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Abstract

Nitrosamines (NAs) and Nitrosamine Drug Substance-Related Impurities (NDSRIs) have recently drawn significant attention
because of their strong links to cancer and genetic damage. The standard Ames test, described in Organisation for Economic Co-
operation and Development (OECD) Guideline 471, is widely used to assess mutagenicity, but it often struggles with certain
nitrosamines, especially those requiring complex metabolic activation or producing weak signals at low doses. To address these
limitations, regulators now recommend the Enhanced Ames Test (EAT) for improved sensitivity. In this study, we assessed three
nitrosamines, N-nitrosodimethylamine (NDMA), I-cyclopentyl-4-nitrosopiperazine (CPNP), and N-nitrosodiethylamine
(NDEA), using the EAT. We began with cytotoxicity evaluations in Salmonella typhimurium (S. typhi.) strains TA100 and
TA1535 to determine the highest non-toxic doses. Each compound was then preincubated with 30% liver S9 enzymes from rats
and hamsters for 30 minutes to better replicate metabolic activation. Hamster S9 produced stronger mutagenic responses than
rat S9. Among the tested strains, TA1535 showed the highest sensitivity. NDMA produced 2.3-2.7-fold higher mutagenicity in
TA1535 compared with other strains. CPNP showed an even stronger effect, with a five-fold increase. NDEA was the most
potent, generating nearly a five-fold stronger response with hamster S9 than with rat S9 (88.7-fold vs. 17.2-fold per dose).
Overall, these findings highlight that the EAT, combined with optimized metabolic activation, is a robust approach for detecting
mutagenic nitrosamines that may otherwise remain undetected.
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1. Introduction

Nitrosamines (NA) encompass a diverse array of com-
pounds characterised by an O=N-NR? core. Among these,
there exists a specific group known as Nitrosamine Drug Sub-
stance-Related Impurities (NDSRIs), which represent the ni-
trosated variants of active pharmaceutical ingredients (API)
[1]. Tt may be carcinogenic and mutagenic, and in certain in-
stances, it has been demonstrated to be more potent rodent car-

cinogens than non-NAs, according to nonclinical safety stud-
ies [2]. Although the human body produces certain NAs en-
dogenously, other NAs can be obtained from the surroundings
(air, water, and soil), in food and drink, and from additional
causes (cigarette usage, pesticides, nutraceuticals, and manu-
factured items) [3]. More recently, several NAs were identi-
fied as trace impurities in pharmaceutical products, such as
drugs and cosmetics [2].
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NAs may be broadly classified into two groups: (a) big and
complex NDSRIs, such as N-nitrosophenmetrazine and N-ni-
troso propranolol; and (b) tiny and simple molecular NAs,
such as NDMA and NDEA [4, 5]. Numerous NAs are catego-
rised as animal carcinogens. Out of the NAs examined, 81%
were judged carcinogenic in animals. Because of their muta-
genic mode of action, the majority of NAs are thought to be
carcinogenic [4, 6]. Furthermore, 81% of the 381 NAs evalu-
ated in Ames were shown to be mutagenic [4]. The most prob-
able explanation is that the majority of NAs, though not all of
them, are carcinogenic because of their distinctive nitroso
functional group (-NO) attached to an amine (-NH>), which is
known to promote Deoxyribonucleic Acid (DNA) alkylation
and mutagenesis. It has previously been demonstrated that not
all NA compounds pose the same level of, if any, carcinogenic
risk; potency varies widely and is dependent upon structural
features present [7]. Studies on the genotoxicity and carcino-
genicity of NAs have significantly increased since the initial
discovery of NDMA's tumorigenic potential in 1967 [8].

In recent years, regulatory authorities have expressed worry
about the carcinogenic potential of a significant percentage of
compounds that are members of the NA family. The reason for
this is that in the past few years, several NAs chemical struc-
tures have been judged to be inconsistent with the Ames test
accuracy of rodent carcinogenicity; namely, they pass the
Ames test as negative, but the rodent cancer bioassay turned
back positive, and issues were initially noticed in 1979 [9].

Therefore, the discovery of dangerous quantities of NAs in
human medicinal products has sparked safety concerns,
prompting medicine recalls. Because of their mutagenic and
carcinogenic properties, NAs are categorised as a "cohort of
concern” by the ICH M7(R2) guideline [10]. Clinically,
NDSRIs could present a risk due to their potential carcinogen-
icity; as a result, the European Medicines Agency (EMA) [11],
US Food and Drug Administration (FDA) [12] and Health Can-
ada [13] have issued guidelines emphasising the importance of
estimating the carcinogenic potential and acceptable intake (Al)
thresholds of NAs. The latest identification of NA impurities in
medicinal compounds, which resulted in product recalls and the
ensuing enforcement of risk assessment guidelines around the
world, has increased the need for effective techniques to aid in
searching for signs of mutagenic and thus carcinogenic poten-
tial [14]. The test of choice for identifying mutagenic potential
in vitro and the standard of excellence for predicting carcino-
genicity in vivo is the Ames test.

The bacterial reverse mutation test, also referred to as the
Ames test since it was invented by Bruce Ames at the begin-
ning of the 1970s, is a widely utilised assay to evaluate chem-
ically induced gene mutation [15, 16]. A variety of Salmonella
typhimurium (S. typhi.) and Escherichia coli (E. Coli) bacte-
rial strains are employed in this short-term test, which is espe-
cially focused on identifying a wide range of DNA reactive
compounds that cause fixed gene mutation. To determine the
mutagenic impact of novel chemical molecules, potent phar-
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maceutical compounds [17] or suspected genotoxic contami-
nants in pharmaceutical goods [18]. Assay sensitivity was ex-
amined in a few studies, which also found a strong relation-
ship between carcinogenicity in the rodent cancer bioassay
and mutagenicity in the Ames test. With strong convergence,
a mutagenic reaction in the Ames test may forecast rodent car-
cinogenicity with a range of around 90% to 77% [19-21].

The constraints of the Ames test, such as the use of only 10%
induced rat liver S9 to identify the mutational potential of NA,
have drawn criticism from regulatory bodies, leading to requests
for more sensitive assay scenarios, such as the use of 30% S9
from multiple species, pre-incubation, and NA-specific controls
[22, 23]. To circumvent this, a lot of studies recommend under-
taking range-finding or preliminary cytotoxicity testing (PCYT)
with one or two highly sensitive tester strains. Due to its broad
sensitivity to a wide range of carcinogenic compounds, the com-
monly employed set of S. #yphi. strains TA98 and TA100 per-
forms well in the Ames assay [24].

This study investigates the impact of experimental assay pa-
rameters on the EAT in detecting potential mutagenicity in NA.
Using OECD TG 471 techniques, three compounds were cho-
sen: NDMA, NDEA, and CPNP, as illustrated in Figure 1. Fol-
lowing PCYT outcomes, NA dosages were chosen for the pre-
incubation procedure, which employed the EAT methodology
to ascertain whether assay sensitivity was impacted by expo-
sure to the test compounds in the test system (before adding
agar). We compared the impact of rat and hamster-induced
liver S9 on mutagenesis potency, as metabolic activation of
NAs may vary by species. In a PCYT, TA100 and TA1535
were employed, and strains TA98, TA100, TA1535, TA1537,
and E. Coli were selected due to new data showing their ex-
ceptional sensitivity in identifying the DNA alkylation-driven
mutagenicity trait of NA under the EAT. The findings were
computed using the fold increase and number of revertant col-
onies compared to different strains, NA, and liver S9 fractions.

NDMA NDEA CPNP

Figure 1. Chemical structures of nitrosamine compounds tested.

Nitrosamines are chemical compounds that have an amine
(R2N—N=O0) attached to a nitroso group (NO—), where R gen-
erally represents an alkyl group. It can be mutagenic and pose
health hazards. N-nitrosodimethylamine (NDMA), N-nitro-
sodiethylamine (NDEA), and 1-cyclopentyl-4-nitropiperazine
(CPNP) are popular examples.

