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There is increasing evidence of estrogenic activities of source waters and drinking waters in China based on estrogen receptors
(ERs) testing. However, relating such activities to retinoid X receptors (RXRs) in both drinking and source waters are lacking. To
rectify this situation, we assessed 23 source water samples from six major river systems in China. We also collected samples at
various stages of water processing from three drinking water treatment plants (DWTPs) using a two-hybrid RXR yeast assay with
and without metabolism. No RXR agonistic activity was observed, but significant antagonistic activity was detected in all sample
extracts. The RXR antagonistic activities of source water sample extracts ranged from 15.2% to 57.8% without metabolism and
11.5% to 68.3% with metabolism, respectively. In the drinking water treatment processes, RXR antagonistic activities without
metabolism and with metabolism of up to 31.4% and 37.5% were removed, respectively. Nevertheless, the remaining RXR an-
tagonists in treated drinking water from these source waters could still be harmful to human health. To the best of our knowledge,
the occurrence of in vitro RXR disruption activities in source and drinking water has not been previously reported in China.
Therefore, an attempt was made to conduct detailed studies investigating RXR disrupting activities and their possible risks in

source and drinking water.
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Over the past several decades, a number of different chemi-
cals that are widely distributed in the environment have
been found to disrupt delicate endocrine systems in wildlife
and humans [1]. These endocrine disrupting chemicals
(EDCs) disrupt various biological processes results in de-
velopmental degeneration and reduced fecundity, as well as
an increase in breast cancer in humans [2]. The principle
anthropogenic sources of EDCs include pharmaceutical
compounds, wastewater plant effluents, agricultural fertili-
zers, and fish farming wastes [3-5]. Because EDCs are
water-soluble, most conventional water treatment processes
that are applied in China (e.g. chlorination, coagulation and
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sedimentation) do not completely remove these chemicals
[6,7]. EDCs are biologically active at very low concentra-
tions and have been detected in drinking water [8,9]. Ac-
cordingly, there has been an increased effort to monitor the
occurrence of these chemicals in source waters in China.

To date, most research has focused on estrogenic disrup-
tion activity via estrogenic receptors (ERs) in water. It is
also important to investigate retinoic acid hormone disrup-
tion activity via the retinoid X receptor (RXR); however,
very little research on this aspect has been conducted. Re-
tinoic acid is necessary for vision and plays an essential role
in apoptosis and differentiation of embryonic cells that con-
trol the growth of epithelial cells in the skin, gastrointestinal
tract, and bones [10]. Retinoic acid also affects the nervous
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system and immune system, acts as anti-oxidative agent,
and is involved in the biosynthesis of another antioxidant,
coenzyme Q [11]. Suppressive effects of retinoic acid in
cancer development have also been described [12]. Retinoic
acid acts via RXR and EDCs that can also act on RXRs
would disturb normal retinoic acid signaling [13]. Human
exposure to these chemicals commonly occurs though air
and food, but the primary route of exposure is through
drinking water [14,15]. Thus, it is important to monitor the
occurrence of RXR activity in drinking water. There is also
a need to further investigate RXR activities in source waters
in China and the removal efficiency of these compounds by
drinking water treatment plants. The results of such investi-
gations would be important for formulating management
policies relating to source water protection and water treat-
ment technology.

The development of efficient methods for evaluating
biological activities in water samples will require further
development of in vitro bioassays with high sensitivity. The
development of rapid response methods using simple
equipment has also become an attractive alternative to con-
ventional chemical analytical techniques [16]. Among bio-
assays that have been considered, the yeast assay was suc-
cessfully applied to determine activities in chemical and/or
environmental samples [17]. Although many EDCs can sur-
vive drinking water treatment, little is known about the fate
of RXR activity in drinking water [18]. Because there is no
metabolic enzyme system in cell lines and metabolism
could change the RXR activity of chemicals in water, the
results from in vitro tests will not reflect the actual RXR
activity of water intake by humans and animals. Therefore,
to simulate the exposure conditions in vivo, an S9 mixture
was introduced as a metabolic enzyme [19]. The goal of the
present study is to screen for RXR activity in source and
drinking water using a two-hybrid yeast assay, and to eval-
vate the removal efficiency of drinking water treatment
processes.

