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ABSTRACT: The potential for N-nitrosamine impurities in ’ N-Nitrosamine Assessment of a Large Portfolio ‘
pharmaceutical products presents a challenge for the quality
management of medicinal products. N-Nitrosamines are consid- Complex API derived Applied to complex API derived
ered cohort-of-concern compounds due to the potent carcinoge- Galltic=an s N-nitrosamines
nicity of many of the structurally simple chemicals within this f
structural class. In the past 2 years, a number of drug products PETr— —

s : : : : : Grouping into 13
containing certain active pharmaceutical ingredients have been J—— d‘i’ffegrent
withdrawn or recalled from the market due to the presence of structural S
carcinogenic low-molecular-weight N,N-dialkylnitrosamine impur- fizatures H
ities. Regulatory authorities have issued guidance to market
authorization holders to review all commercial drug substances/ -

products for the potential risk of N-nitrosamine impurities, and in

cases where a significant risk of N-nitrosamine impurity is identified, analytical confirmatory testing is required. A key factor to
consider prior to analytical testing is the estimation of the daily acceptable intake (AI) of the N-nitrosamine impurity. A significant
proportion of N-nitrosamine drug product impurities are unique/complex structures for which the development of low-level
analytical methods is challenging. Moreover, these unique/complex impurities may be less potent carcinogens compared to simple
nitrosamines. In the present work, our objective was to derive Als for a large number of complex N-nitrosamines without
carcinogenicity data that were identified as potential low-level impurities. The impurities were first cataloged and grouped according
to common structural features, with a total of 13 groups defined with distinct structural features. Subsequently, carcinogenicity data
were reviewed for structurally related N-nitrosamines relevant to each of the 13 structural groups and group Als were derived
conservatively based on the most potent N-nitrosamine within each group. The 13 structural group Als were used as the basis for
assigning Als to each of the structurally related complex N-nitrosamine impurities. The Als of several N-nitrosamine groups were
found to be considerably higher than those for the simple N,N-dialkylnitrosamines, which translates to commensurately higher
analytical method detection limits.

Bl INTRODUCTION nitrosamine carcinogens including some that are not in the
CoC category.4

Cumulative evidence gathered over the last few decades
suggests that the rate-limiting step in the carcinogenicity of
simple N-nitrosamines (e.g., N,N-dialkyl, cycloalkyl, and N-
alkyl-N-aromatic) involves their oxidative metabolism (bio-

N-Nitrosamines are categorized as “cohort-of-concern (CoC)”
compounds due to the high carcinogenic potency of some of
the chemicals within this structural class."”> The ICH M7(R1)
guideline,” which provides a framework for safety assessments

and control of mutagenic impurities in pharmaceuticals, activation) by cytochrome P450 (CYP) enzymes (Figure
identifies N-nitrosamines as one of several structural classes 1).5_8 CYP-mediated hydroxylation at the carbon atom a to
for which daily acceptable intakes (Als) are likely to be the N-nitroso moiety results in the formation of a N-
significantly lower than the exposure limits or thresholds of nitrosocarbinolamine species, which spontaneously decom-

toxicological concern (TTCs) for non-CoC carcinogens.
However, not all N-nitrosamines are highly potent carcinogens. Received: October 19, 2021
For instance, animal carcinogenicity data compiled for 228 Published: February 25, 2022

low-molecular-weight N-nitrosamine derivatives revealed that
. . . - 4
18% of the N-nitrosamines were noncarcinogenic.” Moreover,

for carcinogenic N-nitrosamines, the log TDs, values spanned
approximately 4 orders of magnitude, overlapping with non-N-
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Figure 1. CYP-mediated bioactivation of N-nitrosamines to electrophilic diazonium intermediates capable of reacting with DNA.

poses to the corresponding aldehyde and diazohydroxide
intermediates. Further decomposition of the N-substituted-
diazohydroxide yields an electrophilic N-alkyl- or N-aryl-
diazonium species capable of covalently adducting to DNA.
Contribution of detoxication pathways (e.g., enzymatic
denitrosation of the N-nitrosamine,”’'' reaction of the
diazonium species with water, and/or reduced glutathione to
form innocuous metabolites such as a primary alcohol™'* and/
or glutathione conjugate'”) is expected to govern the ultimate
reactivity of the N-alkyl- or N-aryl diazonium with DNA
base(s). Based on the established bioactivation mechanism,
however, it can be concluded that the presence of an oxidizable
carbon center « to the N-nitroso functionality appears to be a
critical requirement for the metabolism-dependent carcinoge-
nicity of N-nitrosamines.

Within the past 2 years, a considerable number of drug
product lots containing active pharmaceutical ingredients
(APIs)—valsartan, irbesartan, losartan, ranitidine, nizatidine,
and metformin—have been withdrawn or recalled from the
market due to the presence of carcinogenic N-nitrosamine
impurities (e.g, N-nitrosodimethylamine (NDMA), N-nitro-
sodiethylamine (NDEA), and N-nitroso-N-methyl-4-amino-
butyric acid (NMBA))."*71° Regulatory guidance has been
issued where market authorization holders have been asked to
review all chemically synthesized commercial drug substances
and drug products for the presence of N-nitrosamine
impurities,'”'® and a similar evaluation has been requested
for biologics in some regions.'® In cases where N-nitrosamine
impurities are anticipated to be present above the daily Al in
the drug substance/product, analytical testing to confirm or
refute the presence of the impurity is expected.'” > If the
potential risk is confirmed, then effective risk control and/or
mitigating measures need to be implemented. Given the
volume of N-nitrosamine impurity risk assessments currently
underway across the pharmaceutical industry, and the
structural diversity of complex N-nitrosamines that can
potentially arise from the reaction between a nitrosatin%
agent (e.g,, nitrous acid, nitrite salts, nitrogen oxides, etc.)”?
and a vulnerable secondary and/or tertiary amine in synthetic
intermediates, complex amine-containing reagents, API-related
impurities, or degradants and/or the API itself,*’ a practical
and science-based approach was needed for identifying Als for
complex N-nitrosamines in Pfizer-marketed commercial drug
products.

A key factor to consider when assessing whether a particular
drug substance or drug product N-nitrosamine impurity risk
warrants analytical testing is the AI limit that corresponds to a
theoretical excess cancer risk of 1 in 100000 patients
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consistent with the principles defined in ICH M7(R1).” For
example, if the Al is substantially higher than the predicted
amount of N-nitrosamine impurity that could be formed,**
then analytical testing may not be required. For simple N,N-
dialkyl-N-nitrosamines (e.g., NDMA and NDEA), which were
the initial focus of the investigations with the sartan class of
antihypertensive drugs, extensive rodent carcinogenicity study
data are available to support the derivation of specific Als.
However, in the case of N-nitrosamine impurities that are
derived from complex APIs, animal carcinogenicity data on the
specific impurity are unlikely to be available. In such cases, the
European Medicines Agency (EMA) has recommended two
approaches, one being the application of a conservative class
limit TTC of 18 ng/day, which is based on the most potent N-
nitrosamines.”* Alternatively, with appropriate scientific
justification, a suitable Al may be derived by a read-across
assessment, where available animal carcinogenicity data for
structurally related N-nitrosamine derivatives are used to
estimate the TDs, (defined as the dose required to induce a
50% tumor incidence with lifetime exposure) for an N-
nitrosamine impurity with unknown carcinogenic potential.
The latter approach is consistent with the recommendation in
ICH M7(R1),” which suggests a case-by-case approach using
available carcinogenicity data for structurally analogous
compounds to derive/justify Als for CoC chemicals. The use
of read-across methodology is of great interest given that not
all N-nitrosamines are exceptionally potent carcinogens, which
warrant control to the proposed class limit of 18 ng/day.

