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Abstract

Estrogen, androgen, and glucocorticoid receptors (ER, AR, and GR) agonist activities in river water samples from Chen-
nai and Bangalore (India), Jakarta (Indonesia), and Hanoi (Vietnam) were evaluated using a panel of chemical-activated
luciferase gene expression (CALUX) assays and were detected mainly in the dissolved phase. The ER agonist activity levels
were 0.011-55 ng estradiol (E2)-equivalent/l, higher than the proposed effect-based trigger (EBT) value of 0.5 ng/l in most
of the samples. The AR agonist activity levels were <2.1-110 ng dihydrotestosterone (DHT)-equivalent/l, and all levels
above the limit of quantification exceeded the EBT value of 3.4 ng/l. GR agonist activities were detected in only Bangalore
and Hanoi samples at dexamethasone (Dex)-equivalent levels of < 16—-150 ng/l and exceeded the EBT value of 100 ng/l in
only two Bangalore samples. Major compounds contributing to the ER, AR, and GR agonist activities were identified for
water samples from Bangalore and Hanoi, which had substantially higher activities in all assays, by using a combination of
fractionation, CALUX measurement, and non-target and target chemical analysis. The results for pooled samples showed
that the major ER agonists were the endogenous estrogens E2 and estriol, and the major GR agonists were the synthetic
glucocorticoids Dex and clobetasol propionate. The only AR agonist identified in major androgenic water extract fractions
was DHT, but several unidentified compounds with the same molecular formulae as endogenous androgens were also found.
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Introduction

Surface water pollution caused by direct discharge of
untreated municipal wastewater remains a serious issue in
many lower income countries, including in Asia. According
to the 2013-2017 statistics from FAO’s Global Information
System on Water and Agriculture (AQUASTAT, FAO), the
percentage of untreated municipal wastewater in India and
Vietnam was 71% and 90%, respectively. A wide range of
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chemicals of domestic, industrial, agricultural, and medi-
cal origins can be directly discharged along with municipal
wastewater, and multiple classes of contaminants including
fecal sterols, plasticizers, pharmaceuticals, and various pes-
ticides have been detected at high levels in river water and
sediment from major Vietnamese cities in a few screening
studies based on gas chromatography—mass spectrometry
(GC-MYS) and liquid chromatography—time-of-flight MS
(LC-ToFMS) databases (Chau et al. 2018; Duong et al.
2014). However, most studies on organic contaminants in
river water of lower income Asian countries targeted only
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compounds with established routine analytical methods,
such as persistent organic pollutants (POPs), polycyclic aro-
matic hydrocarbons (PAHs), and limited sets of pharmaceu-
tical and personal care products (PPCPs) (Babut et al. 2019;
Mitra et al. 2019; Ngo et al. 2021; Sharma et al. 2019), and
potential adverse effects of non-routinely monitored chemi-
cals remain overlooked. For comprehensive risk assessment
of complex contaminant mixtures in surface water in lower
income countries, evaluation of the overall toxic effects and
identification of priority contaminants for further monitor-
ing are needed.

Municipal wastewater is known to contain endogenous
hormones and synthetic chemicals capable of affecting
nuclear hormone receptor-mediated transcription. Among
these endocrine-disrupting chemicals, estrogens (or estro-
gen receptor (ER) agonists) have been extensively studied
since their early reported association with fish feminisation
(Tyler and Filby 2011). Frequently detected ER agonists in
municipal wastewater treatment plants (WWTPs) include
not only endogenous estrogens (17f-estradiol, E2; estriol,
E3; estrone, E1) and synthetic estrogens (e.g., the contracep-
tive 17a-ethinylestradiol, EE2) but also other chemicals such
as alkylphenols, bisphenols, and phtalates (Jobling et al.
2009). Endogenous and synthetic androgens (or androgen
receptor (AR) agonists) have also been found in WWTP
effluents and may cause masculinisation effects in specific
fish species in effluent-impacted waters (Fan et al. 2011;
Thomas et al. 2002). Recently, the occurrence of glucocor-
ticoid receptor (GR) agonists, including endogenous hor-
mones such as cortisol as well as synthetic compounds such
as the anti-inflammatory drugs prednisolone and dexametha-
sone (Dex), in wastewater has received increasing attention
(Fan et al. 2011; Isobe et al. 2015; Shen et al. 2020; Weizel
et al. 2018) considering their involvement in metabolism,
stress response, and immune system regulation of aquatic
species (Leatherland et al. 2010). Hormone receptor—-medi-
ated activities have been evaluated in an increasing number
of studies on surface water in Australia, Europe, Japan, and
the USA (Conley et al. 2017; Daniels et al. 2018; de Baat
et al. 2019; Hashimoto et al. 2007; Scott et al. 2014; Simon
et al. 2022) but remain largely neglected in studies on water
contamination in lower income countries. Activity contribu-
tion of well-known hormones and hormone-like drugs has
often been assessed, but very few studies have conducted
comprehensive effect—directed identification of hormone-
disrupting chemicals (Hashmi et al. 2018; Thomas et al.
2002; Zwart et al. 2020).

In view of the lack of information on overall hormone
disrupting effects of complex water contaminant mixtures
in untreated wastewater-impacted rivers in Asia and on the
effect contribution of non-routinely monitored contaminants
in general, the present study aimed to investigate hormone
receptor—mediated activities and primary contributing
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contaminants in river water from a number of Asian cities.
Specifically, river water samples from several major cities
in India, Indonesia, and Vietnam were evaluated for ER-,
AR-, and GR-mediated activities for the first time. Identi-
fication of major compounds contributing to the detected
activities was conducted for pooled samples by using effect-
directed analysis. The activities of well-known endogenous
hormones and potential contribution of synthetic chemicals
were examined.

Materials and methods
Collection and pretreatment of water samples

Surface water samples were collected from various rivers in
Hanoi (HN, n=7), Vietnam, January 2014), Chennai (CN,
n=11) and Bangalore (BG, n=7), India, and Jakarta (JA,
n=10), Indonesia in 2014-2015. The sampling locations in
Hanoi included Kim Nguu, To Lich, and Nhue Rivers; in
Chennai, Buckingham Canal, Adyar and Kortalaiyar Rivers;
in Bangalore, Vrishabhavathi River; in Jakarta, Sunter River,
Kali Petukangan, and Cakung Drain (Table S1). The samples
were collected into solvent-prewashed amber glass bottles
or polypropylene bottles, transported to the laboratory, and
then either immediately filtered and solid-phase-extracted as
detailed below, or stored at—20 °C until analysis.

