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ABSTRACT

This article provides an overview of the most important aspects around the detecting and reporting of geno-
toxic impurities in the pharmaceutical industry. It focuses on relevant regulatory, toxicological, and pharma-
ceutical considerations. In this regard, the concept of Threshold of Toxicological Concern is explained and the
most common genotoxic impurities are described. Furthermore, toxicological methods for genotoxic impuri-
ties screening are presented. Finally, the article emphasises several issues regarding further development.

Genotoxicity is defined as any detrimental modi-
fication of the genetic material irrespective of its
causative mechanism, as per ICH guidelines ICH
(S2) R1 Genotoxicity testing and data interpreta-
tion for pharmaceuticals intended for human use
[1]. Screening for the genotoxicity of pharma-
ceuticals intended for human use is crucial with
regards to safety during therapy, and it is warrant-
ed during non-clinical development by ICH M3
(R2) Non-clinical safety studies for the conduct
of human clinical trials for pharmaceuticals and
ICH (S2) R1 guidelines [1,2]. Moreover, according
to ICH M7 Assessment and control of DNA reac-
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tive (mutagenic) impurities in pharmaceuticals to
limit potential carcinogenic risk guideline [3,4],
the impurities present in a final drug formulation,
including degradation products and reaction-re-
lated impurities (i.e. starting materials, reagents,
intermediates, solvents, catalysts, etc.), also
require genotoxicity profiling. Specifically, muta-
genic impurities are DNA reactive substances
with the potential to directly damage DNA even at
low concentrations (equalling ppm level), causing
mutations and thus potentially leading to neo-
plasia. The presence of unusually toxic (e.g. DNA
reactive) impurities has been of significant con-



cern to the industry and regulators for a long time,
mainly because lower thresholds (below 100-
1000 ppm as mandated for conventional impuri-
ties) seem relevant in their case. Thus, analytical
procedures applicable to active pharmaceutical
ingredients (APIs) and drug products or the most
commonly encountered impurities and degra-
dants have been found to lack the appropriate
level of sensitivity for adverse mutagenic effect
detection [5,6]. Therefore, although sufficient as
a framework for the qualification and control of
the most commonly encountered impurities and
degradants, ICH Q3A(R2) Impurities in new drug
substances and ICH Q3B (R2) Impurities in New
Drug Productscannot be applied to genotox-
ic impurities. Finally, ICH guideline M7(R1) was
adopted in 2014 (current effective version dated
Feb 2018) to supplement ICH Q3A, Q3B and M3
(R2) and to provide a practical testing approach
to support the identification, characterisation,
qualification, and control of mutagenic impurities
in pharmaceuticals. Its purpose is to establish
acceptable limits that guarantee negligible life-
time risk of cancer [7].

The scope of application of ICH guideline
M7(R1) excludes its retrospective use. In fact, it
pertains only to new drug substances and new
drug products which undergo the procedure of
clinical development; there are several excep-
tions, including advanced cancer indications,
biological/biotechnological, peptide, oligonu-
cleotide, radiopharmaceutical or fermentation
products, herbal products, and crude products
of animal or plant origin. It also remains effec-
tive for post-approval submissions of marketed
products, but only when there is new mutagenic
data for the reported impurities or the introduced
changes of synthesis and manufacture affect
the impurity profile to the extent that the levels
of existing impurities or degradants increase or
unreported impurities or degradants appear [4].
Modifications of indication or dosing which sig-
nificantly affect the acceptable cancer risk level
will also result in the need to apply ICH M7 (R1).
Importantly, the theoretical structural alerts
alone will not trigger concern in marketed prod-
ucts unless the structure belongs to the group
defined as the ‘cohort of concern’, which includes
aflatoxin-like-, N-nitroso-, and alkyl-azoxy struc-
tures [4,7,8].

In new drug substances and new drug prod-
ucts, actual synthetic and degradation impurities
exceeding the ICH Q3A/B reporting thresholds as
well as the potential impurities which could be
present in the final APl or drug formulation must
be evaluated for their mutagenicity. Potential
impurities include starting materials, reagents,
and intermediates in the route of synthesis [4,9].
As for degradation products, the requirement for
mutagenicity assessment applies to all those
observed above the ICH Q3A and ICH Q3B report-
ing thresholds during long-term storage. In addi-
tion to this, potential degradation products man-
dated for mutagenicity evaluation include all
those observed above the ICH Q3A/B identifica-
tion threshold during accelerated stability stud-
ies [9]. Initially, they must be screened for DNA-
reactivity based on the literature research or an
assessment of Structure-Activity Relationships,
which predict bacterial reverse-mutation assay
outcomes. This initial assessment is designed to
establish whether individual impurities contain
(or could be metabolised into) any electrophilic
structural features that might constitute struc-
tural alerts for DNA-reactivity. Such compounds
involve the following: alkyl esters of phosphoric
or sulphonic acid, aromatic nitroso-groups, aro-
matic azo-groups, aromatic ring N-oxides, aro-
matic mono- and di-alkyl amino groups, alkyl
hydrazines, alkyl aldehydes, N-methylo deriva-
tives, monohaloalkanes, N and S mustards, pro-
piolactones, propiosulfones, aromatic and ali-
phatic substituted primary alkyl halides, carbam-
ates, alkyl N-nitrosoamines, aromatic amines
and N-hydroxy derivatives, aliphatic epoxides
and aromatic oxides, and aliphatic nitro group or
halogenated methans [7,10-12].

