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52.1 Ingo Stammberger, Andreas Czich
and Knut Braun

The task of the Genetic Toxicology is to use recog-

nized test methods in order to identify the genotoxic or

mutagenic potential of pharmaceuticals and chemicals.

The genotoxic or mutagenic potential is what we call

the potential health risk of a substance with respect to

its ability to cause cell mutations. Substances with this

potential are known as mutagens and genotoxicity

studies, also called mutagenicity studies, help identify

such substances.

Early warnings that a possible new drug product

may have a genotoxic effect are of immense impor-

tance for drug development. If a potential new drug is

proven to have a genotoxic potential, this generally

leads to termination of development of that drug,

thereby preventing human exposure to drugs with

mutagenic effects (except cytostatic drugs).

In addition, in the last decade, the testing and iden-

tification of impurities was recognized as important

step in the toxicological risk assessment of the drug

substance. The identification of a genotoxic potential

and the determination of acceptable limits for

genotoxic impurities in active substances is a difficult

issue and now a days addressed in several publications

and Guidelines. The data set usually available for

genotoxic impurities is quite variable and is the main

factor that dictates the process used for the assessment

of acceptable limits. A generally applicable approach

was defined by implementing the Threshold of Toxi-

cological Concern (TTC). A TTC value of 1.5 mg/day
intake of a genotoxic impurity is considered to be

associated with an acceptable risk (excess cancer risk

of <1 in 100,000 over a lifetime) for most
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pharmaceuticals (Kroes et al. 2004). From this thresh-

old value, a permitted level in the active substance can

be calculated based on the expected daily dose and the

duration of treatment (EMEA 2006). However, higher

limits may be justified under certain conditions, e.g.,

based on the therapeutic area.

Numerous test methods are available in order to

assess the genotoxic potential of drug substances.

There are essentially three main categories of

genotoxic damage that can be caused by a substance:

1. Gene mutations

2. Chromosome aberrations and genome mutations

3. DNA damage and DNA repair

For the assessment of potential genotoxic impuri-

ties, a combination of in silico analysis (see Chap. 41

“In-Silico ADME Modeling”) and the detection of

a direct DNA damaging potential of the compound is

considered to be sufficient. For the detection of the

direct DNA damaging potential, the bacterial reverse

mutation test (Ames Test) is recommended by the

Guidelines as stand-alone assay.

Gene mutations include base pair substitutions and

frameshift mutations, where base pair substitutions

arise from the substitution of one or several base

pairs in the DNA, and frameshift mutations arise

from an insertion or deletion involving a number of

base pairs that is not a multiple of three and conse-

quently disrupts the triplet reading frame, usually lead-

ing to the creation of a premature termination (stop)

codon and resulting in a truncated protein product.

Chromosomal aberrations include both numerical

and structural aberrations. Numerical aberrations are

changes in the number of chromosomes of the normal

number characteristic of the animals utilized

(aneugenicity). Structural aberrations are classified

into two types, chromosome or chromatid aberrations

(clastogenicity). Chromosomal mutations and related

events are the cause of many human genetic diseases

and there is evidence that chromosomal mutations and

related events are involved in cancer development.

DNA damage can happen in several ways. For

example, energy production in cells can produce

toxic molecules, such as the so-called free radicals.

They can react with the bases in the DNA and modify

them, thus preventing the genetic code from being used

properly. Those DNA damages then need to be

repaired. All cells have evolved a system of recogniz-

ing DNA errors, fixing them and in special cases

repairing them. This DNA repair mechanism can be

faulty, which in itself results in a genotoxic effect.

There are specific assays available to detect each of

these types of genotoxic damage, and a battery of tests

is often used to determine if a substance causes any or

all of these three types of damage. An overview of

which assays can be used to detect a given type of

genotoxic effect is shown in Table 52.1.

These assays are generally performed by applying

a test substance to well characterized cell systems

(e.g., bacterial or mammalian cell cultures) and evalu-

ating changes in the growth and characteristics of the

cells. This may involve assessing the speed to form

colonies and the size of the colonies as well as using

markers to label chromosome structure or to monitor

DNA synthesis.

Table 52.1 Overview of genotoxicity assays

Assay

Alternative name/

abbreviation Genetic endpoint tested Specific damage detected

Bacterial reverse mutation test Ames test Gene mutations Base pair substitution, addition or deletion

L5178Y tk+/� mouse lymphoma

test

MLA Chromosome aberrations Point mutations and structural alterations,

based on mutations in the tk gene

Micronucleus test in vitro – Chromosome aberrations Induction of micronuclei

Micronucleus test in vivo – Chromosome aberrations Induction of micronuclei

Mammalian chromosome

aberration test in vitro

– Chromosome aberrations Mainly structural alterations (chromosome or

chromatid)

Mammalian chromosome

aberration test in vivo

– Chromosome aberrations Mainly structural alterations (chromosome or

chromatid) including polyploidies

Comet Assay in vivo Comet in vivo DNA strand breaks DNA strand breaks

Unscheduled DNA synthesis test

with mammalian liver cells in vitro

UDS in vitro DNA repair DNA repair synthesis

Unscheduled DNA synthesis test

with mammalian liver cells in vivo

UDS in vivo DNA repair DNA repair synthesis
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Usually most bacteria and cell lines do not possess

the full capability for metabolizing pro-mutagens and

pro-cancerogens. To overcome this deficiency sub-

stances are tested in the presence of an exogenous

metabolic activation system (S9-mix) as well as in its

absence. Adding the S9-mix to the cell culture allows

for metabolism of the test substance by enzymes not

present in the bacterial cells. The S9-mix is

a postmitochondrial supernatant fraction from liver

supplemented with a NADP-generating system. It is

generally made from rat liver induced with

polychlorinated biphenyls, however, livers from ham-

sters, monkeys, or other species may be used

depending on the anticipated metabolism of the sub-

stance being tested. An S9-mix has been successfully

used in eukaryotic in vitro systems for the metabolic

activation of various compounds.

