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1. Regulatory Response

LY139603 (atomoxetine)

Japan Ministry of Health, Labour, and Welfare
Date of Questions: 08 August 2024

Eli Lilly and Company

Document ID: VV-REG-326326

LY 139603
VV-REG-326326 v1.0 Page 1of 5 Eli Lilly Confidential
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Regulatory Response Page 2

2. Introduction/Background

On 08 Augsut 2024, Eli Lilly and Company (Lilly) received a question from the Japan Ministry
of Health Labour, and Welfare regarding the proposed Al limit for n-nitroso atomoxetine.

This response answers this question.

LY 139603
VV-REG-326326 v1.0 Page 2 of 5 Eli Lilly Confidential
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3. Questions and Responses

3.1. Question 1

Please summarize the Lilly’s opinion including background information and discussion history
which assert that 4400 ng/day is safe, scientific, compound-specific and data-based limit for N-
Nitroso-atomoxetine or a limit of 1500 ng/day is also reasonable.

3.1.1. Lilly Response to Question 1

Lilly used a weight of evidence method to determine that 4400 ng/day is a safe limit for N-
nitroso-atomoxetine. This weight of evidence method used the following to determine the 4400
ng/day limit:

¢ Known mechanism of action of nitrosamines

e Read-across based on physicochemical properties (Jolly et al 2024)

e In silico models, such as quantum mechanical models (De et al 2024) and QSARFlex
(Jolly et al 2024)

e In vivo gene mutation assay (Jolly et al 2024).

For the convenience of the reviewer, the results of the gene mutation assay, which are the
primary data supporting a limit of 4400 ng/day, are described below. Results of other supporting
data for the limit of 4400 ng/day are provided by literature reference (Jolly et al 2024, De et al
2024).

Importantly, N-nitroso-atomoxetine is clearly differentiated from the more potent nitrosamines in
terms of its in vivo mutagenicity and as supported by the read-across analysis. Thus, N-nitroso-
atomoxetine does not fall into the Cohort of Concern as identified in ICH M7R2 (2022), which is
based on the more potent nitrosamines. ICH M7(R2) has established that the threshold of
toxicological concern (TTC) for mutagens that lack carcinogenicity data and that are not in the
cohort of concern is 1.5 pg/day (1500 ng/day) chronically for a lifetime. At the TTC, the increase
in cancer risk is negligible, which is defined as an excess cancer risk of <1 in 100000 over a
lifetime of exposure. On that basis, a limit of 1500 ng/day is scientifically reasonable.

In vivo mutation assay results

N-nitroso-atomoxetine, which was Ames test positive, was tested in an in vivo study of
mutagenicity in transgenic rats according to OECD test guidelines and in compliance with GLP
requirements. The results demonstrated that N-nitroso-atomoxetine caused an increase in mutant
frequency at the c/I gene in duodenal tissue at a dose level of 100 mg/kg/day and in the liver at
dose levels >30 mg/kg/day. Mutation frequency was not increased at the lower dose levels of
0.1, 0.537, and 5 mg/kg/day in liver and thus exhibited a “threshold” dose-response relationship.
The no-effect-level (NOEL) for in vivo mutagenicity was 5 mg/kg/day and the Benchmark Dose
Lower Confidence Limit (BMDL; based on the well-validated benchmark dose approach to data
analysis) was 4.4 mg/kg/day. The Acceptable Intake of 4400 ng/d was derived using principles in
the ICH M7R2 guidance where the BMDL value was conservatively used in lieu of the TDsg
value, the dose associated with a 50% tumor incidence (ICH 2023; Note 4).

LY 139603
VV-REG-326326 v1.0 Page 3 of 5 Eli Lilly Confidential
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Lilly believes a mechanism-based risk assessment paradigm for calculation of Al is scientifically
justified and warranted in that:

e mutation is a relevant and sensitive endpoint for the assessment of carcinogenic risk of
nitrosamines,

e the transgenic rodent model is a robust and well-validated model to assess mutagenicity
in vivo.
Further, derivation of the Al using the NOEL or BMDL from the in vivo mutagenicity data is a
conservative estimate of risk because:

e the mutagenicity endpoint, as a required precursor to carcinogenicity for nitrosamines, is
more conservative than a tumor endpoint,

e use of a dose causing no effects (NOEL) as the point of departure is more conservative
than using a dose eliciting a 50% tumor rate in rodents (eg, the TDso).

LY 139603
VV-REG-326326 v1.0 Page 4 of 5 Eli Lilly Confidential
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Quantum Mechanical Assessment of Nitrosamine Potency
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ABSTRACT: Nitrosamines are in the cohort of concern (CoC) as 40 , wHydroxylation o307t oo
determined by regulatory guidance. CoC compounds are considered highly 20 k=5.37x1010 57 D
potent carcinogens that need to be limited below the threshold of 0 e

Aldehyde

toxicological concern, 1.5 pg/day. Nitrosamines like NDMA and NDEA
require strict control, while novel nitrosamine drug substance-related
impurities (NDSRIs) may or may not be characterized as potent
carcinogens. A risk assessment based on the structural features of NDSRIs

formation Diazonium

formation

FiC N CF3 Reactlion with

non-carcinogen

Gibbs free energies (kcal/mol)
'
-]
=]

CPCA (AI:400 ng/day) o.
is important in order to predict potency because they lack substance-specific ~ £-100 o
carcinogenicity. Herein, we present a quantum mechanical (QM)-based °©-120 MO AL
analysis on structurally diverse sets of nitrosamines to better understand how  -140 e e 0265 nefcay
structure influences the reactivity that could result in carcinogenicity. We =~ -160 Reaction Coordinates

describe the potency trend through activation energies corresponding to a-

hydroxylation, aldehyde formation, diazonium intermediate formation, reaction with DNA base, and hydrolysis reactions, and other
probable metabolic pathways associated with the carcinogenicity of nitrosamines. We evaluated activation energies for selected cases
such as N-nitroso pyrrolidines, N-nitroso piperidines, N-nitroso piperazines, N-nitroso morpholines, N-nitroso thiomorpholine, N-
methyl nitroso aromatic, fluorine-substituted nitrosamines, and substituted aliphatic nitrosamines. We compare these results to the
recent framework of the carcinogenic potency characterization approach (CPCA) proposed by health authorities which is meant to
give guidance on acceptable intakes (AI) for NDSRIs lacking substance-specific carcinogenicity data. We show examples where QM
modeling and CPCA are aligned and examples where CPCA both underestimates and overestimates the Al In cases where CPCA
predicts high potency for NDSRIs, QM modeling can help better estimate an Al Our results suggest that a combined mechanistic
understanding of a-hydroxylation, aldehyde formation, hydrolysis, and reaction with DNA bases could help identify the structural
features that underpin the potency of nitrosamines. We anticipate this work will be a valuable addition to the CPCA and provide a
more analytical way to estimate Al for novel NDSRIs.

B INTRODUCTION complex nitrosamines, referred to as N-nitroso drug substance-
N-nitrosamines are considered part of the cohort of concern related impurities' (ND SRIS?’ b}_' reacj,ti'ng V‘fith nitrosating
(CoC) defined in ICH M7 due to the high carcinogenic agents preserllic gurmg synthesis or in excipients in drug product
potency of the N-nitroso structural group"” such that limiting formulation. " The EMA and FDA have proposed chronic
to 1.5 ug/day or the threshold of toxicological concern (TTC), limits or acceptable intakes (AI) for novel nitrosamines of 18
is not considered sufficiently protective and could result in an ng per day and 26.5 ng per day, respectively.”'” If an NDSRI is
increase in theoretical cancer risk.” Magee and Barnes’ present within a product, then remediation to control its levels
identified that N-nitroso dimethylamine (NDMA) has to at or below 18 or 26.5 ng/day would be a significant
carcinogenic potential in rats and later studies have shown undertaking. That remediation is not guaranteed to be
that most of low molecular weight (LMW) nitrosamines could successful or even possible based on the daily dose and

be carcinogenic.ﬂ'_6 In 2018, the US Food and Drug
Administration (US FDA) announced a recall of drug products
containing valsartan from the market after detecting the
presence of NDMA’ and subsequently, many products have
been recalled due to the presence of nitrosamine impurities.”
The presence of nitrosamine contaminants in pharmaceut- Received:  March 4, 2024
icals led to health authorities including the EMA” and FDA'’ Revised:  May 6, 2024
to request manufacturers to assess their products for the Acce}’ted‘ May 9, 2024
potential presence of nitrosamines. As these risk assessments Published: May 28, 2024
were carried out, it became evident that secondary amines in
drug substances or related substances had the potential to form

physical properties of NDSRIs and excipients in the
formulation, which may even preclude analytical detection
threshold above these limits. Therefore, efforts to understand

© 2024 American Chemical Society https://doi.org/10.1021/acs.chemrestox.4c00087
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Figure 1. CYP (Cytochrome P450) activated stepwise metabolic pathway for ring, alkyl, and aryl nitrosamines. Carcinogenic metabolic pathway

intermediates are labeled as A—G.

the reactivity of nitrosamines are critical to better estimate Als
for NDSRI compounds.

Experimental data (e.g, rodent carcinogenicity) are not
available to support the derivation of a compound-specific Al
for most NDSRIs and the defaults of 18 or 26.5 ng/day are
highly conservative given that not all N-nitrosamines are highly
potent carcinogens or even carcinogenic.'” These default limits
for N-nitrosamines recommended by agencies are largely based
on the TD50 of LMW alkyl N-nitrosamines. However, the use
of read-through is dependent on the original method of Al
derivation. The derivation of the Als that drive the default
values was developed early and many were not derived in a
consistent or transparent manner. Bercu et al."* showed this
recently with a rederivation of Al for several N-nitrosamines.
By extension, this conservatism in Al derivation magnifies the
impact of the analogous AI read across for NDSRIs. Other
examples of conservatism in Al derivation include N-methyl-N-
nitrosophenethylamine (NMPEA) and 4-(methylnitrosami-
no)-1-(3-pyridyl)-1-butanone (NNK)'® where derived Als
were calculated from pooling organ tumor data while an
approach consistent with ICH M7 would result in higher Als.
Perhaps more important is the fact that most NDSRIs are
dramatically different from LMW alkyl N-nitrosamines based
on chemical structure.'® Differences in physicochemical
properties (such as Log P, solubility, polar surface area, etc.),
steric hindrance, expected alternate metabolism and clearance
pathways, and molecular weight are all expected to
dramatically reduce the potential for mutagenic carcinogenicity
of NDSRIs.'”"® In aggregate, these considerations argue that
Al derivation has been overly conservative for NDSRIs and
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that a mechanistic analysis is one area that can be leveraged to
improve upon this.

Dobo et al.'® proposed a framework for the AI limits based
on the structure of the nitrosamine. From the common
structural features and existing nitrosamine carcinogenic data,
they divided nitrosamines into 13 groups and proposed the Al
limits conservatively in the range of 17—440 ng/day. Thomas
et al."” developed three categories of nitrosamine potency
nitrosamine potency viz. high potency (TDSO0 < 0.15 mg/kg/
day), medium potency (TDSO0 in 0.15—1.5 mg/kg/day), and
low potency TDSO > 1.5 mg/kg/day). Recently Cross and
Ponting'” reported that the high-potency of nitrosamines is
mainly due to a-carbon hydroxylation with those nitrosamines
bearing an a-sp>-hybridized carbon. Steric and electronic
effects play a dominant role in the carcinogenic metabolic
pathway, and the interplay of these effects can result in a range
of potency, from high to low, or even a lack of carcinogenic
action. They also reported that electronic withdrawing groups
at the a-carbon significantly decrease the potency significantly.
Wengzel et al.”® recently studied the mechanism of aliphatic and
cyclic nitrosamines. They showed that hydrolysis and DNA
alkylation are competitive, and as the chain length increases the
activation energies for the hydroxylation decreases, but DNA
alkylation is more favorable thermodynamically. The work of
Wenzel et al.”’ gave an understanding of how the structural
features affect toxification and detoxification reactions in the
nitrosamine metabolic pathway, while the substitution of
electron-donating, electron-withdrawing, and presence of
heteroatom requires a more detailed understanding.

Nitrosamines require metabolic activation, and the probable
carcinogenic metabolic pathway occurs through cytochrome
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P450 and is shown in Figure 1.'7'®?%*" The mechanism
involves mainly through several steps viz. hydroxylation,
aldehyde formation, diazonium cation formation, hydrolysis,
or reaction with the DNA base. A detailed mechanistic
evaluation of these metabolic steps could help to further
develop and generate better Al estimates, and that is the intent
of the present work.

