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Abstract

The comet assay is a versatile method for measuring DNA strand breaks in individual cells. It can also be applied to cells
isolated from treated animals. In this review, we highlight advantages and limitations of this in vivo comet assay in a
regulatory context. Modified versions of the standard protocol detect oxidized DNA bases and may be used to reveal sites of
DNA base loss, DNA interstrand crosslinks, and the extent of DNA damage induced indirectly by reactive oxygen species
elicited by chemical-induced oxidative stress. The assay is, however, at best semi-quantitative, and we discuss possible
approaches to improving DNA damage quantitation and highlight the necessity of optimizing protocol standardization to
enhance the comparability of results between laboratories. As a genotoxicity test in vivo, the in vivo comet assay has the
advantage over the better established micronucleus erythrocyte test that it can be applied to any organ, including those that
are specific targets of chemical carcinogens or those that are the first sites of contact of ingested or inhaled mutagens. We
illustrate this by examples of its use in risk assessment for the food contaminants ochratoxin and furan. We suggest that
improved quantitation is required to reveal the full potential of the comet assay and enhance its role in the battery of in vivo
approaches to characterize the mechanisms of toxicity and carcinogenicity of chemicals and to aid the determination of safe

human exposure limits.
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Introduction

The comet assay is a method for measuring DNA strand breaks
in individual cells. It is based upon the principle that fragmented
DNA migrates more rapidly than intact DNA under electrophore-
sis through an agarose matrix. The detailed description of the
technique is outside the scope of this review and is exten-
sively illustrated in other publications [1, 2]. Briefly, single-cell
suspensions in agarose are layered on microscopic slides, lysed
with detergent and high molarity NaCl to disrupt membranes
and remove histones, and then electrophoresed. In the pres-
ence of strand breaks, DNA migrates toward the anode forming

an image resembling the tail of a comet when stained with
a fluorescent dye and viewed under fluorescence microscopy
(Fig. 1A). Its versatility and sensitivity have led to its application
to assess DNA damage induced by chemical or physical agents in
cells from numerous different organisms under a wide variety of
experimental conditions [3, 4]. The comet assay is used in human
monitoring studies as a biomarker of exposure to agents causing
damage to DNA [5, 6] and in ecotoxicological studies in a variety
of sentinel organisms [7-9]. Its application in hazard characteri-
zation under controlled laboratory conditions contributes to the
understanding of the mode of action of chemicals and informs
risk assessment [10-12].
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Figure 1: Alkaline comet assay and its variants. (A) Main steps of the standard protocol; (B) protocol modifications introduced to detect modified bases (generally
oxidized bases). These modifications consist in treating slides after lysis (see arrow) with BER enzymes that produce DNA breaks at the site of modified base. The slides
then undergo the other steps of the standard protocol. The increase of %TI of BER enzyme treated slides over the non-treated slides gives the amount of modified bases;
(C) protocol modification introduced to detect bulky adducts. This modification consists in treating cells (in colture) (see arrow) with inhibitors of the NER enzymatic
pathway in order to accumulate incomplete DNA repair sites detected as strand breaks by the comet assay. The slides then undergo the other steps of the standard
protocol. The increase of %TI of NER inhibitor treated cells over the untreated cells gives the amount of bulky adducts; (D) protocol modification introduced to detect DNA
crosslinks. This modification consists in increasing DNA migration by treating slides (see arrow) with a potent clastogen (generally ionizing radiations) or by potentiating
electrophoresis conditions. The slides then undergo the other steps of the standard protocol. The decrease of %TI indicates the presence of DNA crosslinks.

DNA Lesions Detected by the Comet Assay

The test can be conducted under neutral or alkaline elec-
trophoresis conditions each one enhancing the detection of
different types of DNA lesions. Initially, the prevalent opinion
was that under neutral conditions mostly double-strand breaks
(DSBs) were revealed, whereas under alkaline conditions, a
broader spectrum of lesions was detected including, in addition
to DSBs, single-strand breaks (SSBs) and apurinic/apyrimidinic
sites (AP sites). However, more recently, a better understanding
of DNA migration processes and comet formation suggests
that the spectrum of lesions detected under the different
electrophoresis conditions largely overlaps [13]. DNA breaks
or AP sites are continuously produced under physiological
conditions by processes such as hydrolysis or damage by ¢OH
and other free radicals. Exposure to physical and chemical agents
produces numerous types of DNA lesion including damaged
bases, AP sites, inter- and intrastrand crosslinks and direct strand
breaks with a variety of termini [14]. In its current form the comet
assay employs several modifications each designed to reveal a