In the present work, a practical science-based and
conservative approach was applied in the derivation of Als
for complex N-nitrosamines of APIs. The impurities were first
cataloged and grouped according to common structural
features, with a total of 13 groups defined with distinct
structural features. Subsequently, carcinogenicity data were
reviewed for structurally related N-nitrosamines relevant to
each of the 13 structural groups and group Als were derived
conservatively based on the most potent N-nitrosamine within
each group. The 13 structural group Als were used as the basis
for assigning Als to each of the structurally related complex N-
nitrosamine impurities. The Als of several N-nitrosamine
groups were found to be considerably higher than those for the
simple N,N-dialkylnitrosamines, which translated to commen-
surately higher analytical method detection limits.

B MATERIALS AND METHODS

N-Nitrosamine Carcinogenicity Explorer/TD;, Calculator. N-
Nitrosamines with carcinogenicity data summarized in the Lhasa
Carcinogenicity Database (LCDB)*® and the Lhasa Vitic database
were merged into a single internal database (henceforth referred to as

https://doi.org/10.1021/acs.chemrestox.1c00369
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the Pfizer N-Nitroso Carcinogenicity Explorer). LCDB is a structure-
searchable repository of carcinogenicity data that is freely available
online (Lhasa Carcinogenicity Database (lhasalimited.org)). The
database contains all of the data from the original Carcinogenic
Potency Database (CPDB) developed by Gold et al*’” as well as
additional data curated by Lhasa, with over 1700 chemicals
represented.”® The Pfizer N-Nitroso Carcinogenicity Explorer data-
base was housed in a MySQL relational database with 970 studies
from 248 N-nitrosamines with 1435 treatment groups and 2612 end
points, i.e., tissue- and tumor-specific TDs, values (mg/kg/day).

Structural Grouping of Complex N-Nitrosamines. As part of
the assessment of Pfizer’s portfolio, a considerable number of drug
product N-nitrosamines required estimates of daily Als to determine
which ones needed analytical testing. These structurally complex N-
nitrosamines could be potentially formed via reaction between a
nitrosating agent and secondary amine precursors present in the API
itself or as an impurity in the API and/or drug product degradant.
Because the estimation of individual Als for a large number of
impurities using a read-across approach was a labor-intensive activity,
we assigned the structurally complex N-nitrosamines to 13 structural
groups (Table 1) based on the commonality of structural features in
the immediate vicinity of the N-nitrosamine substituent, given the
prior knowledge around structure—activity relationships for carcino-
genic potencies of low-molecular-weight N-nitrosamines. The
selection of read-across substrates for each structural group was
then performed by independent visual inspections of the compounds
in the Pfizer N-Nitroso Carcinogenicity Explorer to select appropriate
N-nitrosamine chemicals, which were structurally analogous to
members of the various structural groups in terms of electronic and
steric environments. Daily Als for each of the 13 structural groups
were then determined using the read-across methodology (vide infra).
A single worst-case Al was derived for each group, which could be
applied to any related complex N-nitrosamine assigned to the group
on the basis of structural similarities.

Evaluation of the Carcinogenic Potency Data. LCDB was the
primary source used to identify carcinogenic potency data (i.e,, TDs
values). Within the LCDB, the original TDy, values calculated by
Gold et al”” are utilized (herein referred to as Gold TDy). In
addition, Lhasa Limited independently calculated TDy, values (herein
referred to as Lhasa TDs,) based on the same data used for the Gold
TDy, and using Lhasa’s published methodology.”® The LCDB was
searched for available TDy, values for carcinogenic N-nitrosamines of
interest and the most robust available study identified according to
criteria noted in ICH M7(R1).3 Briefly, ideal studies for Al derivation
contained 3 dose groups, at least S0 animals per group, with animals
treated for a lifetime, with dosing at least 5 days per week; however,
studies that did not meet all of these criteria were also considered for
Al derivation in our evaluation, particularly when there was a robust
tumor response. When both Lhasa and Gold TDy, values existed for a
given N-nitrosamine, Lhasa values were utilized since the Lhasa
database is current and calculations of TDs, values are transparent.”®
Additionally, the studies with Lhasa TDjs, values are generally more
robust than those with only Gold TDg, values since Lhasa requires
more than one treatment group for the derivation of a TDy, In
instances where a compound was not reported in the LCDB, tumor
incidence data were collected from literature references and a TDy,
calculated using R code was adapted from Lhasa.”® In short, a model,
based on binomial likelihood and optimized using the Broyden—
Fletcher—Goldfarb—Shanno algorithm within the optim function used
a linear model to capture the effect of dose on the probability of
tumor occurrence and to ultimately estimate the TDs,. For every N-
nitrosamine evaluated, the TDs, value selected to represent its
carcinogenic potency was taken (in a conservative approach) from the
most robust study (if more than one study was reported) and, within
that study, the most sensitive species, sex, and target organ. The
harmonic mean TDy, value was not used.

In a few of the original study publications where evidence of
carcinogenicity was reported, the description of the carcinogenicity
study design and/or tumor incidence data was insufficient to calculate
a TDy, value. In addition, there were numerous N-nitrosamines for
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Table 1. Common Structural Motifs Observed among
Complex Nitrosamine Impurities®

Structural Structural motif Impurity count® Group Al
group (ng/day)
1 O\\,‘\‘ 7 26.5¢

N ALKH
ALK
H ALKH
2 Os 7 184
|
N._ ARY
ALK
H ALKH
3 O\\N 12 106
ARy~ N~ ALKH
H ALKH
4 OH ,\“~,O 6 26.5
ALK “CHs
H H
5 OH N,,O 14 440
Ry Neatk
H H
d
6 O\\N 3 18
N
ARY ARY
H ALKH
7 0 N;O 2 17
Rz& Neark
HH
d
8 OO\\N o 5 18
N
RZ& %RZ
H HH ALKH
9 O\\N 2 499
H N\
H)L;Rg
10 Osyy 3 153
H N\
H)[ —ALKH
N
Ro
11 [ON 3 434
HoN
H)LN}
\R3
12 Oy 1 242
AN R,
H )
X
13 Osy 1 129

“Number of comglex N-nitrosamines that are categorized into each
structural group. “Al assigned to each group based on the lowest
TDg, for a structurally similar N-nitrosamine from the Pfizer
Carcinogenicity Explorer Database. See Tables 3—11 and S1-S9 for
details regarding the data and references, which underpin the Als. “As
NDEA belongs to this structural group, the EMA limit for NDEA
(26.5 ng/day) is applied to this group.” “No N-nitrosamines with
adequate carcinogenicity data were available to support an assessment
of this structural group. EMA precautionary default limit of 18 ng/day
is applied.”® ALK, alkyl chain that can be substituted and can contain
heteroatoms and/or unsaturations; ALKH, alkyl chain that can
contain heteroatoms and/or unsaturations or hydrogen; ARY,
substituted or unsubstituted mono or poly aryl or heteroaryl rings;
R;, hydrogen or any substituent (can be a cyclic structure); R,, any
substituent apart from hydrogen; R;, any substituent (including
hydrogen) or multiple substituents; and X, nitrosamine (N-NO) or
carbon with any substituent(s) (including hydrogen).

https://doi.org/10.1021/acs.chemrestox.1c00369
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which there was no evidence of carcinogenicity (either in LCDB or in
peer-reviewed publications) at the doses administered in the
carcinogenicity studies. In such cases, it was assumed that the
nitrosamines have little or no carcinogenic potential and the highest
dose tested rather than TDy, value is reported in the summary and
supplemental data tables. Finally, in cases where all of the treated
groups had a 100% tumor incidence, the TDs, was not calculated
and/or used to establish the group Al, as the output may provide
reasonable upper-bound estimates of the carcinogenic potency but
provides little to no confidence in the lower-bound estimate of
carcinogenic potency.

