Environ Sci Pollut Res (2016) 23:15183-15192
DOI 10.1007/s11356-016-6683-4

@ CrossMark

RESEARCH ARTICLE

In vitro toxicity assessment of sediment samples
from Huangpu River and Suzhou River, Shanghai, China

Shufang Lou' - Bingli Lei” - Chenglian Feng? - Jie Xu? - Wei Peng? - Yipei Wang?

Received: 15 December 2015 / Accepted: 11 April 2016 /Published online: 20 April 2016

© Springer-Verlag Berlin Heidelberg 2016

Abstract Sediments are the ultimate sink for many toxic or-
ganic contaminants released into aquatic environment. The
present study evaluated the toxicity effect of 13 surface sedi-
ment samples from Huangpu River and Suzhou River, East
China using two-hybrid yeast bioassays for estrogenic and
thyroidal effects and H4IIE rat hepatoma cell bioassay for
ethoxyresorufin O-decthylase (EROD) activity. Toxicity was
expressed as 173-estradiol equivalent (E»-EQ), 3,3',5-triiodo-
thyronine equivalent (T3-EQ), and 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) equivalent (TEQ). At
the same time, the causality between the observed EROD
activity and concentrations of polycyclic aromatic hydrocar-
bons (PAHs) was examined. The results showed that the total
estrogenic effects in sediments ranged from 0.06 to 1.21 ug
E»-EQ kgﬂdry weight (dw)» the thyroidal effects ranged from
4.68 0 69.9 ug T3-EQ kg 4, and significantly positive cor-
relations were found between 1gT3-EQs and 1gE,-EQs. The
AhR agonist effects varied from 26.5 to 148.3 ng TEQ kg ' 4.
Chemical analysis-derived TEQs contributed by PAHs ranged
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from 13.8 to 66.0 ng kg-14y, accounting for 27.2—109.9 % with
mean of 48.9 % of TEQy,,, indicating that PAHs made impor-
tant contributions to the EROD effects of sediment extracts
from the two rivers. The present study would provide mean-
ingful information for further analysis and risk evaluation for
organic pollutants in Huangpu River and Suzhou River.
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Introduction

For a large number of dangerous organic pollutants, the aquat-
ic environment serves as the major route of distribution, and
the sediments represent the ultimate sink (Peck et al. 2004;
Luo et al. 2009). Various classes of contaminants in sediment
are biologically available to aquatic organisms and can have
adverse effects (Kwok et al. 2010; Li et al. 2016). However,
most evaluations on pollutants in water and sediment are car-
ried out by chemical analysis, which can hardly gain informa-
tion on the risk stressor affection of the system. To assess the
hazardous effect and identify causative chemicals in the con-
taminated sediments, a link between effect data and hazardous
compounds based on a combination of biotesting and chemi-
cal analysis is developed (Floehr et al. 2015; Hong et al.
2016). In this combination system, the main aim of bioassays
is to identify the total biological activity of the compounds
with the same mode of action (MOA) in the extracts of envi-
ronmental samples (Luo etal. 2011; Floehretal. 2015; Lietal.
2016; Hong et al. 2016). Therefore, bioassays are very impor-
tant research tools in estimating complex toxicity effects of
samples and identifying causative chemicals in environmental
samples. In particular, in vitro bioassays based on the action
mechanism of chemicals have the advantages of being rapid,
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sensitive, and relatively inexpensive and are widely used to
screen ecological risk stressors of concern (Liu et al. 2014a;
Floehr et al. 2015). In the past decades, numerous studies have
reported the use of in vitro assays to assess the toxicity of
riverine sediment samples (Luo et al. 2011; Lei et al. 2015;
Floehr et al. 2015).

Contaminated sediment represents an important environ-
mental issue as they can contain complex mixtures of both
known and unknown organic contaminants (Floehr et al.
2013). Among the contaminants, environmental endocrine
disrupting chemicals (EDCs) draw attention due to their po-
tential adverse effects on human and various animal species at
low dose. Mounting evidence suggests that EDCs can inter-
fere with the organism’s endocrine system and adversely af-
fect their reproduction and development, neural network, and
cardiovascular, metabolic, and immune systems.
Environmental endocrine ligands of estrogen receptor (ER),
thyroidal hormone receptor (TR), and aryl hydrocarbon recep-
tor (AhR) have been known to be essential for normal growth
and development in both humans and animals, and increasing
evidence suggests that a number of traditional EDCs and
many emerging organic pollutants may disrupt these endo-
crine ligands signaling (Lei et al. 2013; Liu et al. 2014a; Li
et al. 2014). A number of in vitro bioassays have been devel-
oped to characterize the corresponding toxic effects (Liu et al.
2014a, 2015; Lei et al. 2015; Floehr et al. 2015; Zhang et al.
2016a). The present study mainly focused on estrogenic, thy-
roidal, and Ah receptor-mediated effects evaluated by a two-
hybrid yeast bioassay and H4IIE rat hepatoma cell bioassay.
The two-hybrid yeast bioassay systems rely on recombinant
yeast cells expressing an estrogen or thyroidal receptor, which,
upon binding with hormones, acts as a transcriptional enhanc-
er for an estrogen- or thyroid-responsive DNA element-
controlled reporter gene, and [(3-galactosidase activity serves
as a measure for the estrogenic or thyroidal potency caused by
chemicals (Li et al. 2014). The H4IIE cell bioassay used in the
present study is based on Ah receptor-dependent
ethoxyresorufin O-deethylase (EROD) induction. This enzy-
matic assay can serve as a sensitive biomarker for character-
izing and assessing the exposure to dioxin-like contaminants
such as polychlorinated biphenyls (PCBs) and polycyclic ar-
omatic hydrocarbons (PAHs) in environmental samples (Luo
et al. 2009; Floehr et al. 2015).

