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ARTICLE INFO ABSTRACT

Handling Editor: Robert Letcher Landfill leachate is a complex mixture characterized by high toxicity and able to contaminate soils and waters
surrounding the dumpsite, especially in developing countries where engineered landfills are still rare. Leachate
pollution can severely damage natural ecosystems and harm human health. Traditionally, the hazard assessment
of leachate is based on physicochemical characterization but the toxicity is not considered. In the last few
decades, different bioassays have been used to assess the toxicity of this complex matrix, including human-
related in vitro models. This article reviews the cell bioassays successfully used for the risk assessment of leachate
and to evaluate the efficiency of toxicity removal of several processes for detoxification of this wastewater.
Articles from 2003 to 2018 are covered, focusing mainly on studies that used human cell lines, highlighting the
usefulness and adequacy of in vitro models for assessing the hazard involved with exposure to leachate, parti-
cularly as an integrative supporting tool for chemical-based risk assessment. Leachate is generally toxic, mu-
tagenic, genotoxic and estrogenic in vitro, and these effects can be measured in the cells exposed to already low
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concentrations, confirming the serious hazard of this wastewater for human health.

1. Introduction

Waste management is a crucial point in developed and developing
countries in view of general population growth, rapid urbanization and
also the increased per capita waste generation (Renou et al., 2008; Omar
and Rohani, 2015; USEPA, 2018). Landfilling, one of the oldest disposal
approaches, is still the most widespread option worldwide (Clarke
et al., 2015; Mukherjee et al., 2015; Torretta et al., 2017). Once stored
in landfills, the waste undergoes several physicochemical and biological
degradation processes and transformation, generating highly con-
taminated wastewater known as leachate (Kamaruddin et al., 2015;
Ghosh et al., 2017; Yao, 2017). Although the composition of this dark
mixture depends mainly on the types of waste in the landfill and its
residual moisture content, water infiltration, stage of degradation and
landfilling technology, Christensen et al. (2001) reported that most
leachates contain those common main pollutant categories: dissolved
organic matter, inorganic macro components, heavy metals and organic
xenobiotics. Landfill leachate is considered a source of environmental
concern because the pollutant mixture can have adverse effects on

ecosystems and public health when leachate reaches soil, surface and
groundwater arounding the landfill (Davoli et al., 2010; Baderna et al.,
2011; Ghosh et al., 2014, 2017; Khalil et al., 2018). This kind of con-
tamination is particularly common in developing countries where en-
gineered landfills with liners and leachate treatment plants are still
lacking (Alimba et al., 2016; Kumari et al., 2016; Swati et al., 2017;
Khalil et al., 2018).

Chemical characterization is traditionally used to assess the hazard
and the risk of landfill leachate, focusing in particular on heavy metals
and organic compounds with toxic, estrogenic and carcinogenic po-
tential even at trace levels (Kjeldsen et al., 2002; Benfenati et al., 2007;
Andrews et al., 2011; Clarke et al., 2015; Qi et al., 2018). Recently,
integrated assessment approaches have been proposed in which che-
mical analyses are supported by a toxicological evaluation using bio-
logical assays with model organisms, and also in vitro systems (Thomas
et al., 2009; Ghosh et al., 2017). The main advantage of bioassays is
their ability to respond to all the chemical and biological agents pre-
sent, providing a measure of the overall toxicity of the investigated
matrix (Farre and Barcelo, 2003; Ghosh et al., 2017). If the model is
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Fig. 1. Components of in vitro model according to Frazier (1993).

chosen correctly, the biological response will take account of both the
bioavailability and the interactions of all the agents leading to additive,
synergistic or antagonist effects in the selected model (Farre and
Barcelo, 2003).

Bioassays have been used in environmental toxicology and their use
as screening tools has significantly increased in the last 30 years also for
hazard assessment of landfill leachate (Andersen and Krewski, 2009;
Thomas et al., 2009; Ghosh et al., 2017; Poteser, 2017). Ghosh and
collaborators have reviewed the assays available for the eco- and tox-
icological evaluation of leachate, particularly analysing the use of
ecotoxicological assays and models including bacteria, plants and
aquatic organisms (Ghosh et al., 2017).

This review examines cell-based bioassays used to assess the po-
tential risks of leachate for human health. More than 20 papers pub-
lished since 2003 were analysed, focusing mainly on human-derived
models.

2. Background

According to Frazier (1993), an in vitro model has three basic
components: the biological model, the endpoint and the protocol
(Fig. 1). The biological model is the system in which the effects of
substances are studied. The endpoint is the effect determined by the
substance or mixture in the biological system after exposure of the cell
model. The third component is the protocol as the set of experimental
conditions (temperature, time, reagents, equipment) necessary for re-
producible measurement of the selected endpoint in the model.