Derivation of Al for Individual Structural Groups. For each
structural group, the TDj, values selected or calculated for
representative N-nitrosamine carcinogens were summarized, and the
group Al was derived based on the carcinogenic N-nitrosamine with
the lowest TDy, value. The calculation of the AI relied on linear
extrapolation from the TDg, value (dose associated with a tumor
incidence of 1 in 2) to a dose that is associated with an excess cancer
risk of 1 in 100 000. This was accomplished using the below equation
as per ICH M7(R1)3

Al (mg/day) = [TDj, (mg/(kgday))/50 000] X 50 kg human

B RESULTS

Ilustrations of each of the 13 structural groups, relevant to
complex N-nitrosamine impurities, and the corresponding Al
derived for each structural group are summarized in Table 1.
The number of complex N-nitrosamine impurities that were
categorized within each of the structural groupings ranged
from 1 (groups 12 and 13) to 14 (group S). When considering
all of the N-nitrosamine impurities, 76% (50/66) were
assigned to a group with an AI higher than the precautionary
default limit of 18 ng/day.

Group 1 N-nitrosamines, comprised of N,N-dialkylnitros-
amines, are structurally analogous to the highly carcinogenic,
simple symmetrical N,N-dialkylnitrosamines such as NDMA
and NDEA for which Als have been widely published by
several regulatory agencies.'””* Consequently, the AI for
structural group 1 was assigned as 26.5 ng/day, which is the
lowest Al recommended for NDEA.'”*® Likewise, the EMA
default limit of 18 ng/day was applied for structural groups 2,
6, and 8 since relevant structural analogues with adequate
carcinogenicity data were not identified to support Al
calculations. The very conservative limits for structural groups
2, 6, and 8 may be subject to change as more knowledge
regarding structure—activity relationships (with respect to
carcinogenicity) becomes available. For the remaining nine
structural groups (3, 4, S, 7, 9—13), N-nitrosamine analogues
with suitable carcinogenicity data were available (Table 2). An
Al for each structural group was established based on the
lowest published or calculated TDj, value in the group, which
resulted in Als ranging from 17 ng/day (group 7) to 499 ng/
day (group 9). Seven structural groups had at least one N-
nitrosamine with a TDy similar to or higher than 1.5 mg/kg/
day, which translates to an Al similar to or higher than the
default lifetime TTC (1.5 pug/day) defined in ICH M7(R1),’
and five structural groups had at least one N-nitrosamine that
was reported as noncarcinogenic, supporting the observation
that not all N-nitrosamines are CoC carcinogens.

Tables 3—11 depict the structures of N-nitrosamines with
carcinogenicity data and TDg, values (from the most sensitive
species/sex/organ site from the study deemed most robust),
which were classified using the structural criteria defined in
Table 1. The N-nitrosamines are presented from the lowest to
the highest TDjs, value. For all N-nitrosamines included in our
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Table 2. Summary of Carcinogenic Potencies of N-
Nitrosamines

range of TDs, no. of
structural no. of values noncarcin. group Al
N-

group  N-nitrosamines®  (mg/kg/day)”  nitrosamines (ng/day)”
3 12 0.106—18.1 4 106
2 0.020°-0.646 0 26.5
5 10 0.4409-8.11 2 440

7 8 0.017—-1.1 0 17

9 14 0.499—-49.4 S 499
10 8 0.140—34.6 0 153
11 9 0.0434°-31.3 3 434
12 2 0.242—-0.313 0 242
13 4 0.129-1.22 2 129

“Number of N-nitrosamines with published carcinogenicity data. bSee
Tables 3—11 and S1—S9 for details regarding the data and references,
which underpin the range of TDj, values and the Als. “Represents the
99% lower confidence interval (CI) of the most conservative TDs,
value. “Represents the 95% lower CI of the most conservative TDs,
value.

evaluation, details of the carcinogenicity studies that supported
the derivation of the TDg, values are summarized in the
Supporting Tables accompanying this manuscript.

Structural Group 3 Al Determination. Structural group
3 is comprised of N-alkyl-N-arylnitrosamines (Table 3). Of the
12 relevant N-nitrosamines, 4 were not considered carcino-
genic based on the available data. The TDy, values for the
other eight N-nitrosamines ranged from 0.106 to 18.1 mg/kg/
day (Tables 3 and S1). Using the lowest TDy,, which is
associated with N-nitrosomethylaniline, an Al of 106 ng/day
was derived for structural group 3. It should be noted that the
U.S. Food and Drug Administration (FDA) has published an
Al for N-nitrosomethylaniline of 26.5 ng/day, which may be
based on read-across from NDEA (rationale for limit was not
discussed);'” however, in our review of the available
carcinogenicity data for N-nitrosomethylaniline, it was
considered suitable to support the derivation of an Al The
EMA has also published an AI for N-nitrosomethylaniline of
34.3 ng/day, which is based on the same carcinogenicity study
and tumor end point that we used to derive an Al of 106 ng/
day.” The reason for this difference is that the EMA selected
the TDs, value that was calculated/published in CPDB,
whereas we based the AI on the TDy, value calculated by
Lhasa. As stated in the Materials and Methods section, when
both Lhasa and Gold TDg, values existed for a given N-
nitrosamine, Lhasa values were utilized since the Lhasa
database is current and calculations of TDg, values are
transparent.28

N-Nitrosomethylaniline was tested for the induction of
tumors in rats, in studies of varying robustness, with the
esophagus being identified as the most sensitive site.”® The
TDj, of 0.106 mg/kg/day was chosen for the calculation of an
Al for N-nitrosomethylaniline, as the associated study was
considered the most robust.®® In the study, N-nitrosomethy-
laniline was administered for a lifetime to Sprague—Dawley
rats (48/group) in drinking water at doses of 0.3 or 1.5 mg/kg
(total doses of 61 or 232 mg/kg, respectively).’® The adjusted
doses for the drinking water study are reported as 83.3 and 319
ug/kg/day in the LCDB. Following daily administration in
drinking water, 80 and 87% of animals (irrespective of sex)
developed esophageal tumors with a mean induction time of
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Table 3. Structural Group 3: Summary of Carcinogenic Potencies for Group Al Determination®®>"*>"