Shanghai is located in the Yangtze River Delta and is a
large industrial and commercial city with a total population
of over 19x10° in 2010. Huangpu River, the largest river
flowing through Shanghai, is about 114 km long and origi-
nates in the lake district (Dianshan Lake) of Shanghai munic-
ipality and flows northeast past Shanghai into the Yangtze
River at Wusong port. Suzhou River is the largest tributary
of Huangpu River and is known as the second largest river in
Shanghai after Huangpu River. Huangpu River and Suzhou
River are important for water supply, cultivation irrigation,
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navigation, and tourism. However, in recent years, because
the two sides of the rivers gather a large number of industrial
enterprises, many domestic sewages and industrial wastewa-
ters flow into the rivers, seriously reducing the water quality.
Therefore, their pollution status should cause attention.
Especially, Huangpu River is the last tributary of the
Yangtze River before empting into the East Sea and the con-
fluence is near the Yangtze Estuary which exhibited stronger
pollution than other sections of the Yangtze River (Floehr
et al. 2013). Therefore, the pollution status of Huangpu
River to study the pollution mass transfer of the Yangtze
River for the environmental quality assessment of its estuary
and the East China Sea is very important.

However, to date, most of the studies mainly focused on the
distribution and sources of pollutants (Wu et al. 2012, 2013;
Shi et al. 2014; Zhang et al. 2014) in these two rivers are
mainly based on instrument analysis. Far fewer studies inves-
tigated the toxicity effects especially endocrine disrupting ef-
fects of organic pollutants in the water or sediments in
Huangpu River and Suzhou River by bioassay (Zhang et al.
2015). In this study, the ER-mediated estrogenic effect, TR-
mediated thyroidal hormone effect, and AhR-mediated EROD
effect of the sediments from Huangpu River and Suzhou River
were investigated. The contribution of PAHs to the EROD
effects of sediment extracts based on a combination of the
HA4IIE rat hepatoma cell bioassay and chemical analysis were
identified.

Methods and materials
Chemicals

17(3-estradiol (E2), 3,3’,5-triiodo-L-thyronine (T3, 95 %) and
2,3,7,8-tetrachlorodibenzo-p-dioxin (2,3,7,8-TCDD) were
purchased from Sigma (St. Louis, MO, USA). For all com-
pounds, stock solutions were prepared in dimethyl sulfoxide
(DMSO, 99.5 %, AMRESCO, USA).

Sample collection

In July 2010, the 13 sampling sites were set along Huangpu
River and Suzhou River according to the location of raw water
supply for drinking purposes (H1), river confluence reaches
(S2, H2, H5, H8, and H9), near the drainage outlets of the
sewage treatment plants (S1 and S4), near the industrial dis-
trict (S3 and H3), and densely populated area (H4, HS, and
H6) as shown in Fig. 1. The latitude and longitude of the
sampling sites were measured by global positioning systems
(GPS) and are listed in Table 1. The detailed collection and the
storage methods of sediments were described elsewhere (Wu
etal. 2013; Lei et al. 2015).
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Fig. 1 Depiction of the Huangpu
River and Suzhou River and
sampling locations

Suzhou River

A detailed description of the sample preparation was pro-
vided by Lei et al. (2015). Briefly, the freeze-dried and sieved
sediments (20 g) were extracted with 200 mL of n-hexane/
acetone mixture (1/1, v/v) using a Soxlet extractor for 48 h.
The extractions were subsequently concentrated to approxi-
mately 10 uL followed by a solvent exchange with 400 pL
DMSO. Five series of concentrations obtained by twofold
dilution with DMSO from stock solutions were used in the
bioassays. The final concentrations of DMSO used in the bio-
assays were 1 % for estrogenic and thyroidal hormone effect
assay and 0.5 % for EROD effect assay respectively, which
was shown to be non-toxic to yeast cells and H4IIE cells (Hu
et al. 2002; Luo et al. 2009). At the same time, the preexper-
iment also proved that DMSO at 1 % was not toxic to yeast

Table 1

cells by detecting optical density (OD) at 595 nm and at 0.5 %
was also non-toxic to H4IIE cells by MTT cytotoxicity assay.

