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ABSTRACT

The estrogenic effect of endocrine disrupting chemicals (EDCs) in chlorinated water was
investigated by a bioassay using human breast tumor cells. Coagulation and activated carbon
treatment decreased the estrogenic effect of Lake Biwa water, but chlorination increased the
estrogenic effect of Lake Biwa water and treated waters. It should be emphasized that this
phenomenon is similar to the formation of trihalomethanes (THMs) during the water treatment
process because natural organic matters (NOMs) are major precursors for both the estrogenic
effect and THMs. It was found that organic matters of which the estrogenic effect increases or
decreases after chlorination are present in natural water. The detection of the increase or decrease
upon chlorination is dependent on the sample preparation procedure. The estrogenic effect of the
chlorinated water increased even without the presence of residual chlorine. The components,
which are called the “estrogenic effect formation potential” and the “estrogenic effect
intermediates”, are defined in a chlorinated humic acid solution. The formation of these
components is similar to the process for THM formation. Therefore, NOMs in addition to
suspected EDCs should be removed before chlorination.

INTRODUCTION

Chlorination of drinking water forms by-products such as trihalomethanes (THMs) during
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the inactivation of microorganisms by the reaction of chlorine with naturally occurring organic
matter in the source water. Many epidemiology studies have been carried out to investigate the
possible association between exposure to these by-products and incidence of human cancer
(Zavaleta et al., 1999; Villanueva et al., 2001). Results from these studies suggest there may be a
slightly increased risk of bladder, colon, and rectal cancer after a long-term exposure to
chlorinated drinking water. It has been also pointed out that there is insufficient evidence to
associate a cancer risk with the consumption of chlorinated drinking water.

The potential risk of endocrine disrupting chemicals (EDCs) has been given the greatest
attention from the public since the late 1990s. Thus, much of concern has focused on the
possibility of adverse reproductive and developmental effects associated with disinfection by-
products (DBPs) in addition to their carcinogenicity.

Hundreds of compounds are currently listed as suspected EDCs. However, the final report
of the Endocrine Disruptor Screening and Testing Advisory Committee (EDSTAC, 1998) has
recommended that in addition to these single compounds, six kinds of mixtures be subjected to
the assays to evaluate their potential for endocrine disruption. One of these mixtures includes
DBPs in drinking water.

A number of epidemiology studies have been conducted to examine the relationship
between adverse reproductive and developmental outcomes with an exposure to chlorinated
drinking water (Zavaleta et al., 1999; Nieuwenhuijsen er al., 2000). Much attention was paid to
the results of the study conducted by Waller ez al. (1998) which have shown that the relative risk
of an early-term miscarriage increased in the women with high exposures to total THMs. Some
reviews (International Programme on Chemical Safety, 1998; Zavaleta er al, 1999,
Nieuwenhuijsen et al., 2000) have suggested that adverse outcomes such as spontaneous
abortion, stillbirth, birth defects and so on may be associated with THMs and chlorination by-
products, and more research is required since no associations were reported in other studies.

Thus, it is important to measure the estrogenic effect of natural water and the estrogenic
effect of chlorination by-products in addition to suspected EDCs and to develop a water
treatment process to decrease the estrogenic effect in drinking water. The purpose of this study is
to investigate the characteristics of the estrogenic effect formed by chlorination focusing on
chlorination by-products and to compare the formation processes between the estrogenic effect
and THMs.

MATERIALS AND METHODS

Concentration of Lake Biwa water

Lake Biwa is the largest lake in Japan and is the major water source for 14 million people
in the Kansai area in Japan. The organic matters in Lake Biwa were concentrated by the
adsorption and desorption method using XAD7HP (Organo Corporation) and OASIS HLB
(Nihon Waters K.K.) resins. The XAD7HP resin was used to isolate and concentrate humic
substances, while the OASIS HLB resin was used to concentrate trace organic compounds in the
walter.

6 L of Lake Biwa water filtered with a 0.45 x m membrane filter, which had a dissolved
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organic carbon (DOC) of 1.8 mg/L, was concentrated using the XAD7HP resin according to an
isolation procedure for aquatic humic substances (Thurman and Malcolm, 1981). The adsorbed
substances were desorbed by 0.1 M NaOH. The concentration factor was 230 times with a
recovery of 27%. Consequently, the DOC of concentrated water was 110 mg/L.

1 L of filtered Lake Biwa water was also concentrated using a cartridge packed with 2 mL
of OASIS HLB. Sample water adjusted at pH 2 was fed into the cartridge at a flow rate of 50
mL/min. The adsorbed substances were desorbed by 1 mL dichloromethane. After the
dichloromethane was evaporated with nitrogen gas, the residue was dissolved with ethyl alcohol.
Since it was confirmed that ethyl alcohol did not influence the MVLN assay up to a
concentration of 1% in the culture media, the ratio of an added sample to the media was less than
1%.