1 Materials and methods

1.1 Chemicals and materials

Dichloromethane, hexane and methanol (HPLC grade) were
obtained from J. T. Baker (USA) and 9-cis-RA (9cRA, 98%)
and dimethyl sulfoxides (DMSO, 99.5%) were obtained
from Sigma Chemical (USA). For all chemicals, stock solu-
tions were prepared in DMSO. Oasis hydrophilic lipophilic
balance (HLB) cartridges (500 mg, 6 mL) from Waters
Corporation (USA) were used for solid phase extraction
(SPE). Glass fiber filters (APFF, pore size 0.45 pm) were
purchased from Millipore (USA) and pyrolyzed at 450°C
for 4 h prior to use. Purified water used in all experiments
was prepared with a Milli-Q water purification system (Mil-
lipore, USA).

Chin Sci Bull

February (2012) Vol.57 No.6

1.2 Sample collection

Samples of 23 source waters, including reservoirs and rivers
that supply water to local waterworks, were collected be-
tween March 2010 and July 2010. The study area covered
six out of seven major river systems of China. All six river
systems are of concern because of the local pollution situa-
tion. Site information is listed in Table 1.

Samples (of 20 L) were also collected from three drink-
ing water treatment plants (DWTP) that processed source
waters at sites S5 (North China), S14 (Middle China) and
S16 (East China) (Table 2). Samples were collected in
pre-cleaned amber glass bottles that had been soaked in
10% nitric acid overnight, chromic acid solution for 30 min,
washed three times in double-distilled water and then dried
in a furnace at 450°C for at least 4 h. Before sample collec-
tion, the bottle was also washed three times with the sam-
pled water. An appropriate amount of methanol (2 mL/L
water sample) was added immediately after sampling to
suppress possible biotic activities. Samples were stored at
4°C and were treated within 48 h.

1.3 Sample preparation

The water samples were filtered through pre-baked glass
fiber filters to remove insoluble material, and then extracted

Table 1 Information from sampling sites

Site Type Site Type Site Type
Songhua River Yangtze River Huai River
S1 River S6 River S16 River
S2 Reservoir S7 River S17 River
S8 River S18 River
Liao River S9 River S19 River
S3 Reservoir S10 River
S4 Reservoir S11 River Pearl River
S12 Lake S20  Reservoir
Hai River S13 Reservoir S21 Reservoir
S5 Reservoir S14 River S22 Reservoir
S15 Reservoir S23 River

a) River system.

Table 2 Flow scheme of drinking water treatment plants

DWTPIL
Source water S5 (A1%)
Pre-chlorination (B1)
Coagulation (C1)

DWTP2 DWTP3
Source water S14 (A2) Source water S16 (A3)
Pre-chlorination (B2) Coagulation (B3)

Coal and sand filtration
(C3)
Secondary filtration

Coagulation

Coal and sand filtration  Rapid filtration (C2)

(D1 D3)
Active Carbon filtration Secondary chlorina-
(ED) tion (D2)

Secondary chlorination
(F1)

a) Sample site.
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according to methods used in our previous study [20]. The
water samples were extracted using HLB cartridges that had
been pre-conditioned with 5 mL dichloromethane, 5 mL
methanol, and 5 mL water. During extraction, the cartridges
were forced under vacuum at a flow rate of approximately
6 mL/min, and then kept under vacuum for 5 min to dry the
water. The cartridges were then eluted three times with
15 mL dichloromethane. The elutions were combined and
filtered through anhydrous sodiumsulfate (Na,SO4) to
remove residual water, after which they were evaporated to
2 mL in a rotary evaporator (R-200, Buchi, Switzerland) at
40°C. The 2 mL extract was subsequently dried under a
nitrogen stream, after which it was immediately reconsti-
tuted to 0.2 mL with DMSO. A blank sample only consist-
ing of purified water was also run alongside the samples as
a control. Throughout the experiment, all laboratory mate-
rials were stored in glass or polytetrafluoroethene (PTFE) to
prevent contamination.