Each water sample (100 ml) was passed through a pre-
baked multilayer glass fiber filter (Whatman GMF150, 1 pm,
GE Healthcare, Japan). A small volume of methanol (<5%
of the water volume) was used to rinse the sample bottle
and then filtered together with the sample. The filter was
dried under vacuum for 15 min, and then compounds in the
suspended phase (SP) were extracted by successive soni-
cation with distilled acetone, dichloromethane, and hexane
(20 ml each). The filtrate (50 ml portion) was loaded on
methanol- and MilliQ water-prewashed solid-phase extrac-
tion cartridges (Oasis HLB Plus LP, Waters, USA) and then
compounds in the dissolved phase (DP) were extracted by
eluting with 6 ml of LC/MS-grade methanol. Both SP and
DP extracts were then solvent-exchanged into bio-analytical-
grade dimethyl sulfoxide (DMSO, 100 pl for SP, 250 ul for
DP) for subsequent analyses.

Reference chemicals for bioassays

E2 and tamoxifen (Tam) were used as reference agonist and
antagonist for ER, with Sa-dihydrotestosterone (DHT) and
flutamide (Flu) for AR, and Dex and mifepristone (RU486)
for GR, respectively. E2 (purity > 98%), Dex (>97%), Tam
(>99%), Flu (>99%), and RU486 (>98%) were obtained
from Sigma-Aldrich (Japan) whereas DHT (>95%) was
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from Wako (Japan). All compounds were dissolved in bio-
analytical-grade DMSO.

Measurement of ERa-, AR-, and GR-mediated
activities

Agonist and antagonist activities for ERa, AR, and GR were
evaluated using respective chemical-activated luciferase
gene expression (CALUX) assays (Sonneveld et al. 2005;
van der Linden et al. 2008) based on recombinant U20S
human osteosarcoma cell lines (BioDetection Systems b.v.,
The Netherlands). In agonist assays, cells were exposed to
various sample doses, and the luciferase fold induction levels
were compared with the maximum induced by the reference
agonist. Doses inducing > 5% of the maximal level induced
by the reference agonist were considered exerting signifi-
cant agonist activities, and the activity levels were calcu-
lated as reference agonist equivalents (E2EQ, DHTEQ, or
DexEQ) from the reference dose—response curve. In antago-
nist assays, cells were co-exposed to the reference agonist at
50%-effective concentration (ECs) and the sample extract at
various doses, and the luciferase fold induction levels were
compared with that induced by the positive control (refer-
ence agonist at EC5, and DMSO). No significant antagonist
activities (> 10% inhibition) were found for any extracts. All
activity values were reported as the average of at least three
measurements. Details on cell culture and assay procedures,
and performance validation requirements were described
elsewhere (Suzuki et al. 2013). The observed fold induction
levels and ECs, values of the reference chemicals were well
within the acceptable ranges in all assay iterations.

Identification of major ER, AR and GR agonists

Identification of major compounds causing the ER, AR,
and GR agonist activities detected by CALUX assays was
conducted using effect-directed analysis on representative
pooled samples prepared from extracts with high activi-
ties. Briefly, each pooled extract was LC-fractionated into
35 fractions, which were then solvent-exchanged into
DMSO and subjected to CALUX assays to identify active
agonist fractions. The major ER and AR agonist fractions
were analyzed using LC-ToFMS for suspect screening of
known estrogens and androgens, whereas the major GR
agonist fractions were target-analyzed for glucocorticoids
using LC-tandem mass spectrometry (LC-MS/MS). A
fraction with no agonist activity was also analyzed for
each fraction series, and only compounds not detected in
this “baseline” fraction were considered possible causative
compounds for the activities of agonist fractions. Com-
pounds that could be identified using authentic standards
were quantified, and their contribution to the activities of
the respective fractions was evaluated as ratios between

the calculated reference agonist equivalent levels—chemi-
cal concentrations multiplied by relative potency factors
(REPs)—and the CALUX-measured levels.

The fractionation instruments consisted of a LC system
(LC-2000 series, Jasco, Japan) with a Synergi Polar-RP
column (4 ym, 10X 250 mm, Phenomenex, USA) and a
CHF122SC fraction collector (Advantec, Japan). The mobile
phase consisted of a mixture of acetonitrile (10%) and vari-
able proportions of methanol and MilliQ water, all solvents
being of LC/MS grade. The content of methanol was 60%
at 0—10 min, increased to 75% at 10—14 min, and then was
held for 46 min. The column temperature was 40 °C and
the flow rate was 4 ml/min. For reference, the retention
times of several estrogens, androgens, and glucocorticoids
in these conditions were determined using an UV detector
(UV-2075 Plus, Jasco, Japan). The fraction timing and the
elution points of the standards are given in Table S2. Before
fractionation, a series of blank run was conducted to check
for contamination until no UV peaks could be observed.

