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研究成果の概要（和文）：重金属をはじめとする無機物質は強い毒性を持ち、癌等のヒトの生命に直接的に関わる重大
疾患を誘発するので、最優先で健康リスクが検討されるべきである。本研究では、飲用井戸水の無機物質汚染に焦点を
当て、まず、アジア地域における海外学術調査により、複数の無機物質に汚染された飲用井戸水の現状を把握する。次
に、単独および複数の無機物質曝露の発癌毒性を評価し、井戸水から除去すべき無機物質を特定する。以上のように、
本研究では、海外学術調査を起点とし、飲用水の健康リスクの評価を介してアジアの公衆衛生の向上に貢献する。

研究成果の概要（英文）：Previous studies showed that inorganic matters caused severe diseases that 
directly affect human life such as cancers. Therefore, health risk of inorganic matters in well drinking 
water should be considered as first priority. In this study, we first review the pollution of inorganic 
mattes in well drinking water through our fieldwork in Asian countries. We then evaluate cancer toxicity 
of inorganic matters with considering plural exposure as well as sole exposure. We finally identify the 
inorganic matters to be removed from well drinking water. Thus, this study will contribute to the 
improvement of public health through evaluation of health risk of inorganic matters in drinking water in 
Asian countries.

研究分野： 衛生学・皮膚科学・毒性学

キーワード： 飲用井戸水　発癌リスク　皮膚癌
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１．研究開始当初の背景 
（1）アジアにおける飲用水無機物質汚染： 
	 飲用水の量と質は、生命維持に不可欠であ