Health authorities have proposed guidance that read across
and other modeling approaches can be used to determine an
Al for NDSRIs."” Most recently, agencies have published a
carcinogenic potency categorization approach (CPCA) frame-
work to allow manufacturers to generate an Al for NDSRIs.”**
The CPCA is fundamentally based on the assumption that
nitrosamines are carcinogenic via the a-hydroxylation mech-
anism. It may be noted that CPCA is applicable to
nitrosamines with a-carbon while it is not applicable to N-
nitrosamides, N-nitrosoureas, N-nitrosoguanidines, or N-nitro-
so groups, which are part of the aromatic ring.

The CPCA is based on deriving a potency score based on
the a-hydrogen count and then adjusting for activating and
deactivating features. For Category 1, the Al is 18 ng/day, for
Category 2, the Al is 100 ng/day, for Category 3, the Al is 400
ng/day, for Categories 4 and 5, the Al limit is 1500 ng/day.
While a reasonable starting framework, the CPCA is largely
based on the simple structure read across and the structure—
activitzf relationships described by Cross and Ponting'’ and
Dobo™' and is admittedly overly conservative in its Al
determinations. Some estimates indicate that as much as 30
percent of NDSRIs could default to high potency categories 1
and 2.*> Moreover, when CPCA was used to derive Al
nitrosamines against TD50, we observed a few compounds
where the Al was overestimated with the majority of Al values
being underestimated. In addition, several noncarcinogenic
molecules showed up as categories 2 and 3 in CPCA. This
underscores the inherent conservatism of the CPCA approach
and the need for an additional way to better approximate the
Al for NDSRIs in conjunction with the CPCA.

The focus of this work is to determine where clear
observations and trends in the mechanistic data can improve
AT assessments for NDSRIs. We demonstrate that carcinogenic
potency can be rationalized with QM-calculated activation
energies for various mechanistic steps involved in the
carcinogenic metabolic pathway corresponding to a-hydrox-
ylation, aldehyde formation, diazonium intermediate forma-
tion, DNA activation, and hydrolysis reactions in N-nitroso
pyrrolidines, N-nitroso piperidine, N-nitroso piperazine, N-
nitroso morpholine, N-nitroso thiomorpholine, N-methyl
nitroso aromatic, fluorine substituted nitrosamines and
substituted aliphatic nitrosamines. In the present work, we
consider molecules only with a-sp® hybridized carbon on at
least one side of the N-nitroso group.

B COMPUTATIONAL DETAILS AND METHODOLOGY

All the computational calculations have been performed with
Gaussian 16 suite programs.”* All the structures are optimized
with B3LYP method with empirical dispersion correction
(D3BJ)** and 6-31+G(d,p) level of theory.””*” As a model
compound for the P450 oxidant, the truncated porphyrin Fe-
complex (represented as cpdl) shown in Figure 2 is
considered. Previous reports suggested this model accurately
represents the P450 oxidant mechanism.”® The geometry
optimization as well as the transition state (TS) structures
involved with cpdl were performed with the B3LYP/BS1
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Figure 2. Model compound for P450 oxidation (cpdl).

method (BS1: C, H, N, O, S, F-6-31G(d) and Fe-LANL2DZ)
method with water as solvent employing SMD model.””*
Further, single-point calculations were performed on the Fe-
complexes at the B3LYP-D3BJ/BS-II level (BS-1I: C, H, N, O,
S, F-6-31+G(d, p), and Fe-SDD). Based on the literature,*
data for the nitrosamine reactions involved with cpd1, the high
spin state was considered for molecules with alkyl/substituted
alkyl systems, and both low spin as well high spin were
considered for aromatic systems (Supporting Information).
The infrared (IR) frequency calculations were performed on all
the optimized geometries to verify the minima and the first-
order saddle points. Transition state structures were verified
with one imaginary frequency (NIMAG = 1) connecting
reactants and products and no imaginary frequencies for the
reactants, intermediates, and products (NIMAG = 0). The rate
constants are calculated using the below equation where k; is
the Boltzmann constant and h is Planck’s constant.”"

keT _Act
k= BL ~AGY/RT

Throughout this article, Gibbs free energies are used for
discussion. In Figure 1, nitrosamine metabolic pathway
intermediates are labeled as A, B, C, D, E, F, and G. The
same notation was adopted to represent the Gibbs free
energies. For instance, AG*y; represents the free energy of
activation for the a-hydroxylation reaction of A with cpdl.
AG*5c represents the activation barrier for the aldehyde
formation step. AG'pg and AG*p represent the free energy of
activation for hydrolysis and reaction with DNA base,
respectively. We considered adenine as a representative of
the DNA base to understand the reactivity of nitrosamines for
DNA alkylation.

Data Set. The data set for this study was curated from the
Lhasa Carcinogenicity Database (LCDB, carcdb.lhasalimite-
d.org)."”” From the available nitrosamines, only the secondary
nitrosamines (i.e., C—N(N=0)—C substructure) were
selected for further analysis. We excluded other classes of
compounds containing non-hydrogen heteroatoms at the «
position of the nitrosamine or carbonyl group such as
nitrosamide, nitrosacarbamate, nitrosourea, and other similar
classes that are known to be potentially mutagenic and/or
carcinogenic via different mechanisms. Additionally, com-
pounds containing multiple nitroso groups were excluded from
the analysis. For the quantitative analysis related to the TDS0,
the original TDSO values calculated by Gold et al. (herein
referred to as TDS0) are used as a primary experimental
reference and the values derived by Lhasa Limited (herein
referred to as Lhasa TDS0) are referenced as needed (both
available in LCDB). We selected only the molecules with
rodent in vivo data to avoid the discrepancy in data from
different species (discussed later in the Results and Discussion
section). Note that even within the data sets for rodents, there
is still some discrepancy (male versus female, two-dose range
versus multiple-dose range; tumour type, etc.). We considered
TDS0 values from the work of Thomas et al."” The common
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structures considered in the present study are classified into
three broad classes, alkyl, aryl, and alicyclic nitrosamines as
shown in Figure 3.

Dialkyl nitrosamines

N-nitroso methyl,alkyl Nitrosamines
o

N-nitroso alkyl,alkyl amines

N 'IV
|
N
R _N._R; RN
- - 9 R=CH;
Ri=H R, =H 10 R=CH,CH,

Ry=CF; Ry=H
Ry=CF; Ry=CF;

Ry = CH,CH; R, = CH,CH;

Ry = CH,CH,CH; R, = CH,CH,CH3
Ry = CH,CH,CF3 R, = CH,CH,CF
Ry=COCH; R,=COCH;

Ry =COOH R,=COOH

11 E = CH,CH,0H

12 R = CHy(CHOH)CH;

13 R = CH,(COCHy)

14 R = CH,CH,CH,0H

15 R = CH,CH,N(CHy),

16 R = CH,(CHOH)CH,0H

17 R = CH,CH,CH,COOH

18 R =CH,CH;CeHs

19 R = CH(CH3)CH(OH)(C¢Hs)

ONOGAWN

Ring nitrosamines

N-nitroso pyrrolidine

N N ON\N%)

20 X=H Y=H
21 X=OHY=H

23 X=H Y=COOH
24 X=H Y=m-CgH,N

N-nitroso piperidine

25

N-nitroso piperazine  N-nitroso morpholine N-nitroso thiomorpholine

HN/\ s/\
o/\ b" o
~pZ
K/N\N4o K/N\N%’ N

26 27 28

29

X=H N
30 X=F |
31 X=NO NS Nso
32 X=NO, 24 |
‘ N
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Figure 3. Nitrosamines considered in the present work.

This classification is primarily based on the assumption that
the fundamental chemical subunits that are unique in terms of
reactivity can be derived from the complex nitrosamines, and
the effect of structural complexity on TDSO0 can be rationalized
and understood using the appropriate tools (a “bottom-up”
approach). For the subclass formation, we focus on the
reactivity of hydrogens on the carbon next to the nitroso group
(a-hydrogen atoms) within each subclass which has been
established to be the key step in the metabolic cascade of
nitrosamines.'” With this classification, we aim to show that
the effect of various substituents (i.e., electronic and steric
effects) on a particular subclass can be satisfactorily described
through careful modeling of reactivity using quantum
mechanics. For the brevity of the manuscript, we have focused
our discussion on some specific subclasses where diversity in
the molecules and dynamic range of the TDS0s are available
(vide infra). A similar analysis could be expanded to the whole
nitrosamine data set. Furthermore, this approach is consistent
with the underpinnings of the CPCA framework in recent
guidance on nitrosamine Al limits but provides the structural
basis of the reactivity beyond the predefined substructure-
based classes to determine individual Al substance-specific
limits.

B RESULTS AND DISCUSSION

We utilized the quantum mechanical activation energies
corresponding to a-hydroxylation, aldehyde formation, diazo-
nium intermediate formation, DNA activation, and hydrolysis
reactions to understand the carcinogenic potency trends. In
particular, the discussion is focused on the selected series of
compounds such as N-nitroso pyrrolidines, N-nitroso piper-
idine, N-nitroso piperazine, N-nitroso morpholine, N-nitroso
thiomorpholine, N-nitroso N-methyl aromatic, fluorine sub-
stituted nitrosamines, and substituted aliphatic nitrosamines
for which significant experimental data is available to
rationalize the trends.

Substituent Effect in Dialkyl-Substituted Nitros-
amines. Figure 4 represents nitrosamines with electron-
donating substitution methyl (1), ethyl (4), propyl (5), and
electron-withdrawing CF; (2, 3, 6), COCH; (7), and COOH
(8) substitutions at a-carbon. Compounds 3 and 8 are
noncarcinogenic and are included in this study to compare the

[o) (0]

N \\N
|
SN F3C _N__-
1 2
Al 18 ng/day 2520 ng/day
CPCA-Al 18 ng/day 100 ng/day
O,
O\\"‘l \N
~N_ A~ F3C_~_N_~_CF;
5 6
691 ng/day 748 ng/day
18 ng/day 100 ng/day

O\\N o8

°N
| |
FsC._N._CF; AN
3 4
non carcinogenic 185 ng/day
400 ng/day 18 ng/day
o, 0%
|
|
)K/N\)J\ HO)VNQJ\OH
7 8
491 ng/day non carcinogenic
18 ng/day 1500 ng/day

Figure 4. Nitrosamines illustrating electron withdrawing and electron donating substituent effects along with Al values based on TD50 values."

The red color values show predicted Al values from the CPCA score.
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reactivity of noncarcinogens with carcinogenic nitrosamines
assuming that all the compounds undergo a-hydroxylation. We
reiterate the fact that the —COOH group is considered to be
only a substituent to understand the electron-withdrawing
effect. The Al values range from 70 ng/day (1) to 2520 ng/day
(2)" which covers five categories described to predict Al
through the CPCA approach from the regulatory (in the range
of 18—1500 ng/day).”” As shown in Figure 4, for all of these
molecules, CPCA significantly underestimates the Al values.
For molecules like 1 (NDEA) and 8 the predicted Al is
reasonable while for noncarcinogenic compound 3, the
predicted Al is 400 ng/day. QM modeling of the metabolic
pathway for these molecules was used to understand the
differences between noncarcinogens and carcinogens as per the
mechanism shown in Figure 1b.

In Table 1, the Gibbs activation energies for the nitrosamine
metabolic pathway for compounds 1—8 are reported. The

Table 1. Gibbs Free Energies of Activation (kcal/mol) of
Compounds 1—-8 for the Nitrosamine Metabolic Activation
Mechanism

nitrosamine AGHp AGHc AGHg AG¥pg
1 194 17.8 12.1 12.2
2 19.6 214 18.1 15.9
3 30.7 18.8 18.1 15.9
4 17.0 18.0 12.0 11.2
S 16.4 17.1 11.7 10.7
6 17.6 17.2 12.4 14.3
7 17.1 20.8 19.3 16.3
8 20.1 234 16.3 14.2

AG? of the a-hydroxylation step is in the range of 17.0—30.7
kcal/mol. The lowest AG*,; (17.0 kcal/mol) is observed for
compound 5 which has an electron-donating butyl group,
indicating that the a-hydroxylation process is kinetically
favored. Similarly, compounds with electron-donating sub-
stituents on both sides of the nitrosamine group are in the
range of 164 (5)—19.4 (1) kcal/mol. The calculated rate
constant, k = 5.37 X 107! s7! for molecule 3 is almost
negligible when compared to the rate of a-hydroxylation for
NDEA or compound 1 (k = 3.74 X 107> s™"). Therefore, based
on the koy values the molecule can be assigned to a lower
potency or noncarcinogenic category. It may be noted that
health authorities guidelines for the CPCA approach are also
based on the assumption that nitrosamine molecules undergo
the a-hydroxylation process.” Interestingly, compounds with
carbonyl substitution, which has a tendency for electron
delocalization, also showed lower AG*,; values compared to
those of the alkyl substitution. This suggests that the presence
of electron-withdrawing groups on a-carbon on both sides of
the nitroso group may not necessarily lead to a non-
carcinogenic nature or lower potency, but rather it is highly
dependent on the type of electron-withdrawing substituent. In
this regard, Thomas et al.'” also recently reported that the
presence of f-carbonyl groups can increase potency and
quantum mechanical calculations corroborated the observa-
tion.

