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Humans are exposed to low levels of N-nitrosamines via different sources. N-Nitrosamines have recently been
detected as impurities in various marketed drugs and they are known mutagenic carcinogens belonging to the
cohort of concern as referred to in the ICH M7 guideline. Despite their well-known mutagenic properties, there is
ongoing discussion on the suitability of the bacterial reverse mutation assay and using induced rat liver S9 as the
external source of metabolism to detect their mutagenic potential. Therefore, we have investigated the mutagenic
potential of N-nitrosodimethylamine, N-nitrosodiethylamine, N-nitrosodipropylamine, and N-nitrosodibutyl-
amine in vitro under various conditions. Our work showed that the bacterial reverse mutation assay applying
plate incorporation or preincubation protocols and using Salmonella typhimurium strains TA100 and TA1535 and

E. coli WP2 uvrA is suitable to predict the mutagenicity of n-nitrosamines in the presence of phenobarbital/
p-naphthoflavone induced rat liver S9.

1. Introduction

N-nitrosamines belong to a class of N-nitroso compounds that are
potent human carcinogens that can induce tumors in organs of various
animal species independent of the route of application [1,2]. They are
formed by a nitrosating agent (e.g. N2Os, or N2O4) and amino groups in a
pH dependent manner [3]. They are found in food, tobacco smoke, or
industry [4]. Nitrosamines formed in vivo from active substances led to
reformulation or withdrawals of marketed drugs [5].

Nitrosamines may also arise from chemical synthesis of active
pharmaceutical ingredients (APIs) or drug formulation (e.g. due to use
of nitrocellulose) and they have recently been reported as a result of
process changes in API production [6-8].

Because some of them are mutagenic carcinogens of high potency
that might also occur as impurities in drug substances, ICH M7 guidance
referred these compounds as members of the cohort of concern carcin-
ogens [9]. This means that acceptable levels of exposure are likely to be
significantly lower than the TTC of 1.5 pg/day defined by the guideline.
Therefore, their presence must be controlled on a case-by-case basis
using appropriate carcinogenicity data including relevant data of closely
related compounds. [10]. Bercu and coworkers have recently published
a review on the application of the less-than-lifetime (LTL) approach
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outlined in ICH M7 that may be applied to control nitrosamine impu-
rities as well as other classes of compounds which are potential muta-
genic carcinogens [11].

The recent detection of nitrosamines in several commercial drug
products including sartans, containing a tetrazole ring, pioglitazone,
ranitidine, nizatidine, and metformin resulted in recalls of drug lots,
review of the manufacturing processes by marketing authorization
holders and in root-causes for the presence of nitrosamines in the
chemical API synthesis and mitigation thereof [12-15].

N-Nitrosamines need activation by specific cytochrome P450 en-
zymes and it was shown that several enzymes, particularly CYP2E1,
CYP2A6 catalyze metabolic activation of small to medium nitrosamine
derivatives including N-Nitrosodialkylamines [16-18] and CYP3A4
catalyzes the activation of larger N-Nitrosamines [19]. Rodent CYP2E1
is known to metabolize many substrates, such as organic solvents, ni-
trosamines and drugs [20]. The variable levels of CYP2E1 availability
and thus potency comparing rat, hamster and man resulted in different
experimental results in both in vivo and in vitro studies suggesting
induced hamster S9 being slightly more potent than induced rat S9 to
activate nitrosamines including small N-nitrosodialkylamines [17,21,
22].

Although N-Nitrosamines are mutagenic carcinogens, in vitro
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mutagenicity data have been seen problematic for the estimation on
carcinogenic potential in man [23]. Additional concerns regarding the
suitability of the bacterial reverse mutation assay to inform on the
mutagenic activity of nitrosamines have been expressed. Main reasons
were the CYP2EL1 levels are not adequately provided by the rat liver S9,
the variability and quality of the reported assay results, the different
sensitivities and specificities of the strains used and the repair capacity
of the alkyl transferase proficient bacteria strains that could effectively
repair alkylated guanine caused by small alkyl-N-nitrosamines [24,25].