ALKH
H ALKH

Structural Group 3

Nitrosamine CAS No. TDs (mg/kg/day)” Reference Nitrosamine CAS No. TDs (mg/kg/day)” Reference
-0 NG
N "N o
N NN
©/ 614-00-6 0.106> LCDB O
P
N~ N oH No CAS
N-Nitroso-N-methylaniline - 15.84 LCDB*
o J number
N “OH
N, N—-N
N\f p OH
o 145438-97-7 0.185 LCDB? N-6-(Methylnitroso)adenosine
0= N ~, -No
N N~ ~0o
Dinitrosocaffeidine
el k > 21928-82-5¢ 18.1/ Anderson et al!
N\
/©/ 937-25-7 0.255 LCDB2 N-6-(Methylnitroso)adenine
F ) o . .
NP Not carcinogenic
N-Nitroso-N-methyl-4- N Hichest d
fluoroaniline | ~ > 69658-91-9 (Highest dose LCDB26
N tested: 571
NZ | P N-(Nitrosomethyl)pyrid-3-amine pg/kg/day)
O O i‘ N° Not carcinogenic
- 26 )
r]l 16699-10-8 0.468 LCDB N (Highest dose
943-41-9 LCDB?
N-Methyl-N-nitroso-4-[2-(4 o,N tested: 840
quinolinyl) ethenyl] benzenamine N-Nitroso-N-methyl-4-nitroaniline ng/kg/day)
/ N\ 0 . .
NH N7 Not carcinogenic

tested: 2860

W | .
/ N (Highest dose
Nﬁo 145438-96-6 1.01 LCDB ®/ > 16219-99-1 € LCDB
N~

0o N—
°N
Mononitrosocaffeidine 4-Nitrosomethylaminopyridine pg/kg/day)
-0
.0 N
N N\/\/\OH
/©/ A 99-80-9 1.3¢ LCDB26 62018-88-6  Not carcinogenic? Nagao et al’?
0 .
N

N-(4-Hydroxybutyl)-N-

N-Methyl-N,4-dinitrosoaniline phenylnitrous amide

“As reported in LCDB unless otherwise noted; the TDs, from the most sensitive organ site from the study deemed most robust is reported. “The
Al for structural group 3 was calculated based on the worst-case TDs, from N-nitroso-N-methylaniline. “Gold TD reported in LCDB, but results
are not statistically significant. “When a user enters CAS number 21928-82-5 into LCDB, it will pull back a record associated with N°-
methyladenosine. It should be noted that the CAS number provided in CPDB and LCDB corresponds to the structure for N°-
(methylnitroso)adenine in CAS (though CAS does list both names). There is no unique CAS number provided for N°-(methylnitroso)adenosine.
The data presented in LCDB do correspond to that for N°-(methylnitroso)adenosine from Anderson et al.>' “When a user enters CAS number
21928-82-5 into LCDB, it will pull back a record of carcinogenicity data associated with N°- methyladenosme However, this CAS number is
associated with N°-(methylnitroso)adenine in CAS and one must refer to the source document®" to find the relevant carcinogenicity data for N°-
(methylnitroso)adenine. /TDy, calculated. *No data reported in the LCDB or the CPDB. "LCDB, Lhasa Carcinogenicity Database; TDy,, dose
producing a 50% tumor incidence.

290 and 200 days, respectively. Esophageal tumor incidence weeks of age. The corrected doses of the nitrosamine in male
data are reported as mixed sex with 0/48 in controls, 39/48 at and female rats were 0.286 and 0.408 mg/kg/day, respectively,
83.8 pug/kg/day and 42/48 at 319 ug/kg/day, with a resulting as reported in the LCDB.”® The predominant tumor types

TDs, of 0.106 mg/kg/day in the LCDB. induced in treated animals (relative to a matching group of 20
Structural Group 4 Al Determination. Structural group control animals/sex) were papillomas and carcinomas of the
4 is comprised of N-methyl-N-alkan-2-ol-based N-nitrosamine esophagus and squamous cell papillomas and carcinomas of

structures (Table 4). Two relevant N-nitrosamines with TDy, the nasal cavity. The lowest TDy, (0.0442 mg/kg/day) for N-
values of 0.0442 and 0.646 mg/kg/day were considered, and nitrosomethyl-2-hydroxypropylamine is based on multiple

N-nitrosomethyl-2-hydroxypropylamine having the lower TDjj tumor types in the nasal cavity of male rats,*® with a 99%
was selected for Al derivation (Tables 4 and S2). confidence interval (CI) of 0.020—0.111 mg/kg/ day.** Since
The carcinogenic potential of N-nitrosomethyl-2-hydrox- there was only one treated group and a control group with low
ypropylamine (total cumulative dose = 75 mg) was examined animal numbers, the study design was not considered robust.
in Fischer rats (group of 20/sex) following daily (S days/ Therefore, the lower bound of the 99% CI of the TDy, was
week) administration in drinking water for a period of 30 considered for the derivation of the Al since this is the lowest
weeks.”® The longest surviving animals were examined at 75 likely TDs, value. Given the AI for N-nitrosomethyl-2-
479 https://doi.org/10.1021/acs.chemrestox.1c00369
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Table 4. Structural Group 4: Summary of Carcinogenic

. . . 26,34,d
Potencies for Group Al Determination™ "
e
OH N -
N
ALK ~
Structural Group 4
Nitrosamine CAS No. TDso (mg/kg/day)* Reference
o N°©
N LCDB, and
> 75411-83-5 0.0442 (0.020-0.111)>¢ )
N-Nitrosomethyl-2- CPDB*
hydroxypropylamine
oH N
HO. N
\)\/ ~ 86451-37-8 0.646 LCDB?¢

N-Nitrosomethyl-2,3-
dihydroxypropylamine

“As reported in LCDB unless otherwise noted; the TDy, from the
most sensitive organ site from the study deemed the most robust
study is reported. ®The Al for structural group 4 considered the
worst-case TDg, from N-nitrosomethyl-2-hydroxypropylamine as well
as the associated TDs, 99% lower confidence interval.>* “Confidence
interval (CI) in parentheses. “LCDB, Lhasa Carcinogenicity Data-
base; TDy, dose producing a 50% tumor incidence.

hydroxypropylamine using the TDs, value (44.2 ng/day) or
the lower CI of the TDy, value (20 ng/day) is comparable to
the AI for NDEA (26.5 ng/day), a limit of 26.5 ng/day was
considered appropriate for structural group 4.

Structural Group 5 Al Determination. Structural group
S is similar to structural group 4 except the N-methyl group is
substituted by a larger N-alkyl substituent (Table S). This
structural group contained the largest number (14) of complex
N-nitrosamine impurities requiring a read-across Al (Table 1).
Ten relevant N-nitrosamines with carcinogenicity data were
reviewed, of which two were not considered carcinogenic
based on the available data. For another (1-nitroso-5-(3-
pyridinyl)-3-pyrrolidinol), the study design did not allow for a
reliable calculation of a TDs, value. However, 1-nitroso-5-(3-
pyridinyl)-3-pyrrolidinol is structurally quite similar to the two
noncarcinogens and therefore would not be expected to be
among the most potent N-nitrosamines in this group. The
TDs, values for the seven other N-nitrosamines ranged from
0.819 to 8.11 mg/kg/day (Tables S and S3).