particular type of DNA lesion thereby extending its range of
utility (Fig. 1B-D). In particular, the use of lesion-specific DNA
glycosylases/endonucleases, which remove altered bases and
introduce DNA AP sites or strand breaks, is widespread (Fig. 1B).
The most widely used enzymes include the Escherichia coli for-
mamidopyrimidine DNA glycosylase (Fpg) and endonuclease III
(Endo III) and the mammalian counterpart of Fpg, 8-oxoguanine
DNA glycosylase (OGG1) [15]. Fpg excises oxidized purines
from DNA. Its substrates include the ring-opened purines 2,6-
diamino-4-hydroxy-5-formamidopyrimidine and 4-6-diamino-5
formamidopyrimidine as well as 8-oxo-7,8-dihydroguanine (8-
oxoGua). Endo III acts similarly to remove oxidized pyrimidines,
including DNA thymine glycol and uracil glycol. The specificity
of these enzymes for a particular base alteration is not absolute.
Thus, Fpg and Endolll also recognize some types of alkylation
damage [16, 17], These Fpg-mediated SSBs might derive from AP
sites following spontaneous hydrolysis or enzymatic excision
of N7-methylguanine (N7-meGua) and N3-methyladenine
(N3-meAde). In addition, alkali treatment of N7-meGua can



70 | Toxicology Research, 2021, Vol. 10, No. 1

lead to the formation of ring-opened derivatives (FaPy-Gua)
that are also recognized and incised by Fpg. In contrast, the
eukaryotic OGG1 is a more specific enzyme that is unable
to recognize methylated bases [18]. As a consequence, no
significant increase in SSBs was observed following treatment
with the alkylating agent methylmethanesulphonate or ethylni-
trosourea when assessed by the hOGG1 modified comet assay,
whereas an increase was observed with the Fpg modified comet
assay [17, 19].

In a similar approach, the uracil DNA glycosylase has been
used to detect uracil (U) misincorporated in DNA [20] and the 3-
meAde DNA glycosylase and AIkA to increase the sensitivity and
selectivity of the comet assays against alkylated bases [21].

Many environmental carcinogens react with DNA bases to
produce bulky adducts. These important DNA lesions block
replication and transcription and contribute to cell-cycle arrest
and cell death; they also induce mutations possibly leading to
carcinogenesis [22-24]. Most of these lesions are repaired by
nucleotide excision repair (NER), a repair pathway in which
the incision and excision steps of lesion removal are highly
coordinated to minimize the generation of persistent DNA strand
break intermediates [25]. This repair strategy compromises the
ability of the comet assay to detect bulky DNA adducts. To
counteract this limitation, inhibitors of NER are included in the
assay to permit the accumulation of incomplete DNA repair
events that are detected as SSBs. DNA synthesis inhibitors
aphidicolin, hydroxyurea (HU) and 1-8-D-arabinofuranosyl
cytosine (AraC) have all been successfully applied to allow the
detection of DNA strand breaks formed during NER of bulky
DNA adducts induced by UVC-radiation and the carcinogens
benzo[a]pyrene and aflatoxin B1 [26, 27] (Fig. 1C). Among nine
known in vivo genotoxic agents, only one generated SSBs
measurable by the standard comet assay in the absence of
HU/AraC, whereas seven were positive in the presence of
the inhibitors [27]. In addition, the DNA T4 endonuclease V,
which repairs UV-damaged DNA, has also been used to detect
cyclobutane pyrimidime dimers in the comet assay [28].

DNA interstrand crosslinks (ICLs) are among the most cyto-
toxic DNA lesions. They block both DNA replication and tran-
scription and inhibit recombination by preventing the separation
of DNA strands. Several known or suspected carcinogens induce
ICLs. ICLs repair is complex and entails different repair path-
ways, such as NER, structure-specific endonucleases, translesion
DNA polymerases (TLS) and homologous recombination (HR).
NER plays an important role in ICLs removal in quiescent cells,
whereas the ICLs repair in S phase requires a more complex
orchestration of multiple factors, including structure-specific
endonucleases, TLS and HR [29].

The presence of ICLs retards DNA migration in the comet
assay. Their presence can be inferred from the decreased migra-
tion of DNA from cells treated with a suspected ICL-inducing
agent followed by a known SSBs inducing agent (generally ioniz-
ingradiation) immediately prior to electrophoresis. Alternatively,
ICLs can be revealed by a reduction of the background level
of DNA migration under extreme electrophoretic conditions
(Fig. 1D). This approach was used to quantify ICLs induced by the
photoactivated 4-hydroxymethyl-4,5,8-trimethylpsoralen (HMT)
in vitro [30]. Under electrophoresis conditions that maximized
DNA migration, a dose-dependent decrease of DNA migration
was observed shortly after HMT treatment. However, at later
times, the incisions formed during ICLs repair caused the
formation of DNA strand breaks, which antagonize the migration-
inhibiting effect of ICLs in the comet assay. This causes a
progressive increase of DNA migration in HMT-treated samples

that became equal to the untreated ones, and, at even longer
times, results in a further increase of DNA migration over
the untreated control. These results indicate that antagonistic
phenomena acting on DNA migration should be considered
when assessing DNA crosslinking by the comet assay. On one
hand, DNA ICLs reduce DNA migration; on the other hand,
incisions occurring during ICL repair increase DNA migration.
Therefore, the extent of migration depends on the kinetics of
ICL production and recognition, DNA incision and processing by
repair proteins and sampling time becomes a critical variable
in the experimental design. These steps in turn depend on the
characteristics of the chemical and the cell physiology. These
factors may underlie the relative low sensitivity of the assay
in revealing DNA crosslinks and for disparate results obtained
in studies assessing the genotoxicity of chemicals suspected
of crosslinking. This may be particularly true in in vivo studies
when the timing between exposure and cell analysis cannot
be completely controlled. Indeed, the detection of crosslinking
agents is not included among the purposes of the ‘In Vivo
Mammalian Alkaline Comet Assay’ (OECD TG guideline 489)
[31] for which ‘further work would be needed to adequately
characterize the necessary protocol modifications’.