In literature, there exist several reports indicating that the activation
of N-Nitrosamines by the liver microsomal fraction is species dependent
[21,26,27]. In general, hamster S9 was shown to highly activate some
N-Nitrosamines while rat S9 sometimes failed and, in particular, it was
shown that N-nitrosodimethylamine (NDMA) and N-nitrosodiethyl-
amine (NDEA) were mutagenic in TA1535 with hamster S9 but not with
rat S9 [28,29]. In contrast to these findings, Araki et al. reported a clear
positive response in E. coli WP2 uvrA/pKM101 and TA100 with rat and
hamster S9 [30].

In addition, exposure procedure related effects on the detection of
the bacterial mutagenicity of Nitrosamines were reported. For NDMA, it
was shown that the bacterial mutagenicity depends on the protocol
performed. Here, the plate incorporation failed, while the preincubation
protocol allowed to detect NDMA’s mutagenicity [31]. In addition,
NDEA was reported negative when tested with the plate incorporation
protocol but positive with preincubation applied [32]. Protocol differ-
ences were confirmed by Araki et al., but detection of the mutagenic
response was provided at all conditions [30].

The mixed results reported in literature together with the more
recent discussions on the applicability of the bacterial mutagenicity
assay to detect DNA reactivity of nitrosamines gained our interest in a
robust evaluation of the applicability of the assay. Most data available
for N-nitrosamines were published before the OECD 471 guideline was
developed. Therefore, the requirements regarding strain selection, pro-
tocol, top dose, number of replicates, S9 concentration etc. were variable
across the assays performed or not reported in the publications
available.

A recent analysis revealed a clear correlation between carcinoge-
nicity and bacterial mutagenicity calls for nitrosamines [33].

Therefore, we have performed mutagenicity tests using the plate
incorporation and the preincubation protocol to test short chain N,N-
dialkyl-nitrosamines with and without induced rat liver S9. The tests
were performed using the OECD 471 guideline recommendations
employing Salmonella and E. coli strains [34]. Our results indicate that
mutagenicity of the nitrosamines investigated could be detected in
presence of rat S9. In all cases, E. coli and TA1535 and TA100 were most
sensitive and could thus be recommended in combination.

2. Materials and Methods

The selective agar plates were purchased from Merck Life Science,
article number 1466900120.

N-nitrosodimethylamine (NDMA), N-nitrosodiethylamine (NDEA),
N-nitrosodipropylamine (NDPA) and N-nitrosodibutylamine (NDBA)
were purchased from Merck Life Science (Supelco/Sigma-Aldrich),
Germany. Ultrapure water and dimethylsulfoxide (DMSO) were used as
solvents for the experiments. Table 1 lists the chemical structure and the
purity of the batches used.

Male Wistar rats, Crl:WI (HAN) (Charles River, Germany), aged 6-8
weeks were pretreated with f-Naphthoflavone (NF) (100 mg/kg body
weight) and Phenobarbital (PB) (80 mg/kg body weight) diluted in
Miglyol 812 and administered orally once daily on three consecutive
days. The animals received drinking water and a standard diet ad libi-
tum. The body weight of the animals used was 238 + 8.04 g. The study
was conducted according to the license number DA4/1036 received
from the respective authority (Regierungsprasidium Darmstadt,
Germany).
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Table 1
Test chemicals used for studies with identity, batch and purity as indicated.
Structure Name/CAS Batch/Purity
NDMA N-nitrosodimethylamine LRAC4355, 92.7 %
62-75-9
N
/%
NDEA N-nitrosodiethylamine MKCMO0585, 100 %
55-18-5
N—N\\
/%
NDPA N-nitrosodipropylamine LRAC6182,
621-64-7 99.95 %
N—N\\
s~
NDBA N-nitrosodibutylamine LRAC8566,
924-16-3 99.9 %

About 16 h before sacrifice, the rats remained without food. One day
after the last administration of p-Naphthoflavone/Phenobarbital the
animals were killed, their livers removed and homogenized in ice-cold
0.15 M KCl (3 mL KCl per g liver wet-weight). The homogenate was
spun for 10 min at 9000 rpm and +4 °C. The supernatant fluid (S9) was
decanted, transferred to sterile tubes and stored in liquid nitrogen.

The S9 batch was tested for its metabolic activity using specific
substrates, requiring different enzymes of the P450-isoenzyme family.
The mutagenicity of 2-aminoanthracene, benzo[alpyrene, and 3-meth-
ylcholanthrene was thus determined.