るだけでなく、健康に大きな影響を与える。

しかし、アジアには、飲用井戸水の汚染状況

すら十分に把握されていない地域も少なく

ない。飲用井戸水の無機物質汚染の現状を調

査し、情報を公開し、国際世論を高め、支援

を促進することが必要である。 
 
（2）飲用水ヒ素汚染対策の必要性： 
	 現状が比較的把握されている飲用井戸水

の無機物質汚染の中ではヒ素が最も重要で

ある。世界保健機関（WHO）のガイドライン
値を超えるヒ素を含む飲用水を飲まざるを

得ない状況にあるヒトは、世界で 2億人とも
推定されている。近年、世界中のエイズウイ

ルス感染者よりも多いとも言われる慢性ヒ

素中毒患者より、爆発的な勢いで癌が発生し

ている。飲用井戸水における有害無機物質の

健康リスクを評価し、安全な飲用井戸水の供

給に役立てることが、公衆衛生の向上に、不

可欠である。	 

 
（3）飲用水中の無機物質の健康リスク： 
	 従来、無機物質の発癌毒性評価は、単独の

無機物質を対象に行われて来た。代表者らは、

井戸水に含まれるレベルのバリウム（Ba）が
単独で発癌毒性を持つ可能性を提案した。一

方、代表者らの知見を含めた従来の研究は、

飲用井戸水が複数の有害無機物質に汚染さ

れている可能性を報告している。ゆえに、井

戸水に含まれる無機物質の新規毒性を検討

するだけでなく、既に毒性が報告されている

無機物質について、複合曝露を勘案した健康

リスク評価を実施することも重要である。	  
	 癌はヒトの命に直結する重大疾患であり、

飲用井戸水中の有害無機物質が原因となる

癌の予防は大変重要である。 
 
２．研究の目的 
	 アジア地域の医学・生物学・分析化学・環

境科学研究者の学際研究により、海外学術調

査を実施し、飲用井戸水の無機物質汚染の現

状を把握し、無機物質の複合曝露を勘案して

健康リスクを評価する技術を検討するとと

もに、発癌毒性に焦点を当てて、健康リスク

を評価する衛生学研究を実践する。 
	 

（1）井戸水に含まれる有害無機物質の調査： 
	 ①井戸水の無機物質濃度：アジア地域を中

心とする海外学術調査により、井戸水に含ま

れる 38種類の無機物質を誘導結合プラズマ
質量分析装置（ICP-MS）にて測定し、汚染
地域の現状を確認するとともに、新たな汚染

地域を特定する。 

	 ②ヒトにおける無機物質蓄積量：井戸水を

飲用している住民の尿・毛髪・爪に含まれる

38種類の無機物質を ICP-MSを用いて測定
し、無機物質が毛髪・爪・尿に代謝・蓄積さ

れる量をヒトで検討する。 
 
（2）無機物質汚染の発癌毒性評価： 
	 分子生物学の知識・技術を用い、①発癌毒

性を持つ無機物質を新規に特定する。さらに、

②発癌毒性を修飾する複数無機物質の組み

合わせについて検討する。 
 
３．研究の方法 
（1） 井戸水中の有害無機物質の現状把握： 
	 国内外において、研究計画の倫理的承認を

得たのち、バングラデシュ・ベトナム等のア

ジア地域で、飲用井戸水および井戸水を飲用

する住民の検体（尿・毛髪・爪）を採取する。

検体を日本に輸送後、検体を灰化し、ICP-MS
にて 38種類の無機物質濃度を定量するとと
もに、統計学的手法等を用いて汚染地域の現

状を検討する。 
 
（2） 無機物質汚染の発癌毒性評価： 
	 ①培養細胞を用いた評価：無機物質単独曝

露および複合曝露の場合の発癌毒性を、培養

細胞を用いたコロニーアッセイ・インベージ

ョンアッセイ等を用いて評価する。さらに、

無機物質が発癌毒性を修飾するメカニズム

を定量 PCR・ウエスタンブロット等の生化学
的方法にて調べる。 
	 ②動物を用いた評価：野生型マウスにヒト

が実際に飲用しうるレベルのヒ素等の無機

物質を長期間投与し、急性・亜急性・慢性の

発癌毒性を調べる。 
 
４．研究成果	 

（1）ヒ素とバリウムの複合曝露と発癌毒性： 
	 代表者らは、試験管レベルでの先行研究に

おいて、バリウム単独で発癌毒性を持つ可能

性を報告している。本研究では、海外学術調

査の成果として、アジアの井戸水がヒ素だけ

でなくバリウムにも汚染されていることを

確認した（図 1）。そこで、飲用井戸水、ヒ素・
バリウム・バリウムの同族元素（マグネシウ

ム・カルシウム・ストロンチウム）に焦点を

当て、井戸水に含まれる有害無機物質とヒト

検体（尿・爪・毛髪）の濃度との相関関係を

調べた（Kato et al. PLoS ONE 2013）。 
	 	 	 	 	 	 	 	 	 	 	 	 	 	 【表 1】 

 
	 

	 

	 

	 

	 

samples. However, no correlations were found between levels of
magnesium, calcium and strontium in well drinking water samples
and levels in the human samples except for a significant
correlation (r = 0.54) between levels of calcium in well drinking
water samples and hair samples.

Correlation between Levels of Arsenic and Levels of
Barium Homologous Elements in Well Drinking Water
Samples and Human Samples

We next investigated correlations between levels of arsenic and
levels of barium homologous elements (magnesium, calcium,
strontium and barium) in well drinking water and human urine,
nail and hair samples (Table 3). Significant correlations were
found between levels of arsenic and levels of the 4 elements in well
drinking water samples, while the correlation between arsenic and
strontium was negative (r = 20.66). There were significant
correlations between levels of arsenic and levels of barium in
urine (r = 0.46), nail (r = 0.53) and hair (r = 0.56) samples despite
the fact that there was no significant correlation between levels of
arsenic and levels of the other 3 elements (magnesium, calcium
and strontium) in human samples.