Endogenous vs Exogenous Sources
of DNA Damage

It has been estimated that human genome sustains ~40,000-
70,000 lesions per day [32-36]. The vast majority of these are SSBs
arising from oxidation (by metabolic by-products) or base loss
via glycosyl bond hydrolysis (Fig. 2). SSBs may be occasionally
converted into the more dangerous DSBs (25 events per cell per
day). Spontaneous DNA base loss is largely due to spontaneous
depurination events, with a minor contribution from depyrim-
idination (10,000 and 500 lesions per cell per day, respectively).
Spontaneous deamination of cytosine to U occurs around 200
times per cell per day. If uncorrected, the resulting U:G mis-
matches will give rise to G > A transition mutations.

Oxidation is an important source of endogenous genomic
damage. Reactive oxygen species (ROS) are generated during
normal aerobic cellular metabolism. Depending on the analytic
method used, the rate of production of DNA 8-oxoGua, the major
mutagenic oxidized base, can vary from 450 to 6300 lesions per
cell per day. 8-OxoGua pairs preferentially with adenine rather
than cytosine and GC > TA transversions are considered to be
the signature mutation of oxidative stress.

S-adenosylmethionine (SAM), a methyl group donor and a
cofactor in several transmethylation reactions is also an endoge-
nous genotoxic agent. SAM non-enzymatically methylates the
ring nitrogen of DNA purines to generate around 600 N3-meAde
and 4000 N7-meGua lesions per day in the human genome.

The effects of endogenous DNA damage are mitigated by DNA
repair. The main repair pathways are NER, base excision repair
(BER), HR, non-homologous end joining and mismatch repair
(MMR) [33-37]. Most of them also protect the genome against
DNA damage induced by noxious foreign chemicals (some exam-
ples are shown in Fig. 2). Exposure to some exogenous chem-
icals can also enhance ‘spontaneous’ DNA decay. One exam-
ple of this enhancement is the accelerated depurination that
accompanies modifications of DNA bases induced by alkylating
agents.

One of the properties of the comet assay is the capacity
of this test to detect DNA lesions derived either from direct
damage to DNA or identify DNA intermediates occurring during
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Figure 2: Endogenous and exogenous DNA lesions and their repair. (a) The estimated frequencies refer to apyrimidinic and apurinic sites, respectively; (b) the estimated
frequency refers only to mismatches derived from deamination of cytosine to uracil (mismatches due to DNA replication errors by mammalian DNA polymerases are
excluded); (c) the estimated frequencies refer only to 8-oxoGua (G«); (d) the estimated frequency refers only to N3-meAde (A°). DNA adduct frequencies are taken from

references [32-36).

the repair process of an initial damage. Thus, we can consider
an untreated control in the comet assay as the reflection of
the steady-state level of endogenous DNA lesions, including the
intermediates of repair processes. In contrast, exposure to a
genotoxic agent introduces a burst of additional DNA lesions
that may overwhelm the DNA repair machinery possibly lead-
ing to irreversible gene or chromosome mutations. Thus, mea-
suring an increase of DNA migration in treated samples vs.
matched controls provides a marker of the agent genotoxic mode
of action useful for the classification and regulation of chemical
exposures.

Efforts to Improve the Comparability
and Interpretation of Comet Assay Results

Since its first appearance >30 years ago [38], the comet assay
has been widely used. Its low cost and versatility have led to
its adoption as an assay of choice worldwide. The sheer number
of laboratories using the comet assay has meant that numerous
small variations to the protocol have occurred. This multitude of
assay protocols presents a problem of comparability of results
among laboratories. In addition, problems of intra-laboratory
variability among experiments are frequent. A significant effort
has been expended to identify crucial parameters that affect the
performance of the comet assay and to clarify how different
factors, from sample preparation to cell scoring and analysis, can
influence the results [2, 13,39-41]. Some progress has been made,
and the variation among laboratories and experiments has been
reduced. Despite this advance, there are currently no consensus
guidelines for the application of the comet assay in in vitro or in
biomonitoring studies.

The problem of intra- and inter-laboratory variability lim-
its the direct comparison of DNA damage levels among differ-
ent studies or multicentre trials. It is particularly challenging
in human biomonitoring studies. To address these issues, the
European Standards Committee on Oxidative DNA Damage and

the European Comet Assay Validation Group (ECVAG) launched
international trials focused especially on the measurement of
oxidatively damaged DNA in human cells. These led to some
improvements both in the standard and in the Fpg modified
comet assay [42-45].