Clear increases in the number of revertants for S. typhimurium TA98,
TA100, and TA1537 with all positive controls and for TA1535 and E. coli
WP2 uvrA with 2-aminoanthracene were used as an acceptance criterion
for each S9 batch.

Table 2 shows the composition of the S9 mix used for the experi-
ments with metabolic activation. 10 % (v/v) S9 was thus applied in the
S9 mix used.

The origin of the bacterial strains applied during this study is sum-
marized in Table 3. All frozen cultures used in the present investigation
originated from these batches. All frozen cultures used in the present
investigation originated from these batches.

The bacterial strains’ genotype causing different type of mutations is
summarized in Table 4.

Bacteria were propagated from frozen stocks. For all frozen stocks,
their genotype characteristics were confirmed as described by Mortel-
mans and Zeiger [35]. The Ames test was conducted following the rec-
ommendations of the OECD 471 test guideline and standard publications
[34]. In brief, bacteria were grown in nutrient broth with shaking (200

Table 2
Composition of rat liver S9 mix.

Components Quantity per mL S9
mix
S9 0.10 mL
Magnesium chloride/ potassium chloride solution (0.4 M/ 0.02 mL
1.64 M)
Glucose-6-phosphate x 1 H,0, disodium salt 1.61 mg
Nicotinamide adenine dinucleotide phosphate, disodium 3.15 mg
salt
Sodium phosphate buffer 0.50 mL
Ultra-pure water 0.38 mL
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Table 3
Origin of Strains.

Strain Origin Date of receipt
TA98 B. N. Ames, University of Berkeley, California, USA August 15,
1985
TA100 Covance Laboratories Ltd., Harrogate UK October 8,
2013
TA1535 Trinova Biochem GmbH, Giessen, Germany October 18,
2018
TA1537 Sanofi-Aventis, Frankfurt am Main, Germany November 24,
2016
WP2 National Collections of Industrial & Marine Bacteria December 23,
wrA Ltd., Aberdeen, Scotland (NCIMB 11,188 from Aug. 1994
18, 1977) and obtained from H. Trager, Knoll AG,
Ludwigshafen, Germany
Table 4

Genotype of strains.

Strain Genotype Type of mutations indicated

TA98 his D 3052, uvrB™, rfa”, + R-factor Frameshift mutations
(pKM101)

TA100 his G 46, uvrB™, rfa”, + R-factor Base-pair substitutions
(pKM101)

TA1535 his G 46, uvrB~, rfa” Base-pair substitutions

TA1537 his C 3076, uvrB™, rfa” Frameshift mutations

Wp2 trp -, urA~ Base-pair substitutions and

uvrA others

rpm at 37 °C) until the exponential growth phase was reached. The cell
density was determined by measurement of the optical density at 650
nm. For the plate incorporation experiments, 100 pL bacteria suspen-
sion, 10 pL test, solvent or positive control material, 500 pL S9 mix (for
experiments with metabolic activation) or phosphate buffer (for exper-
iments without metabolic activation) and 2 mL histidin- or
tryptophane-containing molten top agar per plate were mixed and
poured onto the selective minimal glucose agar plates. For the pre-
incubation experiments, the same volumes of bacteria suspension, test
or control materials and S9 mix or phosphate buffer were mixed and
incubated for 60 min at 37 °C. After this preincubation, 2 mL molten top
agar were added, and the mixture poured onto the selective agar plates.
The plates were then incubated for 2 days at 37 °C. Counting of colonies
was performed with the Ames Colony Counter and tables were generated
using the Ames Study Manager software (Instem, UK).

The experiments were conducted using 3 replicates for each con-
centration level and the positive controls and the double number of
negative control plates. Five concentration levels were applied. The test
concentrations ranged from 15.8-5000 pg/plate, separated by a \/ 10
spacing.

For evaluation of treatment related effects, a fold increase was
defined as mutagenic if a biologically relevant increase in the mean
number of revertants above a threshold of 2-fold (TA98, TA100, WP2
uvrA) or 3-fold (TA1535, TA1537) as compared to the concurrent
negative controls was observed.