Further, AG*,5 for compound 6 is 17.6 kcal/mol wherein
the electron-withdrawing CF; group attached to y-carbon is
very close to the AG*jp of compound 4 indicating that
electron-withdrawing substitution further away from a-carbon
exerts a diminished effect on the a-hydroxylation process. The
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calculated rate constants for compounds 4 and 6 are 2.15 and
0.78 57!, respectively. Thus, for the a-hydroxylation process,
the presence of electron-withdrawing groups like CF; (non-
carbonyl) at a-carbon decreases the potency while the
presence of electron-donating alkyl groups is likely to have
higher potency. Based on results analyzed in this series, and in
general, the presence of strong electron-withdrawing groups
like CF; can significantly affect the alpha hydroxylation and in
turn increase the observed Al values calculated from TDSO0.
While the QM modeling is generally in line with the CPCA on
electron-withdrawing groups being deactivating groups toward
potency, our data suggest that the extent of a-hydroxylation
activation/deactivation can depend on the strength of the
electron-withdrawing group resulting in a variable effect and
should be accounted separately (CPCA considers all EW
groups to be equivalent with carbonyl as an exception).

The next step in the mechanism is the elimination of the
aldehyde by the proton transfer reaction of OH to the
nitrosamine group. The reaction free energies AGpc for 1—-8
are in the range of —46.0 to —62.1 kcal/mol, 1, 2, 4, 5, and 6
exothermic relative to the precursor intermediate while 2 and 7
are endothermic (Supporting Information Table S1). Fur-
thermore, the AG*yc for this process is higher for electron-
withdrawing substituents at @-carbon to the nitrosamine group
when compared to the electron-donating compounds 1, 4, S,
and 6. The last step is the competitive pathways for the
hydrolysis or the reaction with a DNA base. For both
hydrolysis and DNA base reactions, electron withdrawing
compounds 2, 3, and 7 had a higher activation energy than the
electron donating substituted 1, 4, 5, and 6. This suggests that
electron-donating diazonium is relatively more reactive than
electron-withdrawing substituted diazonium molecules.

In Figure 5, the comparison of Gibbs free energy profiles
between the most potent carcinogenic nitrosamine NDEA (1)

a-Hydroxylation

k =3.74x102s1 —o—NDEA (1)
20 k=5.37x101 s ~o—CF3substitution (3)

= 0
g Aldehyde
) -20 formation Diazonium
% -40 o N formation
2 Reaction with
& F;C N CF.
5 -60 |7 N nine
] 80 non-carcinogen
$ CPCA (AI:400 ng/day) o.
& ~x
2 -100 \
2
G .120 HsC N CHs

-140 carcinogen (Al from TD50: 26.5 ng/day)

CPCA (Al:18 ng/day)
-160

Reaction Coordinates

Figure S. Comparison of Gibbs free energy profiles between NDEA
(1) and CF; substituted nitrosamine 3. 1 (NDEA) is the most potent
carcinogen while 3 is noncarcinogenic compound. Data points are
Gibbs free energies in kcal/mol.

and noncarcinogenic compound 3 clearly shows that
carcinogenic nitrosamine metabolic pathway has a lower free
energy profile and noncarcinogenic molecules occur through a
higher energy profile. From the above discussion, in the case of
compounds 1-8, overall mechanistic understanding is crucial
for the assessment of nitrosamine potency, as evident from the
quantum mechanical data.

Taken together, these data show that an EWG is species and
location-dependent, and QM modeling illustrates and models
the importance of such effects. These insights can be used for
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Figure 6. N-methyl nitroso substituted alkyl compounds considered in the present study. The AI values from TD50s as well as the predicted CPCA

Al values (in red) are shown.

Table 2. Gibbs Free Energy of Activation (in kcal/mol) for the Mechanistic Steps Involved in the N-methylalkyl Series

nitrosamine AG* AGHy AGHe
9 21.6 21.6 23.1
10 21.7 19.6 22.3
11 212 19.8 22.5
12 20.6 212 24.7
13 18.4 17.3 22.3
14 21.6 19.6 22.5
15 209 19.0 22.8
16 20.1 18.9 22.1
17 21.6 18.6 23.5
18 20.5 18.4 22.9
19 19.9 20.2 23.0

AGH! AGHg AGHpg ko [k
23.1 153 132 1.0°
18.5 12.1 122 34.6
19.4 133 12.8 106
182 14.5 13.4 0.4
20.7 193 163 6.4
18.7 124 11.5 292
193 11.7 119 24.7
18.7 14.1 122 7.6
187 11.5 10.0 158.1
19.0 11.6 113 34.6
12.1 12.5 12.9 0.6

“Ratio of rate constants k,’ and k, calculated from AG*,; and AG*,y’, respectively. “NDMA (9) has same alkyl groups on both sides of N-NO
group, so the k,’/k, is 1. When hydroxylation occurs at the alkyl side of the nitrosamines 9—19, AG*p and AG*pg will remain same as for the

molecule 9.

WOE arguments on potency and nitrosamines supporting Al
determination.

N-methylalkylnitrosamines. Figure 6 shows the N-
methyl nitrosoalkylamines (compounds 9—19). All these
nitrosamines have a CH; group on one side of the N-nitroso
moiety and a substituted alkyl group with two a-hydrogens on
the other side. As a-hydrogens are present on both sides, a-
hydroxylation can occur on either side. These molecules cover
P-hydroxy substitution, carbonyl, electron-donating NMe,, and
benzyl and hydroxy-substituted benzyl groups with an Al in the
range of 10—95,200 ng/day.

We performed QM calculations on the carcinogenic
metabolic pathway (Figure 1b) to understand the potency
trends for these compounds. The activation energies for both
sides of the C—H bonds (Table 2) are evaluated, AG¥,5 and
AG*,y represent a-hydroxylation activation energy for the N-
methyl group and CH, of the more substituted alkyl side,
respectively. AG*p is in the range of 18.4—21.7 kcal/mol
whereas AG*,p’ 17.3—21.6 kcal/mol and the ratio of calculated
rate constants from the k,’/k is 0.4 to 158 orders of magnitude
suggesting that a-hydroxylation can occur on both a—C-H
bonds but are kinetically preferable on the more substituted
alkyl side for a majority of the nitrosamines shown in Figure 6.
Compound 9 is NDMA, with AG* .y’ being 21.6 kcal/mol,
while for compound 10, it is 19.6 kcal/mol which is lower
because of the alkyl CH; group substitution which provides
additional stabilization to radical formed during C—H
activation.”” AG*,;" for compound 11 is 19.8 kcal/mol
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which is comparable to the 10 indicating that OH substitution
at fB-carbon shows a minor influence on the a-hydroxylation
process.

Interestingly, AG* ap’ for compound 12 is 21.2 kcal/mol
which is an increase of 1.4 kcal/mol from compound 11 and
which indicates that when double substitution is present at -
carbon, stereo electronic effects play a crucial role in the
hydroxylation process. Furthermore, the AG*, for compound
12 is 20.6 kcal/mol which is slightly lower than AG* 3" which
would be a kinetically preferable site. However, compound 12
also has a secondary alcoholic group (Al is 46 ng/day) and is a
much more potent carcinogen compared to compound 11 (Al
is 1290 ng/day). Interestingly, compound 11, which has a
primary alcoholic group, can undergo alcohol oxidation to
aldehyde instead of a-hydroxylation at C—H site whereas
compound 12 is likely to undergo a-hydroxylation. Recently,
Snodin et al. reported that compounds with primary as well as
secondary hydroxy groups undergo competitive phase I and/or
phase II metabolic pathways (Sulfation, glucuronidation and
primary oxidation). Further, in the case of S-hydroxy
compounds, the increased potency is expected because of
alternative ways of forming alkyl diazonium ions.**” This could
be a potential reason for a significant difference in potency
between 11 and 12 (the effect of alternative metabolic
pathways is not included in this study).”*** Compound 13 has
the lowest AG*,y of 17.3 kcal/mol and also a very low Al of
17 ng/day which could be because of the extended conjugation
provided by the carbonyl substitution at the a-carbon. Thomas
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et al.'” reported that S-carbonyl substitution increases the
potency. The QM calculations illustrate that a-hydroxylation is
easier if the nitrosamine has a f-carbonyl substitution.

The CPCA-derived potency score for the molecules 9—19 is
simply the a-hydrogen score, which is 1 (3 hydrogens on one
side and 2 hydrogens on the other) and falls under the
category 1 corresponding to 18 ng/day. Molecules 11, 12, 16,
and 19 all have a -hydroxy group as the deactivating structural
feature with a potency score of 2 and therefore fall under
category 2 with a 100 ng/day AI limit. For these molecules, the
CPCA category mostly underestimates the Al range calculated
from the actual TDS50. However, molecule 17 falls under
category 4 corresponding to a 1500 ng/day Al limit (actual Al
is 982 ng/day). This is an example where CPCA overestimates
the potency.

The molecule 15 has a f-substituted N(CH,), group with
AT of 3830 ng/day, and CPCA predicted Al is 18 ng/day. For
this molecule, possible alternate hydroxylation mechanisms via
dealkylation or oxygenation were also considered and are
shown in Figure 7. The calculated activation energy for the N-

AG(kcal/mol)
0.0 & N/N\/\N/
|0
‘ -16.1
OQN/N\/\T/ —
N=0
+ /
Y—""\_
cpd1 .53.6 /N OH
-55.3 |
\ .57.9 O%N/Nw/\'r/
\ /
/N\/\N OH

O§N

L

Figure 7. Probable competitive pathways a-hydroxylation, N-
dealkylation and N-oxygenation of 15 by cpdl. Gibbs activation
free energies represent that a-hydroxylation is not the preferred
pathway, despite having two CH, groups at the a-position.

OH

dealkylation is 7.4 kcal/mol and for N-oxygenation is 12.9
kcal/mol, which is substantially lower than a-hydroxylation
(19.0 keal/mol).>* It indicates that compound 15 can undergo
other competitive metabolic mechanisms, and hence, the
carcinogenic mechanism is kinetically least preferred. Thus, the
variation observed in the Al also can strongly depend on the
potential of undergoing alternate metabolism, and that needs
to be carefully considered while assessing the AI limits for
NDSRIs. Overall, the discussion above further shows that the
QM calculations can be used as a viable tool to further evaluate
and adjust the Al limits for NDSRI compounds where CPCA
falls short.

The Al values for compounds 9, 10, 12, 13, and 18 are 96,
50, 46, 17, and 10 ng/day, respectively which supports the fact
that nitrosamines with N-methyl and N-alkyl combination with
a—C-H in the alkyl group have low Al when compared to
doubly substituted compounds such as 16 and 19 (Al is 646
and 95,200 ng/day, respectively). To further confirm the trend
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of observed a-hydroxylation (AG*,;’ > AG*,), we performed
transition state structure calculations (TSBC) for the proton
transfer mechanism on both sides of a-hydroxylated molecules.
The aldehyde formation step is endergonic relative to the
hydroxylation step for the AGpc when compared with AGgc'’
(Supporting Information). The activation energies for the
aldehyde formation step follow a similar trend AG'yc >
AG*3’ which further confirms that alkyl aldehyde formation is
preferred both kinetically as well as thermodynamically (Table
S1). Wenzel et al*® also found a similar observation that
methyl group elimination had a high activation energy and
endergonic in the case of N-methyl, long-chain nitrosamines.
Therefore, from the above discussion, for all molecules 9—19,
the methyl diazonium intermediate or the corresponding alkyl
diazonium intermediate can be formed. The activation energies
for the hydrolysis and DNA base are reported in Table 2.
Overall, the quantum mechanical data provide a further
reactivity-based explanation to the experimentally observed
potency trends of N-methyl nitrosamines. This further suggests
that the CPCA scoring and classification can be augmented
with QM analysis to understand and give a better Al
estimation for NDSRIs.