In the last decade, a lot of effort was done to revise

the ICH (International Congress on Harmonization)

guidelines for genotoxicity testing of pharmaceuticals.

Importantly, there are a number of changes to the pre-

vious testing strategy that reflects a desire to reduce the

false positive rate in the in vitro test battery.

For instance, the top dose was lowered for noncytotoxic

drugs in the mammalian cell assays. In addition, one

testing option eliminates the need to conduct the in vitro

mammalian cell assays (and just conduct Ames and an

in vivo assay with two endpoints included). New assays

and endpoints were introduced (Micronucleus Assay

in vitro for regulatory purposes, Comet Assay in vivo)

and a few assays might be used as follow-up assays very

soon (PigA Assay).

The test guidelines for new pharmaceuticals recom-

mend that for follow-up testing to evaluate positive

results in genotoxicity test in vitro, in vivo assays should

be conducted in two tissues. In practice this is usually

achieved by performing an erythrocyte chromosome-

damage test in bone marrow and a genotoxicity assay in

liver, because some genotoxic carcinogens are known to

be positive in the liver but not in the bone marrow

assays. In current regulatory guidance the rodent

Comet assay is considered as a useful follow-up test in

case of positive results in in vitro genotoxicity assays.

The Comet Assay is recognized as a useful tool for the

evaluation of genotoxicity in organs/cell types that can-

not easily be evaluated with other standard tests, e.g., in

skin and stomach.

In addition the implementation of Genetic Toxicol-

ogy endpoints into repeat dose toxicity studies was

evaluated and recommended by the scientific commu-

nity, to reduce the numbers of animals within toxico-

logical studies. Those endpoint were mainly the

Micronucleus Assay and the Comet Assay.
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52.2 Bacterial Reverse Mutation Test

PURPOSE/RATIONALE

The bacterial reverse mutation test (Ames Test) inves-

tigates the ability of chemicals and drugs to induce

reverse (back) mutations in bacteria, which involves

base pair substitutions additions and/or deletions

(frameshift mutations) of one or a few DNA base

pairs. The bacterial strains used in the test system have

mutations in genes coding for enzymes required for the

biosynthesis of the amino acids histidine (Salmonella
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typhimurium) and tryptophan (Escherichia coli). If

a test substance causes a mutation that restores function

to the enzyme gene, then the bacteria will be able to

grow and produce colonies. An extensive data base

exists based on the use of this test, and it has been

found that compounds producing a positive result in

the bacterial reverse mutation test have a high potency

to induce cancer in animal studies.

PROCEDURE

The commonly used strains for S. typhimurium are

TA100 and TA1535 (base pair substitution), TA98

and TA1537 (frame shift mutations) and TA102 for

cross-link mutations. The preferred strain of E. coli to

detect base pair substitution mutations is WP2.

Bacteria of an overnight nutrient broth culture are

mixed with the test compound or solvent (as a negative

control), S9-mix or buffer, and molten top agar and

poured into a petri dish containing a layer of minimal

agar. After incubation for approximately 48 h at

approx. 37�C in the dark, colonies (representing the

number of revertants) are counted by hand or an auto-

matic colony counter. The method can be modified by

including a preincubation step or by using a higher

amount of S9-mix in the test system. Preincubation

would involve incubating the test compound, S9-mix

or buffer, and bacteria for a short period before pouring

this mixture onto plates of minimal agar. According to

the current ICH S2R Guideline, one experiment is

sufficient to determine the mutagenic potential. The

assay can be conducted as plate or preincubation assay.

52.2.1 Rational for the Dose Selection

The highest dose level in each experiment should

correspond:

• either to 5,000 mg/plate
• or to a dose level corresponding to the highest

soluble concentration in the solvent

• or to a dose level producing a precipitation in the

plates or to a dose level which induces bacteria

toxicity, whatever the solubility

EVALUATION

To evaluate the result of a test compound, the number

of revertant colonies has to be determined for each

concentration used in the test system as well as for

the negative (solvent or untreated) and positive

control. Bacterial toxicity is expressed as a thinning

of the bacterial lawn or in a reduction in the number of

colonies compared to the negative control. Bacterial

toxicity and precipitation should be taken into

consideration when assessing the mutagenicity of

a substance. The following criteria should be met to

consider a bacterial reverse mutation test as valid.

• The number of revertant colonies on both negative

(solvent or untreated) control plates should be in a

historical control range described in literature or

determined in the laboratory.

• The positive control should induce a significant

increase in the number of revertant colonies.

• At least five dose levels for the test article are

analyzable (i.e., number of revertant colonies can

be determined), for each strain in each experimental

condition.

• The highest dose level fulfills the rational for the

highest dose level selection

A test compound is classified as inducing point muta-

tions if it causes at least two of the following criteria:

• It produces at least a two- to threefold increase in

the mean number of revertants per plate depending

on the strain used of at least one of the tester strains

over the mean number of revertants per plate of the

appropriate vehicle control at complete bacterial

background lawn

• It induces a dose-related increase in the mean num-

ber of revertants per plate of at least one of the tester

strains over the mean number of revertants per plate

of the appropriate vehicle control in at least two to

three concentrations of the test compound at com-

plete bacterial background lawn

• The increase number of revertant colonies is

reproducible

• The number of revertant colonies exceeds the upper

valueoftherangeof thehistoricalnegativecontroldata

Moreover, biological significance needs to be

discussed, taking into consideration the criteria men-

tioned above.

If the test substance does not achieve either of the

above criteria, it is not considered as showing evidence

of mutagenic activity in this system.

CRITICAL ASSESSMENT OF THE METHOD

The advantages of the bacterial reverse mutation test

are the ease with which it can be performed, the short

amount of time required and the low cost. The test

should be regarded as the first test in the GLP testing
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strategy for the detection of a genotoxic potential of

a test compound. The test is as well required as part

of the nonclinical testing strategy before the start of

Phase I in the clinical development.