Two-hybrid yeast bioassay

Sediment samples were analyzed for thyroid hormone
receptor- or estrogen receptor-mediated endocrine disrupting
potential using a previously developed two-hybrid yeast-
based screen system, and a detailed description of the bioassay
was provided elsewhere (Hu et al. 2002). Briefly, the estrogen
or thyroid agonist activities of the sediment samples were
assayed by measuring [3-galactosidase activity. E2 for estro-
genic activity and 3,3'-5-triiodothyronine (T3) for thyroidal
activity were used as positive controls, and DMSO was used

E2 and T3 equivalents of raw extracts of the sediments from Huangpu River and Suzhou River, Shanghai, China

River name Sites Location Longitude

E»-EQuio (1g kgﬂ dw)

T3-EQpio (1g kgﬁl dw)

TEQpio (ng kg*I dw)

Huangpu River ~ H1 30° 58"44.95" N
H2 31°1"13.84" N
H3 31°3'54.63" N
H4 31°6'18.53" N
H5 31°14'42.41" N
H6 31°15"24.76" N
H7 31°19"14.93" N
H8 31°22"20.44" N
H9 31°23"23.36" N

Suzhou River S1 31°16" 15.23" N

121°21'5.60" E
121°29"1391"E
121°28'9.07" E
121°27'39.86" E
121°29"9.55" E
121° 32" 14.06" E
121° 33" 17.40" E
121°29"41.76" E
121°30"29.79" E
121°4'2337"E

S2 31°16'35.37" N 121°10"29.21" E
S3 31°13'5225" N 121° 18 58.65"E
S4 31°13'25.02" N 121°22'0.67"E

Mean

0.14+0.039 6.15+2.05 30.7
0.23+056 26.2+3.81 71.8
0.29+0.012 6.85+2.33 43.6
0.20+0.071 7.75+2.19 128.6
0.31+0.077 18.6+4.21 58.4
0.26+0.066 18.0+4.14 50.2
0.31+0.072 20.2+3.99 83.4
0.09+0.017 13.1+3.82 69.7
0.21+0.066 4.68+1.37 73.7
1.21+£0.27 30.0+6.58 148.3
0.76 +£0.096 21.4+4.03 42.0
0.06+0.011 12.6+3.29 26.5
0.74+0.14 69.9+13.8 30.6
0.37+0.33 19.6+17.1 66.0
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as a negative control. All experiments were carried out in
triplicate. (3-Galactosidase activity was calculated according
to the method provided by Hu et al. (2002) and was expressed
as the means and standard deviations (SDs) of the triplicate
results.

The standard solutions were prepared by serial dilution of
E2 or T3 stock solution that could yield dose-response curves
for the quantitative determination of endocrine activity
expressed in pg kg ' as E2 equivalent (E,-EQ) or T; equiva-
lent (T5-EQ) by comparing the induction of activity caused by
environmental sample extracts with that caused by authentic
E2 or T3 standards. The minimum detectable concentrations
were 6 pg E,-EQ well ! for E2 and 30 pg T5-EQ well ' for Ts.
Blanks for the extraction procedure were included, and their
estrogenic and thyroidal effect levels were all below the de-
tection limits.

EROD activity analysis

Rate hepatoma cells (H4IIE) were purchased from the Cell
Culture Center, Institute of Basic Medical Chinese Academy
of Medical Sciences, China. The routine maintenance of cells
was conducted as described elsewhere (Luo et al. 2009; Lei
et al. 2015). The standard solutions were prepared by serial
dilution of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) stan-
dard solutions (TCDD 0-140 pg mL ™" in DMSO culture ) that
could yield a full dose-response curve of EROD induction. A
detailed description of the bioassay was provided elsewhere
(Qiao et al. 2006; Lei et al. 2015). EROD enzyme activity was
analyzed according to the method described by Qiao et al.
(2006). The data from the EROD measurements were inputted
to a sigmoid curve-fitting program:

y= LD)B +D (])
1+ (2)
where y is the EROD response; 4 is the minimum EROD
response; B is the relative slope of middle region; C is the
EC50 which is the concentration of TCDD eliciting 50 % of
the maximal inducible EROD activity; and D is the maximum
EROD response. Generally, TEQy;, could be calculated
according to the method described by Eichbaum et al.
(2014) and the EC25 or EC50 value was usually chosen as
effect level. In the present study, the bioassay-derived TCDD
equivalents (expressed as TEQy;,) in the sediment samples
were obtained by comparing with the dose-response curve
of the standard solution on the same plate (Qiao et al. 2006).
If necessary, the extract of the sediment sample was diluted to
fit the linear part of the TCDD dose-response curve.
Therefore, we did not need to select the EC25 or EC50 value
as effect level in the calculation of TEQy;, The minimum
detectable concentrations were 0.10 pg TEQ well ', Blanks
for the extraction procedure were included, and their AhR
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agonistic effect levels were all under the detectable limit.
Statistical analysis