To reduce the inter-laboratory variability in assay data, it
has been proposed that comet assay DNA damage parameters
(e.g. % DNA in tail) be transformed to the number of lesions
per basepair (bp) based on calibration curves generated from
cells exposed to ionizing radiation. The relationship between
ionizing radiation dose and DNA SSBs was established by
alkaline sucrose gradient sedimentation studies. About 0.3
strand breaks/10° dalton DNA are introduced per Gy of radiation.
This approximates to 1000 breaks per diploid mammalian cell/Gy
[46]. Based on this dose equivalence, cell-type-specific calibration
curves were generated by different laboratories and used to
calculate the number of lesions/10° bp DNA corresponding to
a particular percentage of DNA in the tail. This conversion
significantly reduced inter-laboratory variation in an ECVAG
trial conducted among 10 laboratories, indicating that it could
facilitate the comparisons between data from different research
groups [45].

In a recent paper, Moller and collaborators [47] searched
PubMed database for human biomonitoring studies that
had used comet assays to measure oxidatively damaged
DNA in nucleated blood cells. The study applied the ECVAG
calibration curve [48] in which 1% DNA in tail corresponds
to 0.0273 lesions/10° bp to data from the published assays.
Results showed a large variation in the reported level of Fpg-
sensitive sites in human white blood cells (ranges: 0.05-1.31
lesions/10° bp), whereas less variation was found for hOGG1
(0.04-0.18 lesions/10° bp). However, these data suggest that still
problems exist regarding the quantitative comparison of results
from different publications.

One approach to counteracting the variability among mea-
surements is the inclusion of reference standards. These may be
slides prepared from batches of cells untreated or treated with
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a DNA-damaging agent undergoing the same comet procedures
as the analyzed samples, or even of cells, morphologically recog-
nizable, placed on the same slide. They can be used to monitor
the performance of the assay or even to normalize sample data
to reference values [49, 50].

In 2007, Ueno and coworkers [51] proposed also for in vivo
studies with comet assay the application of radiation-based cal-
ibration curves to transform comet parameters into number of
breaks. Linear dose-effect relationships for % tail DNA in nine dif-
ferent organs (liver, kidney, lung, spleen, colon, urinary bladder,
thymus, brain and bone marrow) of mice irradiated with 3, 6,12 or
24 Gy of X-rays were reported. Of note, organs were collected only
3 minutes after a high dose-rate irradiation to avoid as much as
possible the bias introduced by fast repair mechanisms occurring
during and immediately after irradiation. The slopes of the dose—
response curves varied among the organs tested: e.g., 1Gy X-
rays increased the % tail DNA above the respective background
level by 1.8% in the liver and 0.6% in bone marrow. This finding
suggested differences in the radiosensitivity of nuclear DNA and
DNA repair capacity among organs and pointed to the need of
obtaining organ-specific calibration curves for comet assay in
vivo.

Although scientifically sound, these calibration approaches
have not been extensively applied probably because their most
rigorous applications would require for each laboratory produc-
ingits own cell-type-specific curves, and not all laboratories have
the necessary expertise or instrumentation.

A confounding factor for the interpretation of comet assay
results might be the induction of aspecific cell toxicity irrespec-
tively of DNA damage. In fact, cell toxicity may result in the
appearance of highly damaged comets (the so-called hedgehogs)
that could lead to false-positive results. For this reason, it is
strongly advised to record this category of comets separately
from the other ones and not include them in the calculation
of the assay parameters. However, because their mechanism of
formation is unclear, they generally are not used as marker of
toxicity [31]. To assist the investigators in the recognition and
classification of this type of cells, an atlas of comet assay images
has been published by the Japanese Environmental Mutagen
Society [52].

The Standardization of in vivo Comet Assay and
Its Application Within Regulatory Test Batteries

Although initially developed as an in vitro test, the versatility of
the comet assay makes it extremely attractive for in vivo studies.
In particular, a genotoxicity assay that could be employed to
assess DNA damage in tissues of toxicological relevance or in
site-of-contact organs was needed for studies of human risk
assessment.

Between 2006 and 2013, the Japanese Center for the Validation
of Alternative Methods led a project aimed at the validation
of the liver and stomach comet assays [53], which, eventually,
culminated in the release in late 2014 of the OECD TG 489 ‘In Vivo
Mammalian Alkaline Comet Assay’ [31]. The project methodol-
ogy and results were extensively reported in ref. [53]. The assays
were conducted on 40 coded chemicals with known genotoxic
and carcinogenic activity. Necrosis and apoptosis were evaluated
in parallel in the target tissues by histopathological analysis as
markers of acute cytotoxicity. The comet assay proved to be
reasonably sensitive with 6 of 19 genotoxic carcinogens yielding
negative results. Some of the apparent inconsistencies could be
rationalized when the modes of action for genotoxicity and/or

carcinogenicity were taken into consideration. For example, con-
sidering that the genotoxicity of busulfan is predominantly via
DNA crosslinking formation, it is not surprising that this chem-
ical was not detected by the standard comet assay that has a
limited sensitivity for this type of DNA lesions. A good specificity
of the comet assay was shown by the finding that only 2 of 21
chemicals that were either genotoxic non-carcinogens or non-
genotoxic carcinogens yielded positive results.

