
THE PRINCIPLE OF

TOXICOLOGY COURSE

Mutagenicity testing 

The Principle of Toxicology Course, Zagreb, Croatia, 4 -8th April 2016.



SOURCES AND TYPES OF CONTAMINANTS

ºGenotoxic compounds from/in the food

ºWater/cumulative effect

ºMedicaments and cosmetic remedies

ºPoisonous gases and fumes

ºViruses

ºRadiation

Chemical agents 

Biological agents

Physicalagents



º capability of substances to damage
DNA and/or cellular components 
regulating the fidelity of the 
genomeñsuch as the spindle 
apparatus, topoisomerases, DNA 
repair systems and DNA 
polymerases ñand includes all 
adverse effects on genetic 
information. 

º These potentially harmful effects on 
genetic material may be mediated 
directly or indirectly and are not 
necessarily associated with 
mutagenicity.

º Genotoxicity is therefore a broader 
term than ômutagenicityõ,which 
refers to the capacity to give rise to 
mutations.

º Ǳermanent changes in the structure and/or 

amount of the genetic material of an organism 

that can lead to heritable changes in its 

function, and it includes 

º Gene mutations

º Aneuploidy/Polyploidy: A condition in 

which the chromosome number of a cell or 

individual differs from a multiple of the 

haploid component for that species. It is a 

type of numerical aberration that involves an

individual chromosome or chromosomes but 

not entire set(s) of chromosomes
· Aneugen: An agent that induces aneuploidy in cells 

or organisms .

º Clastogenicity: The capacity to give rise to 

structural chromosomal aberrations in 

populations of cells or organisms

Genotoxic agent Mutagenic agent

Agent - A chemical, biological, or physical entity that 

contacts a target



GENOTOXIC AGENTS

Free radicals 

formation -oxidation of 

cellular 

macromolecules

Influence on 

topoisomerases, DNA  

repair system,  division 

spindle 



MUTAGENIC AGENTS



º Types of mutations: 

Gene mutations

a) Base su pstitution

º 1. nonsense mutations

º 2. missense mutations -substitution of amino acid

º 3. silent mutations

a. transitions A into G, G into (purine to purine), T into C, C intoT (pyrimidine to 

pyrimidine) 

b. transversions A into T, C; G into T, C; T into A, G; C into A, G.  (pyrimidine to 

purine or purine to pyrimidine). 

REMEMBER: A single base change will, after replication, result in the change of 

information on both DNA strands. A/T becomes G/C base pair as a result of a 

transition mutation: did A become G or did T become C? Two mispairs both results 

in AT in to GC transitions: A/C or G/T. 

b) Frameshift mutations:

small insertion or deletion of bases, e. g. +1, -2.  Cause protein -coding to be shifted 

out of frame. These usually result in shorter polypeptides but can occasionally 

cause ones longer than normal. 

º 4. large rearrangements : deletions, insertions, inversions, translocations



What causes mutations? Mutagenesis can arise by mis -replication (mis -incorporation during DNA 

replication) or as the result of DNA modification post-replication . Spontaneous mutations are 

those that arise during normal reproduction/growth; "induced" mutations are the result of 

environmental mutagens including radiation and chemicals. There is a high correlation between 

mutagens and carcinogens; therefore there is much interest in the mechanisms of mutagenesis 

and the repair processes that function to avoid these mutations .

Spontaneous mutation is rare: 2-12x 10-6 (per generation per gene )-transitions, transversion, 

frameshifts, deletion, and insertions. Some large deletions occur between repeated sequences; it is 

not clear whether these are formed by normal recombination pathways and if they are associated 

with replication . 

Spontaneous mutations can be caused by

1. mistakes made during DNA replication (error rate 10 -9)

2. environmental effect: UV light: thymidine dimer; X -ray : break sugar -phosphate DNA back bone; 

Oxidative damages: G --> 8-oxodG (pair with A)

3. chemical changes (hydrolysis ): depurination ; A,G --> O; deamination : C--> U

Mutagen treatment greatly increases the mutation rate

1. Exposure to: X -ray , UV light (also base modification agent that destroys pairing T -Tdimer)

2. Chemical treatment: 

Å base analogs 5õ-bromouracil pairs with A or G, 2 -aminopurine pairs with T or C

Å base modifications inducing misrepair: alkylating agent such as EMS (ethylmethane 

sulfonate) or N'methyl N'nitro N nitrosoguanidine (MNNG) (alkylate the O6 of guanine, which 

is highly mutagenic and causes mispairing with thymine ); hydroxylating agent (add OH -group 

to C); deaminating agent such as nitrous acid or hydroxylamine (deaminate C to yield U)

Å intercalating agent such as Acridine Orange, Ethidium Bromide ( also frameshift mutagen ); 

Base modifications which destroy pairing ( benzo(a)pyrene, aflatoxin B1 (i.e. most carcinogens!) 