All statistical analyses were performed using SPSS 13.0
(SPSS, Chicago, IL, USA) and Origin 8.0 (OriginLab,
Northampton, MA, USA). Prior to data analysis, the experi-
mental data were checked for the assumptions of normality
using the Kolmogorov—Smirnov one-sample test. The final
data were presented as mean + standard deviation. The spatial
distribution differences in E,-EQs and T5-EQs among the two
rivers were compared using nonparametric two-sample
Kruskal-Wallis tests. In addition, to evaluate the relationship
of the two effects, E,-EQs, T3-EQs, and TEQs were logarith-
mically transformed for normality (one-simple Kolmogorov—
Smirnov test) (p>0.05), and the linear correlations and
Spearman correlations were analyzed. The results of all tests
were accepted as significant at p <0.05.

Results and discussion

The bioassay-derived E,-EQs, T5-EQs, and TEQs of the sed-
iment from Huangpu River and Suzhou River are listed in
Table 1.

Estrogenic effects of sediment extractions

The E,-EQ values varied greatly among the 13 sediment sam-
ples collected from the 13 sites in Huangpu River and Suzhou
River, with the highest and the lowest E»-EQ values in the S1
and S3 sites from the Suzhou River, respectively. The total
estrogenic activity in the 13 sediment samples ranged from
0.06+£0.011 to 1.21£0.27 ng E,-EQ kg_ldw with a mean
value of 0.37+0.33 pg E»-EQ kg '4w (Table 1). The mean
values of estrogen effects in Huangpu River and Suzhou River
were 0.23+0.077 and 0.69+0.47 ug E»-EQ kg ' 4. respec-
tively. The significant difference between Huangpu River and
Suzhou River in the spatial distribution of E,-EQs was ob-
served by nonparametric two-sample Kruskal-Wallis tests.
A global comparison revealed that the ER-mediated activity
in the sediment from Huangpu River and Suzhou River is of
medium levels, which is close to that in the Lake Karlskopf
quarry pond in Germany (Schulze-Sylvester et al. 2016), the
Three Gorges Reservoir and Liaohe River in China (Wang
et al. 2014; Ke et al. 2015), and is higher than that in the
Taihu Lake in China (Lei et al. 2015), Lake Shihwa in Korea
(Koh and Khim 2005), and two United Kingdom rivers (Peck
et al. 2004) (Table 2). However, the estrogenic activity in the
sediments from the Huangpu River and Suzhou River were
lower than that in the sediments from the Wenyu, Haihe, and
Dagu drainage rivers in China (Song et al. 2006a; Luo et al.
2011) and from industrialized areas in the Dutch Wadden Sea
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Table 2 AhR/ER-mediated
activity of sediment extracts from
the Huangpu and Suzhou rivers

and from other rivers described in
previous studies

Sampling locations TEQbio E»-EQbio References
(ng kg aw) (ug kg 'aw)
Taihu Lake, China 2.7-37.8 0.0011 x 10— Lei et al. (2015)
0.012
Three Gorges Reservoir, China 200-311 0.3-1 Wang et al. (2014)
Yangtze River estuary, China 38.9-323.5 - Liu et al. (2014a)
River Elbe Estuary, Germany 15.5-322 - Otte et al. (2013)
Yellow Sea, China 3.4-28 - Hong et al. (2012)
Tieté River, Brazil n.d—24,170 - Rocha et al. (2010)
Mai Po Ramsarsite, Hongkong, 279-3088 - Kwok et al. (2010)
China
Wastewater canal, Serbia 0.1-34.6 x 10° - Kaisarevic et al. (2009)
Sydney Olympic Park, Australia 1.6-706 - Rawson et al. (2009)
Wenyu River, China 8.5-336 - Luo et al. (2009)
Dagu Rivers, China 1200-13,900 - Song et al. (2006b)
Haihe, China 330-930 - Song et al. (2006b)
Shihwa River, Korea 14-868 - Yoo et al. (2006)
Masan River, Korea 17-275 - Yoo et al. (2006)
Morava River, Czech Republic 1-17,000 - Hilscherova et al. (2001)
Karlskopf quarry pond, Germany - 1.03-5.14 Schulze-Sylvester et al.
(2016)
Liaohe River, China - 0.0522-0.2076 Ke et al. (2015)
Wenyu River, China - 0.8-19.8 Luo et al. (2011)
The Pearl River system, China - 0-101 Zhao et al. (2011)
Haihe and Dagu River, China - 8.24-85.28 Song et al. (2006a)
Lake Shihwa, Korea - 0.0033-0.064 Koh and Khim (2005)
Two United Kingdom rivers - 0.0213-0.0299 Peck et al. (2004)
Dutch Wadden Sea - 1.36-10.9 Legler et al. (2002)
Huangpu and Suzhou rivers, China ~ 26.5-148.3 0.06-1.21 This study