Ring Nitrosamines. N-Nitroso Pyrrolidines. Substituted
N-nitroso pyrrolidine compounds (20—24) are shown in
Figure 8. In this class of molecules, a nitroso group is attached

21 22 23

Al 679 ng/day 7650 ng/day 798 ng/day non carcinogenic 95.7 ng/day

CPCA Al 1500 ng/day 1500 ng/day 400 ng/day 1500 ng/day 1500 ng/day

Figure 8. N-nitroso pyrrolidine compounds. Al from TDSO and
CPCA predicted Al limits is also shown.

to an amine nitrogen which is a part of a five-membered ring,
These compounds represent the effect of OH substitution
(21), the presence of heteroatom which is part of the ring
(22), electron-withdrawing COOH (23), and aromatic
substitution, NNN (24). In the CPCA, this class of molecules
has a deactivating feature score of +3 which would be expected
to have low potency because of the high CPCA score. The
TDS50 values for these molecules range from 0.0957 to 7.65
mg/kg/day. The highest potency is observed for a m-pyridine
substituted at the a-position N-nitroso pyrrolidone (NNN, 24;
0.0957 mg/kg/day). For 20—24, we evaluated the reaction
energy profiles for all the metabolic steps involved in the
carcinogenic metabolic pathway shown in Figure la. The
AG*,y is in a narrow range of 18.4—20.3 kcal/mol (rate
constants are in the range of 2.4 X 107'=8.2 X 107 s7'). The
relative rate constants of a-hydroxylation with respect to
compound 20 are 0.18, 4.57, 4.57, and 2.75-fold. Figure 9
shows the optimized transition state geometries for com-
pounds 20—24. The geometrical data are very similar in
compounds 20—24 and the C—H bond distances are in the
range of 1.307—1.323 A and the O—H bond distances are in
the range of 1.217—1.240 A showing no significant changes
(Table 3). These data indicate that probably the other steps in
this metabolic pathway could be playing a rate-limiting role in
such variation as discussed below.
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20 21

22

23 24

Figure 9. Optimized transition state geometries of compounds 20-24. All the bond lengths are shown in A.

Table 3. Gibbs Activation Free Energies (kcal/mol) for
Various Mechanistic Steps for Compounds 20—24

20 21 22 23 24
AGH g 19.4 18.4 20.3 20.3 20.0
AGH¢ 22.1 21.8 18.8 23.6 22.6
AGHy 13.5 15.7 13.5 12.1 6.9
AGH 14.4 16.6 13.3 13.3 4.0

The second step in the metabolic pathway is the aldehyde
formation (Figure la) due to hydrogen transfer from the a-
hydroxyl group to the nitrosamine group as shown in Figure
10. The AG*¢ values are higher than the AG*,y except for

20

22

Figure 10. Aldehyde formation step transition state structures of
compounds 20 and 22. All of the bond lengths are shown in A.

compound 22 (N-nitroso oxazolidine) which suggests that the
rate-determining step is the ring opening of five-membered
pyrrolidine affording to the aldehyde. This compound formed
after the ring opening, can further undergo deactivating
metabolism or oxidation to acids which can be glucuronidated,
and in general, phase 2 metabolism should be considered. This
compound formed after the ring opening, can be further
undergo deactivating metabolism or oxidation to acids which
can be glucuronidated, and in general, phase 2 metabolism
should be considered.”®® In case of compound 22, the rate-
determining step is a-hydroxylation. To explain the reactivity
differences between pyrrolidine and oxazolidine nitrosamines,
the transition state geometries are observed. The transition
state geometries of the ring-opening reaction showed a clear
difference. The C—N bond distance in TSBC of 22 is 1.750 A
while it is 1.845 A in 20 which could be potentially due to the
reduced ring strain in 22.°° The calculated reaction-free
energies for 22 are also thermodynamically more favorable
than other N-nitroso pyrrolidines (Table S1). This is most
likely due to the formation of formate in 22 after ring opening
whereas in other molecules ring opening leads to the formation
of aldehydes.

The next step in the metabolic pathway is the diazonium
cation formation via the elimination of the hydroxyl group
from the N=NOH group, and this process is highly
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exothermic. As discussed before, the diazonium cation will
have competing reactions with DNA bases or reaction water,
which is also one of the factors that could influence the
mutagenic potential of nitrosamines. For this series, the
hydrolysis and DNA base adenine reaction are found to be
competitive as the difference between activation energies is in
the range of 0.9—1.2 kcal/mol. It should be noted that
compound 23 is noncarcinogenic as it may undergo phase II
metabolic pathway related to the carboxylic acid group and, in
this study, we show how the electron withdrawing group can
influence the overall nitrosamine metabolic pathway.

In the previous section, we showed that CPCA under-
estimates the Al for compound 185, and herein, we showed an
example that Al is overestimated for compound 24. Within
compound series 20—24, the a-hydroxylation process is not
the only parameter that can define the trend in the TDS0. In
the CPCA, the nitroso group which is part of the five-
membered ring gets a higher deactivating score than the
corresponding six-membered ring. The predicted CPCA-AI for
N-nitroso pyrrolidine is 400 ng/day, which is quite reasonable
when compared with the actual 679 ng/day so that it
conservatively defines the limit for NDSRIs that would have
nitroso pyrrolidines. However, N-nitroso pyrrolidine series,
shows examples wherein predicted CPCA-AI overestimates
and/or underestimates than the actual Al. Notably, molecule
24 predicted Al is 1500 ng/day but the actual Al is 95.2 ng/
day.

For compound 24, Ma et al.”® recently studied the probable
metabolic pathways which are summarized in Figure 11
showing the potential toxifying and detoxifying pathways.
Among all of the possible reactivity sites, a-hydroxylation is the
most preferred pathway for NNN (24). Though CPCA
predicts 1500 ng/day Al for this compound because of the
preferred carcinogenic metabolic pathway actual Al is only
95.7 ng/day. This is one more example wherein QM
calculations emphasize the importance of understanding the
nitrosamine reactivity and help in addressing Al limits for
NDSRIs. Additionally, Thomas and coworkers'® suggested
that molecules with multiple sets of structural features can
undergo various metabolic pathways that require additional
expertise and analysis to understand the potency trend, and
QM calculations could be useful to understand and justify the
Al limits.

Heteroatom Effect on Six-Membered Saturated Rings
wherein N-NO Is Part of the Ring. In this section, we
explored the reactivity of molecules wherein the nitrosamine is
part of the six-membered saturated ring with a heteroatom part
of the ring system. We selected four molecules, namely, N-
nitroso piperidine (25), N-nitroso piperazine (26), N-nitroso
morpholine (27), and N-nitroso thiomorpholine (28) shown
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in Figure 12. These four compounds differ by the substitution
of a heteroatom in the ring system at the fourth position. The
TDSO0 values are 1.30, 8.78, 0.109, and 5.39 mg/kg/day for
compounds 285, 26, 27, and 28, respectively. This indicates that
piperazine has low potency, while morpholine has the highest
potency among the four. In the CPCA scoring, both EMA” and
FDA” reported that deactivating feature score for 25—28
follows the order 28 (+3) > 26(+2) = 25(+2) > 27(+1). The
activation energies for a-hydroxylation of all these four
compounds are in the narrow range of 19.3—20.2 kcal/mol
(k=443 x 107 s to k = 9.69 X 107 s7'), showing no
significant variation to explain the heteroatom effect, Table 4.
However, for the aldehyde formation step, S-containing 28
showed a considerably lower activation energy of 14.9 kcal/
mol when compared to compounds 25, 26, and 27. In the case
of hydrolysis, compounds 25 and 26 both have low activation
energies and in the case of reaction with DNA base adenine, 26
has the highest activation energy which is consistent with the
TDS50 values.

A correlation between TDS0 and AG*,g (Figure 13) was
observed within a 6-membered ring series. This correlation can
be used to understand the scientific rationale for the reactivity
of the NDSRIs with heteroatom. It may be noted that
molecules 26 and 28 have higher TDSO0 than others in the
series and this could be further explained by considering
competitive metabolic pathways. In Figure 14a, the probable
mechanistic pathways for the N-nitroso piperazine 26 are
shown. The activation energies clearly show that N-

Table 4. Gibbs Activation Free Energies for All the
Mechanistic Steps or the Compounds 25, 26, 27, and 28

nitrosamine AGH g AGHc AGHg AG*g
25 19.9 16.0 11.9 12.0
26 19.3 16.4 11.4 13.1
27 19.7 16.5 13.5 12.0
28 20.2 14.9 13.3 12.3
10 26
_ )
E 8
ED . 28
® i )
E 4 o y=7.198x- 85.201
2 R?=0.9113
a 2 25
= X
0 27 o
11.5 12.0 12.5 13.0 13.5

AG*pg (kcal/mol)

Figure 13. Correlation between Gibbs activation free energies of
reaction with the DNA base.

hydroxylation with an activation energy of 10.2 kcal/mol
occurs readily followed by N-oxidation and a-hydroxyla-
tion.””*® The AI values obtained from TD50 for N-nitroso
piperazine 26 is 8780 ng/day which is substantially high
compared to that of N-nitroso piperidine of 1300 ng/day,
whereas CPCA predicts Al of 400 ng/day. The trend in TDS0
can be explained well by the consideration of different possible
metabolic pathways for nitrosamines. This is yet another
example that emphasizes that QM can be used to justify the Al
of nitrosamines. Similarly, in the case of 28, the activation
energy for S-oxidation is 13.5 kcal/mol which is substantially
lower than the activation energy of C—H activation of 20.2
kcal/mol. It means that N-nitroso thiomorpholine preferably
undergoes an S-oxidation process compared to that of an a-
hydroxylation process which can justify the higher TDSO0 for
28 compared to 25. Bruno et al.”’ also identified a similar
observation in the case of thiomorpholine where S-oxidation
was found to be preferred over C—H oxidation.

Aromatic Nitrosamines. Figure 15 shows the N-methyl
aryl nitrosamines considered in this study. These molecules
have no a—C—H bond on one side of the nitrosamine group
and have one CHj; group on the other side. According to the
CPCA, the a-hydrogen score is 2 for compounds 29—35, the
overall potency score of 2 belongs to category 2 which
corresponds to the recommended levels of 100 ng/day AL Due
to the absence of an a-hydrogen on one side of the
nitrosamine group, the a-hydroxylation can potentially occur
on the methyl group. The TDS50 values are in the range of

25 26

Al 1300 ng/day 8780 ng/day

CPCA Al 400 ng/day 400 ng/day

K/N\Néo K/N\ _0
27 28
109 ng/day

5390 ng/day

100 ng/day 1500 ng/day

Figure 12. Compounds considered to understand the heteroatom effect on nitrosamine reactivity. Al values estimated from TDS0 and CPCA

predicted Al limits (in red) are also shown.
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Figure 14. (a) Probable pathways P450 activation mechanism in N-nitroso piperazine (b) Probable pathways P4S0 activation mechanism in N-

nitroso thiomorpholine.
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Figure 15. Aromatic nitrosamines considered in the present study.

0.142—1.300 mg/kg/day and two noncarcinogenic molecules
32 and 33. Thus, the CPCA potency category is significantly
conservative for this class of molecules. Nonetheless, we have
attempted to understand the reactivity of these aromatics
through a carcinogenic metabolic pathway mechanism.

The activation energies (AG*,;) for all of the stepwise
reactions involved in the carcinogen metabolic pathway are
shown in Table 5. The calculated AG*,y is in the range of 19.4
(29)—21.2 (30) kcal/mol for 29—34 and considerably high for
compound 35 (22.2 kcal/mol), probably because of the steric
effect from the N-electron pair. This result clearly indicates

Table 5. Gibbs Activation Free Energies (in kcal/mol) for
All of the Mechanistic Steps Involved in the Aromatic
Nitrosamines

nitrosamine AGHp AGHc AGHg AGHpg
29 19.4 22.4 34.0 28.9
30 21.2 22.3 39.0 35.1
31 20.6 23.1 36.3 31.8
31 20.1 23.8 35.6 30.7
33 20.5 23.3 28.4 22.8
34 20.3 229 31.7 27.8
35 22.2 24.1 14.4 11.8

that the electron-withdrawing group at the para position
influences the steps in the metabolic pathway. Interestingly, the
activation energy for the hydrolysis reaction is quite high for all
the aromatic reactions except for compound 3$ indicating that
2-substituted nitroso pyridine easily undergoes reaction with
water. Furthermore, the activation energies for interaction with
DNA bases are also observed to be higher for the aromatic
molecules but less when compared with the hydrolysis reaction
which indicates that aromatic diazonium is more reactive
toward DNA bases as compared to water which supports
higher potency for these molecular categories when compared
with the cyclic saturated nitrosamines.