Eleven cell types are used to assess leachate toxicity in the articles
reviewed. Most of the models are human cell lines. Fig. 2 shows the cell
models and their frequencies. Cell lines were selected as models of
target organs potentially affected after accidental exposure to leachate
or to leachate-contaminated environmental matrices, or to assess spe-
cific effects induced by the wastewater such as estrogenicity.

Each model is discussed with its main endpoints and protocols.
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3. Basal toxicity and genotoxicity with HepG2 cells

The liver is one of the organs affected by leachate components after
accidental ingestion of this wastewater or soil and water contaminated
by leachate. Increased levels of protein oxidation, lipid peroxidation,
DNA-protein crosslinks and a global alteration of antioxidative defences
were found in mice treated with leachate (Bakare et al., 2003; Li et al.,
2006, 2010; Ghosh et al., 2017). The risk assessment guidelines for
contaminated environmental matrices describe ingestion as the main
route of exposure to contaminants in soil and water (USEPA, 1989;
Health Canada, 2010, 2012, 2017). All this evidence makes the liver a
very interesting target organ for studying the adverse effects of leachate
in humans.

Human hepatoma cell line HepG2 is the most widely used cell
model for the investigation of leachate toxicity. Table 1 lists papers in
which this cell line was used.

HepG2 cells are a well-known in vitro model of liver, retaining
several morphological characteristics of liver parenchymal cells and
expressing xenobiotic metabolizing enzymes involved in the bioacti-
vation and detoxification of various xenobiotics (Knowles and Aden,
1983; Valentin-Severin et al., 2003; Mersch-Sundermann et al., 2004;
Castell et al., 2006; Costantini et al., 2013; Morgado et al., 2017;
Ramirez et al., 2018). HepG2 are commonly used in drug metabolism
and hepatotoxicity studies and as alternatives to human primary he-
patocytes (Wilkening et al., 2003; Donato et al., 2013, 2015). This cell
line was also successfully used in the toxicological evaluation of en-
vironmental matrices such as water, soils and sediments (Vidic et al.,
2009; Baderna et al., 2013; Zhou et al., 2013; Baderna et al., 2014;
Costa et al., 2014; Pinto et al., 2014).

HepG2 cells were used to investigate the basal toxicity of landfill
leachate for the first time in 2011 (Baderna et al., 2011). Cells were
exposed for 72h to leachate from a controlled landfill for non-ha-
zardous industrial waste and municipal solid waste in Northern Italy.
Raw leachate, dichloromethane-extracted organic phase and aqueous
residual phase were tested in concentrations ranging from 0 to 30% v/
v. Toxicity was evaluated daily as effects on cell proliferation and cy-
totoxicity using respectively the MTS assay and adenylate kinase re-
lease. Leachate inhibited cell proliferation at low doses (2.5-5% v/v),
causing cytotoxic events after prolonged exposure or higher treatment
concentrations (from 10% v/v) (Baderna et al., 2011). No significant
differences were found in cells treated with the whole leachate or its
aqueous phase, while the organic phase did not induce significant
toxicity. These findings suggest that hydrophilic components are the
main agents responsible for leachate toxicity. Chemical characteriza-
tion of the aqueous phase indicated the presence of heavy metals and
ammonia, known to cause oxidative stress and cell cycle block in the
HepG2 model (Eckers et al., 2009; Patlolla et al., 2009).

Four Indian functioning landfill sites were investigated in 2015,
focusing on cytotoxic and genotoxic effects induced by raw leachate in
the liver in vitro model after 24 h exposure (Ghosh et al., 2015). MTT
and alkaline comet assays were used in cells exposed to different
samples dilutions (0 to 20% v/v). The bioassays highlighted that the
leachates from the investigated sites contained different loads of cyto-
toxic and genotoxic compounds. These results were in accordance with
those obtained by chemical characterization of the leachates.

HepG2 cells have been efficiently used to evaluate the efficiency of
several leachate treatment processes for toxicity removal.

Ghosh et al. (2014) used the cells to assess the detoxification by
Pseudomonas sp. ISTDF1 bacterial strain on leachate collected from an
unlined landfill in India. Cells were treated with raw or bacteria-treated
leachates for 24 h (from 0 to 20% v/v) and toxicological changes were
measured in terms of cell viability, genotoxicity and cytochrome
P4501A induction, respectively with MTT, comet and EROD assays.
Bacterial treatment significantly reduced the leachate toxicity, mea-
sured with the MTT assay, and the efficiency of the process was en-
hanced on prolonging the time of bacterial detoxification. A similar
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Fig. 2. Cell models and frequency in the selected papers.

Table 1
List of papers involving HepG2 cells.