MODIFICATIONS OF THE METHOD

52.2.2 Mini-Ames and Ames II

The bacterial reverse mutation test does not detect all

compounds with the potential to induce point muta-

tions. For some chemical series, modifications of the

test system are necessary. For example, the potential

for azo compounds to induce point mutations can only

be detected by using an S9-mix prepared by hamster

liver. To get an indication early in the development of

a test compound for its potential to induce point muta-

tions, modified test systems of the standard bacterial

reverse mutation test are performed as a screening test.

These are the so-called Mini-Ames test, performed on

smaller agar dishes, or the Ames IITM test, performed

with microtiter plates. The test design of the screening

method should be as much as possible related to the

standard method, e.g., same top dose, to reach highest

comparability between both methods. Both screening

tests have the same principle as the standard test, and

use S. typhimurium strains. The advantages of both are

that they need much less compound and have a higher

throughput in the number of tests per week.

52.2.3 The Bacterial Reverse Mutation Test
in the Light of Genotoxic Impurity
(GTI) Testing

Genotoxic impurities need to be investigated as well

for their potential to induce point mutations. Currently,

the need for testing is triggered by in silico alerts. If

a compound shows an in silico alert, testing in the

Ames Assay is required. If the Ames Assay is positive,

the compound is classified as a Genotoxic impurity

(GTI) In this case the so-called staged TTC (Threshold

of Toxicological Concern) will trigger the further han-

dling of the GTI and no further testing is required as

described in M€uller et al. (2006) and McGovern

and Jacobson-Kram (2006). A new ICH Guidance

dealing with Genotoxic impurities is under evaluation

(ICH M7).
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52.3 L5178Y tk+/– Mouse Lymphoma
Test (MLA)

PURPOSE/RATIONALE

The MLA is used for the detection of point mutations,

structural aberrations, and aneugenicity. The principle
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of the assay is that cells deficient in thymidine kinase

(TK) due to the tk+/– or tk–/– mutation are resistant to

the cytotoxic effects of the pyrimidine analogue

trifluoro-thymidine (TFT). TK proficient cells are sen-

sitive to TFT. This influences the cellular metabolism

and leads finally to an inhibition of further cell divi-

sion. Thus mutant cells are able to proliferate in the

presence of TFT, whereas normal cells, which contain

TK, are not. The major advantage of the assay is its

ability to detect a broad range of mutagenic events

represented by optimal detection of both large and

small colonies.

The assay was described by Clive and coworkers

(Clive et al. 1972) as a mutational assay system using

the TK locus inmouse lymphoma cells. In the following

years, he and his coworkers undertook a large-scale of

investigation of the potential and optimal conduct of the

assay. This included the use of the above-mentioned

TFT to select tk mutants, a comparison of the hypoxan-

thine guanine phosphoribosyl transferase (hprt) and tk

loci, an analysis of the best expression time for tk

mutant selection and a description of distinct “large”

and “small” colony tk mutants (Moore et al. 1985).

Originally, the assay was performed mainly in soft

agar plates. In 1986, a protocol variation was success-

fully applied using cloning cells in liquid medium in

96-well microtiter plates instead of soft agar in Petri

dishes (Cole et al. 1986). As a result, a better discrim-

ination between small and large colonies was possible.

Using a variety of chemicals, Doerr and Moore

conducted an extensive evaluation of the correlation

between gross chromosome aberration induction in

mouse lymphoma cells and small colony tk mutant

induction (Moore and Doerr 1990). From these studies

it was clear that chemicals that induce small colony tk

mutants also induce gross aberrations in the mouse

lymphoma cells. Such mutants could result from alter-

ations that: (a) affect expression of the tk and linked

loci (chromosome 11 events); (b) affect the tk and

other single essential loci in the genome, i.e., multiple

point mutations; (c) affect the tk locus and have

a chromosome event (other than chromosome 11)

that results in slow growth.

In 1998, it was demonstrated that L5178Y cells

contain two mutant p53 alleles (Clark et al. 1998).

It is possible that the dysfunctional p53 protein in

L5178Y cells may account for the sensitivity of these

cells to mutagens and for the assay’s capability to

detect the chromosomal rearrangements and mitotic

recombination often seen in the later stages of cancer

development.

A number of recommendations and comments were

made on the conduct of the MLA (Sofuni et al. 1997),

including heterogeneity and the use of single or dupli-

cate cultures, cytotoxicity parameters, relative survival

and relative total growth, strategies for dose range

finding, and the statistical analysis of MLA data.

From the International Working Group of

Genotoxicity Testing a very detailed description of

the protocol, the validity criteria and the evaluation

was published in 2003, 2006, and 2007 (Moore et al.

2003, 2006, 2007). A detailed discussion on the selec-

tion of the top dose can be found in Moore et al., 2011.

PROCEDURE

The genotoxic potential of a compound in the MLA is

generally evaluated with and without metabolic acti-

vation by S9 liver homogenate obtained from rats

pretreated with Aroclor or Phenobarbital/

ßNaphtoflavone. The addition of the S9-mix allows

for metabolism of the test compound by enzymes not

present in mouse lymphoma cells. The cells were

exposed to the compound for 3–4 h or 24 h without

a metabolic activation system and for 3 h with meta-

bolic activation. Cells were then grown for a 48-h

phenotypic expression period (two cultures per con-

centration). The phenotypic expression period is the

time required for the mutant (TK deficient) phenotype

to be expressed, i.e., loss of preexisting TK and deple-

tion of the preexisting TMP pool. Cells were then

cloned and incubated for 10–13 days with the selection

agent (TFT) while their cloning efficiencies were

checked in nonselective medium.