Kinetics for Barium Adsorption in MF-HT
Based on results of the present study for concentrations of

arsenic and barium and previous results showing toxicity of arsenic
and barium [10,18–20], we tried to establish a method for
remediation for both arsenic and barium from well drinking water.
Since our previous study already provided evidence that MF-HT
could adsorb arsenic in water [21], we first determined the
adsorption ability of MF-HT for barium in water. Adsorption
kinetics and isotherms were examined in batch experiments
(Fig. 1). Langmuir isotherms were used to analyze the equilibrium
adsorption results for barium in MF-HT. Our equilibrium data for

barium adsorption in MF-HT (Fig. 1a) and the Langmuir isotherm
for barium adsorption in MF-HT (R2.0.95; Fig. 1b) show barium
adsorption by MF-HT.

Amount of Barium Adsorption in MF-HT
Since we obtained evidence of MF-HT-mediated barium

adsorption (Fig. 1), we measured the amount of adsorption in
MF-HT. After the indicated percents of weight of MF-HT (weight
of MF-HT/weight of solution) had been added to solutions with
1,000 mg/L barium and sequentially shaken for 60 min, barium
concentrations in the solutions were measured (Table 4). Our
results showed that 0.010% weight of MF-HT could adsorb
1,000 mg/L barium in the solutions to less than 700 mg/L, the
value of WHO health-based guidelines for drinking water.

Adsorption Time for Barium in MF-HT
We next examined MF-HT-mediated adsorption time for

1,000 mg/L barium solutions. The concentration of barium in
the solution treated with 1% weight of MF-HT was reduced from
1,000 mg/L to 60–70 mg/L within 15 sec (Table 5). Since
adsorption for a short time is important for application of MF-
HT to drinking water, this result encourages practical use of MF-
HT for barium-polluted drinking water.

Adsorption of Barium in Well Water by MF-HT
We finally examined whether MF-HT is able to adsorb barium

from well water. Adsorption experiments were performed using
well drinking water samples (n = 8) containing barium
(mean = 151.1 mg/L) and arsenic (mean = 298.2 mg/L) that were
obtained in Jessore, Bangladesh (Fig. 2). Mean concentrations of
barium and arsenic in the well water samples treated with 1%
weight of MF-HT for 1 min were decreased to 6.3 mg/L and
0.5 mg/L, respectively. Since none of the well water samples

Table 1. Levels of 5 elements in well water and human samples obtained in Bangladesh.

As Mg Ca Sr Ba

Well water (mg/L) 1336153 23,22864,158 65,766614084 224653 103649

Urine (mg/g of creatinine) 1246197 84,860651,710 128,0186109,489 2606194 27668

Nail (mg/kg) 2,66762887 47,347638294 710,1846480,686 7686686 1,87361,192

Hair (mg/kg) 1,82361,844 304,8196159,273 1,952,4996969,163 6,41362,693 4,45762,810

Concentrations (means 6 SD, n = 30) of arsenic, magnesium, calcium, strontium and barium in well drinking water and human urine, toenail and hair samples obtained
in Bangladesh are shown.
doi:10.1371/journal.pone.0066681.t001

Table 2. Correlations between well water and human
samples for each element.

Well Water

As Mg Ca Sr Ba

Urine 0.68** 0.24 20.10 0.22 0.41*

Nail 0.73** 20.27 20.03 20.38 0.43*

Hair 0.74** 20.17 0.54** 0.15 0.59**

Spearman’s rank correlation coefficient (n = 30) for correlation between drinking
well water and human urine, toenail and hair samples in Bangladesh in each
element (arsenic, magnesium, calcium, strontium and barium) are shown. * and
**, Statistically significant correlation (*, p,0.05; **, p,0.01).
doi:10.1371/journal.pone.0066681.t002

Table 3. Correlations between arsenic and other elements in
well water and human samples.