The results of these tests are presented, along with a combina-
tion of advanced qualitative and quantitative modelling tools used
to examine the data and establish which improved EAT assay cri-
teria were most accountable for the entire mutagenic potency.
This research suggests a streamlined, resource-efficient approach
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for NA screening while assessing the strains' sensitivity and con-
sistency under optimal test conditions in an effort to cut down on
time, cost, and indirect rodent utilisation.

2. Materials and Methods

2.1. Preparation of Bacterial Culture

To prepare the bacterial cell suspension, 40 pl of frozen cul-
ture was transferred into 10 mL of Oxoid nutritional broth and
incubated at 37°C, 120 rpm, in a shaking incubator for 16
hours, and the optical density was adjusted between 0.90-1.2
at 600 nm, which is within the desired cell count of 1-2x10°
CFU/mL.

2.2. Media Preparation

Before the experiment, the test facility will be prepared with
minimal glucose agar plates containing a sterile 50X VB me-
dium E salt solution and a 40% glucose solution. The overlay

or top agar was formulated using Agar (6.0 g) (CAS #9002-
18-0) obtained from HiMedia Laboratories Private Limited,
NaCl (5.0 g) (CAS #7647-14-5) from SRL Sisco Research La-
boratories Pvt. Ltd., L-histidine (96 mg) (Product No.
#H10609) from NICE chemicals, and D-biotin (123.6 mg)
(CAS #58-85-5) from Hyma Synthesis Pvt. Ltd. for one liter.
The sterilisation process was conducted at 121°C for a dura-
tion of 15 minutes in an autoclave.

2.3. Bacterial Strains

S. typhi. tester strain TA98 (Batch #5945D), TA100 (Batch
#5955D), TA1535 (Batch #5949D), TA1537 (Batch #5954D)
and E. Coli WP2 trp uvrA pKM101 (Batch #5942D) were pro-
cured from MOLTOX, Molecular Toxicology, Inc. 157 Indus-
trial Park Drive, Boone, NC 28607, U.S.A. Cryovials contain-
ing all strains were preserved in liquid nitrogen. Working cul-
tures were preserved on suitable master plates kept in a refrig-
erator. The spectrum of mutation detection has been examined
for each strain, as detailed in Table 1.

Table 1. Strain Specific Mutagenicity.

S. typhimurium and E. Coli WP2 uvrA (PKM101)

Strains Genotype Types of mutation indicated Comments

TA98 his D 3052; rfa-; uvrB-; R-factor Frame shift mutations No Frame shift detection
TA100 his G 46; rfa-; uvrB-; R-factor Base-pair substitutions G—A transitions
TA1535 his G 46; rfa-; uvrB- Base-pair substitutions G— A transitions
TA1537 his C 3067; rfa-; uvrB- Frame shift mutations No Frame shift detection
E. Coli trpE6S uvrA; pKM101 All possible transitions and transversions Moderate Base-pair

2.4. Metabolic Activation System

Hamster (VBPL/S9/001/2023) and rat S9 fractions
(VBPL/S9/002/2023) were prepared in Vipragen Biosciences Pvt.
Ltd. These fractions served as an external metabolizing system.
The 30% rat S9 mixture was enriched with Milli-Q water (1.35
mL), 100M Sodium phosphate buffer (pH 7.4) (5.00 mL) (CAS
#7558-79-4) procured from SRL Sisco Research Laboratories Pvt.
Ltd., 4mM NADP (0.40 mL) (CAS #53-84-9) from Loba Chemie
Laboratory Reagents and Fine Chemicals, 8mM MgCl, (0.20 mL)
(CAS #7791-18-6) from Avra Synthesis Private Limited, 5mM D-
Glucose-6-phosphate (0.05 mL) (CAS #3671-99-6) from SRL
Sisco Research Laboratories Pvt. Ltd., and rat S9 fraction (3.00 mL)
induced by Sodium Phenobarbitone (40 mg/kg BW) (Batch No.
#GEM 23007) from Abbott, and B-naphthoflavone (100 mg/kg
BW) (CAS #6051-87-2) from Tokyo Chemical Industry (India)

Pvt. Ltd., for 10 mL. In the 30% hamster S9 mixture, all compo-
nents remain unchanged; however, instead of the rat S9 fraction,
the hamster S9 fraction have protein content 21.91 g/L is used [25].

2.5. Compounds and Solvent Vehicles

N-Nitrosodimethylamine (CAS  #62-75-9), N-Nitro-
sodiethylamine (CAS #55-18-5) and 1-cyclopentyl-4-nitro-
sopiperazine (CAS #61379-66-6) were purchased from Dr.
ChemLab (Unnao, India), Sigma-Aldrich, and Clearsynth
Labs (Mumbai, India), respectively. Milli-Q water was ob-
tained from an in-house Milli-Q system (Merck, Model
1Q7005), and dimethyl sulfoxide (DMSO) (CAS #67-68-5)
was purchased from HiMedia Laboratories. Positive controls,
including 2-Nitrofluorene, 4-Nitroquinoline N-oxide (CAS
#56-57-5), Acridine Mutagen (ICR191) (CAS #17070-45-0),
and 2-Aminoanthracene (CAS #613-13-8), were sourced from
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Sigma-Aldrich, and Sodium Azide (CAS #26628-228) was
acquired from Avra Synthesis Pvt. Ltd.

2.6. Solubility and Precipitation Test

To determine the suitable solvent and concentration of the test
substance for the PCYT study, tests for solubility at 50 mg/mL
and precipitation at 5000, 4000, 3000, 2000, 1000, 500, 250, and
125 o/plate were conducted using Milli-Q water and DMSO.

2.7. Preliminary Cytotoxicity Test

A preliminary cytotoxicity test was conducted for NDMA,
CPNP, and NDEA utilising tester strains TA100 and TA1535,
both with (30% rat and hamster) and without a metabolic ac-
tivation system, employing the pre-incubation method. Eight
different concentrations (5000, 4000, 3000, 2000, 1000, 500,
250, and 125 pg/plate) were evaluated to assess toxicity in
NDMA and NDEA. Whereas, four concentrations (500, 150,
50 and 15 pg/plate) were tested to check mutagenicity in
CPNP, as the highest stock concentration available from the
vendor was 5 mg/mL. Following solidification, the plates
were placed in an inverted position and incubated at 37°C.

From the preliminary results, no cytotoxicity results were
observed at the highest concentrations across NDMA and
NDEA in TA100 and TA1535 of bacterial lawn and revertant
colonies (data not included). Given the high expenses, consid-
erable waste, and the complexity involved, we selected an in-
termediate concentration of NDMA and NDEA for this re-
search, omitting 5000 pg/plate in both NDMA and NDEA.

2.8. Dose Selection for the Definitive Study

According to the findings of the preliminary study, concen-
trations of 2000, 600, 200 pg/plate for NDMA, 500, 150, 50
pg/plate for CPNP, and 1000, 300, 100 pg/plate for NDEA
were chosen for the definitive study, spaced approximately by
a half-log factor, both with and without the metabolic activa-
tion system for the tester strains TA98, TA100, TA1535,
TA1537, and E. Coli.

2.9. Experimentation

The EAT was performed following OECD 471 and ICH
S2(R1) test guidelines, incorporating slight modifications sug-
gested for the testing of NA [19, 23]. 0.1 mL of a 50 mg/mL
NDMA solution, 0.5 mL of a 30% v/v S9 mix, and 0.1 mL of
each tester strain were added to the sterile tube. The tubes
were placed in a shaking incubator set at 120 rpm and main-
tained at a temperature of 37°C for a duration of 30 minutes.
After the incubation period, 2 mL of top agar (12 mg Agar,
10mg NaCl, 0.129 mg L-Histidine, 0.247 mg D-Biotin) was
supplemented with either a 0.5 mM histidine-biotin solution
(designated for S. #yphi. strains) or a 0.5 mM tryptophan solu-
tion (intended for the E. Coli strain). The compositions were
mixed and applied onto the surface of minimal glucose agar
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plates. Once the upper layer had solidified, the plates were
turned upside down and incubated at a temperature of 37 £
1°C for a duration of 51 hours and 30 minutes. Revertant col-
onies were counted manually. Furthermore, the bacterial back-
ground lawn was analysed microscopically at a magnification
of 10X to identify any indications of cytotoxicity. The increase
in fold per microgram of NA serves as a measure to evaluate
the mutagenic potency of each NA. In the meantime, the eval-
uation of strains, the metabolic activation system, and the mu-
tagenicity of NA is represented as the logarithm of the fold
increase per microgram/plate concentration.

