-

P
brought to you by .. CORE

View metadata, citation and similar papers at core.ac.uk

provided by Journal of Public Health Research (PAGEPress Publications)

Perspectives and Debates

Occurrence and control of genotoxins in drinking water:

a monitoring proposal

Elisabetta Ceretti,! Massimo Moretti,? llaria Zerbini,! Milena Villarini,? Claudia Zani,!

Silvano Monarca,? Donatella Feretti'

'Department of Medical and Surgical Specialties, Radiological Sciences and Public Health,
University of Brescia; 2Department of Pharmaceutical Sciences (Unit of Public Health), University

of Perugia, Italy

Significance for public health

The provision of a safe drinking water is an important public health
problem. Many studies have shown the presence of numerous genotox-
ins and carcinogens in drinking water. These toxic substances derive
not only from pollution, but also from the disinfection treatments, par-
ticularly when water is obtained from surface sources and then chlori-
nated. The potential health risks of disinfection by-products (DBPs)
from drinking water include cancer and adverse reproductive outcomes.
People are exposed to disinfected drinking/shower/bathing water as a
mixture of at least 600 identified DBPs and other toxic compounds via
dermal, inhalation, and ingestion routes. Many of these substances are
present in trace concentration, hardly detectable by chemical standard
analysis. The monitoring of environmental genotoxins by short-term
bioassays could allow a better evaluation of the global human exposure
to water genotoxins and could help health officers and drinking water
managers to reduce genotoxic hazards and distribute high quality
drinking water.

Abstract

Many studies have shown the presence of numerous organic geno-
toxins and carcinogens in drinking water. These toxic substances
derive not only from pollution, but also from the disinfection treat-
ments, particularly when water is obtained from surface sources and
then chlorinated. Most of the chlorinated compounds in drinking water
are nonvolatile and are difficult to characterize. Thus, it has been pro-
posed to study such complex mixtures using short-term genotoxicity
tests predictive of carcinogenic activity. Mutagenicity of water before
and after disinfection has mainly been studied by the
Salmonella/microsome (Ames test); in vitro genotoxicity tests have
also been performed in yeasts and mammalian cells; in sifu monitoring
of genotoxins has also been performed using complete organisms such
as aquatic animals or plants (in vivo). The combination of bioassay
data together with results of chemical analyses would give us a more
firm basis for the assessment of human health risks related to the con-
sumption of drinking water. Tests with different genetic end-points
complement each other with regard to sensitivity toward environmen-
tal genotoxins and are useful in detecting low genotoxicity levels
which are expected in drinking water samples.

Introduction

Many studies have shown the presence of numerous organic geno-
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toxins and carcinogens in drinking waters. These toxic substances
derive not only from industrial, agricultural and urban pollution, but
also from the disinfection treatments used for drinking water, particu-
larly when water is obtained from surface sources and then chlorinat-
ed. In fact, even if the chlorination of drinking water has played a lead-
ing role in reducing mortality rates associated with waterborne
pathogens, chemical analyses have found genotoxic/carcinogenic dis-
infection by-products (DBPs) in chlorinated surface water and epi-
demiological studies have highlighted some health hazards in popula-
tions using chlorinated drinking, thus giving rise to concern about
potential health risks.! The increased sensitivity of analytical tech-
niques has enabled the detection of ever increasing numbers of DBPs.
However, most of the organic compounds in drinking water are non-
volatile and are difficult to characterize. The difficulties encountered
in performing chemical analyses, long-term carcinogenicity tests and
epidemiological studies have encouraged the study of such complex
mixtures using short-term genotoxicity tests, which are rapid, relative-
ly cheap, and predictive of carcinogenic activity.

This paper is a partial review of the studies on the presence of geno-
toxins in drinking water and their potential human hazards. Finally,
proposals for monitoring and controlling these micropollutants will be
presented, in order to assist public health officers and water treatment
managers in the production of high quality drinking water.