Reference Endpoint Assay Treatment time Landfill type/source Leachate details
Baderna et al., Proliferation MTS assay 24-48-72h Non-hazardous industrial waste + municipal solid 1. Raw leachate
2011 Cytotoxicity Adenylate kinase waste landfill (Italy) 2. Concentrated organic phase
release obtained with dichloromethane
3. Aqueous phase
Ghosh et al., Viability MTT assay 24h Unlined landfill receiving municipal solid waste, 1. Acidified raw leachate
2014 Genotoxicity Comet assay 24h construction materials and biomedical waste (India) 2. Bacteria-remediated leachate
Metabolic activity EROD" assay 6h
Ghosh et al., Proliferation MTT assay 24h 4 landfills (India) Raw leachate
2015 Genotoxicity Comet assay
Alimba et al., Viability MTT assay 24h 4 landfills (3 India, 1 Nigeria) Simulated landfill soil leachate
2016 Cell morphology ~ Morphology changes
Genotoxicity Comet assay
Kumari et al., Viability MTT assay 24h Unengineered landfill (India) Lysimeter-derived leachate from waste
2016 Genotoxicity Comet assay
Wang et al., Viability MTT assay 24h Landfill (China) 1. Raw membrane concentrate from
2016a Genotoxicity Comet assay leachate treatment plant
CBMN" assay 2. UV-Fenton treated membrane
concentrate
Cheng et al., Proliferation MTT assay 24h Landfill (China) 1. Raw leachate
2017 Genotoxicity Comet assay 2. Nitration-UV treated leachate
yH2AX 3. nitration/ultrafiltration/reverse
Metabolic activity EROD assay osmosis treated leachate
Hong et al., 2017 Genotoxicity Comet assay 24h Landfill (China) 1. Raw membrane concentrate
CBMN assay 2. UV-Fenton treated membrane
concentrate
3. Fenton treated membrane
concentrate
4. Activated carbon treated membrane
concentrate
Swati et al., 2017 Viability MTT assay 24h Municipal solid waste landfills (India) DCM/Acetone extract from soils
Genotoxicity Comet assay

@ 7-ethoxy-resorufin-O-deethylase.
b Cytokinesis-Block MicroNuclei assay.

pattern was confirmed by the comet assay, showing a lower percentage
of DNA in tail and Olive tail moment (OTM) in cells exposed to treated
leachate to than in cells treated with raw leachate (both at 4% v/v).
Finally, the evaluation of cytochrome induction revealed effective de-
toxification by bacteria, testifying to their ability to mineralize com-
pounds that induce EROD, including the dioxin-like compounds iden-
tified by chemical analysis.

Kumari et al. (2016) investigated the efficiency of bacterial, algal

and bacto-algal co-culture. MTT and comet assays were used to measure
changes in the toxic potential of biologically treated leachate in 24 h
treated cells (0-20% v/v for cell viability, 4% v/v for comet assay).
Paenibacillus sp. ISTP10 bacterial strain and Scenedesmus sp. ISTGA1
microalgae both successfully reduced leachate toxicity and microalgae
were more efficient as biological treatment. The co-culture enhanced
the bioremediation efficiency by increasing the reduction of both the
toxic and genotoxic potential of the treated leachate.
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Table 2
List of papers with lymphocytes.
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Reference Endpoint Assay Treatment time Landfill type/source Leachate details
Bakare et al., 2007 Viability Trypan blue exclusion assay 3h Solid wastes from polyfiber industry, Artificial leachates following ASTM
Genotoxicity Comet assay aeronautical industry and municipal sludge D3987-85 (1992)
Amahdar et al., 2009 Proliferation Cell proliferation index 72h Uncontrolled landfill (Morocco) Raw leachate
Genotoxicity CBMN assay
Gajski et al., 2012 Cytotoxicity Trypan blue exclusion assay 6-24h Sanitary landfill (Croatia) 0.45 pm-filtered raw leachate
Genotoxicity Comet assay
CBMN assay
Garaj-Vrhovac et al., Cytotoxicity Acridine orange/ethidium 4-24h Sanitary landfill (Croatia) 1. Raw leachate
2013 bromide dual staining 2. Chemically-treated leachate
Genotoxicity Comet assay 3. Electrochemically-treated leachate
CBMN assay
Toufexi et al., 2013 Genotoxicity CBMN assay 72h Active landfill (Greece) Raw leachate

Fenton and UV-Fenton reagents are two advanced oxidation pro-
cesses used in leachate treatment (Mukherjee et al., 2015). Wang et al.
(2016a) applied these techniques to membrane-concentrated leachate
from a Chinese landfill, assessing the toxic and genotoxic potential of
treated and untreated wastewaters with MTT, cytokinesis-block mi-
cronucleus (CBMN) and comet assays after 24h exposure of HepG2
cells to samples from 0 to 30% v/v. Both chemical treatments almost
completely reduced the toxicity of membrane concentrate and the UV-
Fenton reagent eliminated wastewater genotoxicity as demonstrated by
the comet and micronucleus assays also in cells exposed to the highest
concentrations of treated leachate.