ranges in Netherlands (Legler et al. 2002). This may be be-
cause sediments in these studies inducing estrogenicity are
collected from the rivers which receive sewage discharge.
The sources of various ER agonists in sediments are hypothe-
sized to primarily originate from sewage effluents and indus-
trial discharges (Luo et al. 2011; Liu et al. 2014b). In recent
years, part reaches of Huangpu River are set as the drinking
water source for Shanghai City, and the amounts of sewage
effluents released into Huangpu River are strictly controlled.
This can explain that the estrogenicity detected in Huangpu
River sediments is lower than that observed in the aforemen-
tioned studies. Suzhou River had been seriously polluted for
the last century because a large number of industrial, agri-
cultural, and domestic wastewaters from the Shanghai area
are directly or indirectly discharged into Suzhou River.
However, to improve the water quality of Suzhou River,
the government began to clear contaminated sediments in
Suzhou River and control sewage release into Suzhou
River at the beginning of the 90s of the last century.
Therefore, this may be the reason for the lower estrogen

effect in the sediments from Suzhou River compared with
that from other studies.

Some investigators have found that the estrogen fractions
of organic extracts from aquatic sediment have high potency
in inducing estrogenic activity. For example, Luo et al. (2011)
found that the chemicals in the sediment from Wenyu River,
Beijing, China, inducing significant estrogenic effects based
on two-hybrid yeast bioassay, were six estrogens (estrone
(E1), E2, estriol (E3), estradiol valerate (EV), 17«-
ethinylestradiol (EE2) and diethylstilbestrol (DES)) and two
phenols (bisphenol A (BPA) and 4-nonylphenol (4-NP)). Ke
etal. (2015) found that E1, E2, and EE2 were the predominant
ER agonists in the sediments from Liaohe River in China.
Through causality analysis of combination, the EEQ values
of yeast assay and chemical analysis, Rao et al. (2013) also
found that EE2 and E2 were the main contributors to the
estrogenic effects of river samples from three rivers, Tianjin,
China, accounting for 63.0-185.7 % of the whole estrogenic
activities. These estrogens are also found in Huangpu River
and Suzhou River. For example, Zhang et al. (2014) found
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that E1, E2, E3, EE2, NP, and BPA were detected in all 11
sampling sites from Huangpu River and the values of EEQ
suggest a high possibility of endocrine effects on exposed
organisms in Huangpu River. Wu et al. (2013) reported that
Huangpu River and Suzhou River were polluted by estrogenic
compounds such as 4-NP and BPA, which are found in sur-
face sediments with 4-NP concentrations in the range of 13.2—
337.7 ug kg ' for Huangpu River, 145.0-197.6 ug kg ' for
Suzhou River and BPA concentrations in the range of 0.96—
13.5 ug kg ' for Huangpu River and 6.28-7.68 ug kg ' for
Suzhou River, respectively. In addition, Shi et al. (2014) in-
vestigated the distribution of E1, E2, EE2, and BPA in the
Yangtze River Estuary and the adjacent East China Sea and
found that E1 and BPA were the dominant compounds detect-
ed and the zones of the highest E1 and BPA concentrations in
water were located at the mouth of the Huangpu River.
Therefore, the estrogenic effects in this area may be caused
by these estrogenic chemicals. Of course, further studies
should be conducted to identify specific ER agonists in the
sediments from Huangpu River and Suzhou River and predict
the ecological risks of ER agonists in this area.