3-Hydroxy-N-nitrosopiperidine (CAS 55556-85-9) had the
lowest TDy, of the N-nitrosamines in structural group 5 and
was selected for establishing the AI for this group. The
carcinogenicity of 3-hydroxy-N-nitrosopiperidine was eval-
uated in rats (15 males, 14 females) after administration via
drinking water for 36 weeks (total study duration SO weeks)
resulting in adjusted daily doses of 2.38 (males) and 3.40 mg/
kg/day (females).” A TDs, of 0.819 mg/kg/day (CI 0.44—
1.6) was calculated for the predominant tumor site (nasal
cavity [12/1S males and 10/14 females]) using the more
sensitive sex. An untreated control group was not included in
the study; therefore, taking a conservative approach, a
background tumor incidence of 0 in 15 was assumed for
purposes of supporting the calculation. Given that the study is
not robust, the TDs, lower-bound 95% CI (0.44 mg/kg/day)
was used to derive the group Al of 440 ng/day.

Structural Group 7 Al Determination. Structural group
7 is comprised of N-alkyl-N-alkan-2-one-type N-nitrosamine
structures (Table 6). Of the eight relevant N-nitrosamines, two
had insufficient data to calculate TDs, values. The TDy values
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Table S. Structural Group 5: Summary of Carcinogenic

. . . 26,3537,
Potencies for Group Al Determination™” s
-0
OH N -
AN
R ALK
H H
Structural Group 5
Nitrosamine CAS No. TDs (mg/kg/day)” Source
HO N
N~ o Lijinsky and
55556-85-9 0.819(0.44-1.6) >4
Taylor3
3-Hydroxy-N-nitrosopiperidine
S &%
HO. N
> 88208-16-6 0.825 LCDB?¢
N-Nitrosoallyl-2,3-
dihydroxypropylamine
OH N/,o OH
N
53609-64-6 0.891 LCDB2¢
N-Nitrosobis(2-
hydroxypropyl)amine
OH VTI”O
N
~oH 75896-33-2 1.02 LCDB2%
N-Nitroso-(2-hydroxypropyl)-(2-
hydroxyethyl)amine
on N0
N 61499-28-3 114 Lijinsky ef al*
N-(2-Hydroxypropyl)-N-(2-
oxopropyl)nitrous amide
HO. N
~"oH 89911-78-4 6.04 LCDB?¢
N-Nitroso-2,3-
dihydroxypropylethanolamine
Q,
N
N
)/\) 56222-35-6 8.11 LCDB?¢
HO
N-Nitroso-3-hydroxypyrrolidine
o,
N Not carcinogenic
N, (o} X LCDB?¢
J/\) .‘- \/< 30310-80-6  (Highest dose tested:
HO OH 4.42 mg/kg/day)
N-Nitroso-L-hydroxyproline
o,
N
N =N Not carcinogenic
N\ // X Castonguay et
75195-74-3 (Highest dose tested -
a
O 3.6 mg/kg/day)
1-Nitroso-2-(3-pyridinyl)-3-
pyrrolidinol
(°N
N
Castonguay et
HO \_/ 75195-75-4 ND¢
al’

1-Nitroso-5-(3-pyridinyl)-3-
pyrrolidinol

“As reported in LCDB unless otherwise noted; the TDs, from the
most sensitive organ site from the study deemed the most robust
study is reported. “The Al for structural group S considered the
worst-case TDsy from 3-hydroxy-N-nitrosopiperidine as well as the
associated TDg, 95% lower confidence interval. “CI in parentheses.
9TDy,, as well as upper and lower 95% confidence intervals, was
calculated. “Study design does not allow for a reliable estimate of
TDj. Dosing was limited to 3X per week for 7.3 weeks”LCDB, Lhasa
Carcinogenicity Database; TDs,, dose producing a 50% tumor
incidence; ND, not determined.
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Table 6. Structural Group 7: Summary of Carcinogenic
Potencies for Group Al Determination®>%3%*%/

-0
0] N -
AN
RZ)S( ALK
HH
Structural Group 7
Nitrosamine CAS No. TDs (mg/kg/day)” Reference
o N/,O 55984-51-5 0.017> LCDB2?¢
)J\/ N ~
N-Nitrosomethyl(2-oxopropyl)amine
2
o ,‘\‘/,0 OH 92177-50-9 0.0352 LCDB?
AN A on
N-Nitroso-2,3-dihydroxypropyl-2-
oxopropylamine
2
o Nf,O o 60599-38-4 0.286 LCDB?
AN
N-Nitrosobis(2-oxopropyl)amine
-71-. 26
o N/,O 91308-71-3 0.335 LCDB
)J\/ Nex
N-Nitrosoallyl-2-oxopropylamine
o N//O 92177-49-6 0.997 LCDB?¢
|
)l\/N ~"N0oH
N-Nitroso-2-oxopropylethanolamine
o N;O OH 61499-28-3 1.1¢ Lijinksy et al*®
N
N-(2-Hydroxypropyl)-N-(2-
oxopropyl)nitrous amide
o N©° 39603-54-8  ND? Pour et al®®
)K/’\“ ~N
2-Oxopropyl-n-propyl-N-nitrosamine
-0 51938-15-9 ND¢ Okada and

o N
)J\/NW

Butyl(2-oxopropyl)-N-nitrosamine

Hashimoto*®

“As reported in LCDB unless otherwise noted; the TDs, from the
most sensitive organ site from the study deemed the most robust
study is reported. “The Al for structural group 7 was calculated based
on the worst-case TDg, from N-nitrosomethyl(2-oxopropyl)amine.
“TDyj calculated. dStudy design does not allow for a reliable estimate
of TDg. Dosing was limited to 1X per week for 52 weeks. “Study
design does not allow for a reliable estimate of TDg, Dosing was
limited to 4—17 weeks fLCDB, Lhasa Carcinogenicity Database;
TDy,, dose producing a 50% tumor incidence; ND, not determined.

for the other six nitrosamines ranged from 0.017 to 1.11 mg/
kg/day (Tables 6 and S4). Using the lowest TDg, associated
with N-nitrosomethyl-(2-oxopropyl)amine (CAS $5984-51-5),
an Al of 17 ng/day was derived for structural group 7.
There was one carcinogenicity study wherein outbred MRC-
Wistar rats (1S animals/sex/group) were orally administered
N-nitrosomethyl-(2-oxopropyl)amine (0.9, 1.8, or 3.5 mg/kg/
day)™® for 67 weeks, with adjusted doses of 129, 257, or 500
ug/kg/day reported in the LCDB. The naval cavity was the
most sensitive tissue for neoplasm development, and female
rats were deemed more sensitive. The incidence of tumors in
the nasal cavity in female rats was 93% (14/1S), 100% (15/
15), and 64% (9/14) at 129, 257, or 500 ug/kg/day,
respectively, with no tumors detected in vehicle-treated
animals. The TDs, reported in the LCBD for N-nitro-
somethyl-(2-oxopropyl)amine was 0.017 mg/kg/day.
Structural Group 9 Al Determination. Structural group
9 is comprised of N-nitrosopiperidine (NPIP) derivatives

481

(Table 7). Of the 14 N-nitrosopiperidines, S were not
considered carcinogenic based on the available data. The
TDs, values for the other nine N-nitrosopiperidines, ranged
from 0.499 to 49.4 mg/kg/day (Tables 7 and SS). Using the
lowest TDg, associated with 1-nitrosopiperidin-4-one (CAS
55556-91-7), an Al of 499 ng/day was derived for structural
group 9.