2.10. Statistical Analysis

Statistical analyses were performed with GraphPad Prism
(version 10.6.1). Descriptive statistics were calculated for
each observation. Tukey's multiple comparison test was used
to determine data normality.

3. Results

3.1. Solubility and Precipitation Test

NDMA and NDEA were discovered to be soluble in Milli-Q
water at a concentration of 50.00 mg/mL, which was chosen as the
solvent. Consequently, a concentration of 5000 g/plate was cho-
sen as the highest concentration for the PCYT for both NDMA and
NDEA. CPNP was determined to be soluble in DMSO (14% in the
reaction mixture before adding top agar in the pre-incubation
method) at a concentration of 5.0 mg/mL, and 500 Lo/plate was
selected as the highest concentration for the PCYT.

3.2. Preliminary Cytotoxicity

NDMA and NDEA were found to be soluble in Milli-Q wa-
ter, which served as a solvent, and there was no precipitation
at the measured concentration. Equally, CPNP was shown to
be soluble in DMSO, which was used as the solvent, and no
precipitation occurred at the studied concentration. No cyto-
toxicity was observed in TA100 and TA1535 to both bacterial
lawn and revertant colonies at and up to the concentration of
5000 pg/plate in both NDMA and NDEA. Similarly, no cyto-
toxicity was observed in TA100 and TA1535 to both bacterial
lawn and revertant colonies at and up to the concentration of
500 pg/plate in CPNP.

3.3. Definitive Study

3.3.1. Differential S9-mediated Mutagenicity

In the EAT, S. typhi. strains (TA98, TA100, TA1535,
TA1537) and E. Coli were utilised to evaluate the mutagenic-
ity of NDMA, CPNP, and NDEA, employing 30% hamster S9
and rat S9. Mutagenicity was assessed based on the fold in-
creases in mean value and the number of revertant colonies
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(Table 2 to Table 4). However, in the tester strain TA1535 with
a 30% hamster metabolic activation system, CPNP displayed
the highest mutagenic reaction in the form of a fold increase
value. In contrast to this, TA98 observed negligible variations
in the fold increase of both hamster S9 and rat S9 when ex-
posed to NDMA, CPNP, and NDEA.

7498

At 2000 pg/plate of NDMA, 500 pg/plate of CPNP, and
1000 pg/plate of NDEA in the hamster S9 fraction, TA98
showed 1.2, 1.1, and 1.2-fold increases in mean, respectively.
Similarly, rat S9 did not exhibit any significant results (fold
increase mean: 0.9, 1.0, and 1.1) at the above concentrations
of NDMA, CPNP, and NDEA. Therefore, in hamster S9 and
rat S9, NDMA, CPNP, and NDEA did not result in any fold
increase or mutagenesis effects.

T4100

In TA100, with hamster S9, NDMA and NDEA produced
substantial mutagenic reactions (fold increases mean: 3.6 for
2000 pg/plate and 3.8 for 1000 pg/plate), while neither
NDMA nor NDEA caused mutagenic responses in rat S9. Sim-
ilarly, 1.4- and 1.1-fold increases in mean were observed at
500 pg/plate of CPNP in hamster S9 and rat S9, respectively,
which did not exhibit mutagenic effects.

T41535

In hamster S9 of NDMA (2000 pg/plate), there was a 5.4-
fold increase in the mean, which was double that of rat S9.
NDEA (1000 pg/plate) led to significant mutagenesis results,
showing more than a two-fold increase in the mean from ham-
ster S9 (5.5) to rat S9 (2.7).

In a similar vein, CPNP at 500 pg/plate exhibited the high-
est mutagenicity with hamster S9 (fold increase mean: 87.8)
compared to rat S9 (fold increase mean: 17.2), which was ob-
served as more than 5-fold increase. Consequently, among all
strains, TA1535 excelled by achieving over a 2-fold increase,
resulting in the highest mutagenesis output across all NDMA,
CPNP, and NDEA.

Table 2. Mutagenic activity of N-nitrosodimethylamine (NDMA) at

T41537

NDMA (2000 pg/plate) and CPNP (500 pg/plate) exhibited
no significant fold increase in mean values in the hamster S9
fraction (1.2 and 0.9), when compared to the rat S9 fraction
(0.9 and 0.8). However, in the NDEA (1000 pg/plate) concen-
tration, the hamster S9 (1.8) showed a more than two-fold in-
crease compared to the rat S9 (0.8). Like TA9S8, hamster S9
and rat S9 showed no fold increase or mutagenic impacts to
NDMA and CPNP.

E. Coli

When exposed to NDMA (2000 pg/plate), hamster S9 (3.2)
displayed around three times the mutagenic impact as rat S9
(1.2). Once more, hamster S9 (3.0) faced nearly three times
the mutagenesis effect compared to rat S9 (1.1) when sub-
jected to NDEA (1000 pg/plate). Furthermore, hamster S9 ex-
hibited nearly twice the mutagenesis effect compared to rat S9
when subjected to CPNP (500 pg/plate).

3.3.2. Strain Sensitivity to Nitrosamines

NDMA

Tukey's multiple comparisons test was used to statistically
evaluate the strain-specific sensitivity of NDMA to hamster
S9 (30%) using normalised mutagenic potency (fold increase
png/plate). When hamster S9 was present, TA1535 was far
more mutagenic than both TA100 (p 0.0001) and E. Coli (p
0.0001). This study's data demonstrated that utilising preincu-
bation protocols with TA100, TA1535, and E. Coli effectively
predicts the mutagenicity of NA in hamster S9. Among these,
TA1535 exhibited the highest sensitivity, yielding the most
significant mutagenic response. In addition, TA98 and
TA1537 did not differ from one another (p >0.9999). TA1535
continued to be more sensitive than TA100 with rat S9 (p =
0.0013), whereas TA98, TA1537, and E. Coli showed no
change, as represented in Figure 2 and Table 2.

various concentrations in S. typhi and E. Coli strains in the presence of

hamster and rat S9 by using No. of revertant colonies (R.C.) Standard deviation (SD) and fold increase (F.1.).

NDMA
TA TA100
Conc. Metabolic
(ng/plat activation
No. of No. of
e system
) y R.C. SD FIL w0 SD FlIL
Hamster )33 250 120 60667 40 360
S9 5
2000 14.0
RatS9 3400 200 090 23467 [ 1.50
-S9 3467 351 1.00 168.00 8.00 1.10
600 ngmr 3400 2.65 1.00 544.00 (1)2'0 3.20

TA1535 TA1537 E. Coli
No. of No. of No. of
R.C. SD F.I. R.C. SD F.I R.C. SD F.I

8533 451 540 1433 153 120 436.00 1442 3.20

33.00 2.00 220 11.67 208 090 158.67 6.11 1.20

14.67 208 1.00 1133 1.53 1.20 145.00 4.00 1.10

4400 361 280 1133 1.15 1.00 31333 833 230
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NDMA
TA98 TA100
Conc. Metabolic
(ng/plat activation
No. of No. of
e system 1. ab
) \f RC. SD FI B SD FI
10.0
RatS9  33.00 200 090 20667 . 130
-S9 3167 1.53 1.00 157.33 6.11 1.00
Hamster 3500 361 100 30933 %0 1380
S9 5
200
RatS9  32.00 2.00 090 194.67 833 120
-S9 3567 1.53 1.00 166.67 6.11 1.10
Hamster 15 2 208 1.00 16800 8.00 1.00
)
Vehicle
control RatS9  36.67 2.08 1.00 161.33 833 1.00
-89 3500 2.65 1.00 156.00 4.00 1.00
Hamster
%o 658.67 12.22 1850 916.00 8.00 5.50
Positive RarS9  652.00 12.00 17.80 922.67 22 570
control 2
14.0
-89 598.67 10.07 17.10 830.67 530