Screening of the ER and AR agonists in selected fractions
was conducted using a 1290 Infinity LC (Agilent, USA) with
a Zorbax Eclipse Plus C18 column (2.1 X 100 mm, 1.8 um,
Agilent, USA), and a 6530 Q-TOF MS (Agilent, USA) oper-
ating in electron spray ionization (ESI) mode. The injection
volume was 5 ul. The mobile phase was a mixture of methanol
and MilliQ water at a flow rate of 0.3 ml/min at 40 °C. The
content of methanol was 10-80% at 0—10 min, increased to
99% at 10-15 min, stayed at 99% for 5 min, and then was
reset to 10% and maintained for 5 min. The settings of the
ToFMS were as follows: desolvation gas temperature 350 °C,
sheath gas temperature 325 °C, capillary voltage 3500 V, noz-
zle voltage 1000 V, m/z range 100-1500 u. ER agonists were
screened in negative ionization mode, and an aqueous solu-
tion of ammonium was introduced post-column (final con-
centration 10 mM) to enhance the formation of deprotonated
[M—H]™ ions. AR agonists were screened in positive ioniza-
tion mode, and formic acid was added to the aqueous mobile
phase (0.1%) to improve the formation rate of protonated
[M+H]" ions. Under these conditions, the detection limits of
the endogenous estrogens E2, E3, El, and the androgen DHT
were 0.58, 1.0, 0.31, and 0.94 ng/l water-equivalent, respec-
tively. Molecular features (m/z peaks) on the chromatogram
were assigned using Mass Hunter and putative chemical for-
mulae were calculated as [M+H]* or [M-H] ions. Molecular
features matching those of known steroids were investigated
as “suspects,” and external standards were used to verify the
retention times on the LC-ToFMS chromatograms and to
calculate the concentrations of the confirmed compounds.
Suspected compounds with no matching standards were
examined using MS/MS product ion spectra for comparison
with databases such as National Institute of Standards and
Technology mass library (NIST2017) and MassBank (https://
massbank.eu/MassBank).
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Glucocorticoids in GR agonist fractions were analyzed
using LC-MS/MS, because of the poor sensitivity of the
ToFMS for synthetic glucocorticoids. The targets included
endogenous compounds (cortisol and cortisone) as well as
antiallergic drugs (prednisolone, Dex, betamethasone, beta-
methasone 17-valerate, betamethasone dipropionate, clobet-
asol propionate, clobetasone butyrate, and difluprednate).
The analytical instruments consisted of a Prominence LC
(Shimadzu, Japan) and a Qtrap 5500 tandem mass spectrom-
eter (Sciex, USA) operating in ESI mode. Other instrumental
details were described by Isobe et al. (2015). Quantification
was done also using external standards.

Results and discussion
Hormone disrupting activities in surface water

ER, AR, and GR agonist activities were detected mostly
in the dissolved phase rather than in the suspended phase
of the river water samples (Fig. 1). Estrogenic activities in
the DP extracts were in the range of 0.13-55 ng E2EQ/1, at
least an order of magnitude higher than in the SP extracts
(0.011-2.1 ng E2EQ/1). Similarly, androgenic activities
were detected in most DP extracts (<2.1-110 ng DHT/1)
but not in SP extracts (< 0.74 ng DHT/1). GR agonist activi-
ties were detected in only DP extracts of six samples from
Hanoi and four samples from Bangalore at (up to 74 and
150 ng DexEQ/1, respectively), but not in any SP extracts
(<3.5 ng DexEQ/1). The results indicate that the majority
of the extractable ER, AR, and GR agonists in river water
were partitioned in the dissolved phase.

The estrogenic, androgenic, and glucocorticoid activity
levels varied in general within an order of magnitude for
different sampling locations in each city. All activities in the
samples from Chennai and Jakarta were substantially lower
than in those from the other cities, and possible reasons
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are the sampling locations in Chennai being less populated
and high dilution during the rainy season in Jakarta. To
understand the extent of contamination, the activity lev-
els measured in the present study are compared with those
reported for surface water by a number of recent studies
(Table 1). Disregarding possible differences caused by spe-
cific assays employed, the estrogenic levels in Bangalore
and Hanoi rivers (up to 55 and 31 ng E2EQ/I, respectively)
were higher than the E2EQ range reported for surface water
in European countries (up to 1.1 ng, Simon et al. 2022), in
the same range as those found in WWTP effluents in Japan
(up to 49 ng/1, Hashimoto et al. 2007), China (up to 33 ng/l,
Guo et al. 2019), and WWTP influents in Finland (up to
42 ng/l, Vilitalo et al. 2017) but did not reach as high as
the upper ranges reported for WWTP influents in Japan (up
to 120 ng/l, Hashimoto et al. 2007) and Australia (up to
122 ng/1, Bain et al. 2014), and US streams (up to 116 ng/l,
Conley et al. 2017). AR- and GR-mediated activities are
less commonly studied, and the androgenic activities in the
present study (up to 110 ng DHT/1) were similar to those
reported for WWTP influents in Finland (up to 67 ng DHT/I)
and hospital wastewater in The Netherlands (86 ng/l, van
der Linden et al. 2008), but lower than the levels detected
in Australian WWTP influents (up to 350 ng DHT/I, Bain
et al. 2014). The GR agonist activities in Hanoi rivers (up
to 74 ng DexEQ/1) were higher than the levels reported for
surface water in The Netherlands, and comparable to those
found in WWTP effluents in Japan and Australia (Table 1),
whereas the levels detected in Bangalore rivers (up to 150 ng
DexEQ/1) were as high as those reported for hospital waste-
water in The Netherlands (96 ng/l, van der Linden et al.
2008) and Switzerland (162 ng/l, Macikova et al. 2014).
Considering the lack of municipal wastewater treatment
in lower income countries, hormone receptor—-mediated
activities in river water samples of this study reaching the
levels of WWTP influents in more developed countries are
expected results and reflect the direct discharge of untreated
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Table 1 ER, AR, and GR agonist activities in river water (dissolved phase) from India, Indonesia, and Vietnam in comparison with reported

values for surface water from other countries

Countries (area) ER agonist (ng E2EQ/I) AR agonist (ng DHTEQ/I)  GR agonist (ng DexEQ/l) Reference

Indonesia (Jakarta) 1.6-7.9 (5.9) <2.1-29 (10) <20 This study

India (Chennai) 0.13-6.5 (0.95) <3.9-30(<3.9) <22 This study

India (Bangalore) 0.50-55 (37) 15-85 (40) <22-150 (69) This study

Vietnam (Hanoi) 7.4-31(23) 5.2-110 (61) <16-74 (41) This study

China (Beijing WWTP effluents) 10-33 Guo et al. (2019)
Japan (WWTP influent) 10-120 Hashimoto et al. (2007)
Japan (Osaka WWTP effluent) 7.0-78 (32) Suzuki et al. (2015)
Australia (various) <0.1-6.5 <7 Scott et al. (2014)
Australia (WWTP influent) 28-122 30-350 37-85 Bain et al. (2014)
Europe (14 countries) <0.02-1.1 Simon et al. (2022)
Finland (WWTP influent) 0.45-42 ND-67 Vilitalo et al. (2017)
Netherlands (various land use) ND-1.6 ND-27 de Baat et al. (2019)
Switzerland (Baden) ND-30 Macikova et al. (2014)
Serbia (Novi Sad) 0.014-0.67 ND-2.3 ND Konig et al. (2017)
USA (various streams) ND-116 (0.74) ND-4.8 (ND) ND-43 (ND) Conley et al. (2017)
USA (Arizona) <0.005-0.8 9-170 Daniels et al. (2018)

Values between parentheses are medians (if available)

residential wastewater containing various endogenous hor-
mones from human waste.