A similar approach was used by Cheng et al. (2017) to study the
detoxification efficiency of membrane treatment in a dumpsite in
China. Cells were treated for 24 h with raw leachate, nitration/ultra-
filtration-treated leachate or nitration/ultrafiltration/reverse osmosis
treated leachate (treatment concentrations from 0 to 30% v/v). Mem-
brane-treated leachates had significantly lower overall toxicity than
raw wastewater. The reverse osmosis markedly enhanced detoxifica-
tion, reducing leachate genotoxicity, as seen in the comet assay and also
the yH2AX assay used to measure double-strand breakage.

Hong et al. (2017) compared the genotoxicity of untreated mem-
brane concentrate and concentrates treated with UV-Fenton, Fenton or
activated carbon adsorption processes. Comet and CBMN assays were
applied on HepG2 cells treated for 24h with the different leachates
selecting the percentage of DNA (% DNA in tail) as comet parameter
and micronucleus frequency and cytokinesis-block proliferation index
(CBPI) for the CBMN assay. Untreated wastewater induced the con-
centration-dependent appearance of micronuclei, even at lower con-
centrations. Micronuclei frequency in cells exposed to UV-Fenton
treated leachate was comparable to that in control cells, while leachate
treated with the Fenton process or activated carbon adsorption still
showed genotoxic potential even if the effects were lower than those
induced by the untreated leachate. The results of the comet assay were
consistent with those from the micronucleus assay, confirming that the
UV-Fenton process is more efficient in removing compounds with
genotoxic potential.

MTT and comet assays were also applied for the toxicity evaluation
of simulated leachate obtained from landfill soil (Alimba et al., 2016;
Swati et al., 2017). Three landfills in Nigeria and one in India were
investigated by Alimba et al. (2016), generating artificial leachates
from soils collected in each dumpsite and following the toxicity char-
acteristic leaching procedure proposed by the United States Environ-
mental Protection Agency (USEPA, 1992) with acidified water and ro-
tary shaking. Toxic and genotoxic effects and morphological alterations
were evaluated in HepG2 cells after 24 h exposure to simulated lea-
chates (0 to 100% leachate/medium, v/v). Significant effects on cell
proliferation were seen in all treated cells, even at low concentrations
(6.25 and 12.5% v/v). Morphological assessment indicated cytoplasmic
vacuolization, loss of substrate adhesion and reduced cell size as an
early signal of cell death. Treating cells with sublethal concentrations of

leachate resulted in significant genotoxicity and tail length seemed the
most sensitive parameter in a comet assay applied to the leachate
toxicological profile.

Swati et al. (2017) exposed hepatoma cells to the organic fraction of
soil collected in three landfill sites in India. Soils were extracted with a
mixture of dichloromethane and acetone according to US EPA method
3500C (2007). Extracts were then evaporated to dryness and re-
suspended in DMSO for the in vitro test. Inhibition of cell proliferation
was concentration-dependent in all the leachate-treated cells (0.01 to
100 g SedEq L™ 1), with significant differences in the toxic potential of
the tested leachates. Differences were also found in terms of induced
DNA damage measured by comet assay using the OTM and tail moment
as parameters. Toxicological rankings based on the MTT or comet assay
were comparable and in accordance with those from the chemical-
based risk assessment of soils focused, in particular, on the effects of
PAHs levels found in the soils.

4. Genotoxicity in human peripheral blood cells

Tewari et al. (2006) showed that municipal waste leachates could
cause DNA damage in bone marrow and blood of Swiss albino mice
treated in vivo with daily doses of leachate by oral gavage. This suggests
that blood cells are affected by leachate after ingestion, making the
circulatory system an important potential target for humans. Moreover,
lymphocytes are considered sentinel cells for early warning effects as-
sociated with adverse health outcomes (Faust et al., 2004a).

Human peripheral blood cells were used in several studies to in-
vestigate the genotoxicity of landfill leachate (Bakare et al., 2007;
Gajski et al., 2012; Garaj-Vrhovac et al., 2013; Toufexi et al., 2013;
Alimba et al., 2016) (Table 2). Lymphocytes from whole blood of
healthy, non-smoking donors were exposed in vitro to different per-
centages of leachate in their culture medium and the alkaline comet
assay or CBMN assay were used.