TA1535 TA1537 E. Coli

No. of No. of No. of

R.C. SD F.I R.C. SD F.I R.C. SD F.I.
2433 252 1.60 11.67 153 090 152.00 3.00 1.20
1433 2,08 1.00 10.00 200 090 152.00 3.61 1.20
39.67 252 250 11.00 2.00 090 206.67 6.11 1.50
19.67 1.53 130 10.00 1.00 080 155.67 3.97 1.20
1267 153 1.00 1033 153 1.00 142.67 4.04 1.10
1567 208 1.00 11.67 2.08 1.00 13433 5.51 1.00
1533 208 1.00 1333 153 1.00 130.33 5.31 1.00
1433 321 1.00 1067 153 1.00 132.00 6.24 1.00
606.67 10.07 38.70 546.67 16.17 4690 905.33 10.07 6.70
601.33 12.22 39.20 538.67 14.05 40.40 849.67 1222 6.90
518.67 18.04 3620 498.67 833 46.80 922.67 14.05 7.00

Note: Positive control of -S9 for TA98: 2-NF, TA100 and TA1535: SA, TA1537: ICR, E. Coli: 4-NQO, Positive control of Hamster S9 and Rat

S9 for all strains is 2-AA.

NDMA 2000 (ug/plate)

KEEE
CPNP 50
Ak Ak

=3 Control * ok ok

NDEA 1000 (pg/plate)

ok kR

= TA98 I
=1 TA100
=3 TA1535
= TA1537
= E Coll

FRER
l**l

Fold Increase
a
1

o
I
Fold Increase

nll nnﬂ

0 (ug/plate)
Kok Kk

=1 Control

= TA%

= TA100 =3 Control

= TAI535 g = Tﬁ?ﬁn

= TA1537 S = TA1535

= ECo = = TA1537
I = E Coli

1

Hamster $9

T
Hamster 59 Ral 59

Rat $9

Hamster S9
s9

Rat S8
S9

Figure 2. Strain sensitivity of NDMA, CPNP, and NDEA across multiple tester strains within hamster and rat S9 metabolic activation: Com-
parative mutagenicity of NDMA (2000 ug/mL), CPNP (500 ug/mL), and NDEA (1000 ug/mL) in S. typhi (TA98, TA100, TA1535, TA1537) and
E. Coli tester strains within hamster and rat S9 mix. Bars represent fold increase in revertant colonies relative to controls. Hamster S9 gener-
ated stronger responses for NDMA and NDEA (notably in TA100 and TA1535), whereas CPNP yielded substantial activity only in TA1535.

Data are presented as mean + SEM. Statistical significance: **** p

CPNP

In EAT, only TA1535 demonstrated mutagenicity in both
hamster S9 (p <0.0001) and rat S9 (p <0.0001). Whereas, in
hamster S9, differences between TA98 (p >0.9999), TA100 (p
=0.9962), TA1537 (p >0.9999), and E. Coli (p =0.8788) were

<0.0001, *** p <0.001, ** p <0.01, * p <0.05.

not statistically significant. Similarly, in rat S9, differences be-
tween TA98 (p >0.9999), TA100 (p >0.9999), TA1537 (p
=0.9997) and E. Coli (p >0.9999) were not statistically signif-
icant (Figure 2 and Table 3).
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Table 3. Mutagenic activity of 1-Cyclopentyl-4-nitrosopiperazine (CPNP) at various concentrations in S. typhi and E. Coli strains in the
presence of hamster and rat S9 by using No. of revertant colonies (R.C.), Standard deviation (SD) and fold increase (F.1.).

CPNP
TA98 TA100 TA1535 TA1537 E. Coli
Conc. Me.tab(.)lic
(ng/plate) :;:Z?:OH No.of (o o Noof 0 o Noof 0 o Noof o o Noof o o
R.C. " RC. " R.C. " RC. " RC. o
Hamster S9 39.00 624 1.10 24733 6.03 1.40 1462.67 56.05 87.80 10.00 2.00 0.90 267.67 12.50 1.90
500 Rat S9 3933 3.51 1.00 18533 9.02 1.00 286.67 15.01 1720 9.00 2.00 0.80 139.33 7.09 1.00
-S9 36.67 3.51 090 206.00 872 120 12400 819 730 933 225 080 13033 5.13 1.00
Hamster S9 36.33 3.51 1.00 215.67 8.74 1.20 1288.00 48.00 77.30 8.00 2.65 0.80 212.00 12.00 1.50
150 Rat S9 36.00 3.00 090 179.67 9.07 1.00 239.67 14.57 1440 9.00 265 0.80 134.00 7.55 0.90
-S9 38.67 3.06 1.00 198.00 1587 1.10 5400 557 320 933 1.53 080 13233 5.13 1.00
Hamster S9 37.00 2.00 1.00 22633 12.50 1.30 550.67 30.02 33.00 8.67 1.53 0.80 14333 7.02 1.00
50 Rat S9 4033 225 1.00 194.00 9.17 1.00 22633 1124 13.60 933 153 0.80 136.67 6.51 1.00
-89 3533 3.51 090 187.33 8.02 1.10 3233 451 190 833 321 070 133.67 6.51 1.00
Hamster S9 35.67 3.06 1.00 177.67 551 1.00 16.67 1.53 1.00 10.67 2.08 1.00 142.00 4.58 1.00
Zfr?t‘f;f Rat S9 39.67 1.53 1.00 181.67 6.51 1.00 16.67 208 100 11.67 1.53 1.00 14233 7.02 1.00
-89 39.67 3.51 1.00 172.67 5.03 1.00 17.00 1.00 1.00 1200 200 100 136.67 5.69 1.00
Hamster S9 742.67 24.11 20.80 970.00 14.00 5.50 617.33 16.65 37.00 518.56 18.90 48.60 978.67 14.05 6.90
CPSEEIOVIG Rat S9 746.67 32.33 18.80 966.67 26.03 530 652.00 20.00 39.10 514.67 20.53 44.10 957.33 24.44 6.70

Hamster -S9 661.33 22.74 16.70 816.00 24.00 4.70 581.33 14.05 34.20 648.00 16.00 54.00 920.00 12.00 6.70

Note: Positive control of -S9 for TA98, TA100 and TA1535: SA, TA1537: ICR, E. Coli: 4-NQO, Positive control of Hamster S9 and Rat S9
for all strains is 2-AA.

NDEA (p =0.9934) did not show any difference in hamster S9, TA98

In the presence of hamster S9, TA1535 exhibited signifi- (» =0.9934), TA100 (p =0.4165), and E. Coli (p =0.9934) did
cantly higher mutagenicity than TA100 (p <0.0001), TA1537 not show any difference in rat S9, as mentioned in Figure 2
(p <0.0001) and E. Coli (p <0.0001). With rat S9, TA1535 re- and Table 4. These results confirm that TA1535 showed the
mained more sensitive than TA1537 (p =0.0175). While TA98 highest mutagenicity as compared to other tested strains.

Table 4. Mutagenic activity of N-nitrosodiethylamine (NDEA) at various concentrations in Salmonella typhimurium and E. Coli strains in
presence of hamster and rat S9 by using No. of revertant colonies (R.C.), Standard deviation (SD) and fold increase (F.1.).