The presence of genotoxins in the environment
as complex mixtures

It is well know that genotoxins are present in a variety of complex
environmental matrices, including drinking water, surface water,
aquatic sediment, soil, indoor air, and ambient urban air. In fact daily
a number of chemicals are released into the environment from a vari-
ety of sources including stationary (e.g., industrial emissions, waste
incinerators) or mobile (e.g., automobile exhaust) sources or, engi-
neering procedures (e.g., chemical disinfection of drinking waters),
and degradation processes (e.g., chemical transformation of applied
pesticides through weathering).

This results in human exposures to complex multi-component
chemical mixtures, present in the surrounding environmental media
(water, air, soil), in food or in consumer products. Complex mixture
was defined by U.S. Environmental Protection Agency? as either i)
simple mixtures, containing fwo or more identifiable components but
few enough that the mixture toxicity can be adequately characterized by
a combination of the components toxicities and the components inter-
actions or ii) mixture containing so many components that any estima-
tion of its toxicity based on its components’ toxicities contains too much
uncertainty and error to be useful. Among these, carcinogenic and
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mutagenic compounds are the most problematic in terms of toxicity
estimation as they may exert a damage beyond that of individual and
may be active through following generations.

The characterization and analysis of individual chemicals in com-
plex mixtures performed to identify individual hazardous compounds
provides almost incorrect information. However, with a few exceptions,
chemical risk assessment considers the effects of single substances in
isolation, an approach that is only justified if the exposure to mixtures
does not bear the risk of an increased toxicity. This would be the case,
for example, if only one chemical of the mixture is toxic while the oth-
ers are biologically inert, or if empirical evidence showed that the joint
action of chemicals is typically not larger than the effect of the most
toxic compound. However this approach does not consider the impor-
tance of multiple chemical interactions, therefore it is impossible to
predict the toxic and/or genotoxic properties of a complex mixture if
synergistic, antagonistic or potentiating effects between the compo-
nents occur? An alternative methodology to characterize the
toxicity/genotoxicity of complex environmental samples are biological
tests, which produce a global response to the complex mixture of chem-
icals without any prior knowledge of the mixture composition or its
chemical properties, and therefore can detect the global human expo-
sure and the synergistic activities of the pollutants.* A conventional
battery of test, such as bacterial mutagenicity assay (with Sa/monella
typhimurium or Escherichia coli strains), DNA damage (single cell-gel
electrophoresis assay) and cytogenetic analysis (cytokinesis-block
micronucleus assay) could be employed. Other novel approaches that
may become available include proteomic, epigenomic and metabolomic
profiles.’

Health hazards of drinking water genotoxins

Epidemiological studies on health effects resulting from exposure to
drinking water pollutants are not many and they are difficult to under-
stand because of the lack of quantitative information on the concentra-
tion to which people have been exposed or on simultaneous exposure
to other agents. A meta-analysis study has been conducted by
Villanueva et al.5 on individual consumption of chlorinated drinking
water and bladder cancer. The results indicated that long term con-
sumption of chlorinated drinking water is associated with bladder can-
cer, particularly in men. The observed relative risk was only moderately
high, but the population attributable risk could be important as the
majority of the population of industrialised countries is potentially
exposed to chlorination byproducts for long time periods.

Vinceti et al.” investigated the mortality of a cohort of 5144 residents
in Guastalla, northern Italy, who were supplied tap water with high tri-
halomethane content between 1965 and 1987 and showed a higher
mortality from stomach, liver, lung, prostate and bladder cancer in
males and from stomach, pancreas, breast and ovarian cancer and lym-
phocytic leukemia in females, detecting an association between tri-
halomethane exposure and increased cancer risk at some sites.
However, the authors were unable to rule out the possibility of con-
founding due to smoking and other life-style factors.

Wang et al8 have studied the cancer risk assessment from tri-
halomethanes in drinking water in Taiwan. The results revealed that
the highest risk comes from the inhalation exposure to chloroform dur-
ing showers, which also dominates the total risk associated with chlo-
roform exposure.