Risk assessment of surface water is conventionally done
for specific contaminants by comparing their individual
concentrations with respective guideline values. However,
there are no official guideline values for in vitro effect levels,
which are measures of the combined effects of the whole
mixtures of chemicals extractable from the samples. Instead,
the use of effect-based trigger (EBT) values as the highest
effect levels with acceptable environmental risk was pro-
posed, and EBT values have recently been developed for risk
assessment of surface water using specific CALUX assays
(Escher et al. 2015; van der Oost et al. 2017). The surface
water EBT value for estrogenic activity with ER-CALUX
(0.5 ng E2EQ/1, van der Oost et al. 2017) was derived as the
Sth percentile hazard concentration of a species sensitiv-
ity distribution (SSD) of E2EQ-converted toxicity data of
environmentally relevant estrogenic compounds. This EBT
value was exceeded in the majority of the river water sam-
ples in this study, with the exception of three samples from
Chennai and one from Bangalore. The EBT value for andro-
genic activity (3.4 ng DHTEQ/1) can be converted from the
testosterone-EQ value derived for the ARGeneBLAzer assay
using SSD analysis of chemicals in the Australian Guide-
lines for Water Recycling (Escher et al. 2015). All detectable
androgenic activity levels in this study were above this EBT
value. These estrogenic and androgenic activities indicate
possible ecological risks from ER and AR agonists in most
of the sampling locations. The EBT value for GR-CALUX
(100 ng DexEQ/1, van der Oost et al. 2017) was derived

from the lowest-observed effect concentration of Dex for
increased gonadal somatic index in fathead minnow. Only
BG1 and BG2 contained GR agonist activities higher than
the EBT value.

Identification of major ER, AR, and GR agonists

Major compounds contributing to the detected CALUX
activities in DP extracts were identified for only Hanoi and
Bangalore sample sets, because of the low activities in all
samples from Chennai and Jakarta. A representative pooled
extract was prepared for each set by combining extracts with
high activities. The pooled extracts were fractionated indi-
vidually to find major ER, AR, and GR agonist fractions
for subsequent chemical identification, as described in the
“Materials and methods” section.

Estrogenic activities and major ER agonists in pooled DP
extract fractions

ER-CALUX measurement results of Hanoi and Bangalore
pooled extract fraction series (HN and BG) showed very
similar activity patterns, with F3+4 and F9+ 10 as the
major groups of estrogenic fractions (Fig. 2). The measured
E2EQ levels of these fractions accounted for 67% and 18%
of the total of all HN fractions, and 28% and 64% of all BG
fractions, respectively. Estrogenic activity was also detected
in F6 (9.7% and 4.5% of the total of HN and BG fractions,
respectively) and a few other minor fractions (together con-
tributing < 5% of the total).
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The major estrogenic fractions F3+4 and F9+ 10 coin-
cided with the predetermined elution points of the endog-
enous estrogens E3 and E2, respectively (Table S2). E3 was
detected in HN-F3 +4 and BG-F4, confirmed and quanti-
fied against external standard using LC-ToFMS analysis.
Similarly, E2 was identified and quantified in HN-F9 and
BG-F9 + 10. Based on their calculated E2EQ levels, E3
contributed 99% and 37% of the measured EQEQ levels in
HN-F3 +4 and BG-F4, and E2 contributed 96% and 77%
in HN-F9 and BG-F9 + 10, respectively (Table 2). These
results indicate that E3 and E2 were the major ER agonists in
water samples from Hanoi and Bangalore, together account-
ing for respectively 80% and 56% of the total E2EQ levels
of all HN and BG fractions. As the most important source
of these endogenous hormones is human waste (Liu et al.
2009), their large contribution to the estrogenic activities of
river waters reflects the heavy contamination by residential
wastewater.

The minor estrogenic fraction F6 corresponded to the
elution point of bisphenol A (BPA) (Table S2). Although

BPA was indeed detected in both HN- and BG-F6 using
LC-ToFMS analysis, its estrogenic activity contribution
was negligible due to low potency (Table 2). The endog-
enous estrogen estrone (E1) was detected in HN-F15 and
BG-16, also consistent with its predetermined elution point,
and contributed 60% and 46% of the estrogenic activities in
these fractions, respectively. [M—H]~ features of synthetic
estrogens such as EE2 and diethylstilbestrol, and well-known
ER agonists such as alkyl phenols and BPA analogues were
not found in the LC-ToFMS data of any estrogenic fractions.
Further search for other ER agonists in minor estrogenic
fractions was not attempted.

Androgenic activities and major AR agonists in pooled DP
extract fractions

The androgenic activity patterns of HN and BG frac-
tion series were also similar, with three major groups of
androgenic fractions: F11 (HN) or F12 (BG), F18 (HN)
or F17+18 (BG), and F21 (HN and BG) (Fig. 2). The

Table2 ER, AR, and GR agonists identified in major agonist fractions of pooled dissolved phase extracts

Hanoi pooled extract (concentration factor = 1770%)

Bangalore pooled extract (concentration factor =483%)

Compound REP® Fraction Concentra- Calculated/  Calculated/  Fraction Concentra- Calculated/  Calculated/
number tion (ng/ measured measured number tion (ng/ measured measured
ml) refEQ° (ng/  refEQY (%) ml) refEQ° (ng/  refEQY (%)
ml) ml)
ER agonists
Estriol 0.12 3+4 100 12/13 92 4 6.8 0.82/2.2 37
(E3)
Bisphenol 3.7x107° 5 44 0.0016/1.8 <1 5 68 0.0025/0.51 <1
A (BPA)
Estradiol 1.0 9 2.5 2.5/2.6 96 9+10 5.5 5.5/7.2 76
(E2)
Estrone 0.016 15 5.6 0.090/0.15 60 16 22 0.036/0.079 46
(ED)
AR agonists
Dihy- 1.0 18 72 7.2/9.5 76 18 39 3.9/10 39
drotes-
tosterone
GR agonists
Dex/beta- 1.0 7 16 16/24 67 7 9.7 9.7/18 54
metha-
sone
Clobetasol 26 21 0.88 23/24 96 21422 33 86/110 78
propion-
ate

All concentration and activity values are normalized to the pooled extract volume (before fractionation)

*Water sample volume / extract volume ratio

PRelative potency factor (mass-based): E3, E1, and BPA vs E2 from Sonneveld et al. (2006), clobetasol propionate vs Dex from Suzuki et al.