Within the aryl nitrosamine subclass, N-nitroso-N-methyl
pyridines (NMPYs) (33—35) present another interesting case
study. Even with a subtle difference in structure (i.e., isomers
of pyridines), the carcinogenicity changes dramatically from 2-
substituted compound 35 being carcinogenic (TDSO0 of 0.214
mg/kg/day) to 3- and 4-pyridine (34, 33 respectively), both
being noncarcinogenic. It is well-known that these molecules
can undergo a variety of metabolic reactions, one of them
being the N-oxidation reaction.”® A study from Eisenbrand*”*'
showed that in the case of substituted N-nitroso-N-
methylpyridines, multiple metabolites are observed. From in
vitro studies, they showed that 2-nitroso methylpyridine (2-
NMPY) predominantly undergoes a-hydroxylation and 2-
hydroxy pyridine is also observed. Our results also indicate that
when compared to 3-NMPY (34) and 4-NMPY (33), the
activation energies for the hydrolysis reaction (14.4 kcal/mol
for 2-NMPY compared to 28.4 and 31.7 kcal/mol for 34 and
33, respectively) and DNA base substantially low for 2-NMPY
(35) as well as for the reaction with DNA base. Breton®” also
observed that 2-pyridyldiazoium cation is more stable than 3-
pyridyldiazonium and 4-pyridyl diazonium ion These results
clearly differentiate 33-35 in terms of the reactivity toward
hydrolysis and DNA base. In short, the presence of competing
and more accessible alternative CYP450 oxidative pathway
results in few of the aromatic nitrosamines being non-
carcinogenic, whereas molecules that follow the typical
nitrosamine metabolic pathway are carcinogenic, consistent
with the mechanism of action and the adverse outcome
pathway for nitrosamines.
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B SUMMARY AND CONCLUSIONS

In the present study, we applied QM calculations on dialkyl
substituted N-nitrosamines, N-methyl alkyl nitrosamines, N-
nitroso pyrrolidines, N-nitroso piperidine, N-nitroso piper-
azine, N-nitroso morpholine, N-nitroso thiomorpholine, N-
nitroso aromatics to explain the variation in potencies within
classes of molecules and to differentiate carcinogenic and
noncarcinogenicity metabolic pathways. In most of the
nitrosamines studied in this work, the CPCA scores were
found to be more conservative than the actual Als derived
from the experimental TDS50 values. Specifically, all the N-
methyl aromatic nitrosamines fall under category 2 which
recommends 100 ng/day while the actual TDSO values are
higher and nondiscrete. This underscores the need for further
refinement of the CPCA where QM modeling can further
assist in rationalizing and correcting the Al estimation. While
our results broadly support the recent rational classification in
the CPCA methodology proposed by EMA and FDA (e.g., the
doubly substituted electron-withdrawing groups increase
deactivating features thereby decreasing the potency), our
QM analysis further showed that electron-withdrawing groups
increase the activation energies for all the reactions involved in
the carcinogenic metabolism (Figure 5). Furthermore, we have
showcased several examples herein where QM modeling
provided a meaningful rationale for their reactivity including
noncarcinogens, and where CPCA classification falls short.

For the quantitative modeling of TD50 and estimation of Al
limits, several studies suggest that local QSAR models usin
QM parameters can allow for the estimation of Al values.””*
In this regard, we have used the evaluation of IR frequency as a
surrogate for radical reactivity showing a high correlation to
TDS0s and used that analysis to support lower potency for
several N-methyl aromatic NDSRIs (not included in this
study). This SAR analysis was supported experimentally by in
vivo mutagenicity work (Jolly et al. in progress). These results
from QM modeling of mechanistic pathways can be used for
weight evidence arguments to support Al estimation of
NDSRIs. Additionally, understanding the competitive meta-
bolic pathways for sulfation, glucuronidation, demethylation
and denitrosation could potentially help in justifying AI for
NDSRIs. Future work will describe other nitrosamine
chemistry methods using QM parameters with a focus on
competing metabolic pathways.
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Handling Editor: Martin Van den berg Nitrosamine drug substance related impurities or NDSRIs can be formed if an active pharmaceutical ingredient

(API) has an intrinsic secondary amine that can undergo nitrosation. This is a concern as 1) nitrosamines are

Keywords: potentially highly potent carcinogens, 2) secondary amines in API are common, and 3) NDSRIs that might form
Egg:fmme from such secondary amines will be of unknown carcinogenic potency. Approaches for evaluating NDSRIs

include read across, quantum mechanical modeling of reactivity, in vitro mutation data, and transgenic in vivo
mutation data. These approaches were used here to assess NDSRIs that could potentially form from the drugs
fluoxetine, duloxetine and atomoxetine. Based on a read across informed by modeling of physicochemical
properties and mechanistic activation from quantum mechanical modeling, NDSRIs of fluoxetine, duloxetine,
and atomoxetine were 10-100-fold less potent compared with highly potent nitrosamines such as NDMA or
NDEA. While the NDSRIs were all confirmed to be mutagenic in vitro (Ames assay) and in vivo (TGR) studies, the
latter data indicated that the potency of the mutation response was >4400 ng/day for all compounds-an order of
magnitude higher than published regulatory limits for these NDSRIs. The approaches described herein can be
used qualitatively to better categorize NDSRIs with respect to potency and inform whether they are in the ICH
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1. Introduction

Nitrosamine drug substance related impurities or NDSRIs, are a
significant issue for pharmaceutical manufacturers, as they can form
whenever an active pharmaceutical ingredient (API) or intermediate in
its synthetic route has an intrinsic secondary amine that can undergo
nitrosation (Moser et al., 2023; Schlingemann et al., 2022). Control of
NDSRIs is challenging because these impurities can form over the life-
time of a medicine (Nudelman et al., 2023) and are currently regulated
at very low limits. Recently the FDA and EMA have promoted the
carcinogenic potency categorization approach (CPCA; USFDA, 2023;
EMA, 2023) for assessment of NDSRIs. The CPCA is an algorithm
methodology promoted by health authorities for use in AI (Acceptable
Intake) determination using structural features of NDSRIs (Kruhlak
et al., 2024). While many NDSRIs are not potent carcinogens like low
molecular weight (LMW) nitrosamines (Thresher et al., 2020), the CPCA
nevertheless classifies many NDSRIs as being equivalent to or more
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potent than NDEA or NDMA (USFDA, 2023; EMA, 2023). This level of
conservatism in setting acceptable limits overestimates the safety
concern and has led to unnecessary market withdrawals, as manufac-
turers struggle to meet stringent and possibly analytically unfeasible
limits for NDSRIs in their products (Nudelman et al., 2023; Burns et al.,
2023).

Read across approaches were initially used to estimate Als for
NDSRIs. Embedded in such approaches are computational methods for
comparing both structure similarity and physicochemical properties.
However, the differences in MW and other properties between NDSRIs
and LMW nitrosamines are significant (Oliveiria et al., 2023), and sim-
ple 2-dimensional similarity or considering molecular weight alone may
overestimate the risk (Fine et al., 2023). Nonetheless, this methodology
was used holistically to find the best surrogate nitrosamine to a given
NDSRI to approximate an Al Understanding of the mecshanism and
adverse outcome pathway for nitrosamines further allowed used of
quantum mechanical (QM) assessments of the steps of nitrosamine
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activation, e.g. hydroxylation and reactive intermediate formation and
reactivity. Such computational approaches including QM calculations
are shown in this manuscript for three NDSRIs. Understandably, gaining
regulatory acceptance of such novel approaches in read across remains a
challenge and uptake has been slow, although the recent structure ac-
tivity relationship (SAR) work (Cross and Ponting, 2021) has been
instrumental in forming the basis of and improving upon the CPCA.

NDSRIs formed during the synthesis of drug substance can be more
readily qualified through carcinogenicity assessment of the API which
contains the NDSRI impurity than NDSRIs that form subsequently in
drug product due to the presence of nitrosating agents in excipients or
from other sources. Many NDSRIs are qualified in vitro using the Ames
assay described in OECD Guideline 471 (Heflich et al., 2020; OECD
guidelines 471, 2020). However, that Ames assay has been called into
question by Health Authorities (HAs) as not sensitive enough for nitro-
samines, despite data indicating it is as or more predictive for assessing
nitrosamine mutagenicity than for other mutagenic compounds
(Trejo-Martin et al., 2022). Accommodations to the assay to address
perceived deficiencies, such as including increased amount of S9, the use
of hamster S9, and a longer preincubation for enhanced bioactivation,
have been implemented (FDA, 2023; EMA, 2023). A negative result from
this updated version of the Ames test, termed the Enhanced Ames Test
(EAT) in some regulatory guidelines, has allowed for increased limits for
NDSRIs (FDA, 2023; EMA, 2023) but only to the threshold of toxico-
logical concern and not to the level of an ordinary impurity per ICH
Q3A/B.

An inability to sufficiently de-risk NDSRIs with the Ames assay has
led pharmaceutical companies to test NDSRIs in transgenic rodent
models, such as the Big Blue® or Mutamouse® to assess the potential for
mutation (Schmezer et al., 1998; Jacobson-Kram et al., 2004). These in
vivo mutagenicity assays, which are validated and conducted according
to regulatory guidelines (OECD 488 2022) and Good Laboratory Prac-
tices (GLPs), are considered adequate to qualify the mutagenic potential
of impurities (ICH M7 (R2) 2023) although, despite the high demand,
only a limited number of laboratories are currently capable of con-
ducting such studies. Although studies such as the Ames assay and
transgenic rodent studies have been employed for qualitative hazard
assessment, their use for quantitative risk assessment use was discour-
aged in the ICH M7 (R2) Guidance Q&A (ICH, 2023) and has not been
commonly employed to date. Historically, the literature indicates that in
vitro potency in the Ames assay is not strongly correlated with carci-
nogenic potency (Purchase, 1985; McCann et al., 1988), the opposite
appears to be true for in vivo transgenic mutation data (Aoki 2017). One
path forward for evaluation of NDSRIs impurities is to use a relative
potency approach based on Als generated using in vivo rodent mutage-
nicity studies. At the least, such an approach could be used qualitatively
to better categorize NDSRIs with respect to potency, e.g., to inform
whether they are in the ICH M7 (R2)-designated Cohort of Concern
(ICH, 2023). The data can additionally be employed in a more quanti-
tative manner, e.g., to derive more meaningful Al limits. The current
paper describes an evaluation of NDSRIs that can potentially form in
Prozac® (fluoxetine), Cymbalta® (duloxetine), and Strattera® (atom-
oxetine) - three highly structurally similar examples of the oxetine drug
family and which have been commercially available for decades. These
drugs are selective reuptake inhibitors of the neurotransmitters: sero-
tonin (SSRI, fluoxetine), serotonin and norepinephrine (SSRI/SNRI,
duloxetine), and norephinephrine (SNRI, atomoxetine) and are pre-
scribed for the treatment several neurological disorders (FDA 2022,
2023a, 2023b). Herein, we describe the derivation of Als for the nitro-
sated forms of each drug using computational assessments, read across
methodology, and in vivo mutation data for these potential impurities.
Furthermore, these analyses demonstrate that in vivo mutation data can
be used to derive a conservative and quantitative AI for NDSRI
molecules.
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2. Materials and methods

The structures and Lilly serial numbers (LSNs) for fluoxetine,
duloxetine, and atomoxetine as well as the NDSRIs for each API are
shown in Fig. 1. LSNs of the NDSRIs are LSN3868255 for N-nitroso
fluoxetine (NFLX), LSN3868254 for N-nitroso duloxetine (NDLX) and
LSN3868306 for N-nitroso atomoxetine (NATX) respectively and all
LSNs were synthesized at Wuxi labs (China) with a purity greater than
99%.

2.1. Computational assessments based on structure and physicochemical
properties

Computational assessments, including structure and substructure
similarity and physicochemical property calculations on the NDSRIs,
were conducted using both Leadscope Model v3.0.2-4 (Columbus, OH)
and QSARflex software v1.6 (Mayfield, OH) programs.