The Comet assay, also known as single cell gel electrophoresis
(SCGE) assay, is a well-known method to assess genetic damage in vivo
and in vitro and can be applied to a wide variety of cells (Faust et al.,
2004b; Mgller, 2005; Frenzilli et al., 2009; Speit et al., 2009; Martins
and Costa, 2015; Zare Sakhvidi et al., 2016). It is a rapid, simple and
sensitive method for detecting DNA single-strand breaks, incomplete
excision repair sites and alkali-labile sites in single cells (Singh et al.,
1988; Sunjog et al., 2013; Glei et al., 2016).

Micronuclei (MNi) are biomarkers of genome stability because they
originate from chromosome breakage and whole chromosome loss
during nuclear division (Fenech, 2000, 2007; Bonassi et al., 2007). Like
the comet assay, the micronucleus assay has been widely used to assess
the genotoxicity of compounds, mixtures and ionizing radiations in vitro
and in vivo. An increase in micronucleus frequency in peripheral blood
lymphocytes predicts the risk of cancer in humans (Bonassi et al., 2007,
2011). The CBMN assay is the gold standard method for measuring MNi
in human and animal cells (OECD, 2016a, 2016b; Fenech, 2007).
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Bakare et al. (2007) investigated the DNA damage induced by ar-
tificial leachates from different solid waste applying the comet assay on
Histopaque-isolated lymphocytes exposed in vitro for 3h to several
concentrations of each leachate (0-20% v/v). The percentage tail DNA,
tail length (migration distance of the DNA from the nucleus) and Olive
tail moments (the product of the tail length and the fraction of total
DNA in the tail, OTM) were scored in 50 cells for each treatment (Olive
et al., 1990). Parameters were scored only in the treatment that did not
lower cell viability (determined by the trypan blue exclusion assay) by
more than 30% compared to untreated control cells. Leachates induced
DNA damage in a concentration-dependent manner. OTM and % tail
DNA were the best parameters to describe the genotoxic potential of
leachates. The importance of these parameters for interpreting DNA
damages was previously seen in human biomonitoring studies (Lee
et al., 2004; Kumaravel and Jha, 2006; Ursini et al., 2006).

The CBMN assay with lymphocytes was used to investigate the
genotoxicity of landfill leachates collected in Morocco (Amahdar et al.,
2009) and in Greece (Toufexi et al., 2013). Lymphocytes were exposed
in vitro to increasing concentrations of leachate for 72 h directly diluting
increasing volume of samples to the cultures (100-1500 pL). Cytocha-
lasin-B to block cytokinesis after one cellular division. The proliferation
index and MNi frequency in binucleated cells were scored as indexes of
cytotoxicity and genotoxicity respectively. A concentration-dependent
significant increase in MNi frequency was found in leachate-treated
lymphocytes, confirming the genotoxic risk due to the leachate pollu-
tants.

Gajski et al. (2012) applied both the comet and micronuclei assays
as an integrated approach for genotoxic evaluation of leachate from a
sanitary landfill in Croatia. Lymphocytes were treated for 6 and 24 h
with whole raw leachate from two monthly samplings (100 uL of
samples added into 900 pL of blood solution, corresponding to a 10% v/
v treatment). Tail length, tail intensity and tail moment were selected as
comet parameters while micronuclei, nucleoplasmic bridges and nu-
clear buds were scored in binucleated cells in the CBMN assay. Cyto-
toxic effects were evaluated with the trypan blue exclusion assay and
the cytokinesis-block proliferation index. No significant toxicity was
induced by leachates in the exposed lymphocytes and the effects were
comparable in the two samples. The alkaline comet assay revealed
significant differences in treated cells compared to the control group.
Differences in tail length were found in cells exposed both to 6 and 24 h
while significant changes in tail intensity and tail moment were found
only in cells treated for 24 h. Micronuclei frequency was increased in
cells treated with leachates and there were also differences between
exposure periods. Comparable results were found by scoring nucleo-
plasmic bridges. Correlation studies among the results of the two tests
indicated that the total number of micronuclei and the total number of
nucleoplasmic bridges best correlated with the comet parameters.

The combination of comet and micronuclei assays was applied to
evaluate the efficiency of chemical and electrochemical treatments of
leachate from a sanitary landfill in Croatia (Garaj-Vrhovac et al., 2013).
Lymphocytes were exposed for 4 and 24 h to untreated and treated
leachates (100 pL of samples added into 900 pL of blood solution, cor-
responding to a 10% v/v treatment). Both treatments efficiently low-
ered the toxic and genotoxic potential of leachate. No significant effects
on cell viability were found in cells exposed to treated leachates com-
pared to the control groups but marked toxicity was seen in cells treated
with the original leachate. Exposure to the untreated leachate resulted
in significant increases in the comet assay (tail length and tail moment)
and CBMN assay parameters (MNi, nucleoplasmic bridges and nuclear
buds) but no significant differences were found between control cells
and cells exposed to the treated leachates.