These mutagens or their metabolites modify DNA so that no specific pairing is possible)

3. Transposons that insert into a gene and disrupt the normal reading frame



Point mutations



Frameshift

Base  

supstitution



TYPES OF BASE SUPSTITUTIONS



Aneuploidy



aneugenicityclastogenicity

X-rays, 

cyclophosphamide , 

bleomycin radiomimetic

vincristine



CHROMOSOMAL ABERRATIONS -STRUCTURAL

CHANGES

Chromosomal and chromatid breaks

Acentric, bicentric 

and polycentric

Ring 

chromosomes





SISTERS CHROMATID EXCHANGE

Sisters chromatid exchange (SCE) frequency is a 

commonly used index of chromosomal stability in 

response to environmental or genetic mutagens. 

Symmetrical exchanges between newly replicated 

chromatids and their sisters can be visualized 

cytologically in vertebrate cells if the DNA of one 

chromatid is labelled with 5 -bromodeoxyuridine 

(BUdR ) during synthesis.



FISH -FLUORESCENT IN SITU

HYBRIDIZATION

º A technique in which a chemically modified DNA 
(or RNA) probe is hybridized with target DNA , 
usually present as a chromosome preparation on 
a microscopic slide. The chemical modification 
can be visualized using a fluorescent microscope 
either directly when the modification involves 
use of a fluorescent dye or indirectly with the use 
of a fluorescently labelled affinity reagent (e.g. 
antibody or avidin ). Depending upon the type of 
probe used, this approach can be used to 
precisely map genes to a specific region of a 
chromosome in a prepared karyotype, enumerate 
chromosomes, or detect chromosomal deletions,
translocations , or gene amplifications in cancer 
cells. 



DNA REPAIR (THE CELL : A M OLECULAR APPROACH . 2ND EDITION .)

DNA UNIQUELY SERVES AS A PERMANENT COPY OF THE CELL GENOME , HOWEVER , CHANGES IN ITS STRUCTURE ARE OF

MUCH GREATER CONSEQUENCE THAN ARE ALTERATIONS IN OTHER CELL COMPONENTS , SUCH AS RNA S OR PROTEINS .
DAMAGE TO DNA CAN BLOCK REPLICATION OR TRANSCRIPTION , AND CAN RESULT IN A HIGH FREQUENCY OF MUTATIONS

SPONTANEOUS MUTATIONS MUTATIONS AFTER EXPOSURE



(1) DIRECT REVERSAL OF THE CHEMICAL REACTION RESPONSIBLE FOR

DNA DAMAGE

º removal of the damaged bases followed by resynthesis of the excised 

region

º pyrimidine dimers resulting from exposure to ultraviolet (UV) light and

alkylated guanine residues that have been modified by the addition of 

methyl or ethyl groups at the O 6 position of the purine ring (then G 

connects with T and not with C)

energy from visible light is used to 

split the bonds forming the 

cyclobutane ring.



(2) REMOVAL OF THE DAMAGED BASES FOLLOWED BY THEIR REPLACEMENT

WITH NEWLY SYNTHESIZED DNA. W HERE DNA REPAIR FAILS , ADDITIONAL

MECHANISMS HAVE EVOLVED TO ENABLE CELLS TO COPE WITH THE DAMAGE

º damaged DNA is recognized and removed, either as free bases or 

as nucleotides. The resulting gap is then filled in by synthesis of a 

new DNA strand, using the undamaged complementary strand as 

a template .