NDEA
TA98 TA100 TA1535 TA1537 E. Coli
Conc Metabolic
o /piate) activation Mean Mean Mean Mean Mean
system No. of SD F.I. No.of SD FI. No.of SD FI. No.of SD FI. No.of SD F.I.
R.C. R.C. R.C. R.C. R.C.
1000 Hamster S9 4533 2.52 120 597.33 10.07 3.80 72.00 2.00 550 19.67 2.08 1.80 438.67 10.07 3.00

Rat S9 3733 208 1.10 20533 1222 120 4133 153 270 1067 1.15 080 16133 6.11 1.10

48


http://www.sciencepg.com/journal/bmb

Biochemistry and Molecular Biology

http://www.sciencepg.com/journal/bmb

NDEA
TA98 TA100
Metabolic
S activation Mean Mean
/plate
(ng/plate) oy tem No.of SD FIL No.of SD FL
R.C. R.C.
-89 33.00 2.65 090 15867 6.11 1.10
Hamster S9 4133 2.52 1.10 43333 6.11 2.70
300 Rat S9 3533 208 1.00 18267 6.11 1.10
-89 3400 1.00 1.00 156.00 8.00 1.00
Hamster SO 33.67 2.08 090 32533 10.07 2.10
100 Rat S9 3267 2.08 100 170.67 833 1.00
-S9 3167 1.53 090 16133 6.11 1.10
Hamster SO 37.67 2.52 1.00 158.67 6.11  1.00
Vehicle  p 1t 59 3433 153 100 166.67 6.11 1.00
control
-89 3533 1.53  1.00 14933 6.11  1.00
Hamster S9 652.00 12.00 17.30 914.67 10.07 5.80
Positive R, 59 660.00 12.00 19.20 918.67 10.07 5.50
control
-89 617.33 22.74 17.50 864.00 14.42 5.80

TA1535 TA1537 E. Coli

Mean Mean Mean

No.of SD FI. No.of SD FI No.of SD FI
R.C. R.C. R.C.

1533 1.53 1.10 1033 1.53 0.80 147.00 5.00 1.00
5133 1.53 390 1433 1.53 130 321.33 14.05 2.20
22.67 1.53 150 10.67 1.53 0.80 158.00 6.00 1.10
13.00 2.00 1.00 10.00 1.00 0.80 149.33 6.11 1.00
3433 208 2.60 1233 1.51 1.10 213.33 10.07 1.40
17.00 2.00 1.10 9.00 1.00  0.70 152.67 4.16 1.00
1233 1.53 090 12.00 1.00 0.90 155.67 4.04 1.00
13.00 2.00 1.00 11.00 1.00 1.00 148.00 3.00 1.00
1533 1.53 1.00 1333 0.58 1.00 15033 4.51 1.00
13.67 2.08 1.00 1.53 1.53  1.00 14933 6.11 1.00
62.67 1222 4790 562.67 10.07 51.20 924.00 14.42 6.20
609.33 14.05 39.70 540.00 8.00 40.50 902.67 8.33 6.00
512.00 18.33 37.50 520.00 20.00 41.10 917.33 14.05 6.10

Note: Positive control of -S9 for TA98: 2-NF, TA100 and TA1535: SA, TA1537: ICR, E. Coli: 4-NQO

Positive control of Hamster S9 and Rat S9 for all strains is 2-AA.

3.3.3. Effect of S9 on Mutagenic Potency

The metabolic activation efficiency of hamster and rat S9
was compared using normalised mutagenic potency (number
of revertant colonies), statistically analysed using Tukey’s
multiple comparisons test. Hamster S9 consistently yielded
significantly higher potency in NDMA, CPNP and NDEA as
indicated below.

NDMA (2000 ug/plate)

Across all tester strains, hamster S9 had considerably
greater mutagenesis activity than rat S9. In the TA9S strain,
the hamster system had a significantly larger mean revertant
colony count (42.33) than the rat system (34.00), with p
=0.0003. Moreover, a greater statistical deviation (SD) value
has been noted in hamsters (2.52) when compared to rats
(2.00). In a similar vein, hamster S9 showed a substantially
larger response (606.67) for TA100 than rat S9 (234.67), with
a very significant p-value (p < 0.0001), although the SD dif-
ference was negligible.

A comparable trend was observed in the TA1535 strain,
where the hamster-derived response (85.33) was much bigger
than the rat-derived response (33.00) (p <0.0001) with SD val-
ues of 4.51 for hamsters and 2.00 for rats. In TA1537, the dif-
ference between hamster (14.33) and rat (11.67) revertant col-
ony count was less but still statistically significant (p = 0.0314)

accompanied by SD values for hamster (1.53) and rat (2.08).
For the E. Coli strain, the hamster system again showed a sub-
stantially elevated mutagenic response (436.00) relative to the
rat system (158.67), with high statistical significance (p <
0.0001), and the SD value doubled in hamster (14.42) com-
pared to rat (6.11) illustrated in Figure 3 and Table 2.

CPNP (500 ug/plate)

Hamster (39.00) and rat S9 (36.00) revertant colony numbers
for TA98 were similar, and the difference was not statistically
significant (p =0.9007). Additionally, a value of twice the SD
was noted in hamsters (6.24) in contrast to rats (3.51). This sug-
gests that both metabolic systems produce comparable amounts
of mutagenic chemicals for frameshift mutations identified by
TA98. Conversely, when hamster S9 (247.33) was present,
TA100 displayed far more revertant numbers than rat S9
(206.00) (p <0.0001), yet the SD in hamsters was less than that
observed in rats, as shown in Figure 3 and Table 3. This implies
that base-pair substitution mutations result from hamster S9
producing more or more potent mutagenic intermediates.

TA1535 showed a very noticeable difference, with hamster
S9 (1462.67) having a much higher revertant frequency than
rat S9 (123.33) (p <0.0001). Additionally, SD was also five
times more pronounced in the hamster (56.05) relative to the
rat (15.01). Hamster S9 is significantly more effective in
transforming the test chemical into mutagenic forms that this
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strain can detect, indicating a high species-specific metabolic
activation impact. Identical to TA98, there was no discernible
difference between hamster (10.00) and rat S9 (9.00) in re-
vertant colonies and SD for TA1537 (p =0.5119), indicating
equivalent activation effectiveness for the frameshift events
this strain evaluated.

Lastly, E. Coli WP2 showed considerably greater revertant
counts and SD with hamster S9 (267.67) (12.50) than with rat
S9 (139.33) (7.09) (p < 0.0001), suggesting that hamster S9
had increased metabolic activation for the mutagenic lesions
this strain reported.

NDEA (1000 ug/plate)

The revertant colony count was constant and statistically
significant (p <0.0001), suggesting that hamster liver enzymes
greatly accelerated the test compound's metabolic processing
into mutagenic metabolites. Hamster S9 generated 45.33 re-
vertant colony count and an SD of 2.52 for TA98, a strain sus-
ceptible to frame-shift mutations, more than the 37.33 re-
vertant count and 2.08 SD with rat S9. This impact indicates a
steady increase in mutagenic stimulation in enzymes obtained
from hamsters, despite a minor absolute divergence.

The change was more obvious in TA100, which found base-
pair substitution alterations. Rat S9 produced 205.33 revertant
colonies and 12.22 SD, whereas hamster S9 produced 597.33
revertant colonies and 10.07 SD, almost triple as many, with
p <0.0001. This significant rise suggests that the NDEA may
be primarily converted into potent DNA-modifying mutagens
by hamster metabolic enzymes.

Similarly, hamster S9 generated 72.00 and 19.67 revertant
colonies, respectively, for TA1535 and TA1537, allowing
both to detect certain frameshift and base-pair alterations, far
more than the 41.33 and 10.67 found with rat S9, and both had
p <0.0001. These results support hamster S9's greater ability
to bioactivate NDEA. The pattern continued in E. Coli, where
hamster S9 produced 438.67 revertant counts and 10.07 SD as
opposed to rat S9's 161.33 and 6.11, continuing with a signif-
icant p-value of <0.0001. This suggests that the increased mu-
tagenic activity affects a variety of genetic markers.

All of the findings point to the hamster S9 fraction's greater
capacity than the rat S9 system to metabolically activate
NDMA, CPNP, and NDEA into mutagenic entities. The gap
is likely due to species-specific differences, notably in cyto-
chrome P450 isoforms, which result in higher mutagenesis re-
actions in TA98, TA100, TA1535, TA1537, and E. Coli. All

TA98

ok

= NOMA Control

=1 CPNP Control
=31 CPNP 500 (ugiplate)
B3 NDEA Control

= NDEA 1000 (ugfplate)

No. Reventant colonies

T T
Hamster 59 Rat 59

=1 NDWMA 2000 (pgiplate)
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these data are summarised in Figure 3 and Table 4.

3.3.4. Comparative Mutagenic Potency

In the present comparative assessment, the mutagenic re-
sponses of NDMA vs. CPNP, CPNP vs NDEA, and NDMA vs.
NDEA were evaluated across multiple tester strains by using
the fold increase in mean value.