(2015)

“Reference agonist equivalent activity values

dActivity ratios relative to CALUX-measured activities of the respective fractions

@ Springer
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measured DHTEQ levels of these fractions accounted for
34%, 32%, and 28% of the total level of all HN fractions,
and 9.6%, 72%, and 10% of all BG fractions, respectively.
F18 coincided with the predetermined elution point of the
endogenous androgen DHT (Table S2), and its presence in
this fraction was confirmed using LC-ToFMS analysis. DHT
was a major androgenic activity contributor of F18, explain-
ing 77% (HN) and 39% (BG) of the CALUX-measured
DHTEQ levels (Table 2). The LC-ToFMS data obtained
for the major androgenic fractions were screened for endog-
enous androgens, which were detected at relatively high
concentrations in surface water from the UK (Thomas et al.
2002) and China (Liu et al. 2011). Several compounds were
found with molecular features matching the [M +H]" ions of
endogenous androgens (Table S3). However, identification
and activity evaluation of these compounds were not pos-
sible due to the unavailability of standards, as many anabolic
steroids are controlled substances in Japan. Nandrolone-type
synthetic androgens (nandrolone and trenbolone) were not
detected in any major androgenic fractions. A recent study

in the Netherlands also found major androgenic fractions
corresponding to unknown androgens when conducting
effect-directed analysis of AR agonists in WWTP influent
and effluent samples (Zwart et al. 2020).

Unknown androgen-related compounds detected in the
major androgenic fractions included the following: com-
pound Al ([M +H]" m/z=287.2000, tentative molecular
formula C;gH,c0,) in HN-F11 and BG-F12, compound
A2 (m/z=287.2161, C,gH,30,) in BG-F17, compound A3
(m/z=291.2312, C,4H;,0,) in BG-F18, and a pair of com-
pounds A4/AS (m/z=289.2166, C,gH,30,) in both HN- and
BG-F21. The retention times in LC-ToFMS and MS/MS
product ion spectra from precursor [M + H]* are shown in
Figs. S1, S2, S3, S4, S5, S6, S7, S8, and S9. Compound Al
was found to have the same molecular formula as the endog-
enous androgen 4-androstenedione (androst-4-ene-3,17-di-
one), but its retention time on the LC-ToFMS chromato-
gram did not match that of the authentic standard (Fig. S1).
The MS/MS product ion spectrum from precursor [M + H]*
of Al was different from the spectra of 4-androstenedione
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and boldenone, an anabolic steroid with the same molecular
formula (Figs. S2 and S3). However, their spectra shared
common fragment ions, suggesting some structural similari-
ties. Other known androgens with the formula of C,,H,,0,
include the endogenous 5-androstenedione and the synthetic
anabolic steroid 1-androstenedione. Compound A2 was an
isomer of the endogenous androgen testosterone, with dif-
ferent retention times and MS/MS spectrum (Figs. S4 and
S5). The best match found for A2 using MS/MS spectra
search against NIST2017 was 5p-androst-1-en-17p-ol-3-
one (Fig. S6), a metabolite of boldenone. Compound A3
was an isomer of DHT, but not androsterone (Fig. S7). A3
could not be identified using MS/MS spectra search due to
the low intensity of the precursor ion. The best matches for
compounds A4 and A5 in NIST2017 were the endogenous
androgens androstanediones (5a/5p-androstane-3,17-diones)
(Fig. S9). Sa-androstanedione was reported to be a relatively
potent androgen and major androgenic activity contributor in
UK surface water (Thomas et al. 2002). Although causative
compounds for major androgenic fractions F11/12 and F21
could not be identified, possible contribution from synthetic
androgens warrants further studies on androgenic contami-
nants in surface water of lower income countries.

GR agonist activities and major GR agonists in pooled DP
extract fractions

Only two fraction groups with significant GR agonist activi-
ties were found for both HN and BG fractions series: F7 and
F21 (F21+ 22 for BG series) (Fig. 2). Target LC-MS/MS
analysis of glucocorticoids showed that F7 contained Dex
and/or betamethasone (coeluting isomers) (Table 2). The
calculated DexEQ of HN-F7 and BG-F7, assuming that
these fractions contained only the slightly more potent iso-
mer Dex (REP of betamethasone =0.82, Suzuki et al. 2015),
accounted for 67% and 54% of the respective CALUX-meas-
ured levels. HN-F21 and BG-F21 422 were found to contain
clobetasol propionate (Table 2) which explained most of the
measured GR agonist activity (96% and 78%, respectively).
The major GR agonist activity contribution of synthetic
glucocorticoids such as clobetasol propionate and Dex in
water samples from Hanoi and Bangalore could be expected
considering their much higher potency compared with
endogenous glucocorticoids (Suzuki et al. 2015). Clobet-
asol propionate and Dex were previously reported as the
most important DexEQ contributors in surface water from
Czech and Switzerland (Macikova et al. 2014). Clobetasol
propionate was also a major GR agonist in water from Japa-
nese WWTPs (Suzuki et al. 2015). Depending on the gluco-
corticoid usage patterns in the catchment areas, substantial
DexEQ contribution from other synthetic glucocorticoids
such as betamethasone valerate and triamcinolone actinide
was also reported (Schriks et al. 2013; Suzuki et al. 2015).

@ Springer

Conclusions

ER and AR agonist activities were frequently detected in
water samples from several rivers in Bangalore and Chen-
nai (India), Jakarta (Indonesia), and Hanoi (Vietnam), with
substantially higher levels in Bangalore and Hanoi rivers,
where GR agonist activities were also detected. Effect-
directed analysis of pooled samples showed that primary
contributing estrogens, androgens, and glucocorticoids in
the Bangalore and Hanoi rivers were similar. High ER and
AR agonist activity contribution from endogenous estrogens
(E2 and E3) and androgen (DHT) rather than industrially
produced chemicals reflected the river water pollution in
these cities with residential wastewater. In contrast, the
major glucocorticoids identified were the anti-inflamma-
tory drugs dexamethasone and clobetasol propionate rather
than endogenous hormones. Several unknown isomers of
endogenous androgens may also have contributed to the AR
agonist activities. Although the sample set of present study
may not reflect recent contamination levels, the high activity
contribution of endogenous estrogens and androgens, most
likely originated from human waste, implies that the overall
estrogenic and androgenic activities in surface water will not
diminish without significant improvement of the wastewa-
ter treatment systems in the investigated cities. Considering
the high activity levels found in the present study compared
with the effect-based trigger (EBT) values for surface water,
further monitoring and risk assessment of the water con-
tamination by ER, AR, and GR agonists in lower income
countries are necessary.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11356-022-23674-6.