3. Results

3.1. Short chain N-Nitrosamines NDMA and NDEA require a
preincubation step

Initial tests performed with NDEA using the preincubation and the
plate incorporation protocols with and without metabolic activation
confirmed that increases in mutation frequencies are obtained only with
metabolic activation (data not shown). When metabolically activated,
NDEA leads to an exponential increase in mutation frequencies for E. coli
WP2 uvrA, TA1535, and TA100 while no response under any condition
was observed for TA98 and TA1537.
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Fig. 1 compares the fold increases obtained with NDEA after meta-
bolic activation under different conditions as indicated.

Using the plate incorporation approach yields a dose related increase
in mutation frequencies for E. coli WP2 uvrA, reaching 12-fold at the top
concentration. The Salmonella strains TA1535 and TA100 show in-
creases above the thresholds of 2- or 3-fold at 5000 pg/plate only (Fig. 1
A). The application of the preincubation protocol yields a concentration
response relationship with fold increases of about 4, 5, and 30 for
TA100, TA1535, and E. coli WP2 uvrA at the top concentration of 5000
pg/plate, respectively (Fig. 1 B). Both results have been obtained using
DMSO as solvent. Exchanging DMSO with water confirms that TA100,
TA1535 and E. coli WP2 uvrA could detect NDEA induced mutagenicity
with slightly increased fold changes in TA1535 and E. coli WP2 uvrA,
and no change with TA100. At 5000 pg/plate approximately 4 (TA100),
9 (TA1535) and 39-fold (WP2) have been obtained (Fig. 1 C).

3.2. Mutagenicity of NDPA and NDBA is reliably detected applying the
plate incorporation protocol

After we could show that NDEA exposure results in a strain specific
induction of mutation frequencies, the effect of the chain length on the
pattern observed was of great interest. Therefore, we have investigated
NDMA, NDPA, and NDBA using the preincubation and the plate incor-
poration protocols with metabolic activation. For NDMA we employed
water as solvent, while DMSO was applied at longer chain length ni-
trosamines. Fig. 2 depicts the fold increases across all strains investi-
gated comparing plate incorporation and preincubation protocol on the
left and right column for the different nitrosamines investigated.

In general, the data show that the mutagenic response of all nitro-
samines was detected, including dimethyl or diethyl substitutions. With
increasing chain length, the compounds show bacterial toxicity when
tested at high concentrations above 1580 pg/plate. Therefore, the
highest fold increases are detected below the top concentration and the
maximum fold increase thus shifts from preincubation to plate
incorporation.

3.3. E. coli WP2 uyrA is highly sensitive to detect the mutagenic effects of
N-Nitrosamines

The pattern of the strains detecting the mutagenicity includes
TA100, TA1535, E. coli WP2 uvrA with a linear concentration response
on the logarithmic scale. Using the preincubation protocol, E. coli WP2
uvrA could detect the mutagenicity for all nitrosamines investigated
with relevant increases above the threshold as defined in the evaluation
criteria.

Fig. 3 compares the maximum fold increases obtained for the
different strains under preincubation or plate incorporation conditions
applied in dependence on the alkyl chain length of the different mole-
cules investigated. The figure shows that with increasing chain lengths
the maximum fold inductions shift to higher values. For NDMA, the
preincubation protocol allows the detection of mutagenicity while the
plate incorporation protocol fails. For NDEA, E. coli WP2 uvrA is the
most sensitive strain showing fold inductions above 10-fold (about 30
and 12). Using the preincubation protocol, NDEA’s mutagenicity can be
detected with TA1535 and TA100 with fold increases of 4 and 5 above
the defined thresholds for positive responses, respectively. Going to
higher chain lengths at NDPA and NDBA relevant increases are obtained
independent on the protocol conditions applied with TA1535, TA100
and E. coli WP2 uvrA. With increasing chain lengths of the residues, the
maximum fold changes obtained with plate incorporation increase and
exceed the values obtained for preincubation conditions. Comparing
preincubation with plate incorporation for NDBA, E. coli WP2 uvrA and
TA1535 show higher fold inductions using the plate incorporation
protocol indicating that the protocol related effects become less
important for those nitrosamines.
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Fig. 1. Log fold increases obtained after NDEA exposure for the different strains as indicated using metabolic activation by rat liver S9 and different assay conditions
(A: plate incorporation, solvent: DMSO; B: preincubation, solvent: DMSO; C: preincubation, solvent: ultrapure water).
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Fig. 2. Log fold increases obtained with metabolic activation using rat liver S9
mix for the different nitrosamines investigated. The plate incorporation pro-
tocol (left) is compared to the preincubation protocol (right). From bottom to
top the data are shown for NDBA, NDPA, NDEA, and NDMA, respectively.