Mg Ca Sr Ba

As Well water 0.74** 0.74** 20.66** 0.87**

Urine 0.34 0.11 0.18 0.46*

Nail 0.25 0.06 0.22 0.53**

Hair 0.05 0.14 20.14 0.56**

Spearman’s rank correlation coefficients (n = 30) for correlation between arsenic
and other elements (magnesium, calcium, strontium and barium) in well
drinking water and human urine, toenail and hair samples obtained in
Bangladesh are shown. * and **, Statistically significant correlation (*, p,0.05;
**, p,0.01).
doi:10.1371/journal.pone.0066681.t003
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	 表 1に示すように、飲用井戸水に含まれる
ヒ素およびバリウムは、ヒト検体（尿・爪・

毛髪）の濃度との間に有意な相関関係を認め

た。この結果は、飲用井戸水のヒ素とバリウ

ムは、ヒトの尿・爪・毛髪に蓄積するヒ素と

バリウムの濃度に影響を与える可能性を示

している。	 

	 さらに、表 2に示すように、井戸水に含ま
れるヒ素濃度とバリウム濃度は高い相関（相

関係数=0.87）を示した。同様に、ヒト検体
（尿・爪・毛髪）に含まれるヒ素とバリウム

も有意な相関関係を示した。 
	 上記の成果は、飲用井戸水およびヒト検体

におけるヒ素とバリウムのダイナミクスが

類似している可能性を示している。	 

	 【表 2】	 
	 

	 

	 

	 

	 

	 

	 

	 また、代表者らのベトナムにおける海外学

術調査では、井戸水に比較的高濃度のバリウ

ムを認めた。試験管レベルの実験では、バリ

ウムの長期曝露が細胞浸潤能を促進する可

能性を示している（Thang et al. Environ 
Toxicol 2013）。 
	 

	 【図 1】	 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	 一方、ヒ素は発癌毒性だけでなく、抗癌作

用を持つ（Thang et al. PLoS ONE 2014）。代
表者らは、癌細胞に対するヒ素とバリウムの

複合曝露により、ヒ素の抗癌作用が減弱する

可能性を提案した（Yajima et al. Arch Toxicol 
2012）。 

	 以上に示すように、本研究では、①バング

ラデシュの癌多発地域の住民は、飲用井戸水

からヒ素とバリウムの複合曝露を受けてい

ること、②飲用井戸水およびヒト検体（尿・

爪・毛髪）においてヒ素とバリウム濃度は相

関していること、③バリウム曝露は、ヒ素の

抗癌作用を抑制する可能性があることを示

し、ヒ素とバリウムの複合曝露が、バングラ

デシュにおける慢性ヒ素中毒症患者の発癌

に影響している可能性を示している。	 

	 

（2）ヒ素と鉄の複合曝露と発癌毒性： 
	 代表者らのバングラデシュにおける海外

学術調査にて、飲用井戸水はヒ素だけでなく、

高濃度の鉄を含むことを確認した（図 2）。	 
	 

	 

	 【図 2】	 
	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 これは、井戸水を飲用する住民が、ヒ素だ

けでなく鉄にも曝露されていることを示し

ている。次に、ヒト検体を用いて、バングラ

デシュ住民のヒ素と鉄のモル比を調べ、大筋

で、井戸水に含まれるヒ素と鉄のモル比は大

筋で類似していることを確認した後、飲用井

戸水に含まれるレベルのヒ素と鉄が複合曝

露された場合の発癌毒性を調べた。図 3に示
すように、コロニーアッセイおよびインベー

ジョンアッセイの結果は、ヒ素単独または鉄

単独曝露に比較して、ヒ素と鉄の複合曝露で

は、非腫瘍形成性皮膚ケラチノサイトの発癌

を相乗的または相加的に促進する可能性が

示された（Kumasaka et al. Arch Toxicol 
2013）。さらに、ヒ素と鉄の複合曝露では、
ヒ素単独または鉄単独曝露に比較し、c-Src
や ERKの活性化が相乗的に亢進していた（図
3）。本結果はヒ素と鉄の複合曝露による発癌
毒性の相乗的亢進に、c-Src・ERK が関与し
ている可能性を示している（Kumasaka et al. 
Arch Toxicol 2013）。 
	 

samples. However, no correlations were found between levels of
magnesium, calcium and strontium in well drinking water samples
and levels in the human samples except for a significant
correlation (r = 0.54) between levels of calcium in well drinking
water samples and hair samples.