Thyroidal hormone effects of sediment extractions

Total thyroidal activity in the 13 sediment samples ranged
from 4.68+1.37t0 69.9+13.8 pg T3-EQ kg ' 4w, with a mean
value 0f 19.6+17.1 pg T3-EQ kg ' 4w The lowest and highest
T5-EQ values were found in Huangpu River and Suzhou
River, respectively. The mean values of thyroidal effects in
Huangpu River and Suzhou River were 13.54+7.60 and 33.5
+25.3 ug T5-EQ kgﬁldw, respectively. However, there was no
significant difference in the spatial distribution of T3-EQs in
Huangpu River and Suzhou River according to the nonpara-
metric two-sample Kruskal-Wallis tests. In recent years, sev-
eral studies have focused on determining substances with es-
trogenic activity in river sediments. Far less attention has been
given to identifying thyroid-disrupting activity for sediment
samples. Gutleb et al. (2005) reported that some apolar sedi-
ment extracts showed TR agonist activities using T-screening,
whereas other sediment extracts showed TR antagonistic ac-
tivities. However, in that study, specific T3-EQs were not
calculated. In our previous study, we found that total thyroidal
activities (0.35+0.60-24.8+3.02 ng T;-EQ kg ' with a mean
value of 7.74+5.93 ng T3-EQ kg ' 4, in 28 sediment samples
from Taihu Lake, China) were lower than those of our study.
Other studies investigate the TR agonistic or antagonistic ac-
tivity of sewage samples. Murata and Yamauchi (2008) de-
tected strong TR agonistic activity in the dichloromethane and
dichloromethane/methanol fractions of effluents from a sew-
age treatment plant (STP) in Japan. Li et al. (2011) reported
TR antagonistic activity of organic extracts of sewage in all
processes from the wastewater treatment plants (WWTPs) in
Beijing, China. These results indicated the potential thyroid

@ Springer

hormone disrupting effects for extracts from matrices such as
sewage. In addition, a few studies have investigated thyroid-
disrupting activity in the environmental samples and
successfully identify thyroidal hormone disrupting
chemicals. For example, Li et al. (2014) found that a major
cause of the TR antagonism, not agonism, of the water from
Guanting Reservoir, Beijing, China is dibutyl phthalate
(DBP). Li et al. (2010) also suggested that DBP is the main
contributor to the antagonistic TR activity in drinking water.
Environmental chemicals such as poly brominated diphenyl
ethers (PBDEs), PCBs, pesticides, phenolic compounds, and
phthalates (Boas et al. 2012) have been reported to have ad-
verse disruption effect on the thyroid system of various verte-
brates. Some studies have reported the disruption of thyroid
hormone levels in fish just because of the presence of xenobi-
otics in polluted water bodies (Boas et al. 2012). Environment
matrices can also exert agonistic and or antagonistic effects on
the growth and development of organisms by directly inter-
fering with TR-mediated pathways. Gutleb et al. (2007) found
that PCBs and apolar sediment extracts significantly decrease
the percentage of frogs that successfully completed metamor-
phosis and significantly increased the number of tadpoles that
remained at early and late metamorphic stages through thyroid
hormone-dependent pathways. However, for many chemicals,
mixtures, and environment matrices taken in the field, the
potential effects on thyroid hormone functions are still un-
clear. Therefore, further study is required to investigate the
thyroidal potential of sediments from different study areas
and to identify the causative chemicals in sediments by a com-
bination between bioassay and chemical analysis.

EROD effects of sediment extractions and PAH
contribution

The bioassay-derived TCDD equivalents in the 13 sediment
samples ranged from 26.5+2.15 to 148.3+7.31 ng TEQ
kg 4w With a mean value of 66.0+37.1 ng TEQ kg ' 4.
The lowest and highest TEQ values were all found in
Suzhou River. The mean values of EROD activity in
Huangpu River and Suzhou River were 67.8+28.2 and 61.8
+58.0 ng TEQ kg ' 4y, respectively. Similar to T5-EQs, no
significant difference in the spatial distribution of TEQs in
Huangpu River and Suzhou River was observed. The EROD
assay has been applied using different cell lines, such as per-
manent fish cell line rainbow trout liver-waterloo 1 (RTL-W1)
or rat hepatoma cell line H41IE, which led to the title “golden
standard of in vitro bioassays” (Eichbaum et al. 2014). There
were some reports on the TEQy,;, values of crude extracts from
other locations (Table 2). Generally, in national and interna-
tional comparison, AhR-induced activity appeared to be low
to medium level. However, the obtained TEQy;, values
exceeded those of crude extracts from the Taihu Lake (Lei
et al. 2015) and the Yellow Sea (Hong et al. 2012). These
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comparisons indicated that EROD effect was accumulated in
the sediment of Huangpu River and Suzhou River to a rela-
tively moderate degree.