2.2. Quantum mechanical modeling

For the quantum mechanical (QM) modeling, TDso' values from
compounds with structural similarity to the NDSRIs were collected from
the Lhasa carcinogenicity database (Lhasa Carcinogenicity Database
(lhasalimited.org). In particular, the compounds bearing similar struc-
tural and electronic features of these NDSRIs, such as those compounds
with or without an oxygen substitution at the  and y carbon atoms as
well as compounds with an electron withdrawing group (EWG; e.g. CF3),
were included in this analysis. All computational calculations were
performed using the Gaussian 16 suite of programs (Frisch, 2016).
Geometrical structures of molecules were optimized using density
functional theory i.e., at the M062X/6-31+G (d,p) level of theory (Zhao
and Truhlar, 2008). Previous reports indicate that M062X function
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e "L
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Fluoxetine N-Nitroso Fluoxetine (NFLX)
Molecular Weight: 309.33 Molecular Weight: 338.33

LSN3868255

Z\ S [\ S
H NO

N-Nitroso Duloxetine (NDLX)
Molecular Weight: 326.41

LSN3868254

SRS

N-Nitroso Atomoxetine (NATX)

Duloxetine
Molecular Weight: 297.42

oy

Atomoxetine

Molecular Weight: 255.36 Molecular Weight: 284.36

LSN3868306

Fig. 1. Structures of APIs and NDSRIs.

1 The TD50 is defined as the dose required to halve the probability of a
subject (animal) remaining without tumors throughout a lifetime of exposure.
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performs well for thermochemistry and reactivity of organic molecules
(Zhao and Truhlar, 2008; Lopez-Lopez and Ayala, 2016; Park and Kang,
2019; Walker et al., 2013; Mardirossian and Head-Gordon, 2016).
Vibrational frequency calculations were performed on the optimized
structures at M062X/6-31+G (d,p) level of theory to verify the opti-
mized geometries are actual minima on the potential energy surface, and
therefore no negative frequencies are observed. Since the stretching
vibrational frequencies are well correlated with bond dissociation en-
ergies, which in turn are indicative of relative stability of the bond
(Finkelshtein, 1999), the C—N—=N infrared stretching frequency of diazo
compounds was considered the QM descriptor and was correlated with
TDsq for all molecules.

2.3. Bacterial reverse mutation (Ames) assay

NFLX, NATX, and NDLX were tested in the bacterial reverse mutation
(Ames) assay (BioReliance, Rockville, MD) or LabCorp (Harrogate, UK).
All testing was done per OECD 471 protocol (OECD 471 2022) and under
GLP compliance using five tester strains. Given that nitrosamines are
known to require metabolic activation, a twenty or 30-min pre-
incubation was incorporated into the study design using both rat and
hamster S9 metabolic activation systems (10%) to ensure metabolic
competency of the assay. Acetonitrile was used as a vehicle.

2.4. Transgenic rat mutagenicity (TGR) studies

The TGR study used transgenic F344 rats that contain multiple copies
of chromosomally integrated cII gene of the lambda bacteriophage
shuttle vector. The transgenes contain reporter genes for the detection of
various types of mutations induced in vivo by test chemicals (OECD 488
2022). All phases of the TGR studies were compliant with regulatory
guidelines (OECD 488 2022) and GLPs. A concurrent positive control
group treated with N-ethyl-N-nitrosourea was also included to verify the
validity of the assay. The dosing and live phases of the studies were
completed at Charles River Laboratory (Ashland, OH). NDSRIs were
administered to male and female (wild type) F344 rats in seven-day
range finding studies to determine maximally tolerated doses for the
subsequent 28-day mutagenicity studies. In the range finding studies,
rats were dosed at 30, 100, 300 and 1000 mg/kg, p.o. with the highest
dose being a limit dose according to the OECD 488 guideline. The liver
and duodenum are standard tissues assessed under the OECD 488
guideline which emphasizes the need to consider route of administration
and drug disposition in tissue selection. The liver is considered a rele-
vant target for nitrosamine carcinogenicity as it is the primary site for
metabolic activation for NDSRIs, while the duodenum is relevant for
being a site of first contact following oral administration.

Based on the results of the range finding studies, male transgenic
F344 rats were treated with each NDSRI for 28 days at doses of
0 (vehicle), 0.1. 0.537, 5, 30 and 100 mg/kg p.o followed by a 3-day
washout period (OECD 488 2022). At termination, samples of liver
and duodenum were flash frozen, stored on dry ice and shipped to
Gentronix (Cheshire, UK) for DNA isolation and mutation frequency
analysis. The liver is the primary site of metabolism/bioactivation and
the tumor target tissue for nitrosamines, while duodenum is one of the
initially exposed tissues following the oral route of administration and
has a rapidly dividing cell population. Additionally, the liver is a pri-
mary concern for the carcinogenic response of many LMW ntirosamines.
DNA was extracted from frozen liver and duodenum samples based on
methods described for Agilent product RecoverEase™ (Agilent Tech-
nologies, 2018). Subsequent cII mutation frequency analysis was based
on the Agilent instruction manual ‘A Select-cII Mutation Detection Sys-
tem for Big Blue Rodents’ (Agilent Technologies, 2015b), the Agilent
instruction manual ‘Transpack Packaging Extract for Lambda Trans-
genic Shuttle Vector Recovery’ (Agilent Technoliges, 2015a), and the
OECD 488 transgenic study protocol (OECD 488 2022).

Analysis of mutation data was performed using GraphPad Prism

Regulatory Toxicology and Pharmacology 152 (2024) 105672

v9.3.1. Statistical analyses were conducted on the log;o-transformed
mutant frequencies for each tissue type separately. A test article was
considered positive for inducing cII gene mutations if.

e it induced a statistically significant increase in the frequency of cII
gene mutants at any dose level compared with the concurrent
negative control,

e when evaluated for trend, the results were dose-related, and

e the mutant frequency in any treatment group was outside the upper
95% (>2 standard deviations across studies) control limit of the
historical negative control mutant frequency distribution for the
tissue type in this assay

For positive test articles, a no-observed effect level (NOEL) for in vivo
mutagenicity was determined. In addition, a benchmark dose (BMD)
analysis of the mutation data was done using EPA software version 2.73.
The response rate was set at 0.5 standard deviations per EPA and EFSA
recommendations for endpoints of concern (Hardy et al., 2017; EPA,
2012). In this way, a Benchmark Dose-Low (Lower 95% confidence
limit; BMDL) was determined for each NDSRI. Tabular results of the
mutation and BMD data can be found in the supplementary material.

3. Results

3.1. Computational assessments based on structure and physicochemical
properties

The NDSRIs were compared to other nitrosamine compounds in the
Lhasa database based on structure, substructure similarity, and selected
physiochemical properties. The results of those comparisons are shown
in Table 1. Using both Leadscope and QSARFlex, the closest nitrosamine
analogs in the Lhasa database were NNAL and NNK based purely on 2D
structure. The similarity scores based on local alert environment in
Table 1 (e.g. the alkyl nitrosamine) were higher than whole structure
similarity. NNAL and NNK remained the closest compounds to the
NDSRIs for substructure similarity though by not as wide a margin as for
whole structure similarity. Importantly, and as shown in Table 1, the
predicted LogP and predicted water solubility values were dramatically
different for NNAL and NNK when compared to the NDSRIs being
assessed. For an impurity of a drug given orally, solubility can be
considered especially important in terms of impacting potential expo-
sure. Additionally, other physiochemical properties including molecular
weight, hydrogen bond donors, hydrogen bond acceptors, parent atoms,
molecular weight, polar surface area, and rotatable bonds were assessed
and also suggested that NNK and NNAL were not the best surrogates
(data not shown). Based on physicochemical properties and other sim-
ilarity metrics, other nitrosamine compounds including alkylamines
such as N-nitroso N-methyl dodecylamine could reasonably be viewed as
better surrogates for potency to the NDSRIs. N-nitroso N-methyl dode-
cylamine has the lowest TDsg (0.537 mg/kg) among the nitroso alkyl-
amines listed, and that value would result in an Al value of 537 ng per
day for these NDSRIs as described in ICH M7 (R2) (ICH, 2023).

Another more general approach to Al estimation was done by aver-
aging the TDs( values of the most similar nitrosamines (n = 9) (Table 1).
The tenth compound, N-nitroso ephedrine, was removed, as its TD5o was
much higher than the other nitrosamines, and it was considered an
outlier. This exclusion of the TDsg of N-nitroso ephedrine significantly
decreased the average TDs( and thus provided a more conservative es-
timate of the average TDs( value. This assessment gave an average TDsg
of approximately 1 mg/kg, ten-fold higher than the value for NNK.
While this approach cannot be considered analytical, it does give an
approximate Al for the nearest similar structures and supports a higher
overall AL This analysis also highlights the challenges for estimating Als
for NDSRI.
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Table 1
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Tanimoto structural similarity for NDSRIs and selected physicochemical properties of top ten nearest neighbors nitrosamines from QSARFlex.

Name CAS Alert Env. Whole Mol. CPDB TD50 PredictedLogP ~ Predicted Water
Number Similarity Structure Wt. (mg/kg/ Solubility (gm/L)
Similarity day)
NFLX N-Nitroso fluoxetine 150494- 1 1 338.3 - 4.15 0.003
LSN3868255 06-7
4-(methyl nitrosoamine)-1-(3-pyridy)- 76014-81- 0.65 0.468 209.2 0.103 0.27 443.23
1-butanol (NNAL) 8
4-(methyl nitrosoamine)-1-(3-pyridy)- 64091-91- 0.65 0.333 207.2 0.1 0.4 42.031
1-butanone (NNK) 4
Nitrosomethyl-(2-phenylethyl)amine 13256-11- 0.608 0.439 164.2 0.01 1.69 4.173
(NMPEA) 06
N-Nitroso-N-methyl-n-dodecylamine 55090-44- 0.6 0.288 228.4 0.537 5.1 0.004
3
N-Nitrosomethylundecylamine 68107-26- 0.6 0.288 214.4 2.37 4.84 0.007
6
N-Nitrosomethyl-(3-hydroxypropyl) 70415-59- 0.6 0.288 118.1 1.66 —0.43 439.982
amine 7
N-Nitrosomethyltetradecylamine 75881-20- 0.6 0.288 256.4 1.65 5.63 0.001
8
N-Nitrosomethyldecylamine 75881-22- 0.6 0.288 200.3 1.26 4.01 0.044
0
4-(methylnitrosoamino)-butyric acid 61445-55- 0.6 0.27 146.1 0.982 —0.45 242.674
4
Mean 0.96
NDLX N-Nitroso duloxetine 2680527- 1 1 326.4 - 4.31 0.002
LSN3868254 91-5
4-(methyl nitrosoamine)-1-(3-pyridy)- 76014-81- 0.661 0.382 209.2 0.103 0.27 443.23
1-butanol (NNAL) 8
4-(methyl nitrosoamine)-1-(3-pyridy)- 64091-91- 0.661 0.294 207.2 0.1 0.4 42.031
1-butanone (NNK) 4
N-Nitroso-N-methyl-n-dodecylamine 55090-44- 0.6 0.209 228.4 0.537 5.1 0.004
3
N-Nitrosomethylundecylamine 68107-26- 0.6 0.209 214.4 2.37 4.84 0.007
6
N-Nitrosomethyl-(3-hydroxypropyl) 70415-59- 0.6 0.209 118.1 1.66 —0.43 439.982
amine 7
N-Nitrosomethyltetradecylamine 75881-20- 0.6 0.209 256.4 1.65 5.63 0.001
8
N-Nitrosomethyldecylamine 75881-22- 0.6 0.209 200.3 1.26 4.01 0.044
0
4-(methylnitrosoamino)-butyric acid 61445-55- 0.6 0.202 146.1 0.982 —0.45 242.674
4
Nitrosomethyl-(2-phenylethyl)amine 13256-11- 0.527 0.29 164.2 0.01 1.69 4.173
(NMPEA) 06
Mean 0.96
NATX N-Nitroso atomoxetine 3028194- 1 1 284.4 - 3.76 0.021
LSN3868306 77-3
4-(methyl nitrosoamine)-1-(3-pyridy)- 76014-81- 0.65 0.451 209.2 0.103 0.27 443.23
1-butanol (NNAL) 8
4-(methyl nitrosoamine)-1-(3-pyridy)- 64091-91- 0.65 0.322 207.2 0.1 0.4 42.031
1-butanone (NNK) 4
Nitrosomethyl-(2-phenylethyl)amine 13256-11- 0.608 0.42 164.2 0.01 1.69 4.173
(NMPEA) 06
N-Nitroso-N-methyl-n-dodecylamine 55090-44- 0.6 0.275 228.4 0.537 5.1 0.004
3
N-Nitrosomethylundecylamine 68107-26- 0.6 0.275 214.4 2.37 4.84 0.007
6
N-Nitrosomethyl-(3-hydroxypropyl) 70415-59- 0.6 0.275 118.1 1.66 —0.43 439.982
amine 7
N-Nitrosomethyltetradecylamine 75881-20- 0.6 0.275 256.4 1.65 5.63 0.001
8
N-Nitrosomethyldecylamine 75881-22- 0.6 0.275 200.3 1.26 4.01 0.044
0
4-(methylnitrosoamino)-butyric acid 61445-55- 0.6 0.26 146.1 0.982 —0.45 242.674
4
Mean 1.07