Even before its formal validation [31], the test had been intro-
duced by several national and international regulatory agencies
as an integral part of the genotoxicity testing strategies, which
generally consists of multi-tier approaches comprising in vitro
and in vivo tests.

Since 2011, the ‘Guidance on Genotoxicity Testing and Data
Interpretation for Pharmaceuticals Intended for Human Use’
included the comet assay in liver as an additional in vivo assay,
further to micronucleus (MN) assay in rodent hematopoietic
cells, for substances that induce gene mutations in vitro. This
guideline to the selection of genotoxicity tests for new pharma-
ceuticals has since been adopted worldwide [54].

In Europe, the ‘European Community Regulation on chemicals
and their safe use’ introduced in 2007, requires companies man-
ufacturing or importing chemical substances into the European
Union in quantities >1 ton/year to register these substances with
the European Chemicals Agency (ECHA) [55]. ECHA requirements
for registration depend on the tonnage and the potential muta-
genicity of a substance is among the information required for
its registration. The strategies to provide this information are
based on the use of different pieces of information, including
non-testing data (Structure activity relationship, quantitative
structure activity relationship and read-across approaches) and
results from in vitro and in vivo testing. Information from a bac-
terial gene mutation test is required for all the tonnage groups.
A negative result with this test is sufficient for the registration
of substances in the low-level tonnage group. For compounds
in higher tonnage groups, a second in vitro MN or chromosome
aberration test is needed. In case of positive results, an in vivo
follow-up is required. Depending on the type of damage elicited
in vitro (gene mutation or chromosomal damage) Transgenic
Rodent (TGR) Somatic and Germ Cell Gene Mutation Assays [56],
comet assay [31], MN test [57] or chromosome aberration test [58]
would be considered as appropriate follow-up tests.

Genotoxicity testing strategies applicable to food and ani-
mal feed safety assessment have been defined by the European
Food Safety Authority (EFSA) [59, 60]. A step-wise approach is
recommended for the generation and evaluation of data on
genotoxic potential. This begins with a battery of in vitro tests,
comprising a bacterial reverse mutation assay and an in vitro MN
assay. In case of positive in vitro results, review of the available
relevant literature data on the test substance and, where nec-
essary, appropriate in vivo studies are recommended. Suitable in
vivo tests are considered the mammalian erythrocyte MN test,
the TGR assay and the comet assay. A single positive test is
sufficient to classify the compound as an in vivo genotoxin. Both
a negative systemic genotoxicity test (i.e. MN test) and a neg-
ative test on site-of-contact or metabolically competent organ
(i.e. TGR or comet assays in gastrointestinal (GI) tract and liver)
are deemed necessary to classify a compound as non-genotoxic
in vivo.

The in vivo genotoxicity tests can detect different kind of
damage and each has its own advantages and limitations. The
MN test detects clastogenic and aneuploidogenic events in bone
marrow erythrocyte precursors. Its main limitation is that the
compound or its metabolite(s) have to reach the bone marrow in
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Table 1: Results of standard alkaline comet assays following in vivo exposure to chemicals in relation to their mechanisms of genotoxicity?

Chemical (CAS N°) IARCP Main mechanism of action In vivo standard comet References
assay
1,2-Dimethylhydrazine dihydrochloride 2A DNA alkylation Positive [53]
(306-37-6)
Methyl methanesulfonate (66-27-3) 2A DNA alkylation Positive [53]
2-Acetylaminofluorene (53-96-3) Not classified Bulky adducts Negative [53]
Benzo[a]pyrene (50-32-8) 1 Bulky adducts Positive [61]
Acetaldehyde (75-07-0) 2B DNA and DNA-protein crosslinks  Positive [61]
Hexamethylphosphoramide (680-31-9) 2B DNA-protein crosslinks Negative [62]
Busulfan (55-98-1) 1 DNA crosslinks Negative [53]
Cisplatin (15663-27-1) 2A DNA crosslinks Positive [53]
1,2-Dibromoethane (106-93-4)) Not classified DNA crosslinks Positive [53]
Etoposide (33419-42-0) 1 Topoisomerase inhibitor Positive [61]
Hydroquinone (123-31-9) 3 Mitotic spindle interaction Negative [53]
5-Fluorouracil (51-21-8) 3 DNA synthesis inhibitor Negative [53]
Cadmium chloride (10108-64-2) Not classified Oxidative stress Positive [53]
Di(2-ethylhexyl) phthalate (117-81-7) 2B Endocrine disruptor Negative [53]
Chloroform (67-66-3) 2B Liver toxicity Positive [53]
Ethanol (64-17-5) 1 Non-genotoxic Negative [53, 61]
Trichloroethylene (79-01-6) 1 Non-genotoxic Negative [61, 62]

2The positive/negative classification according to the quoted reference(s) does not take into account the organ(s) tested and does not exclude that different results

may be obtained in other published experiments.
bInternational agency for research on cancer classification.