Some epidemiological studies on the relationship between drinking
water mutagenicity and cancer mortality have been carried out in
Finland, where the results indicated a potential relationship between
exposure to drinking water mutagenicity and the risk of lymphomas,
pancreatic cancer, and bladder, rectal, kidney and stomach cancers.?
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The detection of genotoxins in drinking water
by chemical analyses: the case of the disinfec-
tion by-products

The discovery in 1974 by Rook of the formation of new toxic sub-
stances after chlorination of a Dutch surface water changed deeply the
water treatment techniques. The trihalomethanes (THMs) are the
most prevalent class DBPs identified and include chloroform, bro-
modichloromethane, dibromochloromethane, and bromoform.!? Many
of these disinfection by-products (DBPs) have shown to be potentially
harmful to human and aquatic organisms.

It has been found that chlorine reacts with the natural organic mat-
ters (NOM), anthropogenic contaminants and bromide/iodide in raw
water leading to the formation of a wide variety of toxic DBPs:

NOM+Br +I+HOCI — chlorinated, brominated, iodinated, and
mixed bromo-chloro DBPs

The most critical variables that affect the formation of DBPs are
related to source water qualities, water treatment choices, and distri-
bution system characteristics. The source water characteristics is very
important and the DBP formation is influenced by NOM parameters,
the season, temperature, pH and the presence of bromide, iodide or
algal-derived organic matter.!!

Analysis of bulk NOM parameters, such as total organic carbon
(TOC) or dissolved organic carbon (DOC) and UVys4 absorbance, can
provide some indication on its potential to form DBPs.

Other factors affecting the formation of DBPs are the disinfectant
used (e.g., chlorine, chloramine, ozone, chlorine dioxide), the introduc-
tion of chemicals that react with disinfectant (e.g., polymers, such as
polyamine used during the coagulation process), other water treat-
ments (e.g., lime softening), the time and the reaction conditions pro-
vided. DBPs can be formed also during water distribution in the
pipelines as a result of chemical reaction with organic matters, or
microbiological action.!!

The increased sensitivity of analytical techniques has enabled the
detection of over 600 DBPs: e.g., the haloacetic acids (HAAs), the
haloacetonitriles (HANs), iodo-THMs (i-THMs), halonitromethanes
(HNMs), haloaldehydes (HAs), haloketones (HKs), and nitrosamines
some of them genotoxic and potentially carcinogenic for humans.
Chloroform is the most abundant THM and was the first DBP to be
identified as a carcinogen in animals. Other DBPs reported to be car-
cinogenic in animal studies include the brominated trihalomethanes,
haloacetonitriles, bromate, haloacetic acids, nitrosamines and MX, one
of the most potent direct-acting mutagens in Ames test and responsible
for a significant portion of the mutagenicity detected in chlorine-disin-
fected drinking water. 12

In general, brominated DBPs are both more genotoxic and carcino-
genic than their chlorinated analogs, with recent findings indicating
that iodinated DBPs are more toxic (i.e., genotoxic/carcinogenic) than
chlorinated/brominated compounds. Wagner ef a/.!3 have recently stud-
ied five nitrosamine DBPs for genotoxicity and found that three were
both mutagenic in Sa/monella typhimurium and genotoxic in CHO cells
(N-nitrosodimethylamine, NV-nitrosopiperidine, N-nitrosomorpholine).

But also the distribution system may contribute a DBPs formation.
Chlorinated by-products of polycyclic aromatic hydrocarbons (PAH)
known genotoxic/carcinogenic compounds were formed in distributed
drinking water and in the pipe coatings.!

However, only a small number of DBPs has been quantified and eval-
uated for their genotoxic or mutagenic potential, as well as for their
possible adverse health effects.

Epidemiological studies provide further evidence that exposure to
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increased levels of DBPs may be associated with adverse developmen-
tal effects. Mothers exposed to water with increased trihalomethane
concentrations have been shown to be at greater risk for a variety of
pregnancy related complications including birth defects, stillbirths,
spontaneous abortions, and fetal growth retardation.!5

The detection of genotoxins in drinking water
by short-term bioassays

Most of the organic compounds in drinking water, including geno-
toxic ones, are known to be nonvolatile and are difficult to characterize.
The difficulties encountered in performing chemical analyses, long-
term carcinogenicity tests and epidemiological studies have encour-
aged the study of such complex mixtures using short-term mutagenic-
ity tests, which are predictive of carcinogenic activity. But no single
short-term test can predict mutagenicity/carcinogenicity of a com-
pound or a mixture. Therefore batteries of these short-term tests have
to be performed to evaluate the mutagenic potential of drinking water.