The ICH4 committee concluded in 1995 that there is

the capability of detecting point mutations and most

substances that induce chromosome aberrations (includ-

ing aneugens). Therefore the chromosome aberration

assays and the Mouse Lymphoma assay are currently

considered interchangeable, if the Protocol recommen-

dations of the ICH S2 documents are fulfilled. That

means: (a) in the case of a negative result following

3–4 h (treatment with and without S9), a continuous

treatment of 24 h without activation was considered

advisable; (b) a requirement for the use of the microwell

cloning protocol rather than agar cloning to better dis-

criminate small and large colonies; and (c) the use of an

appropriate positive control inducing a higher propor-

tion of small colonies. However, further validity criteria
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were described in the OECD Guideline 476 and the

ICH2bGuideline. One major point for the interpretation

of the data is the fulfillment of the toxicity criteria

(approximately 20%). In addition, in 2007, the Global

evaluation Factor (GEF) was introduced, to judge if

a compound is positive. This factor is based on the

Induced Mutant Frequency (IMF), which is defined as

the increase above the spontaneous background mutant

frequency. For the microwell technique, the GEF has

been defined to be equal to 126 � 10�6 (Moore et al.

2007). If the IMF exceeds the GEF, a compound is

judged as positive.

EVALUATION

Small colony mutants have been shown to predomi-

nantly lack the TKb allele as a consequence of struc-

tural or numerical alterations or recombinational

events whereas large colonies are the consequence of

point mutations. Based on the recommendations of the

ICH2b the following points should be considered in

general for the interpretation of the results:

• Does the Induced Mutant Frequency (IMF) exceed

the Global Evaluation Factor (GEF)? For microwell

technique, the GEF has been defined to be equal to

126 � 10�6.

• Is the increase in response over the negative or

solvent control background regarded as

a meaningful genotoxic effect for the cells?

• Is the response concentration-related?

• For weak/equivocal responses, is the effect

reproducible?

• Is the positive result a consequence of an in vitro

specific metabolic activation pathway/in vitro spe-

cific active metabolite?

• Can the effect be attributed to extreme culture con-

ditions that do not occur in in vivo situations, e.g.,

extremes of pH; osmolality; heavy precipitates

especially in cell suspensions?

• Is the effect only seen at extremely low survival

levels/ high cytotoxicity?

In addition, the use of statistical methods is

recommended for the evaluation of the MLA. Two

methods should be used, one to evaluate the statistical

difference between the different groups and, more

importantly, the statistical significance of the dose-

response curve. For the evaluation of the results the

consideration of the biological relevance is the most

important. A detailed discussion of parameters indicat-

ing a biological relevance is published in the ICH2B

Guideline (1997) and in the recommendation of the

International Working Group of Genotoxicity Testing

(IWGT; Moore et al. 2003).

CRITICAL ASSESSMENT OF THE METHOD

It is apparent that the MLA has some advantages

compared to other mutation assays including: (a)

rapid growth in suspension culture to high cell density,

which provided for the very large numbers of cells

necessary for a statistically valid test and (b) the rela-

tively short time (48 h) required for the expression of

newly induced mutants.

However, the assay is only really capable of

detecting large increases in mutation frequencies.

This is because very small increases in mutation fre-

quencies can often be seen at high cytotoxicity levels.

At very low survival levels in mammalian cells, mech-

anisms other than direct genotoxicity per se can lead to

“positive” results that are related to cytotoxicity and

not genotoxicity (e.g., events associated with apopto-

sis, endonuclease release from lysosomes, etc.). It has

long been recognized for all in vitro systems that

mutations induced under these circumstances would

not normally occur in vivo. Thus, these responses,

while perhaps statistically significant by some

methods, are not considered to be biologically rele-

vant. A careful discussion of such responses is needed.

In addition, while the spectrum ofmutations detected

by the assay is very broad, it should be noted that not all

such events are always detected with equal efficiency

following treatment with particular test substances.

Especially, for the detection of structural aberrations

and aneugenicity the recommended conditions of the

protocol should be kept in detail.

MODIFICATIONS OF THE METHOD

The test could be performedwith different cell lines (e.g.,

TK6 cells) and different metabolic activation systems.
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52.4 Micronucleus Test In Vitro

PURPOSE/RATIONALE

The purpose of the micronucleus test in vitro is to

evaluate the potential of compounds to induce

micronuclei (formation of small membrane-bound

DNA fragments) in different cell lines or primary

cultures, with and without metabolic activation by S9

liver homogenate.

The test system allows to discriminate between

a clastogenic and aneugenic potential of a test

compound by using an immunochemical labeling

of the kinetochores or staining the DNA fragments

with FISH (fluorescence in situ hybridization)

technique.

PROCEDURE

The cells are treated with the test article in 96-well

microplates for a short treatment period with meta-

bolic activation (e.g., 3 h) and for a long treatment

period without metabolic activation (e.g., 24 h) and

harvested 24 h (recovery time) after the end of the

treatment. Cells are then fixed and stained. The cyto-

toxicity of the test compound is evaluated by the

relative cell growth, expressed as a percentage of

the negative control. The highest evaluated concen-

tration should produce approximately 50% cell sur-

vival or should be the first concentration where

precipitation is observed. Duplicated cultures should

be performed at each dose level. A very detailed

description of the protocol, the validity criteria, and

the evaluation was published by the IWGT in 2003

(Kirsch-Volders et al. 2003).

EVALUATION

Structural/numerical chromosome damage is evalu-

ated by the increase in the number of micronucleated

cells, scored out of 1,000 cells in three analyzable

concentrations. The compound is considered positive

if either:

• The increase of micronucleated cells is statistically

significant compared to the negative (solvent or

untreated) control, or

• The number of micronuclei is dose dependent and

showed a biological relevance compared to the neg-

ative control.