Acknowledgements We thank Dr R. Tanoue (CMES) for the instru-
mental analysis of glucocorticoids, and all the participants of the sam-
pling campaigns.

Author contribution N. M. Tue, L. H. Tuyen, P. H. Viet, A. Sudary-
anto, A. Subramanian, S. Tanabe, and T. Kunisue planned the study
and conducted the sampling. N. M. Tue and L. H. Tuyen performed the
sample pretreatment and bioassays. G. Suzuki developed the fractiona-
tion method. N. M. Tue and H. Matsukami performed the LC-ToFMS
analysis. All authors contributed to the data interpretation, manuscript
preparation, and approval.

Funding This study was supported by the Japan Society for the Promo-
tion of Science (JSPS) through Grants-in-Aid for Scientific Research
[A: 19HO01167], Challenging Research [Exploratory, 19K22911], Fund
for the Promotion of Joint International Research (Fostering Joint Inter-
national Research) [B: 18KK0300], and by the Ministry of Educa-
tion, Culture, Sports, Science and Technology, Japan (MEXT) through
a project on Joint Usage/Research Center — Leading Academia in
Marine and Environment Pollution Research (LaMer).

Declarations

Ethical approval Not applicable.


https://doi.org/10.1007/s11356-022-23674-6

Environmental Science and Pollution Research (2023) 30:20765-20774

20773

Consent to participate Not applicable.
Consent for publication Not applicable.

Competing interests The authors declare no competing interests.

References

Babut M, Mourier B, Desmet M, Simonnet-Laprade C, Labadie P,
Budzinski H, De Alencastro LF, Tu TA, Strady E, Gratiot N
(2019) Where has the pollution gone? A survey of organic con-
taminants in Ho Chi Minh city / Saigon River (Vietnam) bed
sediments. Chemosphere 217:261-269. https://doi.org/10.1016/;.
chemosphere.2018.11.008

Bain PA, Williams M, Kumar A (2014) Assessment of multiple hor-
monal activities in wastewater at different stages of treatment.
Environ Toxicol Chem 33:2297-2307. https://doi.org/10.1002/
etc.2676

Chau HTC, Kadokami K, Duong HT, Kong L, Nguyen TT, Nguyen
TQ, Ito Y (2018) Occurrence of 1153 organic micropollutants
in the aquatic environment of Vietnam. Environ Sci Pollut Res
25:7147-7156. https://doi.org/10.1007/s11356-015-5060-z

Conley JM, Evans N, Cardon MC, Rosenblum L, Iwanowicz LR, Har-
tig PC, Schenck KM, Bradley PM, Wilson VS (2017) Occurrence
and in vitro bioactivity of estrogen, androgen, and glucocorticoid
compounds in a nationwide screen of United States stream waters.
Environ Sci Technol 51:4781-4791. https://doi.org/10.1021/acs.
est.6b06515

Daniels KD, VanDervort D, Wu S, Leusch FDL, van de Merwe JP,
Jia A, Snyder SA (2018) Downstream trends of in vitro bioassay
responses in a wastewater effluent-dominated river. Chemosphere
212:182-192. https://doi.org/10.1016/j.chemosphere.2018.07.190

de Baat ML, Kraak MHS, van der Oost R, de Voogt P, Verdonschot
PFM (2019) Effect-based nationwide surface water quality assess-
ment to identify ecotoxicological risks. Wat Res 159:434-443.
https://doi.org/10.1016/j.watres.2019.05.040

Duong HT, Kadokami K, Pan S, Matsuura N, Nguyen TQ (2014)
Screening and analysis of 940 organic micro-pollutants in river
sediments in Vietnam using an automated identification and quan-
tification database system for GC-MS. Chemosphere 107:462—
472. https://doi.org/10.1016/j.chemosphere.2014.01.064

Escher BI, Neale PA, Leusch FDL (2015) Effect-based trigger values
for in vitro bioassays: Reading across from existing water quality
guideline values. Wat Res 81:137-148. https://doi.org/10.1016/j.
watres.2015.05.049

Fan Z, Wu S, Chang H, Hu J (2011) Behaviors of glucocorticoids,
androgens and progestogens in a municipal sewage treatment
plant: comparison to estrogens. Environ Sci Technol 45:2725-
2733. https://doi.org/10.1021/es103429¢

FAO. Food and Agriculture organization’s global information system
on water and agriculture (AQUASTAT) database, 2013-2017.
https://www.fao.org/nr/water/aquastat/data/query/index.html?
lang=en (accessed 15 October 2021)

Guo W, Van Langenhove K, Vandermarken T, Denison MS, Elskens
M, Baeyens W, Gao Y (2019) In situ measurement of estrogenic
activity in various aquatic systems using organic diffusive gradi-
ents in thin-film coupled with ERE-CALUX bioassay. Environ Int
127:13-20. https://doi.org/10.1016/j.envint.2019.03.027

Hashimoto T, Onda K, Nakamura Y, Tada K, Miya A, Murakami T
(2007) Comparison of natural estrogen removal efficiency in the
conventional activated sludge process and the oxidation ditch pro-
cess. Water Res 41:2117-2126. https://doi.org/10.1016/j.watres.
2007.02.029

Hashmi MAK, Escher BI, Krauss M, Teodorovic I, Brack W (2018)
Effect-directed analysis (EDA) of Danube River water sample
receiving untreated municipal wastewater from Novi Sad, Ser-
bia. Sci Total Environ 624:1072-1081. https://doi.org/10.1016/j.
scitotenv.2017.12.187