Moreover, the application of mutagenicity tests on water concen-
trates allows researchers to study the combined action of complex mix-
tures of water disinfection by-products and to obtain data better corre-
lated with actual human exposure. Therefore, it appears to be particu-
larly important for preventive purposes to analyse the mutagenic activ-
ity of the nonvolatile fraction of drinking water using short-term muta-
genicity tests. The potential mutagenicity of concentrates of drinking
water samples before and after disinfection has mainly been studied by
means of the Sa/monella/microsome test (Ames test), the most widely
validated mutagenicity test, included in the Standard Methods for
Examination of Water and Wastewater in 1998 as official mutagenicity
test for aquatic environment. 16

Most of the bacterial mutagenicity of chlorinated surface water sam-
ples is probably due to chlorination of NOM, and in particular to the
presence of chlorinated furanones. There are also some applications
with positive results using other in vitro bioassays performed in yeasts,
mammalian cells and human lymphocytes. Studies on the mutagenicity
of water treated with alternative disinfectants, such as ozone, chlorine
dioxide and chloramines, are less numerous. Short-term mutagenicity
tests have also been used for evaluating the removal of water mutagens
by adsorption on granular activated carbon (GAC) and the potential
genotoxicity of coal tar pitch paints used against corrosion of iron
pipelines.!7:18

Direct detection of the genetic effects with in vivo tests, using com-
plete organisms such as aquatic animals (fish, mollusks) or plants
(Vicia faba, Allium cepa and Tradescantia spp.) has also been per-
formed for monitoring in situ the presence of mutagens in aquatic
environments and also in drinking water.19-21

Some of these studies, in particular, were integrated multicentre
studies conducted to study the different potential formation of genotox-
ic DBPs by known water disinfectants (hypochlorite and chlorine diox-
ide) and a new water disinfectant (peracetic acid) and to evaluate the
potential formation of genotoxins in distributed drinking water. These
studies have been carried out using a battery of different short-term
genotoxicity tests together with standard chemical analyses.

The first multicentre study was carried out using a battery of in vivo
and in vitro short-term tests revealing different genetic end-points in
order to study lake water genotoxicity after disinfection with different
biocides (NaClO, ClO; and peracetic acid), in different seasons. In par-
ticular, the in vivo tests performed directly by exposing animal and veg-
etal bio-indicators to waters were as follows: micronuclei test in
Tradescantia pollen; chromosomal aberration test in root cells of A/lium
cepa; micronuclei test in root cells of Vicia faba; micronuclei test in ery-
throcytes of fish or haemocytes of molluscs; DNA damage test (comet

[page 118]

[Journal of Public Health Research 2016; 5:769]

_\epress

test) in fish cells; assays for enzymatic modifications in fish tissues.!
The in vitro tests performed on the water samples concentrated by solid
phase extraction on silica C18 were: Ames test; mutagenicity test
(Mutatox) with bioluminescent bacteria (Vibrio fisheri); SOS
Chromotest with Escherichia coli; tests with Saccharomyces cerevisiae;
micronuclei and chromosomal aberrations in human lymphocytes;
comet test on human leukocytes; enzymatic activity tests on human
hepatic cells and trout hepatocytes. The concentrates were also under-
gone to chemical analyses to detect by-products.