The positive control must show a clear statistical

significant effect compared to the negative control.
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CRITICAL ASSESSMENT OF THE METHOD

The micronucleus test in vitro is easy and rapid to

perform, inexpensive, and needs much less test com-

pound compared to the mammalian chromosome

aberration test. In addition no detailed training of the

personnel for the light microscopical evaluation of the

slides is necessary. In fact, the micronucleus test in vitro

is currently the only in vitro test which allows the dif-

ferentiation between a clastogenic or aneugenic effect,

and is becoming ever more important in the genotoxic

testing strategy. The finalization of the OECDGuideline

for this assay and the implementation into the ICH S2R

Guidance was key to use this assay for regulatory pur-

poses. As the evaluation of micronuclei is much easier

and less time consuming, this assay will replace the

chromosome aberration assay in vitro in the future.

MODIFICATIONS OF THE METHOD

An alternative method for the evaluation of the

induced micronuclei is measurement by Flow

cytometry. This method allows the discrimination

between micronuclei that contain one or several acen-

tric chromosome fragments (clastogenic action) or one

or several whole chromosomes (aneugenic action,

interference with the mitotic spindle apparatus) or

even a combination of both. To discriminate between

the actions an additional staining of the micronuclei

with, e.g., CREST antibodies is necessary.
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52.5 Micronucleus Test In Vivo

PURPOSE/RATIONALE

The in vivo mammalian micronucleus test is used to

assess the mutagenic hazard in consideration of factors

like in vivo metabolism, pharmacokinetics, and DNA

repair processes, although these may vary among spe-

cies and among tissues. This assay is an important part

of the gentox testing battery, applied for pharmaceuti-

cals and chemicals.

During erythropoiesis, nuclei are expelled during the

formation of polychromatic erythrocytes while

micronuclei are retained in the cells. This fact is used

for the detection of micronuclei. A significant increase in

the number of micronucleated polychromatic erythro-

cytes is usually considered as indicative of structural

and/or numerical chromosome damage caused by expo-

sure to a clastogenic and/or aneugenic substance. The

identification of the presence or absence of a kinetochore

or centromeric DNA in the micronuclei is needed to

discriminate a clastogenic effect from an aneugenic

effect. The incidence of micronuclei in the polychro-

matic erythrocytes is scored 24 h after the end of treat-

ment to take into account the time interval between the

last mitosis and the formation of polychromatic erythro-

cytes (at least 8 h) and the lifespan of polychromatic

erythrocytes, which is approximately 24 h.

PROCEDURE

The bone marrow of rodents (rats and mice) is rou-

tinely used in this test since polychromatic erythro-

cytes are produced in that tissue, it is a highly

vascularized tissue and it contains a population of

rapidly cycling cells that can be readily isolated and

processed. The assay was developed by Schmid (1975)

and modified by Salamone et al. (1980). Recent pro-

tocols and recommendations are published in the

OECD Guideline 474 and Hayashi et al. 2000. The

measurement of micronucleated immature (polychro-

matic) erythrocytes in peripheral blood is equally

acceptable in any species in which the inability of the

spleen to remove micronucleated erythrocytes has

been demonstrated. The evaluation of micronuclei in

peripheral blood is an easy method integrated the

micronucleus assay into General toxicity studies

(Rothfuss et al. 2011).

The route of administration of the test compound

should ensure a relevant target exposure and in the case

of pharmaceuticals it should consider the application

route in humans. Each treated and control group must

include at least five analyzable animals per sex. It is

possible to use only one gender if it could be demon-

strated that no substantial differences in metabolism,

toxicity, and pharmacokinetics between genders was
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observed. Test substances could be administered as

a single treatment. Repeated treatment up to 28 days

could is also possible. If a single treatment is used the

sampling time should be between 24 and 48 h. If

repeated treatment is used, the sampling time is 24 h

after the last treatment.

Bone marrow cells are usually obtained from the

femurs or tibias immediately following sacrifice. Usu-

ally, cells are removed from femurs or tibias in

a suitable medium such as fetal serum, and are pre-

pared and stained using established methods. DNA

specific stains (e.g., acridine orange) are preferred

instead of conventional stains like Giemsa.

The likelihood that the test substance or its metab-

olites reach the general circulation or the target tissue

(e.g., systemic toxicity) should be demonstrated. Pref-

erably, experimental evidence of systemic or target

tissue exposure should be presented (e.g., blood level

or bone marrow concentration analysis), especially in

the case of a negative result with an agent that does not

induce observable toxicity.

EVALUATION

The proportion of immature among total (immature +

mature) erythrocytes as measure for target organ toxicity

is determined for each animal by counting a total of at

least 200 erythrocytes for bone marrow and 1,000 eryth-

rocytes for peripheral blood. At least 2,000 immature

erythrocytes per animal are scored for the incidence of

micronucleated immature erythrocytes to determine the

clastogenic/aneugenic potential of the test compound.

The automatic analysis of micronucleated erythrocytes

was developed by Romagna and Staniforth (1989).

For a discussion of the result of the micronucleus

assay a comparison of the data from the treatment

group versus concurrent negative control data and his-

torical control data as well as a statistical analysis of

the experimental data using trend analysis or pair-wise

comparison (treatment group versus control) need to

be considered. It is also recommended to check the

variance between the animals and gender. However,

for the final assessment, biological relevance of the

results should be considered.

CRITICAL ASSESSMENT OF THE METHOD

There are compounds for which standard in vivo tests

do not provide additional useful information. This is

particularly true for compounds for which data from

studies on toxicokinetics or pharmacokinetics indicate

that they are not systemically absorbed and therefore

are not available for the target tissues. Examples of

such compounds are some radioimaging agents,

aluminum-based antacids, and some dermally applied

pharmaceuticals. In those cases other tests systems

should be considered to be more relevant.