At present, many studies successfully identify AhR ago-
nists in sediments or soils from different countries by combi-
nation bioassay and chemical analysis. Generally,
polychlorinated dibenzo-p-dioxins and dibenzofurans
(PCDD/Fs), PCBs, and PAHs are found to be responsible for
AhR-agonist effects, respectively, in the environment samples
(Qiao et al. 2006; Luo et al. 2009; Floehr et al. 2015). Among
them, PAHs are especially concerned due to their wide distri-
butions and higher concentrations in water bodies (Floehr
et al. 2013). The mean concentrations of 16 priority PAHs in
the sediments collected from Huangpu River and Suzhou
River at the same sampling sites and the same sampling time
were 3480 and 3040 ng/gg,, respectively (Wu et al. 2012).
Floehr et al. (2015) found that PAHs with the concentrations
of 165-1653 ng/g in the sediments from the Yangtze River
had a pivotal role in the observed ecotoxicological impacts
such as EROD activity, embryotoxic/teratogenic effects. A
quality goal of 10004000 ng/g for EPA—PAHSs in sediments
were proposed for the assessment of sediment quality and
values that exceed this goal require further analysis or imme-
diate action (Floehr et al. 2013). These results indicated that
the pollution of PAHs is very serious in Huangpu River and
Suzhou River and is likely to cause a serious damage to the
ecosystem. PAHs which have AhR agonistic effect, i.e.,
benz[a]anthracene (B[a]A), benzo[b]fluorrranthene (B[b]F),
chrysene (Chry), benzo[a]pyrene (B[a]P), benzo[k]-
fluoranthene (B[£]F), indeno[/,2,3-cd]pyrene (I[cd]P) and
dibenz[a,/]anthracene (D[ah]A)] are commonly metabolized
through cytochrome P4501A1 and have been shown to elicit
dioxin-like responses or to induce cytochrome P4501A1 ac-
tivity in vitro (Luo et al. 2009). In the present study, the con-
tribution of these seven PAHs to EROD effect in the sediment
from Huangpu River and Suzhou River was also evaluated
according to their concentrations reported by Wu et al.
(2012). The TEQs for individual PAHs were calculated by
multiplying the measured concentration by the corresponding
toxicity equivalent factors (TEFs) (Qiao et al. 2006). The
TEQ.. was calculated as the sum of TEQ for an individual
compound by assuming additive responses to chemicals in the
mixture. It was observed that TEQs contributed by PAHs
ranged from 13.81 to 66.0 ng kg 4w The contribution rate
of the seven PAHs to EROD effects of the sediments was
calculated as follows: CR=TEQ., * 100 %/ TEQy;,. The data
showed that for the 13 sampling sites, the CRs of PAHs ranged
from 27.2 to 109.9 % with mean of 48.9 %, where congener
B[k]F accounted for 21.8-90.9 % of TEQy;, (Fig. 2). In addi-
tion, TEQy;, was significantly correlated with TEQ.,
(R=0.67, p=0.035). Given the potential uncertainty in the
TEQ estimates, our results indicated that PAHs especially
B[k]F in Huangpu River and Suzhou River could provide

important contribution to the AhR-agonistic effects of sedi-
ment organic extraction fraction observed in the H4IIE cell
bioassay.

EROD effects of about 40 % sediment samples were
caused by PAHs whose CRs were more than 50 %, while in
other sampling sites of Huangpu River and Suzhou River, the
CRs of PAH to TEQy;, were basically below 30 % (Fig. 2).
These findings showed that the EROD effects of sediment
extracts from Huangpu River and Suzhou River were also
caused by other compounds, such as dioxins, polychlorinated
biphenyls, etc., together. The past work indicated that the TEQ
is mainly contributed by dioxin-like PAHs in the sediment
from Meiliang Bay, Taihu Lake, China (Qiao et al. 2006).
While in other lake regions of Xukou Bay and Gonghu Bay,
the CRs of PAH to TEQy;, was only 40 %, indicating that
other chemicals also contributed to EROD effect in the sedi-
ments (Lei et al. 2014). Some investigators found that the
polyaromatic fractions of organic extracts from aquatic sedi-
ment had high potency in inducing EROD activity. However,
these studies attempts to attribute the potency to identified
priority PAHs had failed (Luo et al. 2009; Kaisarevic et al.
2009). For example, Liu et al. (2014a) found that the priority
polycyclic aromatic hydrocarbons only accounted for a low
portion of TEQy,;,s ranging from 1 to 10 % of crude extracts in
the Yangtze River Estuary. Wang et al. (2014) also found that
the known AhR agonists PAH, PCB, and PCDD/F only
explained up to 8 % of the more persistent AhR agonist
activity in the samples, which suggested that unidenti-
fied AhR-active compounds represented a great propor-
tion of the TEQ in sediments from the Three Gorges
Reservoir (TGR). Similarly, in the present work, PAHs
in some sampling sites could also not account for most
EROD induction potency. The recent studies showed
that hydroxylated and methoxylated polybrominated
diphenyl ethers (HO-/MeO-PBDESs) and polychlorinated
diphenyl sulfides (PCDPSs) have also AhR-mediated
activities (Zhang et al. 2016a, b).
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Fig. 2 The calculated TEQs for seven PAHs and CRs of individual PAH
to TEQy;, in the sediments from Huangpu River and Suzhou River
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Relationships between bioassay responses

Significantly positive correlations were only found between
1gT5-EQs and 1gE,-EQs (Fig. 3). Their positive correlation
coefficients, R=0.59 (p=0.03) for linear correction and
R=0.69 (p=0.009) for Spearman correlation, indicate fair
agreement of the spatial distribution patterns of E,-EQs and
T5-EQs. In our previous study, we also found significantly
linear positive correlations between ERx and TR« agonistic
activity of sediments from Taihu Lake, China by a two-
hybrid yeast bioassay (Lei et al. 2015). In addition,
Valdehita et al. (2014) found that extracts from poultry
manure exhibited simultaneously thyroidal activity and
estrogenic activity using estrogen receptor and thyroid
receptor transactivation assays. These results are similar
to those in the present study.