NDMA vs. CPNP

In TA98, no statistically significant variation was observed
between the mutagenic impacts caused by NDMA (1.2) and
CPNP (1.1) (p =0.5513). This suggests that in this strain, both
substances exhibit comparable, low-level frameshift genetic
mutations. The mutagenic effect generated by NDMA (3.6)
was much greater than that of CPNP (1.4), and the difference
was highly significant (p <0.0001). This implies that base-pair
substitution mutations in TA100 are significantly more effec-
tively induced by NDMA. When in comparison with NDMA
(5.4), CPNP (87.8) had a significantly stronger mutagenic in-
fluence; this difference reached substantial statistical signifi-
cance (p <0.0001) in TA1535. This suggests that this particu-
lar base-pair substitution-sensitive strain, CPNP, is more mu-
tagenic than NDMA (Figure 4).

NDMA (1.2) and CPNP (0.9) did not significantly vary in
TA1537 (p =0.2180), suggesting that this strain has comparable
and modest levels of frameshift mutagenicity. In E. Coli, NDMA
(3.2) considerably increased the mutagenic response compared to
CPNP (1.9) (p <0.0001), indicating that NDMA is more potent in
this strain that is susceptible to base-pair replacements.

With rat S9, NDMA was more potent in TA100 (p <0.0001)
and E. Coli (p =0.0010), but CPNP induced greater mutagen-
icity in TA1535 (p <0.0001).

CPNP vs. NDEA

For TA98, both compounds produced comparable responses,
with no statistically significant difference (1.1 vs. 1.2; p
=0.5513), indicating similar mutagenic potential in this frame-
shift strain. On the other hand, for TA100, NDEA showed much
more mutation rate than CPNP (3.8 vs. 1.4), a highly significant
disparity (p <0.0001), indicating that NDEA had more base-pair
substitution mutations. In TA1535, the pattern was inverted,
with CPNP causing considerably higher mutagenicity than
NDEA (87.8 vs. 5.5; p <0.0001). This suggests that CPNP,
which is sensitive to particular base-pair substitution events, has
a significant impact on this strain, as mentioned in Figure 4.

TA 1535
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Figure 3. Effect of S9 fraction (between Hamster and Rat) on NDMA, CPNP, and NDEA in various bacterial strains: Revertant colony induc-
tion by NDMA, NDEA, and CPNP in TA98, TA100, TA1535, TA1537, and E. Coli between hamster and rat S9 metabolic activation. Data
represent mean = SD (n = 3) for control and NA compounds at the indicated doses. NDMA (2000 ug/plate) and NDEA (1000 ug/plate) produced
robust, S9-dependent mutagenicity in TA100, TA1535, and E. coli, with hamster S9 yielding substantially higher responses than rat S9. CPNP
(500 ug/plate) exhibited mutagenicity exclusively in TA1535, again with stronger activation by hamster S9. No notable mutagenic activity was
observed in TA98 or TA1537 across test conditions. Statistical differences among treatments or S9 sources are indicated (*p <0.05; **p <0.01;

w4 <0.001; ***p <0.0001).

NDEA once again demonstrated notably greater activity
than CPNP for TA1537 (1.8 vs. 0.9; p =0.0004), indicating
strain-specific variation in the two compounds' mutagenic po-
tential. Lastly, NDEA again showed far greater mutagenic ac-
tivity than CPNP in the E. Coli tester system (3.0 vs. 1.9; p
<0.0001), confirming the compound's increased mutagenicity
in specific genetic settings.

With rat S9, CPNP was more potent in TA1535 (p <0.0001),
but NDEA induced greater mutagenicity in TA100 (p
=0.0017). However, TA98, TA1537 and E. Coli did not show
any difference.

NDMA vs. NDEA

The majority of tester strains responded similarly to the
comparative mutagenicity patterns of NDMA and NDEA,
with just slight but statistically significant variations in a se-
lection of the tests. NDMA and NDEA exhibited very equiva-
lent amounts of fold increase in the mean value of TA98 and
TA1535, without any significant differences found (p >0.9999
and p =0.9996, respectively), indicating similar efficacy in
identifying base-pair substitution and frameshift mutations in
both strains. TA100, on the other hand, showed a minor but
substantial rise in fold increase in mean value for NDEA (3.8)
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compared to NDMA (3.6) (p =0.0080), suggesting a slightly
higher mutagenic response in this strain. In a similar vein,
TA1537 demonstrated a modest but noticeable boost in muta-
genicity for NDEA (1.8) (p =0.0234), suggesting that some
frameshift events were more strongly induced in comparison
to NDMA (1.2).

NDMA (3.2) had somewhat greater activity than NDEA
(3.0) in the E. Coli strain, which showed a minor but substan-
tive difference between the compounds (p = 0.0003). Overall,
our findings imply that while NDMA and NDEA have muta-
genic potencies that are generally similar, NDEA may cause
more severe responses in certain bacterial strains that are sus-
ceptible to particular mutation types. With rat S9, only NDMA
was more potent in TA100 (p =0.0004), while TA98, TA1535,
TA1537 and E. Coli did not show any difference.

Hamster S9 routinely outperformed rat S9 in activating
NDMA, CPNP, and NDEA throughout a variety of bacterial
strains. CPNP demonstrated the largest fold rise among all, as
seen by the multiple comparisons. Furthermore, NDMA ex-
hibited a significantly higher mutagenic efficacy in E. Coli,
whereas CPNP in TA1535 and NDEA in TA100 and TA1537,
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particularly with hamster S9, demonstrated its strong activa-
tion and mutagenic behaviour.
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A comparison of strain, metabolic activation system (ham-
ster and rat) and compounds (NDMA, CPNP and NDEA) that
cause mutagenicity is summarised in Figure 4.
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Figure 4. Comparative Mutagenicity of NDMA, CPNP, and NDEA Across Enhanced Ames Strains within Hamster and Rat S9 Fractions:
Mutagenicity profiles of NDMA, CPNP, and NDEA in the Enhanced Ames test using high-dose treatments within hamster and rat S9 fractions.
Data are presented as fold-increase in revertant colonies relative to control for strains TA98, TA100, TA1535, TA1537, and E. Coli. Enhanced
mutagenic activity was observed primarily in TA100, TA1535, and E. Coli, particularly after metabolic activation by hamster S9. CPNP induced
the strongest response in TA1535, whereas NDMA generated robust activity across strains sensitive to base-pair substitutions. Values represent
mean + SEM; significance levels are shown (*p <0.05; **p <0.01; ***p <0.001; ****p <0.0001).

3.3.5. Dose-Dependent Effects

The three NA compounds are interpreted here, with an em-
phasis on whether or not each response exhibits dose-depend-
ent mutagenicity.

Hamster §9

In NDMA, TAL00 exhibited a dose-dependent rise in re-
vertant colonies, with the highest dose (2000 pg/plate) giving
the largest response and the lowest (200 pg/plate) producing
a modest but enhanced response compared to the control. With
very little increase at higher dosages, TA98 and TA1537 ap-
peared to have little to mild dose-dependent effects. Higher
dosages of TA1535 decreased revertants in comparison to
lower doses, indicating a non-monotonic or non-dose-depend-
ent pattern. The E. Coli strain clearly stratified by concentra-
tion and showed a robust dose-dependent response, illustrated
in Figure 5 and Tables 2 to 4. In conclusion, NDMA demon-
strates strain-specific dose dependency, strongly present in
TA100 and E. Coli, weak or absent in TA98/TA1537, and the-
oretically inverted in TA1535.