In addition, parameters like decreased body temper-

ature may lead to an indirect induction of micronuclei

that is not biologically relevant.
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52.6 Mammalian Chromosome
Aberration Test In Vitro

PURPOSE/RATIONALE

This in vitro cytogenetic test is a clastogenicity test

system for the detection of chromosomal aberrations in

cultured mammalian cells or primary cultures. Chro-

mosomal aberrations may be either structural or

numerical. However, because cytogenetic assays are

usually designed to analyze cells at their first
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posttreatment mitosis and numerical aberrations

require at least one cell division to be visualized, this

type of aberration is generally not observed in a routine

cytogenetic assay. The best estimate of aberration fre-

quency is the first cell division after the start of treat-

ment. Structural aberrations are of two types:

chromosome or chromatid aberrations.

Chromosome-type aberrations are induced when

a compound acts in the G1 phase of the cell cycle.

Chromatid-type aberrations are induced when

a chemical acts in the S or G2 phase of the cell cycle.

• Chromosome-type aberrations are structural chromo-

some damages expressed as breakage, or breakage

and reunion, of both chromatids at an identical site

• Chromatid-type aberrations are structural chromo-

some damages expressed as breakage of single

chromatids or breakage and reunion between

chromatids

• Numerical aberrations are changes in the number of

chromosomes of the normal number characteristic

of the animals utilized

The best estimate of aberration frequency is the first

cell division after the start of treatment.

PROCEDURE

In this test, cultured cells are seeded onto slides and the

cells, which have been treated with and without meta-

bolic activation for a short-time period (e.g., 3 h).

Where negative or equivocal results are obtained, an

independent experiment is conducted in which cells are

treated for long-time period (e.g., 20 h) in the absence of

metabolic activation alone and then sampled and exam-

ined for chromosome analysis. In both experiments the

cells are sampled 20 h after the start of treatment as are

the concurrent solvent and positive control cultures.

Colcemid is added to each culture 2 h before sampling

in order to arrest cell division. Chromosome prepara-

tions are made, fixed, stained, and examined. However,

if clearly positive results are obtained in the first exper-

iment, those from the second assay are not examined. If

equivocal or negative results are obtained in the first

experiment, modifications to the testing procedure are

included in order to clarify the result.

EVALUATION

The set of chromosomes is examined for completeness

and the various chromosomal aberrations are assessed

and classified. The metaphases are examined for the

following aberrations: chromatid gap, chromosome gap,

chromatid break, chromosome break, chromatid acentric

fragment, chromosome acentric fragment, chromatid

deletion, chromosome deletion, chromatid exchanges

including intrachanges, chromosome exchanges includ-

ing intrachanges, dicentrics, pulverization, and ring for-

mation. Metaphases including five or more break events

are scored as multiple aberrant. Furthermore the inci-

dence of polyploid metaphases is determined for each

cell culture. The quantity of cells is determined by

counting the number of cells in, e.g., 10 fields of vision

per slide as an indicator of toxicity. The survival of cells

is expressed as a percentage. Additionally the mitotic

index should be determined by counting the number of

cells undergoing mitosis in a total of, e.g., 1,000 cells.

The mitotic index is also expressed as a percentage. For

each experiment the results from the dose groups is

comparedwith those of the control group and the positive

control at each sampling time.

The assay is considered valid if both of the follow-

ing criteria are met:

• The solvent control data are within the laboratory’s

normal control range for the number of cells carry-

ing structural chromosomal aberrations

• The positive controls induce increases in the num-

ber of cells carrying structural aberrations which are

statistically significant and within the laboratory’s

normal range.

A test substance is classified as non-clastogenic if

either of the following is met:

• The number of induced structural chromosome

aberrations in all evaluated dose groups is in the

range of our historical control data.

• No significant increase of the number of structural

chromosome aberrations is observed.

A test substance is classified as clastogenic if both

the following are met:

• The number of induced structural chromosome

aberrations is not in the range of our historical

control data.

• Either a concentration-related or a significant

increase of the number of structural chromosome

aberrations is observed.

When evaluating the findings, both biological and

statistical significance should be considered together.

If the criteria mentioned above for the test item are not

clearly met, the classification with regard to the histor-

ical data and the biological relevance should be

discussed and/or a confirmatory experiment should be

performed.

52 Genotoxicity 1307



CRITICAL ASSESSMENT OF THE METHOD

Care should be taken to avoid conditions (pH, high

cytotoxicity, osmolality, etc) that would lead to posi-

tive results but which do not reflect intrinsic mutage-

nicity. Mammalian carcinogens are often positive in

this test. Nevertheless, there is not a perfect correlation

between this test and carcinogenicity, which depends

on the chemical class. Some chemicals may test posi-

tive in this test because they appear to act through other

mechanism than direct DNA damage, e.g., apoptosis.

MODIFICATIONS OF THE METHOD

The test could be performed with different cell lines

(permanent and primary) and different metabolic acti-

vation systems.
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52.7 Mammalian Chromosome
Aberration Test In Vivo

PURPOSE/RATIONALE

Like the in vivo micronucleus assay, the in vivo mam-

malian chromosome aberration assay is especially rel-

evant for assessing the mutagenic hazard while taking

into consideration factors like in vivo metabolism,

pharmacokinetics, and DNA repair processes,

although these may vary among species and among

tissues. In the gentox testing battery this assay is

mainly used for further investigation of mutagenic

effects detected by an in vitro test. In addition, the

assay can be used for the detection of compounds that

induce polyploidies. An increase in the number of

polyploidy cells may indicate that a compound has

the potential to induce numerical aberrations.

The induction of structural chromosome aberrations

is classified in two types, chromosome or chromatid

aberrations. The majority of induced aberrations are of

the chromatid-type, but chromosome-type aberrations

also occur. Chromosomal mutations and related events

are the cause of many human genetic diseases and

there is evidence that chromosomal mutations and

related events are involved in cancer development.

In addition, the assay can be used for the detection of

compounds that induce polyploidies. An increase in the

number of polyploidy cellsmay indicate that a compound

has the potential to induce numerical aberrations.