a sufficient concentration to induce DNA damage. On the other
hand, both TGR and comet assays can be performed on different
organs, including the target organs for toxicity and carcinogenic-
ity. TGR assay mainly detects gene mutations, whereas the comet
assay detects DNA lesions, including those produced during DNA
repair. Although both MN and TGR assays reveal irreversibly fixed
DNA alterations, the comet assay reveals transient lesions poten-
tially leading to irreversible damage. In a comparative review of
group 1 carcinogens selected from the International Agency for
Research on Cancer, a 90% sensitivity of comet assay (any organ)
was reported, higher than the 70% sensitivity achieved by MN test
[61]. A working group on in vivo genotoxicity testing strategies
convened on the occasion of the seventh International Workshop
on Genotoxicity Testing [62] compared the ability of comet and
TGR assays (any organ) to detect chemical carcinogens. The study
revealed that more carcinogens tested positive in the comet
assay than in the TGR assay. The same study noted that some
non-carcinogens also tested positive in the comet assay. This
lower specificity reflected indirect mechanisms of DNA breakage
driven by toxicity, oxidative stress or extreme pharmacology.
Eventually, the working group concluded that the comet assay in
the liver or GI tract was as suitable as the TGR assay as a follow-
up approach after evidence of in vitro genotoxicity.

Table 1 reports some examples of the performance of in vivo
standard alkaline comet assays in identifying non-genotoxic and
genotoxic chemicals characterized by different mechanisms of
action.

Another genotoxicity assay that detects the initial events of
the DNA damage response is based on the phosphorylation of
histone H2AX (y-H2AX). This is assessed by the formation of
microscopically visible foci analyzed by flow cytometry or by
western blotting. The assay was originally proposed in the field
of radiation biology as a sensitive assay for detecting DSBs [63].
More recently, it has been validated with some promising results
against the in vitro comet assay for the detection of chemical
mutagens [64, 65]. More limited data have been collected so far
in vivo. Thus, additional validation studies are recommended in
view of the potential application of the assay in multiple organs

and to verify the possible superior performance for the detection
of some classes of compounds such as the crosslinkers [64].

Based on their complementarity, a combination of multi-
ple tests is suggested to provide an added value [61]. Also, the
combination of in vivo tests assessing different endpoints in
different tissues in the same animal is encouraged by regulatory
authorities in light of 3R principle. The International workshops
on genotoxicity testing working group [62] concluded that a
combination of the MN test in bone marrow and the liver comet
assay was adequate to detect in vivo mutagens or genotoxic
carcinogens. For orally administered compounds, a comet assay
in a single GI site was recommended.

Quantitative Approaches for the Assessment
of a Genotoxic Risk

In the last 10 years, improvements in the determination and
interpretation of dose—effect relationships [66] have led to a more
quantitative approach to the characterization of in vivo genotox-
icity. At present, regulatory authorities determine health-based
guidance values (HBGV) and margin of exposure (MoE) largely on
experimental cancer and toxicity data. More recently, however,
gene and chromosome mutations have been advocated as a bona
fide, quantifiable toxicological endpoint which can inform risk
assessment [67].

DNA damage, as measured by the comet assay, could be
regarded as a too transient and heterogeneous endpoint to lend
itself to such analyses, but it has not totally escaped attention. A
quantitative analysis of toxicological data is generally based on
mathematical modeling of the dose-response relationships that
allow establishing the so-called ‘point of departure’ (POD), which
is a point on the dose-response curve roughly corresponding to
an estimated low effect level or no effect level. The best method
to establish PODs is still a matter of debate. A recent paper that
analyzed data sets obtained by the comet, the MN, the TGR and
the Pig-a gene mutation assays came to the conclusion that PODs
must be assay specific and based on historical control data [68].
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Interestingly, in the case of a model monofunctional alkylating
compound (temozolomide), a close concordance of PODs across
all these assays was shown [69], suggesting that, for this chemical
and most likely other monofunctional alkylating agents, the
comet assay was as suitable to determine POD values as were the
assays for irreversible gene or chromosome mutations. In 2018,
the UK Committee on Mutagenicity regretted that an evaluation
of the use of comet assay data in quantitative analyses had not
yet been undertaken [70]. Surely, for DNA tail intensity to be
included among the mutagenicity endpoints deserving a more
quantitative analysis, further progress needs to be made toward
test standardization and data interpretation.

Case Studies: Interpretation of Results

Currently, EFSA guidelines recommend the use of an MoE
approach for substances that are both genotoxic and carcino-
genic [71]. The MoE provides a comparison between the observed
experimental data and the environmental level of interest. The
aim is to help decide on acceptable or tolerable level of exposure
taking into account the risk management options available. An
MoE of 10,000 or higher is considered to be of low concern from
a public health point of view.

However, the Scientific Committee Opinion on genotoxicity
testing strategies [59, 60] describes some circumstances under
which genotoxicity might occur only at doses resulting in satura-
tion of detoxification pathways. Examples include mutagens that
might act through a threshold mechanism. Thus, the mutagenic
potential of oxidants depends on their capability to overcome
the physiological cellular defense against ROS. Other examples
are substances that interact with molecular targets other than
DNA (e.g. alterations of DNA polymerases, topoisomerases, DNA
repair and spindle proteins). In such cases, establishing an HBGV
(Tolerable Daily Intake, Tolerable Weekly Intake, etc.) might be
possible.