Correlation between Levels of Arsenic and Levels of
Barium Homologous Elements in Well Drinking Water
Samples and Human Samples

We next investigated correlations between levels of arsenic and
levels of barium homologous elements (magnesium, calcium,
strontium and barium) in well drinking water and human urine,
nail and hair samples (Table 3). Significant correlations were
found between levels of arsenic and levels of the 4 elements in well
drinking water samples, while the correlation between arsenic and
strontium was negative (r = 20.66). There were significant
correlations between levels of arsenic and levels of barium in
urine (r = 0.46), nail (r = 0.53) and hair (r = 0.56) samples despite
the fact that there was no significant correlation between levels of
arsenic and levels of the other 3 elements (magnesium, calcium
and strontium) in human samples.

Kinetics for Barium Adsorption in MF-HT
Based on results of the present study for concentrations of

arsenic and barium and previous results showing toxicity of arsenic
and barium [10,18–20], we tried to establish a method for
remediation for both arsenic and barium from well drinking water.
Since our previous study already provided evidence that MF-HT
could adsorb arsenic in water [21], we first determined the
adsorption ability of MF-HT for barium in water. Adsorption
kinetics and isotherms were examined in batch experiments
(Fig. 1). Langmuir isotherms were used to analyze the equilibrium
adsorption results for barium in MF-HT. Our equilibrium data for

barium adsorption in MF-HT (Fig. 1a) and the Langmuir isotherm
for barium adsorption in MF-HT (R2.0.95; Fig. 1b) show barium
adsorption by MF-HT.

Amount of Barium Adsorption in MF-HT
Since we obtained evidence of MF-HT-mediated barium

adsorption (Fig. 1), we measured the amount of adsorption in
MF-HT. After the indicated percents of weight of MF-HT (weight
of MF-HT/weight of solution) had been added to solutions with
1,000 mg/L barium and sequentially shaken for 60 min, barium
concentrations in the solutions were measured (Table 4). Our
results showed that 0.010% weight of MF-HT could adsorb
1,000 mg/L barium in the solutions to less than 700 mg/L, the
value of WHO health-based guidelines for drinking water.

Adsorption Time for Barium in MF-HT
We next examined MF-HT-mediated adsorption time for

1,000 mg/L barium solutions. The concentration of barium in
the solution treated with 1% weight of MF-HT was reduced from
1,000 mg/L to 60–70 mg/L within 15 sec (Table 5). Since
adsorption for a short time is important for application of MF-
HT to drinking water, this result encourages practical use of MF-
HT for barium-polluted drinking water.

Adsorption of Barium in Well Water by MF-HT
We finally examined whether MF-HT is able to adsorb barium

from well water. Adsorption experiments were performed using
well drinking water samples (n = 8) containing barium
(mean = 151.1 mg/L) and arsenic (mean = 298.2 mg/L) that were
obtained in Jessore, Bangladesh (Fig. 2). Mean concentrations of
barium and arsenic in the well water samples treated with 1%
weight of MF-HT for 1 min were decreased to 6.3 mg/L and
0.5 mg/L, respectively. Since none of the well water samples

Table 1. Levels of 5 elements in well water and human samples obtained in Bangladesh.

As Mg Ca Sr Ba

Well water (mg/L) 1336153 23,22864,158 65,766614084 224653 103649

Urine (mg/g of creatinine) 1246197 84,860651,710 128,0186109,489 2606194 27668

Nail (mg/kg) 2,66762887 47,347638294 710,1846480,686 7686686 1,87361,192

Hair (mg/kg) 1,82361,844 304,8196159,273 1,952,4996969,163 6,41362,693 4,45762,810

Concentrations (means 6 SD, n = 30) of arsenic, magnesium, calcium, strontium and barium in well drinking water and human urine, toenail and hair samples obtained
in Bangladesh are shown.
doi:10.1371/journal.pone.0066681.t001

Table 2. Correlations between well water and human
samples for each element.