ER and TR are ligand-dependent nuclear transcription fac-
tors. Endocrine disrupters are widely known for their estro-
genic and thyroidal hormone effects by binding to ER or TR
(Li et al. 2014). Their importance, especially TR in cell dif-
ferentiation and growth in various tissues as well as crucial
role in the development of gonads and the metamorphosis of
amphibians, cannot be replaced (Gutleb et al. 2007).
However, the action mechanisms of endocrine disrupters are
actually complicated and are still unknown. There is growing
evidence that estrogen and thyroid hormones can interact to
regulate target gene expression and consequently physiologi-
cal and behavioral functions (Rajoria et al. 2012). Some
chemicals such as nonlyphenol have both estrogenic and
thyroidal effects. Jugan et al. (2009) reported that most of
the thyroidal effects of the influents from wastewater treat-
ment plants were associated with compounds with low polar-
ity and could be partly attributed to 4-NP. 4-NP is also a
traditionally estrogenic compound (Hu et al. 2002) and is
widespread in Chinese rivers, lakes, estuaries, and oceans,
which is also present in the sediments from the study areas
with the highest concentration of 337.7 ng g '4w (Wu et al.
2013). In addition, many other chemicals such as bisphenol
analogs (BPs) and tectoridin are also considered to have both
estrogenic and thyroidal effects (Boas et al. 2012; Shim et al.
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Fig. 3 Linear correlations between E,-EQy;, and T3-EQy;, of the
sediment from Huangpu River and Suzhou River
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2014). If these compounds are also present in the sediment of
Huangpu River and Suzhou River, they can also contribute to
the measured effects. Therefore, a significantly positive rela-
tionship between the estrogenic and the thyroidal effects is
possible when the ER- or TR-inducing contaminants are from
the same chemicals. However, which compounds induce si-
multaneously measured estrogenic and thyroidal effects needs
to be further identified.

No correlations were observed between 1gTEQs and 1gE,-
EQs and between 1gTEQs and IgT3-EQ. Spink et al. (1992)
reported that EROD activity was induced by exposure to
PAHs and other dioxin-like compounds, and the induction of
antiestrogenic activity by most of these chemicals was medi-
ated by the Ah-receptor. However, Kummer et al. (2008)
found that PAHs such as B[«]P, B[a]A, and fluoranthene
(Fla) behaved as estrogen-like compounds which can signifi-
cantly increase uterine weight and hypertrophy of luminal
epithelium in immature Wistar rats when applied for three
consecutive days at 10 mg/kg/day, and these estrogen effects
are likely to be mediated by ER . However, they also indicat-
ed that the exposure to B[£]F did not significantly affect the
uterine weight and a weak suppression of ERo immunostain-
ing was observed in luminal and glandular epithelium, possi-
bly related to its AhR-mediated activity (Kummer et al. 2008).
Two mechanisms (Arcaro et al. 1999) have been proposed for
the antiestrogenicity induced by PAHs. One mechanism is
enhanced E2 depletion through induction of PAHs and anoth-
er possible mechanism is the competition for ER by PAHs. In
addition, some studies suggest that estrogen-receptor
hijacking may be the major interaction between AhR and
ER (Giesy et al. 2002; Van Lipzig et al. 2005). PAHs had been
identified to be important EROD-inducing contaminants in
Huangpu River and Suzhou River in the present study.
Therefore, it is possible that no correlations were found be-
tween TEQs and E,-EQs or T3-EQs.

Conclusions

In this study, the toxicity of surface sediment from Huangpu
River and Suzhou River, China was investigated using a bat-
tery of in vitro bioassays. The results demonstrated the pres-
ence of contaminants that would cause estrogenic, thyroidal,
and EROD effects. The distribution patterns between thyroi-
dal effects and estrogenic effects in surface sediments were
positively correlated with each other, while the distribution
patterns of AhR agonist effects in surface sediment were dif-
ferent from those of both estrogenic and thyroidal hormone
effects. The combination of bioassays and chemical analysis
through comparing instrumentally derived TEQ,s to
bioassay-derived TEQy;,s suggested that PAHs were the main
contributors to TEQy;, only in some sediment samples from
Huangpu River and Suzhou River. The proposed approach
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using a battery of in vitro bioassays encompassing different
toxic mechanisms in this study can provide useful information
regarding ecological risk assessment and enable the identifi-
cation of ecological risk stressors on a regional scale.
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