4. Discussion

In comparison to the literature data, we could show that all nitro-
samines investigated are detected in the bacterial reverse mutation assay
using OECD 471 compliant conditions starting from shortest dimethyl to
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dibutyl substitutions. For NDMA, the preincubation protocol is required
as no clear positive response was detected with plate incorporation. It is
well established that small nitrosamines are preferentially activated by
CYP2E1 [18] that shows a small active site. For medium and larger alkyl
residues at the N-nitrosamine alternative forms of CYPs are also relevant
for their activation, e.g. CYP2A6, CYP2C19, or CYP3A4 [36]. These
findings are supported by our results showing improved activation and
thus mutagenic response with increasing chain length.

Nitrosamines require metabolic activation and there were different
publications showing that species differences exist suggesting hamster
S9 for this class of compounds [26,28,37]. Moreover, there exist data
indicating that rat S9 failed to activate nitrosamines to exert mutagenic
activity [38]. In these investigations, the induction of the rat liver en-
zymes was performed using phenobarbital 1% (v/v) in drinking water.
We have applied a combination of phenobarbital/p-naphthoflavone
(PB/NF) as inducing agents administered via oral gavage that might lead
to higher exposure of the rats as compared to application via drinking
water. Our data could clearly demonstrate that PB/NF induced rat liver
S9 is capable to metabolize these compounds appropriately and thus
allows detection of mutagenic activity in vitro. The differences in
mutagenic response using induced rat liver S9 might be explained by
differences in the induction procedures performed.

The solvent comparison between DMSO and water performed with
NDEA showed slightly higher mutation frequencies when using water
for all three positive strains. This result may easily be explained as
DMSO is known to inhibit CYPs and in particular CYP2E1 [39]. How-
ever, vehicle independent significant increases above the thresholds
from the evaluation criteria were observed in our studies for TA1535,
TA100 and E. coli WP2 uvrA, respectively. Previous investigations in
mammalian cells showed that DMSO did also not modify NDEA-induced
gene mutations or micronuclei in human CYP2E1 competent V79 cells
[40]. This is in line with our data suggesting that DMSO does neither
lead to a significant inhibition of the induced rat liver S9 overall activity
profile nor to a deactivation of the nitrosamine related mutagenicity in
bacteria and may thus be applied for this class of compounds up to a
concentration of 1% (v/v).

The strains discussed in literature include TA1535 and expand into
specifically modified strains like the alkyl-transferase deficient Salmo-
nella strain YG7108 being specifically sensitive for N-nitrosamine
mutagenicity. Our investigation demonstrated that the strains outlined
in the OECD 471 guideline are sufficient to record the mutagenic
response. Indeed, TA100 and TA1535 are capable detecting the activity.
In addition, we could show that E. coli WP2 uvrA is highly sensitive to
detect the mutagenic activity and should be combined with TA1535 and
TA100 for appropriate testing.

The clear correlation between carcinogenicity and bacterial muta-
genicity calls for nitrosamines reported in literature showed to be
stronger for nitrosamines than for non-nitrosamines [33]. Our data
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Fig. 3. Maximum Fold induction values obtained with metabolic activation using rat liver S9 mix for the different nitrosamines investigated is shown as function of
the chain length of the alkyl residues at the nitrogen. The figure compares the results obtained using the preincubation protocol (left) with the plate incorporation
protocol (right) for three strains that show increased mutation frequencies, i.e. TA100, TA1535, and E. coli WP2 uvrA as indicated.

suggest that appropriate testing for bacterial mutagenicity using the
OECD 471 protocol and considering preincubation for short chain sub-
stitution gives the responses expected. Therefore, the Ames assay is
highly relevant for nitrosamines and may thus be used for evaluation of
their mutagenic activity.

5. Conclusion

In conclusion, our results demonstrate that the mutagenicity of N-
nitrosamines can be reliably detected when applying OECD 471 guide-
line recommendations regarding strain selection, protocol conditions,
top concentrations, and metabolizing system.
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