Well Water

As Mg Ca Sr Ba

Urine 0.68** 0.24 20.10 0.22 0.41*

Nail 0.73** 20.27 20.03 20.38 0.43*

Hair 0.74** 20.17 0.54** 0.15 0.59**

Spearman’s rank correlation coefficient (n = 30) for correlation between drinking
well water and human urine, toenail and hair samples in Bangladesh in each
element (arsenic, magnesium, calcium, strontium and barium) are shown. * and
**, Statistically significant correlation (*, p,0.05; **, p,0.01).
doi:10.1371/journal.pone.0066681.t002

Table 3. Correlations between arsenic and other elements in
well water and human samples.

Mg Ca Sr Ba

As Well water 0.74** 0.74** 20.66** 0.87**

Urine 0.34 0.11 0.18 0.46*

Nail 0.25 0.06 0.22 0.53**

Hair 0.05 0.14 20.14 0.56**

Spearman’s rank correlation coefficients (n = 30) for correlation between arsenic
and other elements (magnesium, calcium, strontium and barium) in well
drinking water and human urine, toenail and hair samples obtained in
Bangladesh are shown. * and **, Statistically significant correlation (*, p,0.05;
**, p,0.01).
doi:10.1371/journal.pone.0066681.t003
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The In Vitro Invasion Assay

The in vitro invasion assay was performed according to
the method described previously (Thang et al., 2011). To
examine constitutive invasion activity in various kinds of
keratinocytic cells, the assay in this study was performed
in the condition without barium. Briefly, 2 3 105 cells in
300 mL culture medium with 0.5% FBS were applied to
the Matrigel-coated upper chamber of 8 mm in diameter
(8 mm in pore size). Then the upper chambers were
placed in 24-well culture plates containing 600 mL condi-
tioned medium with 0.5% FBS to trigger invasion activity
and were incubated for 12 hours. Invading cells were
stained with hematoxylin and counted under a
microscope.

Immunoblot Analysis

Immunoblot analysis was performed according to the
method described previously (Kato et al., 2002). Rabbit pol-
yclonal primary antibody against anti-phosphorylated tyro-
sine 397 in FAK (Invitrogen, California, USA) and mouse
monoclonal first antibodies against anti-FAK (Millipore,
Massachusetts, USA), MMP14 (Millipore, Massachusetts,
USA) and anti-a-Tubulin (Sigma, Missouri, USA) were
used.

Statistical Analysis

Statistical analysis was performed following the method pre-
viously described (Kato et al., 2011a). We used the SPSS
version 18 software package (SPSS Japan) for the statistical
analyses, and the significance level was set at p < 0.05.

RESULTS

Concentrations of Barium in Well Water in
Vietnam

We first measured concentrations (mean 6 SD) of barium in
well water in Ho Chi Minh (129 6 62 mg/L) and Mekong
Delta (281 6 133 mg/L) in Vietnam (Fig. 1). The mean con-
centration of barium in well water samples obtained from
Mekong Delta was more than twofold higher than that in
well water samples obtained from Ho Chi Minh. Since the
maximum level of barium in well water in Mekong Delta
was 970 mg/L (57.1 mM), chronic exposure to 5 mM barium
is possible to expose.

Invasion in Various Human Keratinocytic
Cells

We next examined invasion activity in four kinds of kerati-
nocytic cells with different malignancy grades. Invasion
activities of NHEK (lane 1), human nontumorigenic HaCaT
keratinocytes (lane 2), and human HSC5 (lane 3) and A431
(lane 4) SCC cells are shown in Figure 2. No invading cells
were observed in NHEK. The ratios of invading cells in
HSC5 and A431 SCC cells were about 10-fold and 14-fold
higher than those in HaCaT keratinocytes, respectively.