5. Estrogenic potential in breast cancer cells

Endocrine-disrupting chemicals (EDCs) are frequently found in
landfill leachate as part of the xenobiotic organic compounds
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representing one of the fractions identified in the common basal com-
position of leachate (Benfenati et al., 1999, 2007; Coors et al., 2003;
Bertanza and Pedrazzani, 2008; Baderna et al., 2011; Bertanza et al.,
2013; Yi et al., 2017; Qi et al., 2018). EDCs can interfere with natural
hormone actions, altering reproductive and immune functions, raising
the incidence of breast cancer and causing neurodevelopmental delays
and abnormal growth patterns in children (Diamanti-Kandarakis et al.,
2009; WHO/UNEP, 2013; Monneret, 2017).

Several in vitro models are available to measure the endocrine-dis-
rupting bio-activity of compounds and mixtures, especially for evalua-
tion of their estrogenic potential (Sonneveld et al., 2005; Avbersek
etal., 2011; Alvarez et al., 2013; Cooper et al., 2013; Mertl et al., 2014).
The E-Screen bioassay is the most widely used method in environmental
biomonitoring and for analysis of the estrogenic bioactivity of waste-
water before and after purification in wastewater treatment plants (Soto
et al., 1995; Alvarez et al., 2013; Bertanza et al., 2013; Leusch et al.,
2014; Liu et al., 2018). The E-Screen assay assesses the estrogenicity of
chemicals by the enhanced proliferative effect of estrogens or estrogen-
like compounds on the human breast cancer cell line MCF-7 that en-
dogenously expresses the estrogen receptor alpha (ERa) (Soto et al.,
1995). Cells are treated with a steroid-free medium containing different
concentrations of the sample under investigation and, generally after
six days, the cell number is compared to those in cells exposed to 173-
estradiol as reference positive control.

Studies with breast cancer lines are shown in Table 3.

Talorete et al. (2008) investigated the stress response of MCF-7 cells
exposed to several leachate samples from landfills in Tunisia. The es-
trogenic potential of samples was evaluated with E-Screen assay,
treating the cells for six days (0 to 20% v/v). Cell number was obtained
with MTT and neutral red assays. DNA fragmentation and LDH assays
were also used to study the cytotoxicity of the samples, coupled with
proteomic analysis of treated cells to evaluate the expression of stress-
related proteins induced by leachate. All the leachates were toxic at
concentrations higher than 5% v/v. Estrogenic activity, measured only
in cells treated with 5% v/v, indicated that they have estrogenic po-
tential. The cytotoxicity tests showed that leachates induced necrosis in
a dose-dependent manner. Proteomic analysis revealed the increased
expression of the heterogeneous nuclear ribonucleoprotein E1 (hnRNP-
E1), the phosphoglycerate mutase 1 and the nuclear matrix protein 200
(NMP 200), three proteins involved in the stress response.

The E-screen assay was also used to evaluate the removal efficiency
of advanced oxidation treatments of leachate (Wang et al., 2016b; Hong
et al., 2017; Hou et al., 2017).

This assay was integrated with other bioassays with freshwater or-
ganisms (algae and daphnids) to evaluate the toxicity and estrogenicity
of a concentrated leachate collected during UV-Fenton and Fenton
treatments (Wang et al., 2016b). MCF-7 BUS cells, a special clone
characterized by the highest proliferative response to 17f-estradiol
(Villalobos et al., 1995), were treated for 5days with organic extracts
from raw and treated leachates. The estrogenic potential of treated
concentrated leachate expressed as 17p-estradiol equivalent con-
centrations (EEQ), was significantly lowered than the untreated was-
tewater (EEQ = 104 + 24.6ng/L) since after 30 min of UV-Fenton
treatment (1.53 + 0.82ng/L) while Fenton oxidation required longer
time to achieve the same results (EEQ 2.29 + 1.56ng/L after
120 min).

Similar results were obtained by Hong et al. (2017) comparing the
estrogenic activity of untreated membrane concentrate and those
treated with UV-Fenton, Fenton or activated carbon adsorption. The E-
screen assays showed that the UV-Fenton was the most efficient treat-
ment, completely reducing the estrogenicity of treated leachate. This is
consistent with the results obtained with comet and micronuclei assays
with HepG2 cells used as markers of genotoxicity.

Contrasting results were reported by Hou et al. (2017), who used
the E-screen assay to evaluate the estrogenic effect of membrane con-
centrates from raw and UV-Fenton treated leachates, comparing these
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Table 3
List of papers with breast cancer cells.