Isobe T, Sato K, Kim JW, Tanabe S, Suzuki G, Nakayama K (2015)
Determination of natural and synthetic glucocorticoids in effluent
of sewage treatment plants using ultrahigh performance liquid
chromatography-tandem mass spectrometry. Environ Sci Pollut
Res 22:14127-14135. https://doi.org/10.1007/s11356-015-4626-0

Jobling SW, Burn R, Thorpe K, Williams R, Tyler C (2009) Statistical
modeling suggests that antiandrogens in effluents from wastewater
treatment works contribute to widespread sexual disruption in fish
living in English rivers. Environ Health Perspect 117:797-802.
https://doi.org/10.1289/ehp.0800197

Konig M, Escher BI, Neale PA, Krauss M, Hilscherova K, Novak J,
Teodorovié I, Schulze T, Seidensticker S, Kamal Hashmi MA,
Ahlheim J, Brack W (2017) Impact of untreated wastewater on
a major European river evaluated with a combination of in vitro
bioassays and chemical analysis. Environ Pollut 220:1220-1230.
https://doi.org/10.1016/j.envpol.2016.11.011

Leatherland JF, Li M, Barkataki S (2010) Stressors, glucocorticoids
and ovarian function in teleosts. J Fish Biol 76:86—111. https://
doi.org/10.1111/7.1095-8649.2009.02514.x

Liu Z, Kanjo Y, Mizutani S (2009) Urinary excretion rates of natural
estrogens and androgens from humans, and their occurrence and
fate in the environment: a review. Sci Total Environ 407:4975—
4985. https://doi.org/10.1016/j.scitotenv.2009.06.001

Liu S, Ying GG, Zhao JL, Chen F, Yang B, Zhou LJ, Lai HJ (2011)
Trace analysis of 28 steroids in surface water, wastewater and
sludge samples by rapid resolution liquid chromatography—elec-
trospray ionization tandem mass spectrometry. J Chromatogr A
1218:1367-1378. https://doi.org/10.1016/j.chroma.2011.01.014

Macikova P, Groh KJ, Ammann AA, Schirmer K, Suter MJ (2014)
Endocrine disrupting compounds affecting corticosteroid sign-
aling pathways in Czech and Swiss waters: potential impact on
fish. Environ Sci Technol 48:12902—-12911. https://doi.org/10.
1021/es502711c

Mitra S, Corsolini S, Pozo K, Audy O, Sarkar SK, Biswas JK (2019)
Characterization, source identification and risk associated with
polyaromatic and chlorinated organic contaminants (PAHs, PCBs,
PCBzs and OCPs) in the surface sediments of Hooghly estuary,
India. Chemosphere 221:154-165. https://doi.org/10.1016/j.
chemosphere.2018.12.173

Ngo TH, Van DA, Tran HL, Nakada N, Tanaka H, Huynh TH (2021)
Occurrence of pharmaceutical and personal care products in Cau
River. Vietnam Environ Sci Pollut Res 28:12082-12091. https://
doi.org/10.1007/s11356-020-09195-0

Schriks M, van der Linden SC, Stoks PG, van der Burg B, Puijker L,
de Voogt P, Heringa MB (2013) Occurrence of glucocorticogenic
activity in various surface waters in The Netherlands. Chemos-
phere 93:450-454. https://doi.org/10.1016/j.chemosphere.2013.
04.091

Scott PD, Bartkow M, Blockwell SJ, Coleman HM, Khan SJ, Lim
R, McDonald JA, Nice H, Nugegoda D, Pettigrove V, Tremblay
LA, Warne MSJ, Leusch FDL (2014) An assessment of endocrine
activity in Australian rivers using chemical and in vitro analyses.
Environ Sci Pollut Res 21:12951-12967. https://doi.org/10.1007/
s11356-014-3235-7

Sharma BM, Becanova J, Scheringer M, Sharma A, Bharat GK, White-
head PG, Klanova J, Nizzetto L (2019) Health and ecological
risk assessment of emerging contaminants (pharmaceuticals,
personal care products, and artificial sweeteners) in surface and
groundwater (drinking water) in the Ganges River Basin, India.
Sci Total Environ 646:1459-1467. https://doi.org/10.1016/j.scito
tenv.2018.07.235

@ Springer


https://doi.org/10.1016/j.chemosphere.2018.11.008
https://doi.org/10.1016/j.chemosphere.2018.11.008
https://doi.org/10.1002/etc.2676
https://doi.org/10.1002/etc.2676
https://doi.org/10.1007/s11356-015-5060-z
https://doi.org/10.1021/acs.est.6b06515
https://doi.org/10.1021/acs.est.6b06515
https://doi.org/10.1016/j.chemosphere.2018.07.190
https://doi.org/10.1016/j.watres.2019.05.040
https://doi.org/10.1016/j.chemosphere.2014.01.064
https://doi.org/10.1016/j.watres.2015.05.049
https://doi.org/10.1016/j.watres.2015.05.049
https://doi.org/10.1021/es103429c
https://www.fao.org/nr/water/aquastat/data/query/index.html?lang=en
https://www.fao.org/nr/water/aquastat/data/query/index.html?lang=en
https://doi.org/10.1016/j.envint.2019.03.027
https://doi.org/10.1016/j.watres.2007.02.029
https://doi.org/10.1016/j.watres.2007.02.029
https://doi.org/10.1016/j.scitotenv.2017.12.187
https://doi.org/10.1016/j.scitotenv.2017.12.187
https://doi.org/10.1007/s11356-015-4626-0
https://doi.org/10.1289/ehp.0800197
https://doi.org/10.1016/j.envpol.2016.11.011
https://doi.org/10.1111/j.1095-8649.2009.02514.x
https://doi.org/10.1111/j.1095-8649.2009.02514.x
https://doi.org/10.1016/j.scitotenv.2009.06.001
https://doi.org/10.1016/j.chroma.2011.01.014
https://doi.org/10.1021/es502711c
https://doi.org/10.1021/es502711c
https://doi.org/10.1016/j.chemosphere.2018.12.173
https://doi.org/10.1016/j.chemosphere.2018.12.173
https://doi.org/10.1007/s11356-020-09195-0
https://doi.org/10.1007/s11356-020-09195-0
https://doi.org/10.1016/j.chemosphere.2013.04.091
https://doi.org/10.1016/j.chemosphere.2013.04.091
https://doi.org/10.1007/s11356-014-3235-7
https://doi.org/10.1007/s11356-014-3235-7
https://doi.org/10.1016/j.scitotenv.2018.07.235
https://doi.org/10.1016/j.scitotenv.2018.07.235