The results of the research showed that some tests were more sen-
sitive than others, and were applied successfully in the study of disin-
fected lake waters. Moreover, NaClO and ClO; increased in vitro water
genotoxicity, whereas peracetic acid was able to slightly reduce raw
water activity. Also the in vivo tests with plant, fish and shellfish
showed that peracetic acid disinfection produced lower genotoxicity.2-
23

The second multicentre study have integrated chemical analytical
and biological approach to detect the presence of genotoxins in distrib-
uted drinking water of four Italian cities which obtain their water sup-
ply from different sources (surface or deep waters). A battery of rapid
in vitro tests (Microtox test, Ames test on Salmonella typhimurium,
Saccaromyces cerevisiae test, SOS Chromotest on Escherichia coli,
comet test on human leukocytes and HepG2 cell line, micronuclei in
HepG2 cells) and in vivo tests (comet and micronuclei tests in fish
cells, assays for enzymatic modifications, and test on plant cells as
Tradescantia/MN, Allium cepa and Vicia faba tests) was utilized for
study the potential genotoxicity of drinking water before and after dis-
tribution in pipelines.2*

In vitro and in vivo tests evidenced an increased genotoxicity in dis-
tributed water in both surface and deep water supplies, showing the
important role of distribution system on the water quality. Among the
assays with plants the Allium cepa test was the most sensitive showing
mutagenicity in disinfected distributed and raw water samples.25-26

Methods for controlling and removing precur-
sors and genotoxins in disinfected drinking
water

The most common approach in DBP control strategy, useful also in
drinking water genotoxicity control, is the reduction in the levels of
precursor material (NOM, Br, I, etc.) reacting with chlorine. The main
treatment processes are coagulation, anion exchange, membranes,
activated carbon (AC), biotreatment, advanced oxidation processes
(AOPs), and ozone.2”

Another effective method to control chlorinated DBPs in drinking
water is the use of alternative disinfectants - ozone, chloramines, chlo-
rine dioxide and ultraviolet (UV) light - alone or in combination with
chlorine. The use of various disinfectant alternatives to chlorination
must be considered with caution, however, because they may form
toxic non-chlorinated DBPs more cytotoxic and genotoxic than THMs
and HAAs. For disinfection with chlorine dioxide (ClO;), there is no evi-
dence of reactions with humic acids to form trihalomethanes. However,
the inorganic DBPs such as chlorite and chlorate are formed and they
also have human health risk implications®, and have shown to be
genotoxic in plants.2?

In ozonation, the most important by-product formed depends on the
presence of bromide, the bromated, a carcinogen that induces oxida-
tive damage to DNA and has been considered to likely have a genotoxic
mode of action.?

The effectiveness of innovative drinking-water treatments designed
to remove toxic and mutagenic organic micropollutants from lake
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waters used for human consumption was evaluated.?! The adsorption
on granular activated carbon (GAC) filter technique was compared with
the more innovative resin column techniques (XAD-4 and Ambersorb-
563) and with the advanced oxidation processes (AOPs) with UV/O;
and UV/Oy/H,0;. The results found a decrease of the mutagenic and
toxic activities of the lake water after adsorption on GAC and resins,
while the AOP process generally increased these parameters.>2

Proposals for a monitoring program of drinking
water genotoxins

People are exposed to disinfected drinking/shower/bathing water as
amixture of at least 600 identified DBPs and other toxic compounds via
dermal, inhalation, and ingestion routes.

Despite the rapid development of environmental chemistry analysis
methods such as modern mass spectrometry analyses, it remains diffi-
cult to identify every water pollutants because of limitations in analyt-

Perspectives and Debates

ent in trace concentration or are nonvolatile and therefore are not
readily identified.

The combination of bioassay data together with results of chemical
analyses would give us a more firm basis for the assessment of human
health risks related to the consumption of drinking water. We assume
that a battery of genotoxicity tests should be used. Tests with different
genetic end-points complement each other with regard to sensitivity
toward environmental genotoxins and are useful in detecting low geno-
toxicity levels which are expected in drinking water samples. The
majority of publications on genotoxic effects of water samples refers to
only one test system and almost all data come from the Ames test.

Therefore, the combination of genotoxicity/mutagenicity tests could
be useful to deduce the genotoxic potential of contaminants in drinking
water more relevantly. The flow chart shown in Figure 1 illustrates a
proposal of an integrated chemical/biotoxicological approach for moni-
toring drinking water genotoxins, to be carried out especially when
new source, treatment or distribution processes are introduced in a
water plant. We propose to analyze both un-concentrated and concen-
trated water samples before and after treatment and distribution and to
employ in parallel standard chemical analyses and at least four muta-

ical capacity, cost, and time. Many environmental chemicals are pres-

Table 1. Strengths and weaknesses of short-term genotoxicity tests.