There was one carcinogenicity study reported in the
literature for 1-nitrosopiperidine-4-one, where the N-nitros-
amine was administered daily (S days/week) in drinking water
to Sprague—Dawley rats for 36 weeks with a total study
duration of 60 weeks.”> The total cumulative administered
dose of 1-nitrosopiperidin-4-one was 3.2 mmol, with
corresponding adjusted daily doses in male and female rats
of 1.95 and 2.80 mg/kg/day, respectively (Table SS). Both
male (14/15) and female (14/15) rats developed adenocarci-
nomas of the nasal cavity, which was the most sensitive tumor
site. Because no concurrent control animals were included in
the study, a conservative estimate of O tumors/15 control
animals was assumed, which led to the calculated TDy, values
of 0499 and 0.717 mg/kg/day for male and female rats,
respectively.

Structural Group 10 Al Determination. Structural group
10 is comprised of N-nitrosopiperazines (Table 8). The TDj,
values of the eight relevant N-nitrosopiperazines ranged from
0.140 to 34.6 mg/kg/day (Tables 8 and S6). The lowest robust
TDy, value (0.153 mg/kg/day) associated with 1,2,6-trimethyl-
4-nitrosopiperazine (CAS 75881-18-4)*° was selected for the
derivation of the Al (153 ng/day) for structural group 10. It
was considered that EMA has published an Al of 26.5 ng/day
for 1-methyl-4-nitrosopiperazine based on read-across to
NDEA;** however, there is no rationale provided for the
appropriateness of using NDEA to read across to 1-methyl-4-
nitrosopiperazine specifically or N-nitrosopiperazines in
general. In addition, in our review of available carcinogenicity
data, a slightly lower TDjy, value (140 ng/day) was calculated
for 1-methyl-4-nitrosopiperazine (CAS 16339-07-4). However,
this TDy, value was not used to establish the AI for group 10
because the TDs, was derived from a single-dose study in
which there was a 100% incidence of olfactory carcinomas
(Table $6).** While the TDy, value from the single-dose study
could provide a reasonable upper-bound estimate of potency,
there is no reliable indication of the lower-bound estimate of
carcinogenic potency. Consequently, with a similar and more
reliable TDj calculated using a higher-quality study design, the
TDjs, generated from the study by Klein et al.** was excluded.

The carcinogenicity of 1,2,6-trimethyl-4-nitrosopiperazine
has been investigated in rats and hamsters.*” The study in rats
was considered more robust given the existence of two
treatment groups and a control group, relative to the study in
hamsters, which included one treatment group and a control
group. The daily (5 days/week) administration of 1,2,6-
trimethyl-4-nitrosopiperazine in drinking water (adjusted doses
of 259 or 980 ug/kg/day) to female Fischer rats (20/group)
for 30 weeks resulted in no animals surviving 60 weeks
following treatment at 980 ug/kg/day and 90 weeks post
treatment at 259 pg/kg/day. The predominant tumor type was
olfactory carcinomas of the nasal cavity in 13/20 and 18/20
rats at 259 and 980 ug/kg/day, respectively. Based on the
olfactory carcinomas, the most sensitive TDj, of 0.153 mg/kg/
day (153 ug/kg/day) is reported in LCDB.”

Structural Group 11 Al Determination. Structural group
11 is comprised of N-nitrosopyrrolidine (NNP) derivatives
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Table 7. Structural Group 9: Summary of Carcinogenic Potencies for Group Al Determination”®>>* =3¢

o\\,Tj

H)C}Rs

Structural Group 9

Nitrosamine CAS No TDs (mg/kg/day)® Reference Nitrosamine CAS No TDso (mg/kg/day)* Reference
.0 14026-03-0 22.1 LCDB2
N° 55556-91-7 0.499%< Lijinsky and Taylor3 N
Enj (2R)-2-Methyl-N-
nitrosopiperidine
1-Nitrosopiperidin-4-one N
NP 36702-44-0 49.4 LCDB?¢
NP 55556-93-9 0.596" Lijinsky and Taylor®® ,\\‘
' 9
Q (S)-2-Methyl-N-
OH nitrosopiperidine
1-Nitrosopiperidin-4-ol NO 17721-95-8 ~ Non-carcinogenic Lijinsky and Taylor*!
e 15104-03-7 0.665 Lijinsky and Taylor! N (Highest dose tested
U
N U 1.74 mg/kg/day)
Q 2,6-Dimethyl-N-
A-Methyl-1 nitrosopiperidine
~Methyl-1-
nitrosopiperidine o (l) 55557-03-4  Non-carcinogenic LCDB26
Os
N .
WO 13603-07-1 0.665¢ Lijinsky and Taylor*! 4 (Highest dose tested
N 8.05 mg/kg/day)
EJ\ Methyl(1-nitrosopiperidin-
3-Methyl-1- 2-yl)(phenyl)acetate
nitrosopiperidine NES 6130-93-4 Non carcinogenic Lijinsky and Taylor*!
U .
N7° 55556-85-9 0.819? Lijinsky and Taylor’ N (Highest dose tested:
N 2.10 mg/kg/day)
J/\J 2,2,6,6-Tetramethyl-N-
HO . —
nitrosopiperidine
1-Nitrosopiperidin-3-ol . .
N° 6238-69-3 Non carcinogenic Lijinsky and Taylor*?
-75- 26
N¢o 100-75-4 0.974 LCDB l‘\l (Highest dose tested:
N 1.81 mg/kg/day)
N-Nitrosopiperidine 1-Nitrosopiperidine-4-
WO 2 37620-20-5 4140 Boyland ef al*? carboxylic acid
) | NES o 4515-18-8 Non-carcinogenic LCDB?
N N | .
N OH (Highest dose tested:
4.42 mg/kg/day)

3-(1-Nitrosopiperidin-2-
yl)pyridine

1-Nitrosopiperidine-2-

carboxylic acid

“As reported in LCDB unless otherwise noted; the TDj, from the most sensitive organ site from the study deemed most robust is reported. bTDq,
calculated. “The Al for structural group 9 was calculated based on the worst-case TDs, from 1-nitrosopiperidin-4-one. ?As all animals treated with
3-methylnitrosopiperidine had gastrointestinal tumors, it is not possible to calculate a reliable TDs, Given the structural similarity to 4-
methylnitrosopiperidine (whereby the N-nitroso group is not hindered by the methyl substitution) and that the overall tumor incidence reveals a
pattern similar to that reported for 4-methylnitrosopiperidine, the TDs, of 3-methylnitrosopiperidine is expected to be similar. “LCDB, Lhasa
Carcinogenicity Database; TDj,, dose producing a 50% tumor incidence.

(Table 9). Of the nine relevant NNPs, three were concluded to
be noncarcinogenic under the study conditions, and the
carcinogenicity study design for one compound (1-nitroso-S-
(3-pyridinyl)-3-pyrrolidinol) was not considered sufficiently
robust to calculate a TDg, As stated previously, this N-
nitrosamine is structurally similar to those that were not
carcinogenic and therefore would not be expected to be a
potent carcinogen. For the remaining five NNPs, the TDjyj
values ranged from 0.0957 to 31.3 mg/kg/day (Tables 9 and
S7). (S)-N’-Nitrosonornicotine (NNN; CAS 53759-22-1) had
the lowest TDy, and therefore was selected for the derivation
of the Al for structural group 11.