Fig. 1. Levels of barium in well water samples from Vietnam.
Barium concentrations in well water samples from Vietnam
are shown. Value in each sample (lanes 1 and 2) and mean
6 SD (lanes 3 and 4) are shown for samples from Ho Chi
Minh (lanes 1 and 3) and Mekong Delta (lanes 2 and 4). *,
Significantly different (p < 0.05) from the Ho Chi Minh sam-
ple by the Mann-Whitney U test.

Fig. 2. Constitutive invasion activities in various human ker-
atinocytic cells. Ratio of constitutive invasion activities in
primary cultured NHEK, nontumorigenic HaCaT keratino-
cytes, and HSC5 and A431 SCC cells are shown. **, Signifi-
cantly different (p < 0.01) from HaCaT keratinocytes by the
Mann-Whitney U test.
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that well drinking water in cancer-prone areas of Bangla-

desh contained about 3 lM arsenic and 30 lM iron on
average. However, 3 lM of arsenic was too high to per-

form the colony assay and invasion assay because that

concentration of arsenic promoted cell death in HaCaT
keratinocytes. Therefore, 1 lM arsenic and 10 lM iron,

maintaining the ratio of 1:10 for the elements in well

drinking water, were used throughout this study. Anchor-
age-independent growth in untransformed keratinocytes

treated with 1 lM arsenic alone or 10 lM iron alone was

promoted compared with that in nil control keratinocytes
(Fig. 2a, b). Interestingly, iron synergistically promoted

arsenic-mediated anchorage-independent growth (Fig. 2a,

b). Invasion of the keratinocytes in the presence of arsenic
alone and iron alone was significantly promoted compared

with that in the nil control (Fig. 2c, d). Iron additionally

promoted arsenic-mediated invasion (Fig. 2c, d). Then, we
biochemically examined the mechanism by focusing on the

activities of signal transduction molecules that have been

reported to be correlated with anchorage-independent
growth and invasion (Thang et al. 2011). Iron synergisti-

cally promoted phosphorylation of c-SRC and ERK in the

keratinocytes (Fig. 2e, f and g). We further examined the
effect of coexposure to arsenic and iron on carcinogenesis

in transformed A431 keratinocytes. As shown in Supple-

mental Fig. 1, the same results were obtained with trans-
formed A431 cells.

X-ray diffractometer (XRD) pattern of synthesized
hydrotalcite-like compounds

Our results showing increased carcinogenicity of coexposure
to arsenic and iron encouraged us to remove both arsenic

and iron from well drinking water in cancer-prone areas. We

then developed a novel adsorbent, magnesium (Mg)-iron
(Fe)-based hydrotalcite-like compound (MF-HT), for reme-

diation of arsenic and iron. Figure 3a shows the XRD pat-

tern of synthesized MF-HT. Basal spacings calculated from
003 reflections (near 11! 2-theta) were 0.80 nm. The values

correlate well with previously published basal spacings. The

sharpness of the 003 and 006 peaks shows a high degree of
crystallinity and layered structure of the MF-HT. These

results agree well with results of previous studies (Gillman

2006; Türk et al. 2009).

Adsorption kinetics of arsenic and iron in MF-HT

We next examined adsorption kinetics and isotherms of

arsenic and iron in batch experiments. It has been reported

that arsenic and iron usually exist as trivalent arsenic and
divalent iron in well drinking water (Merrill et al. 2009).