Environment International xxx (XXXX) XXX—XXX

Reference Cell model Endpoint Assay Treatment time Landfill type/source Leachate details
Coors et al., 2003 MVLN Estrogenicity Luciferase gene reporter 72h Municipal landfill Concentrated organic phase obtained with
assay (Germany) SPE" and acetone from

1. raw leachate
2. leachate after biological treatment and
ultrafiltration
3. leachate after adsorption to activated
carbon
4. effluent of reverse osmosis treatment

Talorete et al., MCF-7 Cytotoxicity LDH 15-30 min Solid waste landfill sites  0.45 pm-filtered raw leachate

2008 Apoptosys/necrosis ~ DNA fragmentation assay 24-48h (Tunisia)
Estrogenicity E-Screen 6 days
Proteomics Mass spectrometry 24h
Suo et al., 2016 MCF-7 Viability MTT assay 72h - 1. Raw leachate
Cell migration Cell scratch damage 2. Phenol extract
Wang et al., 2016b MCF-7 Estrogenicity E-Screen 5 days Municipal landfill 1. Untreated membrane-concentrated
BUS (China) leachate

2. UV-Fenton treated membrane concentrate

Hou et al., 2017 MCF-7 Estrogenicity E-Screen 48h Landfill (China) 1. Untreated membrane-concentrated
leachate
2. UV-Fenton treated membrane concentrate

Hong et al., 2017 MCF-7 Estrogenicity E-Screen 48h Landfill (China) 1. Raw membrane concentrate

2. UV-Fenton treated membrane concentrate
3. Fenton treated membrane concentrate

4. Activated carbon treated membrane
concentrate

@ Solid Phase Extraction.

effects with those induced by estrogen simulation solutions enriched
with different phthalic acid esters (PAEs). These compounds are con-
sidered responsible for the estrogenicity of wastewater. Compared to
the usual protocol, cells were exposed only for 48h (0-30% v/v).
Leachate treated with UV-Fenton had more estrogenic effect than the
untreated leachate. This might be explained by the presence of process
intermediates of phthalic acid esters in the UV-Fenton treated leachate,
that has higher estrogenicity than parental compounds as demonstrated
by the study of estrogen simulation solutions with the different PAEs.

MCF-7 cells are also used as in vitro models for basal toxicity, with
protocols different from the E-screen. Suo et al. (2016) found that in-
terior micro-electrolysis (IME) and Fenton oxidation-coagulation (FOC)
processes drastically reduced the proliferative effects of leachate on
MCF-7 cells. They used the MTT assay and cell scratch damage to study
the effects of leachate phenol extracts and the cells exposed to treated
leachate had less proliferation and slower migration rate than the cells
exposed to raw leachate. They also proposed the combination of pro-
liferation and cell scratch damage assays as promising bioanalytical
tools to detect phenols at concentrations lower than 107'° g/L.

Several other in vitro models are available for the measurement of
estrogenic activity and some of them are derived from breast cancer
cells such as the MLVN, MELN, MELP and T47D-KBluc cell lines. In
these models, cells are transfected with an estrogen response element-
luciferase promoter reporter gene construct (Demirpence et al., 1993;
Gagne et al., 1994; Balaguer et al., 2001; Alvarez et al., 2013;
Freyberger and Schmuck, 2005; Buteau-Lozano et al., 2008; Schiliro
et al., 2013).

MLVN cells are a bioluminescent MCF-7-derived cell line in which
the luciferase gene is under the control of the estrogen-responsive ele-
ment (Pons et al., 1990; Demirpence et al., 1993). These cells were used
to detect the estrogenic activity of leachate treated with different pur-
ification processes and the efficiency of these treatments to remove
estrogenicity (Coors et al., 2003). In these studies, extract from raw
leachate showed dose-dependent estrogenic activity in the MLVN assay.
Leachate treatment processes were able to significantly reduced the
estrogenicity of leachate: with the combination of aerobic biological
treatment, ultrafiltration, and adsorption on activated carbon there was
no significant estrogenic activity and the removal efficiency was more

than 98.5% expressed as estradiol equivalent (EEQ). The reverse os-
mosis achieved slightly lower efficiency (97.2% of the EEQ).

6. Studies with other cell models

Lymphocytes, HepG2 and MCF-7 cells are the most widely used in
vitro models for the risk assessment of landfill leachates, but other cell
lines and assays too have been used less frequently (Table 4).

According to risk assessment guidelines (USEPA, 1989; Health
Canada, 2010, 2012, 2017), the skin could be a secondary target organ
for landfill leachate, considering skin deposition and dermal absorption
of soil particles contaminated with the wastewater, but also after ac-
cidental exposure in an uncontrolled dumpsite.