1.4 Yeast assay

The yeast assay was conducted as described previously by
our research group [21,22], with some modifications. The
yeast strain used in the present study was Y187 (MAT,,
ura3-52, his3-200, ade2-101, trp1-901, leu2-3, 112, galdA,
met-, gal80A, URA3::GALlyas GALlyatalacZ) obtained
from Clontech (Palo Alto, CA, USA). Yeast cells were co-
transformed with pGBT9 hRXRy and pGAD424 GRIP1/FL
using the lithium acetate method and then selected by
growth on synthetic dextrose (SD) agar (lacking leucine and
tryptophan) according to Clontech yeast protocols handbook.
Clones growing on the SD/-Leu/-Trp plate were selected for
culture in liquid SD/-Leu/-Trp medium. In this assay, yeast
is grown at an exponential rate overnight at 30°C, then cen-
trifuged at 130 r/min and diluted to an optical density of
0.75 at 600 nm (ODgyy) with synthetic dextrose/-Leu/-Trp
medium (SD medium). All samples were assayed at least in
triplicate. Each assay group included a positive 9cRA con-
trol and a negative DMSO control. A procedural blank that
was subjected to SPE to monitor for any false positive re-
sults was run alongside the samples. Each sample was di-
luted in a 1:2 series to give a total of four concentrations
diluted in DMSO. The 5 pL serial dilutions of the tested
samples were combined with 995 pL. of medium that con-
tained approximately 5x10” yeast cells/mL, resulting in a
test culture in which the volume of DMSO did not exceed
0.5% of the total volume. In the case of the metabolic test,
the S9 mixture was added. S9 was prepared from the livers
of male Sprague-Dawley rats that were pre-treated with
3-methyl- cholanthrene and 3-phenobarbital according to
the method described by Ames et al. [19]. Water and cofac-
tor (MgCl, - 6H,0, KCl, G-6-P, nicotinamide adenine dinu-
cleotide phosphate, nicotinamide adenine dinucleotide,
Na,HPO, and NaH,PO,) were added to the SD/-Leu/-Trp
medium according to the method described Takatori et al.
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[23]. Next, 200 pL of the test cultures were transferred into
each well of a 96-well plate. The samples were then incu-
bated at 30°C with vigorous orbital shaking (800 r/min) on a
titer plate shaker for 2 h, after which the ODg, value was
measured. The volume of extract in each well represented
100 mL of raw water.

Test cultures of 150 pL. were collected and 120 pL of test
buffer and 20 pL of chloroform were added to each culture.
The cultures were mixed carefully (vortex 25 s) and
pre-incubated for 10 min at 30°C and 1300 r/min. The
enzyme reaction was then triggered by adding 40 pL
O-nitrophenyl-pB-D-galactopyranoside (ONPG) and 4
mg/mL test buffer and incubating the sample at 30°C and
800 r/min. Next, 100 pL of 1 mol/L sodium carbonate
(Na,COs) was added to terminate the reactions within 60
min, after which 200 pL of the supernatant was transferred
into a new 96-well plate and the optical density (ODy;) was
measured at 420 nm. To ensure that the activity in the bio-
assay was caused by true antagonistic responses and not by
cytotoxicity, cell viability was also measured and deter-
mined by spectrophotometric analysis after exposure as the
change in cell density (ODgq) in the assay medium.

1.5 Data analysis

B-galactosidase activity was calculated according to the
following equation

U= (OD420,~ODu0p)/ (£xVxODygqp), (1

where U is the B-galactosidase activity of the sample;
ODyy0s and ODyyq, are the optical density of the enzyme
reaction supernatant of the sample and blank, respectively;
ODy is the optical density of the sample at 600 nm; ¢ is the
incubation duration of the enzyme reaction; V is the volume
of the test culture.

The antagonistic activity of sample was calculated ac-
cording to the following equation:

Antagonistic activity= (1-Uy/U,)x100%, )

where U, and U; represent the B-galactosidase activity of
the positive control (1.5 mg/L 9cRA), and in the presence of
1.5 mg/L of 9cRA, respectively.

2 Results and discussion

2.1 Response to source water extracts

No RXR agonistic activity was observed in any of the
source water sample extracts (data not shown); however,
RXR antagonistic activity was found in all extracts. The
observed activity ranged from 15.2% to 57.8% and 11.5%
to 68.3% without and with metabolism, respectively. The
presence of RXR antagonistic activity of source waters
varied spatially (Figure 1), and RXR antagonists were found
to exist in many source waters in China.
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Figure 1 RXR antagonistic activities of source sample extracts (100 mL raw water/well). Values are presented as the mean+S.D. (n = 3).

Various types of environmental contamination by chemi-
cal compounds such as anti-oxidants, organochlorines, or-
ganophosphates, antimicrobials, estrogens and progestogens,
and various types of industrial contamination such as pesti-
cides, pharmaceuticals and personal care products (PPCPs)
have been found in source and drinking waters [24-28].
Some of these contaminants have been identified as RXR
agonists or antagonists [22] and include Bisphenol A (BPA),
multiple phenols, phthalic acid esters (PAEs) and organic
chlorine pesticides (OCPs) that have been found in various
aquatic systems in China [29-32]. In the present study, most
of the sample sites with relatively high RXR antagonistic
activities were located in national grain production areas in
China. The massive use of OCPs in these areas would con-
tribute considerably to total activity levels [33]. However,
the lack of sufficient data pertaining to toxic RXR antago-
nists has prevented the identification of these chemicals in
source waters.