PROCEDURE

Rodents (rat, mice, Chinese hamster) are routinely used

in this test. Although chromosome aberrations can be

detected in various tissues, the most common methodol-

ogies are available for investigations of bone marrow

(Preston et al. 1987), peripheral blood, and female and

male germ cells (Russo 2000). Bone marrow is the nor-

mally used target tissue in this test, since it is a highly

vascularized tissue, and it contains a population of rapidly

cycling cells that can be readily isolated and processed

(Tice et al. 1994). However, methodologies are available

for investigations of other tissues and cells.

The route of administration of the test compound

should ensure a relevant target exposure and in the case

of pharmaceuticals it should consider the application

route in humans. Each treated and control group must

include at least five animals that can be analyzed per sex.

It is possible to use only one gender if it can be demon-

strated that no substantial differences in metabolism,

toxicity, and pharmacokinetics between genders was

observed. Test substances are preferably administered

as a single treatment; however, repeated treatment up

to 28 days could also be performed. If a single treatment

is used two sample times (12–18 h and 36–44 h) should

be used for bone marrow. If repeated treatment is used,

the sampling time is 6–24 h after the last treatment. If

species other than rodents or other tissues are used, the

sampling time must be scientifically justified.
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Prior to sacrifice (3–5 h), animals are treated with

a metaphase-arresting agent (e.g., colchicine). Chro-

mosome preparations are then made from the respec-

tive tissues and stained with an appropriate method.

For a better discrimination of the chromosomes and to

detect translocations, the FISH technology can be used

(Natrajan and Boei 2004). Metaphase cells are micro-

scopically analyzed for the occurrence of structural

and numerical chromosome aberrations.

The likelihood that the test substance or its metab-

olites reach the general circulation or the target tissue

(e.g., systemic toxicity) needs to be demonstrated.

Preferably, experimental evidence of systemic or tar-

get tissue exposure should be presented (e.g., blood

level or bone marrow concentration analysis), espe-

cially in the case of a negative result with an agent

that does not induce observable toxicity.

EVALUATION

At least 100 metaphase plates per animal should be

scored per animal based on the use of at least five animals

per gender per treatment group. The minimal classes of

aberrations to score and categorize would be chromo-

some type versus chromatid type. Within these two

categories gaps, breaks, and rearrangements should be

differentiated. To describe the toxicity in the target

organ, the mitotic index is determined in at least 1,000

nucleated cells per animal. However, for the detection of

polyploidies at least 22metaphase cells should be scored.

Due to differences in the mechanism of development,

endoreduplicated cells should be scored separately.

For a discussion of the result of the chromosome

aberration assay the following parameters need to be

considered: (a) comparison of the data from the treat-

ment group versus concurrent negative control data and

historical control data (b) statistical analysis of the

experimental data using trend analysis or pair-wise

comparison (treatment group versus control). It is also

recommended to check the variance between the ani-

mals and gender. However, for the final assessment,

biological relevance of the results should be considered.

CRITICAL ASSESSMENT OF THE METHOD

There are compounds for which standard in vivo

tests do not provide additional useful information.

This is particularly true for compounds for which

data from studies on toxicokinetics or pharmacokinet-

ics indicate that they are not systemically absorbed and

therefore are not available for the target tissues.

Examples of such compounds are some radioimaging

agents, aluminum-based antacids, and some dermally

applied pharmaceuticals. In those cases other tests

systems should be considered to be more relevant

(p32 Postlabeling, Comet Assay in vivo).
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52.8 Comet Assay In Vivo

PURPOSE/RATIONALE

The in vivoComet assay (single-cell gel electrophoresis

assay) is increasingly used in regulatory genotoxicity

testing for the evaluation of DNA damage and repair in

various tissues of mice and rats that cannot easily be

evaluated with other standard tests. Protocols are

established for liver, skin, stomach, gut, kidney, retina,

and nasal tissues. The Assay is used as follow-up assay

for in vitro positive results and is discussed as second

endpoint for a combined in vivo protocol (micronuclei

in bone marrow/Comet assay in liver) Rothfuss et al.

2010. The advantage of themodel is that different target

organs can be used to detect a genotoxic potential.
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The test is in general conducted based on the

method described by Singh et al. (1988) then modified

by Hartmann et al. (2003), Tice et al. (2000) and the

validation management team of the International Val-

idation of the In Vivo rodent alkaline COMET assay.

Protocols for conducting the in vivo Comet assay were

developed by different expert panels, e.g., at the 2nd

and 4th International Workshops on Genotoxicity

Testing, Burlinson et al. (2007) and the 4th Interna-

tional Comet assay Workshop.

PROCEDURE

The Comet assay is used to visualize and measure

DNA strand breaks in individual cells by microscopy.

Animals are treated between 2 and 28 days. In general,

the last compound administration is 3 h before the

animals are anesthetized and euthanized. After nec-

ropsy of the specific organs, the cells are isolated by

organ perfusion or mincing the cell tissues. It is in

general recommended that at least three slides will be

prepared per tissue and animal.

In the alkaline version, the isolated cells are embed-

ded in an agarose gel on a microscope slide, immersed

in a lysis solution to remove lipids and proteins. The

slides will remain in the buffer for 20 min. Using the

same buffer, electrophoresis will be conducted in gen-

eral at a constant voltage of 0.7 V/cm. The current at

the start of the electrophoresis will be adjusted to

300 mA, a weak electric field to attract broken nega-

tively charged DNA toward the anode.

After electrophoresis, the DNA is stained using

a fluorescent dye and viewed using a fluorescence

microscope. When viewed under a microscope, the

cell containing DNA strand breaks has the appearance

of a comet, with a head (the nuclear region) and a tail

containing DNA fragments or strands. Individual

images are analyzed for quantifying DNA migration

parameters such as the percentage of DNA that has

migrated, named tail intensity. These measurements

give an indication of the incidence of strand breaks

present in the cell.