20774

Environmental Science and Pollution Research (2023) 30:20765-20774

Shen X, Chang H, Sun Y, Wan Y (2020) Determination and occurrence
of natural and synthetic glucocorticoids in surface waters. Environ
Int 134:105278. https://doi.org/10.1016/j.envint.2019.105278

Simon E, Duffek A, Stahl C, Frey M, Scheurer M, Tuerk J, Gehrmann
L, Konemann S, Swart K, Behnisch P, Olbrich D, Brion F, Ait-
Aissai S, Pasanen-Kase R, Werner I, Vermeirssen ELM (2022)
Biological effect and chemical monitoring of watch list substances
in european surface waters: steroidal estrogens and diclofenac —
effect-based methods for monitoring frameworks. Environ Int
159:107033. https://doi.org/10.1016/j.envint.2021.107033

Sonneveld E, Jansen HJ, Riteco JAC, Brouwer A, van der Burg B
(2005) Development of androgen- and estrogen-responsive bioas-
says, members of a panel of human cell line-based highly selective
steroid-responsive bioassays. Toxicol Sci 83:136—148. https://doi.
org/10.1093/toxsci/kfi005

Sonneveld E, Riteco JAC, Jansen HJ, Pieterse B, Brouwer A, Schoonen
WG et al (2006) Comparison of in vitro and in vivo screening
models for androgenic and estrogenic activities. Toxicol Sci
89:173-187. https://doi.org/10.1093/toxsci/kfj009

Suzuki G, Tue NM, Malarvannan G, Sudaryanto A, Takahashi S, Tan-
abe S, Sakai S, Brouwer A, Uramaru N, Kitamura S, Takigami
H (2013) Similarities in the endocrine-disrupting potencies of
indoor dust and flame retardants by using human osteosarcoma
(U20S) cell-based reporter gene assays. Environ Sci Technol
47:2898-2908. https://doi.org/10.1021/es304691a

Suzuki G, Sato K, Isobe T, Takigami H, Brouwer A, Nakayama K
(2015) Detection of glucocorticoid receptor agonists in efflu-
ents from sewage treatment plants in Japan. Sci Total Environ
527-528:328-334. https://doi.org/10.1016/j.scitotenv.2015.05.008

Thomas KV, Hurst MR, Matthiessen P, McHugh M, Smith A, Waldock
MJ (2002) An assessment of in vitro androgenic activity and the
identification of environmental androgens in United Kingdom
estuaries. Environ Toxicol Chem 21:1456-1461. https://doi.org/
10.1002/etc.5620210717

Tyler CR, Filby AL (2011) Feminized fish, environmental estrogens,
and wastewater effluents in English rivers. In: Elliott J, Bishop
C, Morrissey C (eds) Wildlife Ecotoxicology 2011, pp. 383—412

@ Springer

van der Linden SC, Heringa MB, Man H-Y, Sonneveld E, Puijker LM,
Brouwer A, van der Burg B (2008) Detection of multiple hormo-
nal activities in wastewater effluents and surface water, using a
panel of steroid receptor CALUX bioassays. Environ Sci Technol
42:5814-5820. https://doi.org/10.1021/es702897y

van der Oost R, Sileno G, Suarez-Muiioz M, Nguyen MT, Besselink
H, Brouwer A (2017) SIMONI (Smart Integrated Monitoring) as
a novel bioanalytical strategy for water quality assessment: part
I-model design and effect-based trigger values. Environ Toxicol
Chem 36:2385-2399. https://doi.org/10.1002/etc.3836

Vilitalo P, Massei R, Heiskanen I, Behnisch P, Brack W, Tindall AJ,
Du Pasquier D, Kiister E, Mikola A, Schulze T, Sillanpdd M
(2017) Effect-based assessment of toxicity removal during waste-
water treatment. Wat Res 126:153-163. https://doi.org/10.1016/j.
watres.2017.09.014

Weizel A, Schliisener MP, Dierkes G, Ternes TA (2018) Occurrence
of glucocorticoids, mineralocorticoids, and progestogens in vari-
ous treated wastewater, rivers, and streams. Environ Sci Technol
52:5296-5307. https://doi.org/10.1021/acs.est.7b06147

Zwart N, Jonker W, ten Broek R, de Boer J, Somsen G, Kool J, Ham-
ers T, Houtman CJ, Lamoree MH (2020) Identification of muta-
genic and endocrine disrupting compounds in surface water and
wastewater treatment plant effluents using high-resolution effect-
directed analysis. Wat Res 168:115204. https://doi.org/10.1016/;.
watres.2019.115204

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.


https://doi.org/10.1016/j.envint.2019.105278
https://doi.org/10.1016/j.envint.2021.107033
https://doi.org/10.1093/toxsci/kfi005
https://doi.org/10.1093/toxsci/kfi005
https://doi.org/10.1093/toxsci/kfj009
https://doi.org/10.1021/es304691a
https://doi.org/10.1016/j.scitotenv.2015.05.008
https://doi.org/10.1002/etc.5620210717
https://doi.org/10.1002/etc.5620210717
https://doi.org/10.1021/es702897y
https://doi.org/10.1002/etc.3836
https://doi.org/10.1016/j.watres.2017.09.014
https://doi.org/10.1016/j.watres.2017.09.014
https://doi.org/10.1021/acs.est.7b06147
https://doi.org/10.1016/j.watres.2019.115204
https://doi.org/10.1016/j.watres.2019.115204

	Estrogenic, androgenic, and glucocorticoid activities and major causative compounds in river waters from three Asian countries
	Abstract
	Introduction
	Materials and methods
	Collection and pretreatment of water samples
	Reference chemicals for bioassays
	Measurement of ERα-, AR-, and GR-mediated activities
	Identification of major ER, AR and GR agonists

	Results and discussion
	Hormone disrupting activities in surface water
	Identification of major ER, AR, and GR agonists
	Estrogenic activities and major ER agonists in pooled DP extract fractions
	Androgenic activities and major AR agonists in pooled DP extract fractions
	GR agonist activities and major GR agonists in pooled DP extract fractions


	Conclusions
	Acknowledgements 
	References