Here, we review two examples of how the comet assay pro-
vides an important tool in evaluating the genotoxicity associated
with exposures to food contaminants [ochratoxin A (OTA) and
furan] [72, 73]. In particular, we show how comet assays can help
to clarify the mechanisms underlying the genotoxic properties of
chemical contaminants, e.g. whether these are the consequence
of a direct, DNA-reactive mode of action (formation of chemical-
specific covalent adducts) or are due to an indirect production
of DNA damage (induction of oxidative stress, damage to DNA
repair proteins, etc.). We highlight the difficulties associated with
the interpretation of the results of the comet assays and stress
the importance of considering all the available data, including
mechanistic studies, for a proper risk assessment of food con-
taminants.

Ochratoxin A

OTA is a mycotoxin produced by Aspergillus and Penicillium fungi
and is found as a contaminant in various foods. It causes kidney
tumors in rodents. However, the mechanisms of genotoxicity are
unclear and both direct (DNA reactive) and indirect genotoxic
and non-genotoxic modes of action have been proposed.

In vitro exposure of mammalian cells to OTA induced both
gene mutations [74] and chromosomal damage [75]. Several
observations suggested that at least some of these in vitro
genotoxic effects are secondary to oxidative stress induced by
OTA. These included high levels of ROS and of 8-oxoGua in DNA
[76, 77] as well as comet assays showing an increase in SSBs
following incubation with the Fpg/Endoll enzymes [78].

In rodents, OTA induces a narrow spectrum of chromosomal
damage concentrated in the portion of the kidney that is also
target for OTA carcinogenesis (the kidney outer medulla). DNA
damage includes chromosome hypercondensation, abnormally
separated chromatids, multipolar mitotic spindles, endoredu-
plications, polyploidy and aneuploidy [79]. OTA is also a weak
inducer of gene mutations in rats and mice [80-83]. The muta-
tions are detected in rats after a short exposure to a carcinogenic
OTA dose and are specifically restricted to the cancer target site.
The mutational spectrum identified large deletions as the main
mutagenic events, with no apparent increase in the GC > TA
transversions typically associated with oxidative DNA damage.
In addition, no changes in the levels of DNA 8-oxoGua were
observed in the outer medulla [80-83]. Thus, OTA-induced muta-
tions in rat and mouse kidneys are clearly not a simple conse-
quence of oxidative DNA damage. The molecular mechanisms
underlying in vivo OTA genotoxicity remain unclear since the
formation of OTA induced DNA adducts is controversial [84, 85];
their chemical nature remains undefined and the reported levels
are extremely low (20-70 x 102 nucleotides) [85].

The results obtained by in vivo comet assays indicate that
OTA exposure increases SSBs levels in the kidney [79, 86] but
also in non-target tissues such as liver and blood [79]. In some
studies OTA-induced SSBs were increased by DNA digestion with
Fpg/Endolll [86].

In summary, the detection of mutations in the target tis-
sue pointed to a genotoxic mechanism of OTA-induced car-
cinogenesis, and, despite some evidence of oxidative stress, the
mutational spectrum suggested that DNA oxidation was not
involved. The comet assay provided supportive evidence in vitro
and in vivo regarding the induction of both oxidation- and non-
oxidation- mediated DNA damage. Unfortunately, the analysis of
DNA adducts yielded inconclusive results hampering the defini-
tive classification of OTA as a genotoxic carcinogen. This exam-
ple shows how complex it can be in some cases to resolve the
complexity of a chemical mode of action even when a full set of
data with reliable and sensitive methods is available.

Furan

Furan is a volatile compound formed in food during thermal
processing. It induces cholangiofibrosis in rats and hepatocellu-
lar adenomas/carcinomas in mice [73]. Furan is metabolized by
cytochrome P450 2E1 (CYP2E1) to the reactive metabolite cis-but-
2-ene-1,4-dialdehyde (BDA). In vitro studies indicate that BDA-
induced ethano DNA adducts are unstable and can be trans-
formed into substituted etheno-acetaldehyde adducts. These
secondary lesions retain an aldehyde group and therefore have
the potential to form ICLs [87]. The in vitro genotoxic properties
of BDA are clearly manifested by its ability to induce gene muta-
tions both in bacteria [88, 89] and in mammalian cells [90].

In vitro BDA was reported to be positive in the alkaline elution
assay with Chinese hamster ovary cells for both DNA strand
breaks and crosslinks induction at millimolar concentrations
[91], whereas a comet assay on BDA-treated L5178Y tk*/~ cells
showed a dose-dependent increase only in SSBs, mostly evident
at toxic doses [90].

