kawanishi,
T., Toriba, A., Kizu, R., Sakaguchi, T. and Tamiya, E. (2006):

to and recovery of coastlines polluted with C-heavy oil
spilled from the Nakhodka. Water Res., 40, 981-989,

Heiner, D.C. (1984): Significance of immunoglobulin G subclasses.
Am. J. Med., 76, 1-6.

Hess, E.V. (2002): Environmental chemicals and autoimmune dis-
case: cause and cffect. Toxicology, 181-182, 65-70.

Kasai, Y., Kishira, H., Syutsubo, K. and Harayama, S. (2001):
Molecular detection of marine bacterial populations on beach-
es contaminated by the Nakhodka tanker oil-spill accident.
Environ. Microbiol., 3, 246-255.

Kushima, K., Sakuma, S., Furusawa, S. and Fujiwara, M. (2009):
Prenatal administration of indomethacin modulates Th2
cytokines in juvenile rats. Toxicol. Lett., 185, 32-37.

- Lemiere, S., Cossu-Leguille, C., Bispo, A, Joundain, M.J., Lanhers,
M.C., Bumnel, D. and Vasseur, P. (2004): Genotoxicity related
to transfer of oil spill pollutants from mussels to mammals via
food. Environ. Toxicol,, 19, 387-395.

Mellergéird, J., Havarinasab, S. and Hultman, P. (2004): Short- and
long-term effects of T-cell modulating agents in experimental
autoimmunity. Toxicology, 196, 197-209.

Miyazaki, Y., Nishimoto, S., Sasaki, T. and Sugahara, T. (1998):
Spermine enhances IgM productivity of human-human hybri-
doma HB4CS cells and human peripheral blood lymphocytes.
Cytotechnology, 26, 111-118.

Nakayama, K., Kitamura, S., Murakami, Y., Seng, J.Y.,, Jung, S.J.,
Oh, M.J,, Iwata, H. and Tanabe, S. (2008): Toxicogenomic anal-
ysis of immune system-related genes in Japanese flounder (Par-
alichthys olivaceus) exposed to heavy oil. Mar. Pollut. Bull., 57,
445-452,

Navas, .M., Babin, M., Casado, S., Femindez, C. and Tarazona, J.V.
(2006): The Prestige oil spill: a laboratory study about the toxic-

Vol. 34 No. §

ity of the water-soluble fraction of the fuel oil. Mar. Environ.
Res., 62, Suppl: S352-355.

Nishimoto, S., Yamawaki, M., Akiyama, K., Kakinuma, Y.,
Kitamura, S. and Sugahars, T. (2009): Severe abnormalities in
the reproductive organs of mice caused by chemical substances
contained in heavy oil. J. Toxicol. Sci., 34, 239-244,

Nishimoto, S., Yamawaki, M., Kitamura, S., Akiyama, K.,
Kakinuma, Y. and Sugnhara, T. (2008): Risk assessment of heavy
oil extracts on terrestrial mammals. In Biological Responses to
Chemical Pollutants (Murakami, Y., Nakayama, K., Kitamura,
S., Iwata, H., Tanabe, S., eds.), pp.269-274, Terrapub, Tokyo.

Nohara, K., Fujimaki, H., Tsukumo, S., Inouye, K., Sone, H. and
Tohyama, C. (2002): Effects of 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD) on T cell-derived cytokine production in ovalbu-
min (OVA)-immunized CS7Bl/6 mice. Toxicology, 172, 49-58.

Ochs, H.D. and Wedgwood, RJ. (1987): IgG subclass deficiencies.
Annu. Rev. Med,, 38, 325-340.

Pemis, A.B. (2007): Estrogen and CD4+ T cells. Curr. QOpin.
Rheumatol., 19, 414-420.

Saco-Alvarez, L., Bellas, J., Nicto, O., Beyona, J. M., Albaigés, J. and
Beiras, R. (2008): Toxicity and phototoxicity of watcr-accom-
modated fraction obtained from Prestige fuel oil and Marine
fuel oil evaluated by marine bioassays. Sci. Total Environ.,
394, 275-282.

Singh, VK., Mchrotra, S. and Agarwal, S.S. (1999): The paradigm
of Thi and Th2 cytokines: its relevance to autoimmunity and
allergy. Immunol. Res., 20, 147-161.

Singhal, R., Shankar, K., Badger, T.M. and Ronis, M.J. (2008):
Estrogenic status modulates aryl hydrocarban receptor--mediat-
ed hepatic gene expression and carcinogenicity. Carcinogenesis,
29, 227-236.

Stephens, S.M., Brown, J.A. and Frankling, S.C. (1997): Stress
responses of larval turbot, Scophthelmus maximus L., exposed
to sub-lethal concentrations of petroleum hydrocarbons. Fish
Physiol. Biockem., 17, 433-439.

Sugahara, T., Nishimoto, S. and Miyazaki, Y. (2008): Effects of
polyamines on proliferation and IgM productivity of human-
human hybridoma, HB4CS5 cells. Cytotechnology, 57, 115-122.

Tai, P., Wang, J,, Jin, H., Somg, X., Yan, J., Kang, Y., Zhao, L., An,
X., Dy, X., Chen, X., Wang, S., Xia, G. and Wang, B. (2008):
Induction of regulatory T cells by physiological level estrogen.
J. Cell Physiol., 214, 456-464.

Wilson, V.S., Bobseine, K. and Gray, L.E.Jr. (2004): Development
and characterization of a cell line that stably expresses an estro-
gen-responsive luciferase reporter for the detection of estrogen
receptor agonist and antagonists. Toxicol. Sci., 81, 69-77.

Yamamoto, T., Nakaoka, M., Komatsu, T., Kawai, H., Marine Life
Resecarch Group of Takeno, Ohwada, K. (2003): Impacts by
heavy-oil spill from the Russian tanker Nakhodka on intertidal
ecosystems: recovery of animal community, Mar. Pollut. Bull.,
47,91-98.

Zhu, J. and Paul, W.E. (2008): CD4 T cells: fates, functions, and
faults. Blood, 112, 1557-1569.