In CPNP, TA1535 showed a strong dose-dependent rise that
was easily discernible across dosages and dramatically in-
creased with increasing concentration. E. Coli demonstrated
dose dependence, exhibiting a stepwise pattern at all levels
greater than the control. TA100 had a mild to moderate dose-
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dependent trend, with increases that were apparent but did not
differ significantly between doses. With values remaining near
control, TA98 and TA1537 seemed to have no discernible
dose-dependent impact. In conclusion, CPNP displays selec-
tive dose-dependent mutagenicity, most evident in TA1535
and E. coli, but not in TA98 or TA1537. In NDEA, TA100
exhibited a robust and steady dose-dependent pattern, growing
gradually as the dosage increased. Although the pattern is not
as sharp as that of TA100, TA1535 demonstrated a modest
dose-dependent rise. TA98 and TA1537 maintained near-
baseline levels with little to no dose-dependent impact. E. Coli
showed a distinct dose-dependent response, with more muta-
genicity occurring at higher doses. NDEA exhibits pro-
nounced dose dependency in TA100 and E. Coli, moderate de-

pendency in TA1535, and minimal dependency in
TA98/TA1537.
Rat §9

In NDMA, the number of revertant colonies in TA100 in-
creased as concentrations climbed, indicating a definite dose-
dependent response. TA98 and TA1537 revealed very little
variation across dosages; the pattern didn't seem to be dose-
dependent. TA1535 exhibited a poor or uneven dose-response,
with an increase at mid-dose but no steady trend (Figure 5 and
Tables 2 to 4). E. Coli Small, non-dose-dependent changes did
not exhibit a monotonic trend. In conclusion, only TA100
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shows a theoretically strong dose-dependent increase. In
CPNP, as concentrations increased, TA1535 showed a notice-
able increase in revertant colonies, indicating a potent dose-
dependent impact. TA98 and TA1537 showed non-dose-de-
pendent behaviour after just minor fluctuations with no dis-
cernible pattern. TA100 values were not dose-dependent, but
they were comparatively constant throughout concentrations.
Minor exhibited non-dose-dependent changes in E. Coli with
no monotonic trend. Overall, TA1535 exhibits a theoretically

NDMA Hamster 59

& eo0

Mo, Revertart colen

Boi:

dose-dependent effect; other strains do not. A dose-dependent
behaviour was supported by TA100's gradual rise in revertants
with higher dosages. TA1535 shows a broad dose-related pat-
tern while having elevated counts at higher dosages that are
not quite linear. TA98 and TA1537 showed non-dose-depend-
ent changes after small modifications without dosage escala-
tion. E. Coli was not dose-dependent and is comparatively sta-
ble at different dosages. In summary, TA100 and (to a lesser
degree) TA1535 show theoretical dose-responsiveness.
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Figure 5. Dose-Responsive Mutagenic Profiles of Three Nitrosamines in Enhanced Ames Bacterial Strains: Dose-dependent mutagenicity of
NDMA, CPNP, and NDEA across strains in the presence of hamster and rat S9. Increasing compound concentrations produced corresponding
increases in the number of revertant colonies in TA100, TA1535, and E. coli, demonstrating clear dose-response behavior. Hamster S9 gener-
ated stronger dose-related responses than rat S9 across all active strains. Only minimal dose effects were observed in TA98 and TA1537. Bars
represent mean + SEM, and statistically significant increases relative to control are indicated (*p < 0.05; **p < 0.01; ***p < 0.001; ****p <

0.0001).

3.3.6. Positive Control Effects

Across all tester strains (TA98, TA100, TA1535, TA1537,
and E. coli) and metabolic conditions, the positive control
consistently produced the highest revertant responses, show-
ing **highly significant increases (**p <0.0001) when com-
pared with both vehicle control and all NDMA concentrations,
thereby confirming assay validity.

NDMA

NDMA tested at 2000, 600, and 200 pg/plate induced re-
sponses that were significantly lower than the positive control
at all concentrations and in all strains (****p <0.0001), shown
in Figure 6 and Table 2. In the presence of metabolic activa-
tion (hamster and rat S9), NDMA showed concentration-re-
lated increases primarily in base-pair substitution strains
TA100 and TA1535, with the 2000 pg/plate concentration
reaching statistical significance versus vehicle control (rang-
ing from *p <0.05 to ****p <0.0001, strain- and S9-depend-
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ent). The 600 pg/plate dose produced reduced or marginal sig-
nificance, while the 200 pg/plate dose was generally compa-
rable to vehicle control. In the absence of metabolic activation
(—S9), none of the NDMA concentrations (2000, 600, or 200
ng/plate) produced statistically significant increases over ve-
hicle control in any strain, whereas the positive control re-
mained highly significant (****p <0.0001).

CPNP

For CPNBP, statistically significant, concentration-depend-
ent effects were observed primarily in TA1535. In the pres-
ence of hamster S9, CPNP at 500, 150, and 50 pg/plate in-
duced highly significant increases (****p <0.0001 vs. vehi-
cle), with the 500 pg/plate concentration producing the great-
est response (Figure 6 and Table 3). All CPNP concentrations,
however, remained significantly lower than the positive con-
trol (¥***p <0.0001). Under rat S9 conditions, CPNP again
produced significant increases in TA1535 at 500, 150, and 50
pg/plate (****p <0.0001 vs. vehicle), with a reduced magni-
tude relative to hamster S9 and consistent statistical inferiority
to the positive control (¥****p <0.0001).
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In the absence of metabolic activation (—S9), CPNP at 500,
150, and 50 pg/plate continued to show statistically significant
increases in TA1535 (****p <0.0001 vs. vehicle), while all
concentrations remained significantly lower than the positive
control (****p <0.0001). No other strain showed statistically
meaningful concentration-related effects.

NDEA

NDEA tested at 1000, 300, and 100 pg/plate induced con-
centration-dependent responses that were consistently lower
than the positive control (****p <0.0001), illustrated in Figure
6 and Table 4. In hamster S9, statistically significant increases
versus vehicle control were observed in TA100 and TA1535,
with the 1000 pg/plate dose producing the strongest response

NDMA Hamster

= 2000 pypale
= 600 pgplite

K

(*¥***p <0.0001), 300 pg/plate showing moderate significance,
and 100 pg/plate showing weaker but still significant effects.
Other strains (TA98, TA1537, and E. coli) exhibited minimal
or nonsignificant responses at all concentrations. Under rat S9,
NDEA showed weaker but statistically significant effects in
TA1535 at 1000 pg/plate (*p < 0.05 to ****p <0.0001), while
300 and 100 pg/plate generally remained comparable to vehi-
cle control.

In the absence of metabolic activation, NDEA at all concen-
trations failed to induce statistically significant increases over
vehicle control in any strain, whereas the positive control re-
mained highly significant (****p <0.0001).
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Figure 6. Influence of Metabolic Activation on the Mutagenic Potential of NDMA, CPNP, and NDEA Across Bacterial Tester Strains in Com-
parison with positive control: Mutagenic responses of NDMA, CPNP, and NDEA evaluated in the bacterial reverse mutation (Ames) assay
using S. typhi strains TA98, TA100, TA1535, TA1537, and E. coli in the presence of hamster S9, rat S9, and in the absence of metabolic
activation (-S9). Test compounds were evaluated at multiple concentrations, alongside vehicle and positive controls. Results are expressed as
fold increase in revertant colonies relative to vehicle control. Data represent mean + SEM. Statistical significance between groups was deter-
mined using multiple comparison tests; p < 0.05, p < 0.01, ****p < 0.0001.

4. Discussion

The results described below are for the definitive study con-
clusions after the preliminary results.

4.1. Strain Sensitivity

Utilising hamster and rat S9 for metabolic activation, the
mutagenic potential of NDMA, CPNP, and NDEA was evalu-
ated among bacterial strains. The mutagenicity of NDMA
(2000 pg/plate) with hamster S9, TA1535, was much higher
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than that of TA100 and E. Coli, which were statistically com-
parable [26]. The disparity between TA98 and TA1537 was
not very noticeable in either hamster S9 or rat S9, but TA1535
again beat TA100 and greatly exceeded TA100 with rat S9.
These data aligned with previous investigations using BMD-
derived sensitivity ratings; the mix of hamster S9 in TA1535
shows the highest sensitivity for NDMA. This is followed by
dose-response data gathered under various experimental cir-
cumstances [19].