Coded slides must be scored in blind fashion. Slides

will be stained with a DNA stain prior to scoring

(SYBR-gold, propidium iodide, or any appropriate

DNA stain).

EVALUATION

DNA effects will be assessed by the software system

by measuring Comet tail migration, % tail intensity,

and Olive tail moment. Tail migration is the distance

from the perimeter of the Comet head to the last visible

point in the tail; % tail intensity the percentage of DNA

fragments present in the tail; and Olive tail moment is

the product of the amount of DNA in the tail and the

mean distance of migration in the tail. For each sample,

150 cells (three slides per sample with 50 cells per slide

or two slides per sample with 75 cells per slide, if

possible) will be scored for DNA damage.

Generally, all cells including heavily damaged cells

are scored as long as the image analysis system can

properly discern a head. Cells without discernable

head and large diffuse tail which cannot be scored by

the image analyzer (ghosts) are excluded from analy-

sis. The frequency of such ghosts should be determined

per sample, based on the visual scoring of 100 cells per

sample.

As an example Liver Comet Assay data will be

accepted if the following criteria are met: Negative

control: Means of %DNA in tail are 1–8%.

Positive control: Ratio of means of %DNA in tail

between groups of positive and vehicle control is two-

fold or higher.

Those values need to be verified for each organ, as

there is high variability between organs.

CRITICAL ASSESSMENT OF THE METHOD

The assay is rapid and easy to conduct, but the labora-

tory needs experience in preparation of the cells. The

quality of the assay is highly depending on that. The

advantage of the assay is that the assay can be applied

to any tissue and cell division not required for the

detection of DNA damage. The analysis is conducted

in individual cells; therefore low number of cells is

sufficient. However, the assay is resource intensive and

time consuming, in particular the scoring of comets

takes time if not automated. Apoptosis/necrosis as

indicators of tissue cytotoxicity needs to be controlled

in the histopathology part of the study, and positive

results in the presence of toxicity are difficult to inter-

pret. At the moment there are no guidelines available.

Different statistical methods are available but should

be carefully applied for the interpretation of the results.
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52.9 Unscheduled DNA Synthesis (UDS)
Test with Mammalian Liver Cells
In Vitro

PURPOSE/RATIONALE

The UDS test detects DNA repair synthesis after

excision of damaged segments. DNA repair synthesis

is demonstrated by autoradiographic measurement of

tritium-labeled thymidine incorporation. Liver cells

are routinely used for the UDS test because cells in

S-phase are rare and easily distinguished from cells

undergoing DNA repair and because hepatocytes

exhibit a high metabolic activity that enables the detec-

tion of pro-mutagens.

PROCEDURE

Liver cells are isolated by a two-step perfusion proce-

dure from anesthetized rats.

A medio-ventral incision is made from the pubic

symphisis to the thorax. A catheter is inserted into the

portal vein and the liver is perfused with collagenase

solution. At the end of the perfusion, the liver is taken

out, the liver capsule is removed, and the cells are

mechanically dispersed by gentle shaking. After dis-

persion of the liver cells in medium, the vessels and

remaining conjunctive tissue are removed and collage-

nase activity is neutralized. Cell viability is assessed by

the percentage of refringent cells. Only cell suspen-

sions with more than 70% viability should be retained.

Liver cells are then exposed in vitro to the test

compound and incubated with tritium-labeled thymi-

dine for about 18 h. At the end of the incubation, the

cells are fixed on slides and prepared for autoradiogra-

phy. For that the slides are first exposed to liquid pho-

tographic emulsion, air-dried and following a 7-day

exposure in the dark, exposed to developing solution.

EVALUATION

Cells undergoing DNA repair are identified by the

increase in the number of silver grains in the nuclei,

i.e., the net nuclear grain count. Only normal-

appearing nuclei are scored; occasional nuclei black-

ened by grains are excluded since these are nuclei

undergoing replicative DNA synthesis. One hundred

cells per concentration and control are analyzed. For

each cell, the number of silver grains in the nucleus and

the number of silver grains in three adjacent nucleus-

equivalent areas on the cytoplasm are measured. For

each cell, the following parameters are calculated:

• The nuclear grain count (N)

• The mean of the three cytoplasmic grain counts (C)

• The net nuclear grain count (NG), i.e., the differ-

ence between the nuclear grain count and the mean

of the three cytoplasmic grain counts

A cell is considered undergoing DNA repair if the

value of the net nuclear grain count is greater than five.

For each slide, the following parameters are

calculated:

• The mean and standard deviation of nuclear and

cytoplasmic grain counts, and of net nuclear grain

count

• The percentage of cells undergoing DNA repair and

mean value of net nuclear grain count for these

cells.

The test article is considered positive in the UDS

assay if the mean net nuclear grain count is greater than

five and if the percentage of cells undergoing DNA

repair is greater than 20%.

CRITICAL ASSESSMENT OF THE METHOD

The biological significance has to be taken into con-

sideration for positive evaluation (i.e., cytotoxicity can

artefactually lead to an increase in the value of net

nuclear grain count). The positive control should

induce a clear increase in the mean net nuclear grain

count higher than the threshold value of five.
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52.10 Unscheduled DNA Synthesis (UDS)
Test with Mammalian Liver Cells
In Vivo

The principles of this method are the same and the

procedure similar as for the above described method

“Unscheduled DNA Synthesis (UDS) Test with Mam-

malian Liver Cells in vitro.” The differences between

the in vivo and the in vitro method are related to the test

compound exposure. In the in vivo assay, rats are first

treated in vivo with the test compound and the liver cells

are isolated 14 h after treatment. Then the liver cells are

incubated for 4 h with a medium containing tritium-

labeled thymidine, followed by 18 h in a medium

containing non-labeled thymidine. The incorporation

of tritium-labeled thymidine is measured by autoradiog-

raphy. Cells undergoing repair are identified by the

increase in the number of silver grains in the nuclei.
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