Since trivalent arsenic has higher toxicity than that of pen-
tavalent arsenic, greater attention has been required for the

removal of trivalent arsenic from well drinking water (Cullen

and Reimer 1989). Therefore, we tried to remove trivalent

Fig. 1 Levels of arsenic and iron in well water samples in
Bangladesh. Concentrations of arsenic (a) and iron (b) in well water
samples from Dhaka City (n = 46) and Jessore and Faridpur (n = 49)
in Bangladesh are presented. The boxes contain 50 % of all values
(observations between the 25th and 75th percentiles). The horizontal
lines inside the boxes represent medians. The bars extending from the

boxes present the highest and lowest values. The value of arsenic
(10 lg/L) in the fourth edition of WHO health-based guidelines for
drinking water is presented (a). The value of iron (300 lg/L) in the
third edition of the guidelines is also presented because it was deleted
in the fourth edition (b). ***Significantly different from samples in
Dhaka City (p \ 0.001) by Mann–Whitney U test
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	 以上に示すように、ヒ素と鉄の複合曝露は、

バングラデシュにおける慢性ヒ素中毒症患

者の発癌に影響している可能性を示した。	 

	 

（3）ヒ素曝露の発癌毒性： 
	 野生型マウスに飲用井戸水に含まれるレ

ベルのヒ素を飲水投与し、急性・亜急性・慢

性の発癌毒性について検討した。少なくとも

現時点では、ヒ素による発癌は観察されず、

従来の報告の確認にとどまっている。	 
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arsenic and divalent iron in this study, though previous

studies showed that adsorption of trivalent arsenic by hy-
drotalcite-like compounds was not easy (Gillman 2006; Xing

et al. 2009). Langmuir isotherms were used to analyze the

equilibrium adsorption results for arsenic and iron in MF-HT.
Our equilibrium data for arsenic (Fig. 3b) and iron (Fig. 3d)

adsorption and the Langmuir isotherms for arsenic

(R2 [ 0.95; Fig. 3c) and iron (R2 [ 0.95; Fig. 3e) adsorption

in MF-HT show adsorption of both trivalent arsenic and

divalent iron by MF-HT. Theoretical amounts of adsorption
in 1 g MF-HT were 43 mg arsenic and 2,000 mg iron.

Adsorption of arsenic and iron from well water

We finally examined whether MF-HT is able to adsorb

both arsenic and iron from well drinking water obtained in

Fig. 2 Physiological and biochemical effects of coexposure to arsenic
and iron on untransformed HaCaT keratinocytes. Anchorage-indepen-
dent growth (a, b) and invasion activity (c, d) in HaCaT keratinocytes
treated with 1 lM arsenic (As) (lane 2 in b and d), 10 lM iron (Fe)
(lane 3 in b and d), 1 lM arsenic plus 10 lM iron (As ? Fe) (lane 4 in
b and d) and nil control (Nil) (lane 1 in b and d) are presented. Levels
of anchorage-independent growth (a and b) and invasion (c and d) in
the keratinocytes treated with 10 lM Fe (lane 3 in b and d), 1 lM As
plus 10 lM Fe (lane 4 in b and d), and nil control (lane 1 in b and d)
are presented as relative ratios (mean ± SD; n = 3) to those in the
keratinocytes treated with 1 lM As (lane 2 in b and d) in the graphs.
Cell aggregates of more than 50 lm in diameter were counted as
colonies in the analysis of anchorage-independent growth. Scale bars,

200 lm. Levels of phosphorylated c-SRC (p-SRC) and ERK (p-ERK)
and protein expression levels of c-SRC (SRC) and ERK in the
keratinocytes treated with 1 lM As (lane 2), 10 lM Fe (lane 3), 1 lM
As plus 10 lM Fe (lane 4), and nil control (lane 1) are presented (e).
Activities of c-SRC and ERK were calculated by p-SRC/SRC (f) and
p-ERK/ERK (g), respectively. Levels of c-SRC (f) and ERK
(g) activities in the keratinocytes treated with 10 lM Fe (lane 3 in
f and g), 1 lM As plus 10 lM Fe (lane 4 in f and g), and nil control
(lane 1 in f and g) are presented as relative ratios (mean ± SD; n = 3)
to those in the keratinocytes treated with 1 lM As (lane 2 in f and g) in
the graphs (f and g). a-TUBULIN is presented as an internal control.
*, **Significantly different from arsenic-treated cells (*p \ 0.05;
**p \ 0.01) by Student’s t test
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