One of most investigated genotoxic impuri-
ties are sulfonates. Sulfonate salts are frequently
used in pharmaceutical optimisation due to their
favourable physio-chemical properties, including
a higher melting point, a limited tendency to form
hydrates, and higher solubility [9]. For example,
halperidol mesylate provides a higher dissolution
rate which results in rapid onset of action. Sulfon-
ic acid, however, can react with methanol, ethanol
or isopropanol to produce sulfonate esters, which
are recognised as potential alkylating agents.
Methane sulfonate (MMS) and ethyl methane
sulfonate (EMS) are well-established gentotoxic
compounds in vitro and in vivo and, historically,
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they have been reported as contamination in nel-
finavir mesylate [13] and imatinib mesylate [14].
Moreover, alkyl halides, as electrophilic impuri-
ties, can be present in drug products secondary
to the reaction of salt formation based on strong
acid/base interactions in the presence of alco-
hol. Other electrophilic compounds commonly
reported in drug products such as bethametha-
sone and atenolol are epoxides. Hydrazines, in
turn, have DNA-forming adducts potential and
are used as starting materials for pharmaceutical
synthesis [9].

Nonetheless, at present the definition of the
structural alert is not precisely settled. Thus,
in some cases the correlation between the pre-
sumed structural alert existence and the real
carcinogenicity might be weak [15]. For example,
simple n-alkyl aldehydes, except formaldehyde,
turn out to be negative in bacterial mutagenicity
tests [16]. Similarly, out of acyl chlorides, acetyl
chloride, chloracetyl chloride, and butyryl chlo-
ride are not mutagenic [7,17]. Furthermore, in the
group of carbamates, the confirmed genotoxicity
data only exists for vinyl carbamates, whereas the
aromatic amines N-methylaniline and 4-amino-
phenol are not mutagenic [15]. This clearly indi-
cates that the concept of structural alert applies
only to selected compounds with that particular
feature, giving rise to a certain proportion of false
predictions. Therefore, the currently-adopted
regulatory approach still demands a high level of
expertise in chemistry and toxicology and it justi-
fies a constant need for scientific endeavours to
identify new mutagenicity data [15].

Based on the collected in-silico and literature
data, the impurities are categorised into one of
five classes. These classes, in turn, have relevant
follow-up control actions: class 1 impurities are
known mutagenic carcinogens; class 2 impurities
are known mutagens with unknown carcinogenic
potential; class 3 impurities demonstrate alerting
structures (un-related to drug substance) with no
supporting mutagenicity data; class 4 impurities
show alerting structures (related to drug sub-
stance which is itself non-mutagenic); and class
5 impurities present no alerting structures. The
impurity can be categorised as class 5 or 4 with
no additional qualification studies if two comple-
mentary QSAR protocols (an expert rule-based
and statistical-based) confirm no mutagenic
concern or sufficient data is available to prove
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that there is no mutagenicity or carcinogenicity.
If a structural alert is predicted or there is car-
cinogenicity scientific data available (Class 1 to
3 assigned impurities), Ames testing is required
as a follow up action. If compounds exhibit a so-
called structural alert, it is acceptable to maintain
such an impurity at levels less than the Thresh-
old of Toxicological Concern (TTC) (discussed
later) without performing Ames testing on con-
dition that the structural alert falls outside the
cohort of concern (devoid of N-nitroso, aflatoxin-
like, and alkyl-azoxy groups). The single bacte-
rial reverse mutation assay (the Ames test) is the
test of choice for mutagenicity and carcinogenic-
ity prediction as it has exhibited a relevant sen-
sitivity for the detection of genetic changes as
well as for the majority of genotoxic rodent and
human carcinogens [7]. This procedure has been
adequately described in ICH S2(R1) and OECD
471 guidelines [1,18]. Specifically, the Ames test
is designed to detect the point mutation-inducing
capacity of the analysed substances. The pro-
cedure involves the exposition of amino-acid-
dependent auxotroph Salmonella typhimurium
or Escherichia coli strains to increasing concen-
trations of the tested impurity. Pre-existing point
mutations in test bacteria render them incapable
of growing and forming colonies in an amino-ac-
id-deficient medium. The exposition to a muta-
genic compound (tested substance) causes base
substitutions or frameshifts within the mutated-
bacterialgene and may cause a reversion to ami-
no-acid prototrophy, thus restoring the revertant
bacteria's ability to grow in the medium devoid
of the amino acid essential for the parent test
strain [18]. Some critical considerations regard-
ing the Ames test as the sole reference for muta-
genicity involve its positive/negative predictiv-
ity of approximately 80% and 50%, respectively.
This indicates that a number of potential false
positive and negative results may occur. There is
also substantial interpretation uncertainty with
regards to the Ames-negative and mammalian-
cell genotoxicity assays-positive results [18].