Two carcinogenicity investigations with NNN are reported
in LCDB: one in rat and the other in hamster. Both studies
included a single treatment group and a control group with
small numbers of animals. The duration of exposure in rats and
hamsters was 87 weeks (experimental duration of 87 weeks)
and 31 weeks (experimental duration of 96 weeks),
respectively. Since these studies were of similar quality, the
rat study was selected for the derivation of the Al because the
lowest TDs, value was observed in this species. In the rat
carcinogenicity study, NNN was administered to male F344
rats (20/control, 40/treated) in drinking water at an average
daily dose of 250 pg/kg/day.”*** The TDs, was derived based
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Table 8. Structural Group 10: Summary of Carcinogenic
Potencies for Group Al Determination”®***¢*7¢

Osy

Structural Group 10

Nitrosamine CAS No. TDsg Reference

(mg/kg/day)*
0.140%¢

N”O 16339-07-4
@
N
|
1-Methyl-4-nitrosopiperazine
-0

N
L
N
|
1,2,6-Trimethyl-4-
nitrosopiperazine

Klein et al**

75881-18-4 0.1534 LCDB?

LA
Ao

1-(2,6-Dimethyl-4-
nitrosopiperazin-1-yl)ethan-1-one
-0

L

3,5-Dimethyl-1-nitrosopiperazine

75881-17-3 0.921% Singer et al*®

67774-31-6 0.866" Singer et al*®

N7
IN]\
N

N:O

1,4-Dinitroso-2,6-
dimethylpiperazine

55380-34-2 3.1 LCDB?*

N=°
)
N

N:O

1,4-Dinitrosopiperazine
-0

Jol
as

2,6-Dimethyl-4-nitrosopiperazin-
1-yl (phenyl)methanone
N =0

)

1-Nitrosopiperazine

140-79-4 8.7 LCDB?

61034-40-0 9.1 LCDB*

5632-47-3 34.6" Love et al*?

“As reported in LCDB unless otherwise noted; the TDy, from the
most sensitive organ site from the study deemed the most robust
study is reported. “Calculated TDs,. “A 100% tumor incidence
observed in the only treatment group included in the study therefore
does not result in a reliable estimate of TDy, This TD, value was not
considered in the derivation of the AL “The Al for structural group 10
was calculated based on the lowest most robust TDg, from 1,2,6-
trimethyl-4-nitrosopiperazine. “LCDB, Lhasa Carcinogenicity Data-
base; TDy, dose producing a 50% tumor incidence.

on the incidence of esophageal tumors (0 in control animals
and 10/14 in treated). The TDy, calculated by Gold et al.”’
was 0.0957 (99% CI 0.0434—0.267) mg/kg/day.”” Given that
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Table 9. Structural Group 11: Summary of Carcinogenic
Potencies for Group Al Determination”®37*%5%/

(0]

HiN>
\R3

Structural Group 11

Nitrosamine CAS No. TDso (mg/kg/day)* Reference
=N
N \ 0.0957 (0.0434-0.267)"
N 53759-22-1 LCDB, % CPDB¥
o
(S)-N'-Nitrosonornicotine
(NNN)
o°
=N®
78246-24-9 0.573 LCDB?
ALy
o N
N'-Nitrosonornicotine-N-oxide
N=0
N
D 930-55-2 247 LCDB?*
N-Nitrosopyrrolidine
N=O
N
56222-35-6 8.11 LCDB?
OH
N-Nitroso-3-hydroxypyrrolidine
N=0
N
\l)i Lijinsky and
55556-86-0 31.3¢
) Taylor’®
2,5-Dimethyl-1-
nitrosopyrrolidine
N
z ] N:O
X N
Castonguay et al’’
75195-75-4  ND¢
OH
1-Nitroso-5-(3-pyridinyl)-3-
pyrrolidinol
N
= ] N;O
x N Not carcinogenic
. Castonguay et al’’
HO 75195-74-3  Highest dose tested 3.6
1-Nitroso-2-(3-pyridinyl)-3- mg/kg/day)
pyrrolidinol
N=O Not carcinogenic
LN) ‘ ‘/<O 7519-36-0  (Highest dose tested: LCDB?
OH 4.42 mg/kg/day)
N-Nitrosoproline
N=0
N /<0 Not carcinogenic
HO’E) OH 30310-80-6  (Highest dose tested: LCDB?¢
N-Nitrosohydroxyproline 4.42 mg/kg/day)

“TDgp, calculated dose resulting in tumor in 50% of animals as
reported in LCDB unless otherwise noted; the TDg, from the most
sensitive organ site from the study deemed the most robust study is
reported. bCI in parentheses. “The Al for structural group 11
considered the worst-case TDg, from NNN as well as the associated
TDy, 99% lower confidence interval.*’ “Calculated TDx,. “Study
design does not allow for a reliable estimate of TDg, Dosing was
limited to 3X per week for 7.3 weeks. /CPDB, Carcinogenic Potency
Database; LCDB, Lhasa Carcinogenicity Database; ND, not
determined.
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the TDy, is based on a study with a single treatment group and
a limited number of animals, the lower CI of the TDy, was
used to derive an Al of 43.4 ng/day.

Structural Group 12 Al Determination. Structural group
12 is comprised of N-nitrosohomopiperazine and N-nitro-
sohomopiperidine derivatives. The TDg, of two relevant
nitrosamines are quite similar (0.313 and 0.242 mg/kg/day)
(Tables 10 and S8). Taking a conservative approach, the lower

Table 10. Structural Group 12: Summal;y of Carcinogenic
Potencies for Group Al Determination”**

Structural Group 12

Nitrosamine CAS No. TDs (mg/kg/day)? Reference
0
N
N
(/w 55557-00-1 0.2420 LCDB?
N
‘N=0
Dinitrosohomopiperazine
0
N
932-83-2 0313 LCDB?

O

N-Nitrosohexamethylenimine

“As reported in LCDB unless otherwise noted; the TDy, from the
most sensitive organ site from the study deemed the most robust
study is reported. YThe AI for structural group 12 was calculated
based on the worst-case TDy, from dinitrohomopiperazine. °LCDB,
Lhasa Carcinogenicity Database; TDs, dose producing tumors in
50% of animals.

TDs, of the two nitrosamines in group 12, which was
calculated for dinitrosohomopiperazine (CAS $5557-00-1),
was selected to derive a group Al of 242 ng/day.

Dinitrosohomopiperazine was tested for carcinogenicity in
female Fischer 344 rats using several study designs.”*' In the
most robust of these studies (6 treatment groups, 20 animals
per group, oral exposure for 30 weeks), the daily corrected
doses of dinitrosohomopiperazine ranged from 10.1 to 2930
pg/kg/day.”® The incidence of the predominant tumor type,
carcinomas of the upper gastrointestinal tract, ranged from 1/
20 to 14/20 across the treatment groups. The associated TDj,
0.242 mg/kg/day (242 ug/kg/ day), was used to establish the
group AL

Structural Group 13 Al Determination. Structural group
13 is comprised of N-nitrosomorpholine derivatives. Of four
relevant N-nitrosomorpholines, one was not carcinogenic and
one was reported as weakly carcinogenic in mice. The other
two N-nitrosomorpholines had TDs, values (0.129 and 1.22
mg/kg/day) that were considered for the Al calculation
(Tables 11 and S8). As N-nitrosomorpholine (CAS 59-89-2)
had the lower TDyy, it was used to derive the AI (129 ng/day)
for group 13. (Note: EMA recently published an Al for N-
nitrosomorpholine of 127 ng/day.)”