The RXR activities in nine out of 23 extracts increased
after metabolism, while the activities in the remaining 14
samples decreased. The results also indicate that the com-
position profile of contamination in the samples is expected
to be complicated. Some in vivo experiments have shown
that metabolic enzymes can increase or decrease the estro-
genic activity of chemicals such as BPA and 4-NP, but that
these involve many biochemical processes such as hydrox-
ylation, methylation, sulfonation, glucuronidation, and ary-
lation [34-36]. The results from the present study have
demonstrated that RXR antagonists can also be activated or
deactivated after metabolism.

The results indicate that the source waters in China are
generally affected by RXR antagonists. Therefore, an eva-
luation of the removal of these contaminants by DWTP is of
considerable environmental importance.

2.2 Response to drinking water extracts

As was the case for source waters, no RXR agonistic acti-
vity was observed in any of the samples, but significant
antagonistic activity was induced in all sample extracts
(Figure 2). The removal efficiencies of RXR antagonistic
activities of DWTP1, DWTP2 and DWTP3 were 15.2%,
31.4% and 29.2% without metabolism, and 10.0%, 37.5%
and 30.2% with metabolism, respectively. The conventional
drinking water treatments were ineffective with regard to
the removal of RXR antagonists.

The removal efficiencies of RXR antagonists by the pro-
cesses of the DWTPs were generally different in samples
with or without metabolism. For example, at DWTP1 and
DWTP2 chlorination slightly increased the RXR antagonis-
tic activities without metabolism, while such activities de-
creased with metabolism, indicating that the metabolites of
RXR antagonists were less active in chlorinated samples.
Nevertheless, the RXR antagonistic activity decreased after
chlorination at DWTP3. Previous studies have indicated that
chlorination does not effectively remove EDCs; indeed, in
some cases the levels of EDCs increased with chlorination
[37,38]. The same trends were found in association with
other processes. When compared with other processes,
coagulation seemed a more effective method for removing
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Figure 2 RXR antagonistic activities of extracts of samples from various
drinking water treatment plants (100 mL raw water/well). Values are pre-
sented as the mean+S.D. (n = 3).

RXR antagonists, although its efficiency did not exceed
25%. According to another study, coagulation removed less
than 25% of the EDCs or PPCPs [18]. Ormad et al. [39]
demonstrated that adsorption onto coal, sand or activated
carbon was a very efficient technique for removing about
60% of the OCPs from the water. However, since filtration
is not a destructive process, the contamination passes from
one medium to another, resulting in the sorbent becoming
a new source of pollution. In summary, the removal effi-
ciencies of RXR antagonistic activity were variable, even
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differing between the same processes at different DWTPs.
These findings indicate that the removal efficiency of RXR
antagonists is expected to be largely dependent on the
composition of solutes in water.

Although the concentrations of EDCs were very low in
source and drinking waters, there is still increasing concern
regarding the lack of understanding of the fate of RXR an-
tagonists during drinking water treatment considering that
even trace amounts of natural hormones can disturb the en-
docrine system [24]. Since conventional drinking water
treatment processes (chlorination, coagulation and sand
filtration) are often inefficient for low-concentration con-
taminants, finished waters can be expected to contain sig-
nificant amounts of EDCs that could jeopardize drinking
water quality and cause risks to human health [40]. In the
present study, DWTPs were found to remove maximum
levels of only 31.4% without metabolism and 37.5% with
metabolism of RXR antagonistic activity. These results in-
dicate that DWTP could not completely remove the RXR
antagonist, as was also the case for other EDCs. Since RXR
plays an important role in the mediation of hormones in
human health and is a component of disrupting substances
that is still harmful to wild animals and humans in source
water, it is possible that the finished drinking water might
be harmful to human health.

3 Conclusions

RXR antagonistic activities were found in all extracts of
samples from 23 source waters in China and drinking water
treatment processes of three DWTPs supplied by three out
of the 23 source waters. None of the samples induced ago-
nistic activity. The source waters were generally affected by
RXR antagonists. Conventional drinking water treatment
processes could not completely remove these RXR antago-
nists, implying current risks to human health. The RXR
two-hybrid yeast assay can be applied as an important and
useful method for evaluation of drinking water safety, par-
ticularly as it facilitates the efficient detection of RXR dis-
ruptors. Further studies are needed to identify the com-
pounds responsible for RXR antagonistic activity to provide
useful information for environmental risk assessments and
water treatment technology.
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