Normal human dermal fibroblasts (NHDF) and Me45 human mela-
noma cell lines were used to investigate the genotoxicity of leachate
from a solid waste landfill in Poland (Widziewicz et al., 2012), com-
paring the effects of raw and treated leachates from a biological
anaerobic, anoxic aerobic (A2/0) purification system. Skin cells were
exposed for 15min to three leachate concentration (0.1, 1 and 10%)
collected before and after the A20 treatment. Comet assay was selected
as the genotoxicity method and the Olive tail moment as comet para-
meter. Genotoxicity was higher in cells exposed to untreated leachates
than in those obtained with treated leachate, as demonstrated by the
fact that the median OTM scored in raw leachate-treated cells were
significantly lower than in cells exposed to treated wastewater. The
genotoxic investigation was repeated also after removing the treat-
ments and leaving cells in normal medium for recovery. Cells treated
with raw leachate had slower DNA repair and more residual unrepaired
damages even after 180 min of recovery than the cells exposed to bio-
logically treated leachate. This suggests that raw leachate caused irre-
versible damage, probably affecting DNA damage repair enzymes and
mechanisms.

Human immortalized keratinocyte HaCaT cells were selected as a
skin model for the risk evaluation of leachates from regulated and un-
regulated municipal landfills in Lebanon (Khalil et al., 2018). Cells were
treated with raw leachates for 2 and 24 h (0.3 to 80% v/v), assessing
the toxicity with MTS and Comet assays. Concentration-dependent
changes in cell viability were found in cells exposed to increasing
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7. Conclusions

Landfill leachate is a highly toxic by-product of waste disposal in
dumpsites. This wastewater can contaminate soils and groundwater not
only in the proximity of the landfill but also at some distance, causing
environmental and human health problems. The hazard of this matrix
increases when landfills are not controlled, are illegal dumpsites, or do
not have adequate treatment and purification systems for leachate.
Following regulatory approaches, the risk assessment of leachate is
based on physicochemical characterization without considering its
inner toxicity. With the spread of rapid, sensitive and reliable methods,
several studies have been published in the last few years focusing on the
use bioassays in leachate risk assessment. The most common methods
are based on small model organisms such as bacteria, algae and aquatic
micro-invertebrates but also more complex organisms such as mussels,
fish and plants are used too. The use of in vitro models for assessing the
hazards associated with leachate exposure is more recent, but since
2003 there has been growing interest in this field. We analysed more
than 20 papers published from 2003 to 2018, highlighting the useful-
ness and adequacy of in vitro models for assessing the hazard associated
with exposure to leachate, particularly as an integrative and supporting
tool for chemical-based risk assessment. Selected cell models reflect
possible human organs that could be affected by the xenobiotics after
accidental exposure to leachate (e.g. liver cells) or are used to measure
specific mechanisms of actions (such as breast cancer cells for estro-
genicity or lymphocytes for genotoxicity). Leachate was generally toxic,
mutagenic, genotoxic and estrogenic in the reviewed papers. These
effects can be measured even in cells treated with low concentrations,
confirming the severe hazard of this wastewater for human health.

The most important limitation of the cell-based approach is that the
results cannot be directly used in human risk assessment due to the
absence of detoxification, defence or repair mechanisms acting in vivo
in whole organisms (Ghosh et al., 2017). On the other hand, these
human-related systems are definitely more helpful than chemistry in
defining the overall bioactivity and potential hazards, especially when
applied on environmental matrices because they react to the additive,
synergistic or antagonistic effects that could arise in complex mixtures.
Moreover, still focusing on multi-component mixtures, the in vitro
models offer the most rapid and economical source of data linkable to
potential effects on human health if compared to animal models. The
technological innovations introduced in recent years has led increas-
ingly complex cellular systems and more performing and efficient in-
struments than the ones described in this review for the evaluation of
the most relevant endpoints: for example the use of probes and dyes
such as MTS or WST-8 allows to measure cell proliferation faster and
more accurately than the MTT while the use of an advanced flow cy-
tometry platform could allow the evaluation of different endpoints on
the same cell sample, especially for the studies focusing on genotoxicity
and cell cycle alteration.

In addition, alongside the use in human risk assessment, the pub-
lished studies indicate that cell-based bioassays are efficient for evalu-
ating the performance of state-of-the-art detoxification and purification
treatments. These studies, in fact, show how the processes are often able
to reduce not only the chemical load of pollutants but also the leachate
toxicity by removing the most dangerous compounds or leading to the
formation of less toxic process residues.

As for the traditional bioassays with organisms, a complete in-
vestigation of the biological activity of leachate requires a battery of
cell tests in order to consider organ-related toxicity due to the different
metabolic activity of each cell or to the presence of specific molecular
pathways. The use of different cellular models, through an integrated
approach with different models and endpoints interconnected to create
a more complex system could serve as an innovative strategy for future
studies not only on landfill leachate but also on many other environ-
mental matrices or complex mixtures.
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