A)base 

excision

repair

B) nucleotide

excision repair , 

humans repair

UV TT dimers on 

this way

E-coli :uvr A,B,C

Yeast : RAD 

14,25,4,3,1,2,10

Human:XP 

A,B,C,D,F,G,ERCC

1



C)MISSMATCH REPAIR -DETECTS AND EXCISES MISMATCHED BASES IN NEWLY

REPLICATED DNA, WHICH IS DISTINGUISHED FROM THE PARENTAL STRAND BECAUSE IT

HAS NOT YET BEEN METHYLATED (THOSE MUTATIONS HAVE PASSED REPLICATION AND

POLYMERASE )

E.coli

mammals



POSTREPLICATION REPAIR

A) Recombinational repair -homologous recombination (undamaged 

parental strand can be used to fill the gap opposite the site of damage in 

the other daughter molecule by recombination between homologous DNA 

sequences, gap filled in by DNA polymerase. )

B) error -prone repair -gap opposite a 

site of DNA damage is filled by newly 

synthesized DNA . And template is a 

damaged template strand, th at lead to 

inaccurate DNA synthesis and frequent 

mutations. It is used only in bacteria 

that have been subjected to potentially 

lethal conditions, such as extensive UV 

irradiation. Such treatments induce the 

SOS response



NHEJ -NON HOMOLOGOUS END JOINING

º pathway that repairs double -strand breaks in DNA. NHEJ is 

referred to as "non -homologous" because the break ends are 

directly ligated without the need for a homologous template, in 

contrast to homology directed repair, which requires a 

homologous sequence to guide repair.

º bacterias (a Ku homodimer and the multifunctional

ligase/polymerase/nuclease LigD ),

º yeast ( Mre11 -Rad50-Xrs2, Pol4, Dnl4 and Lif1 ),

º mammals (Mre11 -Rad50-Nbs1,Pol Ȋ and Pol ȋ, DNA ligase 

IV and its cofactor XRCC4), 

º telomeres (dicentrics ??)

º Active through whole cell cycle



MUTAGENIC AGENTS

º Ionising radiation

ºNonionising radiation

ºOrganic 

ºCytotoxic drugs 

(chemotherapy etc)

º pesticides

physical chemical

Å The International Programme on Chemical Safety (IPCS ), established in 1980, is a joint 

venture of the United Nations Environment Programme (UNEP), the International 

Labour Organization (ILO ) and the World Health Organization (WHO ).

Å OECD- The Organisation for Economic Co -operation and Development

Å ECHA - The European Chemicals Agency is the driving force among regulatory 

authorities in implementing the EU's groundbreaking chemicals legislation for the 

benefit of human health and the environment as well as for innovation and 

competitiveness. ECHA helps companies to comply with the legislation, advances the 

safe use of chemicals, provides information on chemicals and addresses chemicals of 

concern.



BEFORE INITIATING MUTAGENICITY TESTING ON A

PARTICULAR COMPOUND , THE FOLLOWING ASPECTS

SHOULD BE CONSIDERED :

º Chemical structure and class of the agent (possible 

structure ðactivity relationships) and

º Physicochemical properties, such as solubility and 

stability;

º Expected routes of metabolism, chemical and 

biological reactivity/activity, and  relationship to 

known genotoxic chemicals;

º Routes of exposure, bioavailability, and target 

organ(s).

º Critical evaluation of available data prior to testing 

usually provides important information for choosing 

the appropriate in vitro assay(s), but even more so for 

the selection of appropriate in vivo studies



º (Q)SAR PREDICTIVE MODELS -JRC FROM 

EUROPEAN COMMISSION

ºDANISH....

ºENCHANCED NCI DATABASE

quantitative structure -activity relationship (QSAR ) 

in order to predict the biological activity and risk

assessment-correlate s chemical structure to biological 

measurement



MAJOR COMPONENT OF QSAR MODELING

º Target properties (dependent variable )

Continuous (e.g., IC50); Categorical unrelated (e.g., 
different pharmacological classes); Categorical related
(e.g., subranges described as classes)

ºDescriptors (or independent variables)

Continuous (allows distance based similarity ), Categorical
related (allows distance based similarity ), Categorical 
unrelated (require special similarity metrics )

ºCorrelation methods (with and w/o variable selection )

Linear (e.g., LR, MLR, PCR, PLS ), Non-linear (e.g., kNN , 
RP, ANN, SVM )

ºValidation and prediction

Internal (training set) vs. external (test set) vs. 
independent evaluation set



*Tropsha , Gramatica , Gombar . The Importance of Being Earnest: Validation is the Absolute 

Essential for Successful Application and Interpretation of QSPR Models. Quant. Struct . Act. Relat . 