The greatest degree of uncertainty concerns the carcinogenic
mode of action of furan. Is furan directly or indirectly genotoxic?
What is the contribution of oxidative DNA damage to its tumori-
genicity? A very low level of furan-induced DNA adducts was
observed in vivo, and these were not identical to BDA-induced
DNA adducts [92]. It is also unclear whether furan induces gene
mutations in vivo [93, 94]. Nevertheless, there is convincing
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Pros

Cons

Applicable to virtually all animal models
No specific rodent strain requirement

Applicable to multiple organs

Possibility to be integrated with other complementary short term
genotoxicity assays in the same animals

Low cost

Measurement of transient DNA lesion instead of irreversible gene and

chromosomal mutations

Relative increase of readouts vs. controls instead of absolute numbers

of mutations

Limited standardization of assay procedures
Sensitive to indirect genotoxicity mechanisms linked to toxicity and

cellular stress

Insensitive to some genotoxicity modes of action (aneugenicity, DNA

crosslinking)

evidence that chronic exposure to furan induces micronuclei,
chromosome aberrations and DSBs in proliferating, but not
in quiescent, splenocytes from mice and rats. DNA lesions
responsible for these effects remain undefined, and it is unclear
whether the observed chromosomal instability is due to direct
damage to DNA (formation of ICLs or DNA adducts) or is the
consequence of secondary events associated with oxidative
stress-induced DNA damage.

A similarly complex scenario can also be derived from the
results of the in vivo comet assays which reveal that furan-
induced DNA damage is dependent on treatment protocol and
dose. Thus, no induction of SSBs and/or ICLs was observed in
the liver of mice chronically exposed per os to furan (28-days, 2-
15 mg/kg bw), whereas both types of DNA lesion were increased
after a single acute oral dose (250 mg/kg bw) [95, 96]. These data
suggest that high levels of DNA lesions must be introduced into
DNA to be revealed by the ‘modified’ comet assay, most likely
because of the limited sensitivity of this assay in identifying
DNA ICLs.

The kinetics of comet assays on the liver of mice chroni-
cally exposed to furan revealed that SSBs appeared rapidly after
exposure and disappeared within a few hours post-treatment
[97]. This observation might explain some of the negative results
observed in comet assays in which liver cells were analyzed at
late times post-treatment [98]. In addition, they also suggest that
repair of oxidized DNA bases might underlie this set of rapidly
formed and resealed SSBs. Indeed, the increased number of
SSBs following digestion with Fpg and EndolII of liver DNA from
furan treated animals confirms the presence of oxidatively dam-
aged DNA. Finally, increased levels of DNA 8-oxoGua (and ROS)
have been observed in liver and blood of furan-treated rats and
mice [99-100].

In the absence of a clear identification and detection of DNA
adducts, comet assay results were useful to evidence, at least at
high dose level, the formation of ICLs, a lesion with the highest
potential of causing chromosomal aberrations. At the same time
also oxidative DNA damage was demonstrated. It was out of
comet capability the assessment of the relative weight of each
mechanism in the formation of chromosomal aberrations. More-
over, in vivo comet assays proved to be useful for searching DNA
damage in tumor target and non-target organs, demonstrating
specific induction of DNA lesions in the liver, the target organ for
furan-induced carcinogenesis.

Concluding Remarks

Comet assay is a versatile genotoxicity test that measures DNA
breaks or AP sites induced directly by physical and chemical
agents or produced during repair processes of primary lesions.

The assay has several assets but also some limitations as sum-
marized in Table 2. One of its great assets is the applicability
to any type of cells, cycling and not cycling, which translates
into the possibility of using it to test the effects in a vari-
ety of tumor targets and site-of-contact organs of experimental
rodents. Indeed, comet assay data may contribute to characterize
the mode of action of suspect chemical carcinogens, showing the
possible induction of DNA damage at tumor target sites. Further-
more, one comet assay variant has been developed to detect an
increase of oxidized DNA bases. This assay may contribute to
assess the relative weights of DNA damage induced directly by
covalent binding of chemicals to DNA vs DNA damage induced
indirectly by an increase of ROS elicited by chemical-induced
oxidative stress.

Despite these capacities, comet assay still suffers of impor-
tant limitations that limit its usefulness. The assay conditions
have not yet been stringently established and this has made
sometimes difficult to compare results obtained by different
laboratories. This might be an issue especially for a test that
measures not an irreversible genotoxic effect, like micronuclei
or gene mutations, but a transient, dynamic, still repairable DNA
damage. Improved test standardization would also enhance the
applicability of the assay in the field of human biomonitoring,
helping to dissect the main variables influencing the results (e.g.
sex, age, life style and genetics of DNA repair) and to better
exploit studies of human exposed cohorts for risk assessment.

In addition, comet assay data do not return a number of
genetic alterations, but a variation of parameters with respect
to untreated controls. This is why proposals have been made
to calibrate these parameters vs. number of DNA breaks, using
ionizing radiation dose-effect relationships, but this promising
approach needs to be further developed. When these issues are
improved, comet assay will display its full potential within a
complementary battery of in vivo tests, from organ-specific DNA
adduct measurement to erythrocyte MN frequency, to character-
ize the mechanisms of toxicity and carcinogenicity of chemicals,
which are increasingly considered to set human exposure limits.
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