Filtered Lake Biwa water was chlorinated at an initial concentration of 1.0 mg/L. The
residual chlorine and total organic halide (TOX) after 24 hours were approximately 0.1 mg/L. and
110 iz g/L, respectively. Chlorinated water was concentrated by the same procedure used for raw
water. It is supposed that humic substances and their chlorination by-products are recovered by
the extraction using the XAD7HP resin and NaOH. Individual compounds and their by-products
are supposed to be recovered by the extraction using the OASIS HLB resin and dichloromethane
(Itoh et al., 2003a). The chlorinated water was not dechlorinated so as not to change the
estrogenic effect. It was confirmed that residual chlorine did not influence the MVLN assay.

Coagulation and activated carbon treatment

Lake Biwa water was coagulated using 20 mg/L of polyaluminum chloride (PAC). Rapid
mixing and slow mixing were conducted for 1 min and 15 min, respectively, in a 1 L beaker.
After standing for 15 min, the supernatant was obtained by a siphon. After the coagulation,
activated carbon adsorption was performed using granular activated carbon (Calgon Far East Co.
Ltd., F400). The upflow activated carbon column (18 mm i. d.) was 1.12 m long. The detention
time in the column at a flow rate of 40 mL/min was 7.1 minutes. Treated waters were also
chlorinated at an initial concentration of 1.0 mg/L for 24 hours.

Sample waters after the coagulation and activated carbon adsorption and chlorinated
waters were concentrated using the XAD7HP resin and NaOH to extract humic substances and
their chlorination by-products.

Chlorination of humic acid

Commercial humic acid (Wako Pure Chemical Industries, L.td.) was used as a model
substrate in water. The total organic carbon (TOC) of the humic acid solution was 1030 mg/L.
Chlorination was performed by adding the desired amount of sodium hypochlorite solution
(Wako Pure Chemical Industries, Ltd.). First, the humic acid solution in a 200 mM phosphate
buffer at an initial pH of 6.0 was treated with 1500 mg-Cl,/L of chlorine. This experiment carried
out using commercial humic acid at a high TOC concentration and a high concentration of
chlorine is for examining the fundamental characteristics of the estrogenic effect in chlorinated
water, and it does not intend to estimate the change in actual drinking water. Chlorination
proceeded in a dark room for 72 hours, after which trace of residual chlorine (less than 0.05 mg-
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Cl,/L) was detected. The chlorinated water was not dechlorinated. It was confirmed that chlorine
did not influence the MVLN assay up to a concentration of 30 mg-Cl,/L in the culture media,
which means residual chlorine up to a concentration of 300 mg-Cl,/L in a sample solution did not
influence the assay since substances in a solution were diluted to one tenth in the media.

The hydrolysis effect of chlorinated water was examined to investigate the characteristics
of the estrogenic effect in chlorinated water. The pH of the chlorinated humic acid solution was
readjusted and then the solution stood at 20°C over a pH range of 7-10. Finally, the estrogenic
effect was measured. pH adjustment in this experiment is for examining the effect of hydrolysis,
and it does not intend the operation in actual water treatment process.

The MVLN assay

EDSTAC has recommended the MVLN assay to screen compounds or mixtures which
have estrogenic effects. This assay utilizes an MCF-7 derivative that has been stably transfected
with the Vit-Luc reporter gene (Pons et al., 1990). Thus, the MVLN cell line expresses the
endogenous estrogen receptor of MCF-7 and simultaneously contains an exogenous estrogen
responsive reporter (luciferase). Therefore, the estrogen specific transcription activity of a test
chemical is directly related to the luciferase activity measured in the lysate of treated MVLN
cells.

In this study, we used the MVLN assay to measure the estrogenic effect. The MVLN cell
line (Pons er al., 1990) was obtained from the L’Institut National de la Sante et de la Recherche
Medicale (INSERM) in Paris, France. For routine maintenance, the cells were grown in
Dulbeco’s modified Eagle’s medium (DMEM, Gibco BRL Life Technologies, Inc.)
supplemented with 10% fetal bovine serum (FBS, Gibco BRL Life Technologies, Inc.) at 37C
in an atmosphere of 5% CO,/95% air under saturating humidity.

MVLN cells used in the assay were withdrawn from estrogen 6 days prior to passage.
Cells grown in the DMEM/10% FBS medium were collected, washed three times with PBS, and
resuspended and cultured in the 10% dextran coated charcoal (DCC) FBS (Hyclone) medium.
Until seeded into a well plate, the medium was changed to fresh 10% DCC FBS medium every
other day. The MVLN cells cultured without estrogen were seeded into a 24-well plate at a
density of approximately 5 X 10* cells/well with 1 mL/well of 10% DCC FBS medium. Two days
after seeding, the medium was replaced with a treatment medium, which contained a test
chemical and a sample prepared in this study. The medium was replaced with fresh treatment
medium on the third day after seeding. Then on the fourth day after seeding, the cells were lysed
by adding 0.5 mL of a lysis buffer (TOY OINK MFG.Co.Ltd.). Cell lysate was collected, and the
luciferase activity was detected with a luminometer (Lumat LB9507, Berthold). The protein
concentration in the cell lysate was measured using sodium bicinchoninate (Smith er al., 1985),
and the luminescence units per milligram of protein (relative light units, RLU) were calculated.

The relative luciferase activity was calculated using 17 j -estradiol (E,) as a standard
chemical (Itoh er al., 2000a) as follows:

L-Lc
Le-Lc

Relative luciferase activity (%) = x 100 (1)
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