Comb. Sci. 2003, 22, 69-77.)



*Tropsha , Gramatica , Gombar. The Importance of Being Earnest: Validation is the Absolute 

Essential for Successful Application and Interpretation of QSPR Models. Quant. Struct . Act. Relat . 

Comb. Sci. 2003, 22, 69-77.)







*Tropsha , Gramatica , Gombar. The Importance of Being Earnest: Validation is the Absolute Essential for 

Successful Application and Interpretation of QSPR Models. Quant. Struct . Act. Relat . Comb. Sci. 2003, 22, 69-77.)



I N VITRO AND IN VIVO TESTING

º general idea is to reduce use of animals in genotoxicity 
and mutagenicity testings

º according to that, there are 4 stages of testing of 
compounds;

ÅProposed strategy

º - Stage 1 characterizes the substance based on existing 
data and knowledge

º - Stage 2 is a basic in vitro test battery for hazard 
identification

º - Stage 3 is a follow up stage in in vitro model systems. 
This stage is reached if one or more tests are positive in 
Stage 2

º - Stage 4 is in vivo . This stage is reached if one or more 
tests in Stage 3 are positive



PROCEDURE FOR TESTING OF CHEMICALS

Genotoxicity testing

Acute toxicity

Toxicokinetics Development 

toxicology

Subchronic toxicity 

(14-90 days) Exposure 

estimation;

environmental risk 

assessment

Pharmacological 

safety

Chronic exposure, 6 

months for rats, 9 months 

for other mammals

Metabolites 

toxicology
Metabolites 

identification

Cancerogenesis (2 years 

for rats)



I N VITRO TESTING

TWO OR THREE DIFFERENT TESTS IN BACTERIA AND MAMMALIAN CELLS ARE

SELECTED TO COVER THE END -POINTS OF GENE MUTATIONS , CLASTOGENICITY

(STRUCTURAL CHROMOSOME ABERRATIONS ), AND ANEUPLOIDY (NUMERICAL

CHROMOSOME ABERRATIONS ), TAKING INTO ACCOUNT PHYSICOCHEMICAL

CHARACTERISTICS

º A test for gene mutation in bacteria 

(bacterial reverse mutation assay ) 

(OECD) Guideline 471 recommends the  

use of at least five strains of bacteria: 

º (i) Salmonella typhimurium TA1535, 

º (ii) S.typhimurium TA1537 or TA97 or 

TA97a, 

º (iii) S. typhimurium TA98,

º (iv) S. Typhimurium TA100, and

º (v) Escherichia coli WP2 or E. coli 

WP2uvrA or S. typhimurium TA102.

The choice of additional tests 

depends on the chemical 

structure and class of the agent

º In vitro mammalian assays: 
These assays should evaluate 
the potential of a chemical to 
produce point mutations , 
clastogenicity and/or 
aneugenicity , by using either 
mammalian cell lines or 
primary human cell cultures 
such as fibroblasts or 
lymphocytes (e.g. Mouse 
lymphoma TK assay or 
cytogenetic evaluation of 
chromosomal damage in 
mammalian cells via in vitro 
micronucleus test ) 

In vitro tests In vitro tests



I N VITRO TESTING

º Positive : Substance is 
positive at one or more 
end-points of 
mutagenicity.

º Negative : Substance is 
negative in all test systems 
under appropriate in vitro
conditions ; the substance 
is not mutagenic 
(genotoxic) in vitro and is 
predicted not to be 
mutagenic in vivo 

º Inconsistent , 
conflicting, or equivocal 
(i.e. borderline biological or 
statistical significance ): All 
other substances.

º Positive : In vivo test; selection of an 

appropriate end -point; if necessary, 

further in vitro studies to optimize in 

vivo testing (e.g. kinetochore staining 

as an addition in the micronucleus 

assay of in vitro aneugens ).

º Negative : Further in vivo testing is 

required only in the case of òhighó or 

òmoderate and sustainedó exposure, or 

for chemicals of high concern .

º Inconsistent, conflicting, or 

equivocal results : Further in vitro 

testing to clarify positive or negative 

results; depending on whether the 

situation is resolved by further in vitro 

testing, proceed according to òPositiveó 

or òNegativeó.

Evaluation of in vitro 

testing results

Follow -up to in vitro 

testing