For CPNP (500 pg/plate) with hamster S9, TA1535 had the
greatest mutagenicity. Identical results were reported for
CPNP with rat S9, where TA1535 continued to be the most
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mutagenic. However, in hamster S9 and rat S9, there were no
statistically significant variations between TA98, TA100,
TA1537, and E. Coli. Our results are consistent with earlier
studies, indicating TA1535's significantly higher sensitivity in
comparison to other strains corresponds with the most com-
mon mutation types caused by CPNP, which explains the
strain-dependent difference in fold increases [27].

For NDEA, in the presence of hamster S9, TA1535 exhib-
ited significantly higher mutagenicity than TA100, and E. Coli
showed a slightly lower response than TA100, but slightly
greater mutagenicity than TA1537. Taken together, these find-
ings reveal that hamster S9 exhibits the most prominent spike
of mutagenicity, while TA1535 continuously exhibits elevated
mutagenic sensitivity. In both hamster S9 and rat S9, TA98
was not significant. NDEA was demonstrated to be mutagenic
in TA1535 with hamster S9 but not with rat S9, and another
experiment confirms that hamster S9 was shown to substan-
tially activate various NAs, whereas rat S9 occasionally failed
[28].

The five bacterial strains TA98, TA100, TA1535, TA1537,
and E. Coli have different mutagenic behaviours due to their
unique DNA repair and mutation recognition patterns, which
closely match the kinds of mutations caused by NDMA, CPNP,
and NDEA. Alkylating drugs, including NDMA, CPNP, and
NDEA, generally cause GC-to-AT transition mutations by
generating O6-alkylguanine DNA adducts [29, 30]. Bacterial
strains that are specialised for base substitution mutations can
effectively identify this sort of mutation, which is a traditional
indicator of NA contact. A missense mutation in the hisG gene
enables proline to be expressed rather than leucine in TA1535.
A GC-to-AC alteration in the DNA is the root of this [31].

The strain's specificity for identifying the primary muta-
tions brought on by NDMA, CPNP, and NDEA is seen in the
significantly larger fold increases and typical mutagenic po-
tency seen in TA1535, particularly during hamster S9 activa-
tion. Rat S9's lessened metabolic activation capability is re-
flected in its significantly lower activity, highlighting the rel-
evance of choosing a suitable S9 source for precise mutagen-
icity testing. In our latest review article on the EAT for evalu-
ating the mutagenicity of NA, we integrated the data from six
important studies and discovered that TA1535 was the most
sensitive strain and produced the greatest-fold activation, es-
pecially when pre-incubation protocols with 30% v/v hamster
S9 were used [32]. Hence, TA1535 was a better strain to em-
ploy as the first cultivar because its mutagenic reactions were
more consistent and sensitive for direct alkylation processes.

Frameshift mutation seems to be present close to the loca-
tion of a continuous -C-C-C- region in strain TA1537, which
has the hisC3076 mutation and whereby frameshift mutagens
that are difficult for the hisD3052 indicator to identify return
to the wild-type frequency [33]. The least mutagenic effects
observed with NDMA, CPNP, and NDEA are explained by
TA98's wider sensitivity. Therefore, in comparison to the in-
duced DNA damage, it has a smaller concentrated mutation
detection profile. The E. Coli strain lacks nucleotide excision
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repair (NER) and harbours the pKM101 plasmid, which pro-
motes error-prone genome healing processes [34]. This strain
is particularly vulnerable to massive damage and DNA ad-
ducts.

Collectively, these results highlight how important muta-
tion sensitivity is for strain sensitivities. The strain-dependent
difference in fold increases is explained by the much higher
sensitivity of TA1535 relative to all strains, which is consistent
with the major mutation types caused by NDMA, CPNP, and
NDEA.

4.2. Impact of S9 Type on NA Mutagenicity

NAs, including NDMA, CPNP, and NDEA, have muta-
genic potential that is significantly influenced by the S9 met-
abolic activation system. All five bacterial strains in this in-
vestigation showed noticeably greater mutagenic reactions to
all NAs when extracted from hamster S9 as opposed to rat S9.

Remarkably, compared to rat S9, NDEA most significantly
doubles the capacity for metabolic activation in hamster S9.
In comparison to rat S9, TA1535 shows a nearly 5-fold in-
crease in mutagenicity under hamster S9 (88.7 vs. 17.2 per
unit of dosage), suggesting that hamster S9 offers a more ef-
fective enzymatic activation for CPNP-induced mutagenesis.
When exposed to NDEA with hamster S9 as opposed to rat S9,
TA100 and TA1537 likewise show much greater mutagenesis
effects. E. Coli exhibits significantly elevated mutagenesis re-
actions when subjected to NDMA in the presence of hamster
S9 and rat S9.

Under hamster S9, NDMA exhibits weak but discernible
mutagenicity in TA100; under rat S9, it exhibits reduced acti-
vation, which was identified as base-pair substitution muta-
tions. NDMA-induced mutagenicity is more pronounced in
TA1535 than in TA100, suggesting that TA1535 is more sen-
sitive to NDMA’s specific mutational signature. NDMA also
causes AT-site mutations, but again responds more strongly
under hamster S9 in E. Coli. Compared to rat S9, hamster S9
consistently activates NDMA to more mutagenic metabolites
(about 2.3-2.7 times greater across TA100, TA1535, and E.
Coli). However, due to its high sensitivity to G— A transition
mutations, TA1535 is the strain most susceptible to NDMA.
Poorer mutagenic indicators are produced by rat S9, which
could suggest species differences in CYP450 function, im-
proved detoxification in rat liver enzymes, and less production
of methylating metabolites.

Both hamster and rat S9 showed comparable sensitivities to
CPNP in TA98 and TA1537. Rat S9 has the least activation
ability per unit of mutagen, indicating that hamster S9 is nec-
essary for the most favourable activation of CPNP. This high-
lights the crucial function the liver source plays in regulating
the mutagenic strength of NA. These results are in line with
other research showing that the genotoxic effects of NA may
be overlooked when using rat S9 unless CYP2E] is properly
activated or alternative bioactivation methods are used [35].
Despite regulatory trends favouring stronger human-relevant
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systems, hamster S9 is still used in genotoxicity screening
techniques due to its increased sensitivity, especially in iden-
tifying weakly mutagenic or structure-dependent NA. The ne-
cessity for metabolically competent systems that are adapted
to the chemical structure and metabolic activation demands of
test substances is crucially highlighted by regulatory frame-
works like the ICH M7(R2) guideline. The incorporation of
more strongly reactive S9 sources, such as hamster S9, is es-
sential for NA, whose mutagenicity frequently largely de-
pends on CYP2E1-mediated activation, to prevent misleading
findings and guarantee appropriate risk profiling [18]. In sum-
mary, the more active state of the majority of NA-activating
CYPs in hamster S9 in comparison to rat S9, as well as higher
levels of CYP2E1 and CYP2A6-like enzymes, probably leads
to the larger mutagenic reactions shown in NA testing [35].

5. Conclusion

Our findings support the notion that the choice of bacterial
strains and the source of the metabolic activation system are
important factors in defining the existence of mutagenic effi-
cacy in EAT. The best reaction to NA mutagenicity was often
produced by the hamster S9 in conjunction with the E. Coli,
TA100, and TA1535 strains. Dose regularisation enhances risk
assessment, comparability, and solubility even more. These
findings highlight the need to incorporate optimal testing en-
vironments into screening plans in order to guarantee accurate
detection of mutagenic NA contaminants. By putting these
strategies into practice, safety evaluations will be improved,
regulatory choices will be informed, and humanity will finally
be protected. In situations where the test chemical is scarce,
these findings provide compelling evidence in favour of a sim-
plified method of NA impurity testing. For the first screening,
we advise using the TA100, TA1535, and E. Coli strains with
30% v/v hamster S9 and a 30-minute preincubation period.
This strategy maintains excellent sensitivity for NA analysis
while optimising the utilisation of resources by cutting down
on time, expense, and animal S9 production. Additional anal-
ysis using a more comprehensive set can be performed when
the results of the initial screening are negative or if the QSAR
evaluation indicates alarms concerning extra strains. This in-
novative approach provides an effective way to evaluate NA-
driven mutagenicity promptly, enabling quick detection and
management of these important contaminants.
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