3.2. Quantum mechanical (QM) modeling

Quantum mechanical modeling was also used to predict TDsq values
for NFLX, NATX and NDLX. The QM modeling was based on the current
understanding of the P450-bioactivation mechanism and subsequent
reaction pathways, assuming alpha hydroxylation triggers the metabolic
pathway that leads to the diazonium formation which in turn releases Ny
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and the resulting alkyl cation reacts with DNA. Fig. 2 depicts a mecha-
nistic pathway with formation of a diazonium intermediate in Step IV
and a DNA adduct in Step V, which leads to carcinogenic activity. The
disassociation of the C-N bond in the diazonium intermediate in Step IV
is crucial for the DNA adduct in Step V as this step directly quantifies the
reaction with DNA bases. One measure of the strength of the C-N bond is
its bond dissociation energy. Bond dissociation energies are well
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Fig. 2. Cytochrome P450 catalyzed mechanism of potential DNA damage by dialkyl nitrosamines.

correlated to stretch vibrational frequencies measured by infrared (IR)
spectroscopy. Therefore, we selected C-N stretching frequencies as a QM
descriptor and attempted to find correlation with TDsg. Based on both
the structural similarity of the chemicals and known metabolism of the
APIs, it was considered that alpha hydroxylation would be similar across
the NDSRIs and therefore not as impactful to the overall metabolic
activation.

The C-N bond stretch vibrational frequencies of the diazonium in-
termediates formed from the nitrosamines shown in Fig. 3 are evaluated.
Compounds with or without an oxygen substitution at the  and y carbon
atoms, an EWG group at these positions, or an aromatic group were
included in this analysis (Fig. 3)

The calculated frequencies of the various diazonium intermediate
C-N bonds showed a strong correlation with their respective TDsq
values: correlation coefficient = 0.89 as shown in Fig. 4. This quantum
mechanical modeling predicted a TD5g of 1.14, 1.15 and 1.19 mg/kg for
NFLX, NATX and NDLX respectively as shown in Table 2.

3.3. Bacterial reverse mutation (Ames) assay

The results of the in vitro mutation Ames assay for the NDSRIs are
shown in Table 3. All three NDSRIs were positive in strains associated
with point mutations (TA100 or TA1535) in both induced rat and
hamster S9 conditions. Consistent with other nitrosamines (Bringezu
and Simon, 2022), it was evident that metabolism was largely required
for activation and that the strains that were positive were those sensitive
to point mutation. Assay sensitivity was enhanced with the hamster (vs
rat) S9, but rat S9 also yielded a positive response for all NDSRIs. The
positive Ames data for the NDSRI compounds indicated that they have
the potential to be carcinogenic. These results confirmed the need for a
sensitive analytical method for detection of these NDSRIs in the drug
product.

3.3.1. Transgenic rat mutagenicity study

In the 7-day range finding studies, clinical observations of toxicity
and decreases in body weight, body weight gain, and food consumption
demonstrated that 100 mg/kg dose was the maximal tolerated dose
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the diazonium intermediates to TDso for close analogs of fluoxetine NDSRI
based on structural and electronic similarity.

Table 2

Infrared Frequencies of the C-N Bond of the Diazonium Intermediates and TD50
Values for Close Analogs of NDSRIs based on Structural and Electronic
Similarity.

COMPOUND ID CAS No. IR frequency of the diazonium  TD50 (mg/
intermediate C-N bond (cm-1)  kg/day)
NMIP-OH-A 75411-83- 621.5 0.046
5
NMPEA 13256-11- 644.4 0.010
6
NDEA 55-18-5 649.5 0.026
NNK 76014-81- 680.2 0.100
NNAL 64091-91- 687. 0.103
4
NME-OH-A 70415-59- 688.3 1.290
7
NDBA 924-16-3 697.4 0.691
NDBA-CF3 83335-32- 724.4 0.748
4
N-nitroso 150494- 726.1 1.140°
fluoxetine 06-7
(NFLX)
N-nitroso 3028194- 726.6 1.152°
atomoxetine 77-3
(NATX)
N-nitroso 2680527- 729.4 1.190°
duloxetine 91-5
(NDLX)
NMP-OH-A 26921-68- 729.0 1.660
6
NEE-CF3A 82018-90- 824.6 2.520
4

@ Modeled TD50 values.

(MTD) for all three NDSRIs (data not shown/supplemental). Per OECD
488 testing guideline (OECD 488 2022), 100 mg/kg was chosen as the
maximum dose for the definitive 28-day mutagenicity studies. The 7-day
studies confirmed exposure of the NDSRIs in both sexes and demon-
strated that males were suitable to test in the definitive mutagenicity
study (data not shown/supplemental).

Fig. 5 a-c shows the body weight data from the 28-day study for
NFLX, NDLX and NATX respectively. The data show a consistent
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Table 3

Summarized ames results for N-nitroso fluoxetine (NFLX: LSN3868255) N-
nitroso duloxetine (NDLX: LSN3868254) and N-nitroso atomoxetine (NATX:
LSN3868306).

Metabolic None Induced Rat  Induced
Activation: $9 (10%) Hamster S9
(10%)
NFLX Strains and TA98: TA98: TA100:
LSN3868255 Result: Negative Negative Positive
TA100: TA100: TA1535:
Negative Positive Positive
TA1535: TA1535:
Negative Positive
TA1537: TA1537:
Negative Negative
WP2uvrA: WP2uvrA:
Negative Positive
Metabolic None Induced Rat  Induced
Activation: S9 (10%) Hamster S9
(10%)
NDLX Strains and TA98: TA98: TA100:
LSN3868254 Result: Negative Negative Positive
TA100: TA100: TA1535:
Negative Negative Positive
TA1535: TA1535:
Negative Positive
TA1537: TA1537:
Negative Negative
WP2uvrA: WP2uvrA:
Negative Negative
Metabolic None Induced Rat  Induced
Activation: S9 (10%) Hamster S9
(10%)
NATX Strains and TA98: TA98: TA100:
LSN3868306 Result: Negative Negative Positive
TA100: TA100: TA1535:
Negative Negative Positive
TA1535: TA1535:
Negative Positive
TA1537: TA1537:
Negative Negative
WP2uvrA: WP2uvrA:
Negative Negative

decrease in body weight at the 100 mg/kg dose for all three NDSRIs,
which is consistent with the recommendations of OECD Guideline 488,
paragraph 37and confirms the adequacy of the high dose selection.

Mutation data for liver and duodenum are shown in Fig. 6a and b,
respectively. Tabular results of the mutation data can be found in the
supplementary material. In liver, there was a clear and statistically
significant increase in mutation frequency at 30 mg/kg for all three
NDSRIs. Thus, this dose represents the lowest observed effect level
(LOEL). The 5-mg/kg dose was the NOEL in liver for all three NDSRIs. In
all cases, there was a clear threshold in the dose-mutation frequency
response. In liver, NFLX had the strongest mutation response followed
by NDLX and NATX. This response was observed at the MTD of 100 mg/
kg for all three compounds. The general toxicology data (body weight,
body weight gain, food consumption) for all compounds was remarkably
similar (data not shown).

In the duodenum, there was a statistically significant increase in
mutation frequency at the 30- (NATX) and 100-mg/kg doses (NDLX and
NATX) but not for NFLX. While mutation frequency of NATX was sta-
tistically elevated in duodenum at 5 mg/kg, the mutation frequency for
individual animals fell within 95% control limits of historical vehicle
control data and the increase in frequency was less than 2-fold that of the
concurrent vehicle control. Moreover, the vehicle control duodenum
mutant frequency data were notably lower than the laboratory historical
vehicle control mean mutant frequency data. For these reasons, the
mutation response at 5 mg/kg was considered of questionable biological
relevance.
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Fig. 5. a-c. Body Weight Data from the 28-Day Studies.
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Fig. 6a. Mutation data - liver.
3.4. Benchmark dose analysis with the NOEL of 5 mg/kg for all three NDSRIs.
Table 4 shows a summary of NOEL, BMDL, BMD and BMDU values
The BMD analysis for the mutation data was performed for liver, as for NDEA and NDMA from the literature as well as the data from the
that tissue was the most sensitive in terms of both dose and response. current studies on NDSRIs. The data show that NOEL and BMDL values

The BMDL values for liver were 6.3, 6.8 and 4.4 mg/kg for NFLX, NDLX for the three NDSRIs range from 10 to 100-fold higher than those for
and NATX respectively. These BMDL values were generally consistent NDMA or NDEA, indicating significantly lower potency of the NDSRIs
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Fig. 6b. Mutation data — duodenum.

Table 4
NOEL, BMDL, BMD and BMDLValues for NDEA, NDMA and NDSRIs.
Agent Liver Liver Liver Liver TD50* Reference
NOEL BMDL BMD BMDU (mg/

(mg/ (mg/ (mg/  (mg/ kg)

kg) kg) kg) kg)

NDEA 0.09 0.022 NR NR 0.0265 Akai (2015)

NDEA 0.1 0.1 NR 1 0.0265 Bercu et al. (2023a,
b)

NDMA  0.36 0.21 0.32 0.46 0.096 Gollupadi (1998);
Johnson et al.
(2021); Lynch et al.
(2024)

NFLX 5 6.3 11.4 24.9 ND Current paper

NDLX 5 6.8 13 24.7 ND Current paper

NATX 5 4.4 8.7 29.3 ND Current paper

ND = No data available; NR = Not reported.
*TD50 values based on Lhasa Carcinogenicity database.

compared to those potent nitrosamines.

Published regulatory Als, CPCA Als, and Als for these nitrosamines
based on alternate read across and modeling approaches are shown in
Table 5.

The CPCA approach, which is based on the nitrosamine structure
only, would give the lowest-bin Al value for all 3 NDSRIs: 18 or 26.5 ng/
day. The regulatory values published for NFLX, NDLX and NATX are
based on a simple 2D structure read across methodology to NNK. As
shown in the table, newer, non-traditional methods for Al assessment,
such as read across methods using physicochemical properties/QM
modeling/or an Al derived from in vivo mutation data all indicate lower
potencies and substantially higher Al values for the three NDSRIs.

4. Discussion

Nitrosamines have generally been considered potentially potent
mutagens and carcinogens, warranting special consideration as a Cohort
of Concern (ICH M7 (R2) 2023). However, NDSRIs associated with
pharmaceutical API are generally not expected to be as potent as LMW
nitrosamines such as NDEA or NDMA due to MW, steric hindrance,
mitigating structural features, and competing metabolism (Thresher

30/34

Table 5
CPCA Al published”! and alternate Al values®? for comparator nitrosamines and
NDSRIs.

Nitrosamine Al Published Al based  Albasedon Al based on

or NDSRI based Als (ng/ on Phys QM mutation
on day) Chem modeling frequency
CPCA read (ng/day) (ng/day)
(ng/ across
day) (ng/

day)

NDEA 18/ 18/26.5 NA NA 22-100
26.5

NDMA 18/ 96 NA NA 60
26.5

NNK 18/ 100 NA NA ND
26.5

NFLX 18/ 100 537 1140 >5000
26.5

NDLX 18/ 100 537 1152 >5000
26.5

NATX 18/ 100 537 1190 >4400
26.5

N/A = not applicable. For NDEA, NDMA and NNK the AI are based on carci-
nogenicity data and these compounds were the basis for the physicochemical
read across approach.

et al., 2020; Dobo et al., 2022; Ponting and Foster, 2023). Thus, Als for
NDSRIs should be assessed on a case-by-case basis. The read across and
published Als for NFLX, NDLX and NATX were based on NNK as the
comparator compound which has structural elements in common with
the three NDSRIs evaluated. However, additional analyses for read
across (presented herein) which included the use of physicochemical
properties and/or mechanistic data evaluating bond energy of the
reactive intermediate indicate that the NDSRIs will not be as potent as
NNK. The lower potency of the estimated Als for these NDSRIs were
corroborated empirically using in vivo mutation frequency data from
transgenic rats administered maximum tolerated doses of each NDSRI.