For impurities classified as 1, 2, and 3, the
acceptable human intakes are established. When
the compound-specific risk assessment con-
firms carcinogenicity (class 1), the compound-
specific acceptable limit for human exposure
should be met. For class 2 and 3, where no car-
cinogenicity data is available, the conception of



the staged TTC can be adapted to each individual
impurity [7]. TTC defines the permissible intake
of a mutagenic impurity as 1.5 pg per person per
day, which is deemed as bearing a negligible can-
cer risk for a long-term exposure exceeding 10
years [19]. Cancer risk, however, is assumed to
increase as a function of cumulative dose, mean-
ing that lifetime exposure to mutagenic impurity
can be adjusted for a shorter duration of drug
use according to its indications [7]. This concept
would enable the higher daily intake of mutagenic
impurities for the expected restricted treatment
period, referred to as less-than-lifetime (LTL)
exposure. In line with this, for a treatment duration
of less than one month (for example, drugs used
in emergency, antidotes, anaesthesia, acute isch-
emic stroke), 120 pg/day exposure to mutagenic
impurity is acceptable. For treatment duration
ranging from one to 12 months (e.g. anti-infective
drugs) the allowed exposure is defined as 20 pg/
day, and for treatments lasting 1-10 years (drugs
used in diseases with shorter life expectancy) the
exposure limit is reduced to 10 pg/day. The struc-
tural classes belonging to the ‘cohort of concern’,
e.g. aflotoxin-like, N-nitroso or azoxy compounds
are exempted from the TTC approach due to their
high carcinogenicity potential. For several impu-
rities commonly encountered in final drug formu-
lations, the acceptable daily intake has been indi-
vidually defined as demonstrated in Table 1 [7].

Finally, for class 1-3 impurities there is a
need for the development of control strategies to
maintain their allowed limit. In addition, for the
control of degradation products that are poten-
tially mutagenic, a degradation pathway must be
established and validated with regards to its rel-
evance in real-time storage [7,9].

Although the current regulatory approach
appears to exhibit a reasonable level of prag-
matism, some issues still seem to lack clarity
and precision. Unfortunately, the announcement
of these rigorous requirements for genotoxic-
ity screening did not prevent the N-nitrosodi-
methylamine (NDMA) crisis in 2018 and 2019,
when the N-nitroso impurities were accidentally
detected in ranitidine and valsartan-containing
marketed products. This occurrence led to their
global recall. It was further revealed that some
of these drug products contained as much as 17
Hg NDMA in a single tablet; the Food and Drug
Administration estimated that this would lead

Table 1. Acceptable daily intakes or permissible daily expo-
sure of common drug impurities [7]

Impurity ug/day
Acrylonitrile 6
Benzyl Chloride 41
Bis(chloromethyl)ether 0.004
1-Chloro-4-nitrobenzene 17
p-Cresidine 45
Dimethylcarbamoyl chloride 5
Ethyl chloride 1.810
Glycidol 4
Hydrazine 32
Methyl Chloride 1.361
Aniline 720
Hydrogen peroxide 68.000 or

0.5% whichever is lower
p-Chloroaniline 34
Dimethyl Sulfate 1.5

to one additional case of cancer for every 8,000
patients taking the drug at the highest dose [20].
In March 2020, European Medicines Agency pub-
lished a questions and answers document con-
taining “Information on nitrosamines for market-
ing authorisation holders" to provide marketing
authorisation holders (MAH) with guidance on
performing testing for nitrosamine impurity. In
line with this, MAHs are obliged to handle a risk
evaluation to establish whether chemically syn-
thesised APIs bear a risk of contamination with
nitrosamines by 31 March 2021. In scenarios
where risk is identified, these initial evaluations
must be followed with a second step of confirma-
tory testing by 26 September 2022 for chemical
APIs [21].

This event has ultimately proven that the sci-
entific research for mutagenic impurities and
degradation pathways of well-established phar-
maceuticals remains absolutely essential.
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