Point mutations (base-pair substitution
and frameshift mutations).

DNA damages as chromosome
aberrations and disturbances

in the mitotic cycle.

The test provides information

to evaluate action mechanisms
(clastogenic and/or aneugenic effects).

Primary DNA damage as single- and/or
double- strand breaks, excision repair sites,
alkali labile sites, cross links

Chromosome aberrations

and genome mutation;

Biomarker of early effect

(velevant for risk assessment of cancer);
Provides information to evaluate action
mechanisms (clastogenic and/or
aneugenic effects)

Sensitivity to environmental mutagens;

Predictive of carcinogenicity;

Standardized procedure available in the literature;
Simple and inexpensive.

Excellent genetic model to detect environmental mutagens;
It provides cytotoxicity information;

Allow the use of samples “as such”

(do not require previous preparation of water samples);
Use in situ; Inexpensive; Easily handled.

Applicable on many eukaryotic cell types; In vitro, a cultivation
step is not required; Possible estimation of global repair capacity;
The test also gives some information on the induction

of apoptosis; A small number of cells per sample

is needed for the test; Highly sensitive in detecting primary DNA;
Collection of data at the level of individual cells allows robust
statistical analyses; Using lesion-specific enzymes in the assay,

its range and sensitivity are greatly increased;

Inexpensive; Fast and simple

Applicable on many cell types; Some cells types can easily

be obtained also from human (lymphocytes, oral mucosa cells,
hear root, skin fibroblast, sperms);

The background level and spontaneus variability is low enough
in some cells to allow for a reasonable statistical testing;
Assessment of cell proliferation (binucleated cells);
Assessment of genic amplification (buds);

Rapid and simple to carry out; Inexpensive

(requires standard equipment usually available

in every cytological laboratory)

genicity/genotoxicity

short-term  bioassays  tests  (ie.,

Test based on prokaryotic cells; Inability to detect some
mutagenic compounds which may be active in mammalian cells
after metabolic activation (detection of promutagens by adding
59 fraction); Inability to detect some carcinogenic compounds
which do not possess mutagenic capabilities

(heavy metals, asbestos, etc.);

The test requires a preliminary long and laborious preparation
of water samples; Time-consuming.

High variability in sensitivity of organisms;

Not always a linear dose-response to increasing
concentrations of pollutants is evident;

Deficiency of applied studies / Lack of standardized methods;
The analysis of the slide is time-consuming and each sample
require a large number of cells to be counted;

Microscope analysis is operator dependent.

The detected DNA damage does not correspond to fixed mutations;
Need of internal reference to avoid experimental variation
during the electrophoresis

The assay is proliferation-dependent; requires cell division for
expression of MN; The origin of micronuclei is heterogeneous;

The spontaneous frequency of micronuclei is comparatively high and
rather variable in some cells; Not always a linear dose-response to
increasing concentrations of pollutants is evident; Does not detect
point mutations; Does not detect all structural

chromosome aberrations
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Figure 1. Flow chart of a proposal program for monitoring genotoxins in drinking water.

Salmonella/microsomes test, Allium cepa/MN test, comet assay and
micronucleus test in human cell lines), following a previous published
approach.2!

Table 1 summarizes strengths and weaknesses of short-term geno-
toxicity tests proposed for the detection of genotoxic pollutans in drink-
ing water. As each bioassay has particular strengths and weaknesses,
in an integrated research strategy combining chemical/biotoxicological
approaches for the evaluation of complex mixtures of DBPs formed dur-
ing chemical disinfection of water, different genotoxicity tests having
different genetic end-points should be considered.32

The monitoring of environmental genotoxins by short-term bioas-
says could allow a better evaluation of the global human exposure to
water genotoxins and could help health officers and drinking water
managers to reduce genotoxic hazards and distribute high quality
drinking water.
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