Current Al-setting strategies in recent guidance from both EMA and
FDA employ read across or structure activity relationships or the CPCA
method to assign NDSRIs to classes (FDA, 2023; EMA, 2023). The
worst-case class used in the CPCA assumes that a NDSRI is as potent as
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small, low molecular weight nitrosamines, with Al limits of 18 or 26.5
ng per day from the EMA and FDA respectively. While a reasonable
starting point in the absence of other information, the use of read across
methods based only on 2D structure and local similarity or SAR rules
based on steric hindrance and/or mitigating structural features local to
the nitrosamine generally results in overly conservative estimates of Al.
Read across techniques using the most similar 2D structural analogs
have been employed for decades, and there have always been challenges
with its application (Patlewicz et al., 2014). While chemical structure is
associated with potency, small changes in structure can have a large
impact on potency.

Traditionally, read-across has involved four key areas of comparison
including 1) 2D structural similarity 2) intrinsic physicochemical
properties, 3) mechanistic properties and 4) potential metabolism. If
there is additional information other than structure and local SAR, it
should be used to inform and bolster a read across analysis.

Read across considering physicochemical properties combined with
global structural similarity is more likely to be consistent with empirical
data (Lester et al., 2023). Use of intrinsic properties of molecules is
considered a key part of read across. Evaluation of predicted physico-
chemical properties such as LogP and solubility for NFLX, NDLX and
NATX show that NNK is not the best comparator. For example, a high
LogP indicates a high lipophilicity which, in turn, supports the lower
predicted solubility of the NDSRIs. In our dataset, all three NDSRIs have
high predicted LogP values, consistent with the APIs but not consistent
with NNK (Table 2). Such properties are designed into API at the outset
(Meanwell, 2011). Large differences in important physicochemical
properties such as the Log P between NNK and the NDSRIs suggest that,
if present in drug product, the NDSRIs are less likely to be soluble and
therefore less likely to be as bioavailable when compared with NNK.
Such intrinsic properties support a lower overall potency of NFLX, NDLX
and NATX when compared with NNK.

Given that the adverse outcome pathway (AOP) of nitrosamine
activation and reactivity is well understood, it is logical to use mecha-
nistic data to interrogate potency of nitrosamines. Modeling and eval-
uating quantum mechanical (QM) parameters of the nitrosamine
activation pathway provides a useful way to assess mechanism. QM
modeling is one area that can provide a deeper mechanistic under-
standing and even be used to predict nitrosamine reactivity (Wenzel
et al.,, 2022). It can model several steps in nitrosamine activation
including interaction with P450 and reactive intermediate formation
and reactivity. QM assessments (De et al., 2024) for several classes of
nitrosamines have shown that QM modeling both supports the principles
of the CPCA framework but also highlights gaps and inconsistencies in
that framework. Importantly, QM modeling may provide a way to pre-
dict potency where the CPCA cannot differentiate the chemistry. Kostal
(Kostal and Voutchkova-Kostal, 2023) has published data showing that
QM parameters can allow for a binning approach to nitrosamine po-
tency, aligned with potency levels proposed by Bercu et al. (2023a,b) e.
g. unknown nitrosamines can be separated into high (AI 26.5 ng/day),
medium (AI 150 ng/day) and low (AI > 1500 ng/day) potency groups
based on mechanism. In the work described here, the QM modeling
showed that the change in stretching vibration frequency reflects the
long-range electronic effect on the reactivity. The relative electronic
effect of the oxygen atoms at the beta or gamma position, a strong
electron-withdrawing group like CF®, and aromatic group substitutions
on the potency of the compounds are reflected in Table 2. A local model

2 FDA 2023, EMA 2023, Bercu 2023.

% Calculated using the lower of the NOEL or BMDL value from the Big Blue
transgenic data in alignment with the ICH M7(R1) addendum approach. The
lowest value listed in mg/kg was divided by 50,000 and multiplied by 50 kg to
obtain an AI (e.g. for NATX, 4.4 mg/kg/50,000 *50 kg*1000000 ng/mg =
4400 ng per day). These Al calculations are consistent with those described in
M7R2. Instead of a TDsp, the NOEL or BMDL are employed.
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of IR frequency as a surrogate for bond dissociation energy was corre-
lated for nitrosamines similar to NDSRIs under evaluation. This analysis
showed a high correlation of these two factors (r = 0.9) and allowed for
local modeling and prediction of Als for the NDSRIs. While assuming
similar metabolism for several of the metabolic steps for nitrosamine
activation, including alpha carbon hydroxylation, this analysis supports
that these NDSRIs would have lower potency when compared to NNK.

Traditional assessments of carcinogenic risk have been based on
tumor data from lifetime bioassays in rodents. These assessments
employed linear (non-threshold) low-dose extrapolation of the tumor
bioassay data to derive a TDso which, in turn, was used to estimate a
dose associated with a theoretical excess cancer incidence of 10™° (ICH
M7 (R2) 2023). This animal- and time-intensive approach is not prac-
tical or in keeping with 3Rs principles (Hubrecht and Carter, 2019)
given the sheer number of impurities that may require assessment. More
streamlined studies, such as studies of in vivo mutagenicity (proximal to
tumor formation via the pathway of nitrosamine carcinogenicity) or the
use of other methodology such as in vivo duplex sequencing, can provide
a mechanistically sound and more efficient risk assessment of nitrosa-
mine impurities. Bercu, Valentine and others have also shown that
duplex sequencing is highly consistent with TGR mutation results,
providing a way to assess mutation without the use of transgenic animals
(Bercu et al. (2023a,b); Valentine et al., 2020).

There is considerable literature data defining the metabolism of the
APIs from which these NDSRIs are derived (Mandrioli et al., 2006; Lantz
et al., 2003; Yu et al., 2016). These API molecules generally do not
undergo alpha carbon hydroxylation as a major metabolic pathway
which is associated with formation of reactive intermediates and more
predominant for LMW nitrosamines such as NDEA, NDMA or NNK. The
principal metabolic pathway via CYP2D6 for these APIs have been
described in the literature. By extension, LMW nitrosamines, which are
half the molecular size of the NDSRIs, are more likely to undergo such
metabolism than NDSRIs. This, higher molecular weight is one factor
supporting the lesser mutagenic potency of the NDSRIs when compared
with the LMW nitrosamines.

The science of carcinogenicity risk assessment has evolved to
incorporate a better understanding of biologic processes. Carcinogenesis
is a multifactorial process, and the adverse outcomes pathway (AOP) is
not linear (Kobets and Williams 2019; Cho et al., 2022). Not all muta-
tions result in formation of a tumor due, for example, to DNA repair
mechanisms and immune surveillance with consequent killing of
DNA-damaged cells which supports a threshold-based approach.
Furthermore, the mutation frequency in the current TGR studies show a
clear threshold of effect.

Regulatory guidance such as the ICH M7 (R2) (2023) and EMA’s
Assessment Report (2020) were developed prior to the use of mutation
as a bonafide surrogate endpoint for carcinogenicity (e.g., Johnson et al.,
2021). A mechanism-based risk assessment paradigm using genotoxicity
AOPs is a scientifically justified and warranted alternative to the linear,
low-dose extrapolation approach based on rodent carcinogenicity data.
For nitrosamines, mutation is the relevant and sensitive endpoint for the
assessment of carcinogenic risk. Mutation is acknowledged as the key
precursor event to nitrosamine-induced carcinogenicity for which the
mode of action is well-established; this has been repeatedly demon-
strated in numerous scientific studies (e.g., Li and Hecht 2022a,b). The
transgenic rodent model is a robust, well-validated model to assess
mutagenicity in vivo (OECD 488 2022) and is informed by scientific
study over many years. The OECD 488-compliant TGR model is the
accepted standard to assess mutagenicity in vivo. Being an vivo study,
metabolic aspects are accounted for and mutational events in relevant
tissues, e.g., liver for nitrosamines, can be assessed directly.

The AI derived using the NOEL or BMDL from the in vivo mutage-
nicity data (versus a TDsq value) is an appropriately conservative esti-
mate of risk because the mutagenicity endpoint, as a required precursor
to carcinogenicity for nitrosamines, is more conservative than a tumor
endpoint. This was demonstrated for NDMA and NDEA, where the



R.A. Jolly et al.

calculated PDE (permitted daily exposure) based on the rodent cancer
bioassay is 1-2 orders of magnitude higher that the PDE based on in vivo
mutagenicity data (Johnson et al., 2021, Table 4). Furthermore, use of a
dose causing no effect (NOEL) as the point of departure is more con-
servative than using a dose eliciting a 50% tumor rate in rodents (e.g.,
the TDsp). In addition, the BMD analysis, also a well-validated approach
to data analysis (Hardy et al., 2017; EPA, 2012), employs all available
data as opposed to a single derived TDsg, and a BMDL (95% lower limit)
provides an additional level of conservatism. While the BMDL approach
is more analytically robust than the single-point NOEL value, this
analysis used the lower of the two values (NOEL or BMDL) to derive the
Al as an additional conservative measure.

The NOELs and BMDL values of the NDSRIs relative to the values for
NDMA in Table 4 show that there is at least a 10-100x difference in
potency present and support an argument for the NDSRIs being both less
potent and not in the ICH M7 (R2) Cohort of Concern. A summary of
proposed Al values for the NDSRIs is shown in Table 5 and the in vivo
mutagenicity data suggests that, even using the most conservative
(numerically lowest) estimate of Al, levels as high as 4400 ng/day
derived as described in ICH M7 (R2) would be appropriately protective
based on a threshold argument.

The approach of using the BMDL derived from in vivo mutagenicity
data has been employed to determine a regulatory exposure limit for
ethylmethane sulfonate (Gocke and Miiller 2009; Gocke et al., 2009) and
the potent alkylating agents N-methyl-N-nitrosourea (MNU) and
N-ethyl-N-nitrosourea (ENU) (Johnson et al., 2014). Since that time, the
use of BMDL to derive justifiable human exposure limits has been used in
case studies and regulatory submissions with other genotoxic com-
pounds such as benzene, mitomycin C, and bis-chloronitrosourea (e.g.,
Heflich et al., 2020; White et al., 2020; Ponting et al., 2022).

As aforementioned, apart from the clear scientific rationale for
mutagenicity-based assessments to support derivation of Al limits, one
must consider the practicality (and feasibility) of conducting TGR
studies as opposed to rodent carcinogenicity studies for the plethora of
NDSRIs. This approach would decrease use of animals and align with
principles of the 3Rs. The quantitative approach using in vivo genotox-
icity data is particularly relevant where carcinogenicity data are un-
available or of poor quality and when in vivo mutagenicity dose-response
data display a mechanistically understood response threshold (COM,
2018; Ponting et al., 2022). The data presented herein show that the
NDSRIs of fluoxetine, duloxetine and atomoxetine are mutagenic in vitro
and in vivo. However, the in vivo mutagenicity data demonstrate that all
the NDSRI compounds exhibit a threshold response with NOEL at 5
mg/kg. To put this dose in perspective, the NOEL of 5 mg NFLX/kg is
more than 3-fold greater than the highest approved maximum dose of
the API, fluoxetine (80 mg or 1.6 mg/kg for a 50-kg adult; USPI).

5. Conclusion

The CPCA published by HAs is a good start in the evaluation of un-
known NDSRIs and allows for incorporation of additional data to inform
a weight-of-evidence risk assessment. The inclusion of physicochemical
properties and mechanistic modeling are important for an informed
evaluation of risk. In a well-conducted TGR study, a negative result
should serve as qualification of a nitrosamine impurity and positive
results should be used to assess relative potency to LMW comparators.
For TGR-positive mutagenic substances, risk characterization can be
evolved further to derive improved estimates of Al limits based on the in
vivo mutation data.

It should be noted that the current products which can potentially
contain NDSRIs have been on the market for decades, and there has been
no signal for increased cancer risk (e.g. fluoxetine). Despite limited
analytical power, post-marketing pharmacovigilance has not identified
any association between these products and a risk for cancer. This would
indicate that the level of risk of NDSRIs in these products does not justify
the need for the very low Als currently recommended by health

32/34

10

Regulatory Toxicology and Pharmacology 152 (2024) 105672

authorities. Given the potentially severe health risks associated with
nitrosamines, a cautious and comprehensive approach is necessary to
ensure patient safety while maintaining an adequate supply of medi-
cines to treat diseases with significant morbidity.
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