N-Nitrosomorpholine was tested for the induction of tumors
in rats and Syrian hamsters, with TDy, values from the most
sensitive site for each study ranging from 0.0805 to 11.4 mg/
kg/day.*® The most robust study was conducted in female
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Table 11. Structural Group 13: Summary of Carcinogenic
Potencies for Group Al Determination” 53,54,d

Ospy

g

Structural Group 13

N-Nitrosamine CAS No. TDsy (mg/kg/day)® Reference
N
N
[ j 59-89-2 0.129 LCDB»
[0}
4-Nitrosomorpholine
N
N
/[Oj\ 1456-28-6 1.22 LCDB?¢
2,6-Dimethyl-4-
nitrosomorpholine
NZ° Not carcinogenic in rat LCDB, % Hecht et
U
/[Nj (Highest dose tested: al?
HO™ MO 67587-52-4 530 pg/kg/day)

4-Nitrosomorpholin-2-ol Weak carcinogenic

N
[N
OIQ 34993-08-3

3-Methyl-4-nitroso-2-

response in mice¢
Not carcinogenic Lijinsky and
(Highest dose tested:

2.62 mg/kg/day)

Taylors

phenylmorpholine

“As reported in LCDB unless otherwise noted; the TDy, from the
most sensitive organ site from the study deemed the most robust
study is reported. “The Al for structural group 13 was calculated
based on the worst-case TDy, from 4-nitrosomorpholine. “TDy, not
calculated due to limitations of the mouse study.’* 9LCDB, Lhasa
Carcinogenicity Database; TDyj,, dose resulting in tumors in 50% of
animals.

Fischer 344 rats, with N-nitrosomorpholine administered orally
for 100 weeks and examined for tumor incidence at the end of
life.”” Daily corrected doses of N-nitrosomorpholine of 0, 2.27,
5.83, 14.6, 35.6, 84.2, or 249 ug/kg/day were administered to
groups of 80, 100, 99, 47, 48, 48, or 24 rats, respectively. The
liver was the most sensitive organ, with the lowest TDs, of
0.129 mg/kg/day for multiple tumor types,”® which was used
as the basis for the group 13 AL

B DISCUSSION

To address regulatory guidance on the risk assessment of N-
nitrosamine impurities in all marketed or approved
drugs,'”'®* a science-based and practical endeavor involving
the determination of Al limits for various structural groups of
potential (theoretical) N-nitrosamine impurities was initiated.
The exercise herein reported was limited to secondary amine-
based APIs (and corresponding secondary amine impurities
present within the API) that could potentially form N-
nitrosamines upon reaction with a nitrosating source.”” The
secondary amine-based APIs were structurally diverse with a
broad range of physicochemical properties (e.g, molecular
weight, topological polar surface area, lipophilicity, etc.), which
is not surprising given their use in the treatment of a range of
diseases (e.g, secondary amine-containing-fluoroquinolone
antibiotics, -thiazide loop diuretics, -ethanolamine antihyper-
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Figure 2. Bioactivation pathways for acyclic (N,N-dialkyl and N-alkyl-N-aryl) and cyclic N-nitrosamines from the structural groups 1—13.

tensives, etc.). However, since the secondary amine (and the
corresponding theoretical N-nitrosamine) moiety was a
common structural feature in all of the APIs, the N-
nitrosamine impurities were classified into structural groups
(Table 1) based on the substituents (e.g.,, N,N-dialkyl, N-alkyl-
N-aryl, cycloalkyl [5-, 6-, 7-membered] amines) attached to the
secondary amine nitrogen. Furthermore, all acyclic and
cycloalkyl N-nitrosamine derivatives in the structural groups
1—13 contained at least one oxidizable center (a-C—H bond)
that could be potentially bioactivated by CYP enzymes to the
obligatory alkyl or aryl diazonium intermediate (Figure 2), as
previously demonstrated with several low-molecular-weight
acyclic or cycloalkyl N-nitrosamine carcinogens.’~*>%%°

Against this backdrop, it is noteworthy to point out that the
propensity of the complex N-nitrosamines (from structural
groups 1—13) toward CYP-catalyzed bioactivation to the
electrophilic diazonium (alky or aryl) intermediate is presently
not known. Examination of the metabolic pathways from
available human mass balance/metabolism studies on several
secondary amine-based APIs in humans revealed no evidence
of N-dealkylated metabolites that could be derived from a-
carbon hydroxylation adjacent to the amine nitrogen
(unpublished observations). Whether the corresponding N-
nitrosamine derivatives share an identical metabolic fate as
their parent precursors remains unclear at the present time. A
side-by-side comparison of the in vitro metabolism (e.g,
reduced nicotinamide adenine dinucleotide phosphate
(NADPH)-supplemented liver microsomes or S-9 fractions
from animals and humans) for structurally diverse parent
amines and corresponding N-nitrosamine derivatives, along
with a comparison of their mutagenic responses in the bacterial
reverse mutation assay (Ames test) (+metabolic activation),
would be a useful next step to establish an understanding of the
relationship between mutagenicity and metabolism/bioactiva-
tion (or lack thereof) of the parent amine and the
corresponding N-nitrosamine impurities.

Carcinogenicity databases were mined for the identification
of N-nitrosamines, which met the structural criteria defined in
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Table 1 for each of the groups (1—13). Published and/or
calculated TDy, values were collected, and the lowest animal
TDys, value within each group of N-nitrosamines was used to
establish group Als to use for read-across for the complex N-
nitrosamine impurities with unknown carcinogenic potential.
Overall, the strategy used here is aligned with ICH M7(R1)
guidance,3 which recommends that an Al can be established
for a chemically defined class based on carcinogenic potency
data and applied to structurally similar mutagenic impurities
without carcinogenicity data.

An exhaustive review of the carcinogenicity data for
numerous structurally diverse N-nitrosamines revealed a
broad range of carcinogenic potencies, with TDy, values in
the ug/kg range to no evidence of carcinogenicity when tested
at doses into the mg/kg range. For instance, considering the
totality of N-nitrosamine carcinogenicity data included in our
review, a 2900-fold difference between the lowest and highest
TDy, values (0.017—49.4 mg/kg/day) was observed, which
equates to an ~29-fold difference when comparing the lowest
(17 ng/day, group 7) and highest (499 ng/day, group 8)
structural group Als (Table 1). It is also useful to consider the
range of TDjg, values observed within each N-nitrosamine
structural group relative to the TTC value of 1.5 pg/day, which
is considered an acceptable lifetime daily intake for mutagenic
impurities not classified as CoC.”> A TDy, value >1.5 mg/kg/
day correlates to an Al that is equal to or greater than the
default TTC. The majority of N-nitrosamine structural groups
(Table 2) had examples of N-nitrosamines, with TDs, close to
(groups 7 and 13) or exceeding (groups 3, 5, 9, 10, and 11) 1.5
mg/kg/day, and S N-nitrosamine structural groups (groups 3,
5,9, 11, and 13; Table 2) had examples of N-nitrosamines that
produced no evidence of carcinogenicity. It is entirely possible
that the steric and electronic properties of the complex API-
derived N-nitrosamines will not be optimal for CYP-mediated
bioactivation leading to the electrophilic diazonium species,
and therefore, it is reasonable to expect that some complex N-
nitrosamine impurities will be less potent carcinogens (i.e., not
possessing CoC potency). This is supported by a recent
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Nitrosamine TDs, myg/kg/day (Cl)
1
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1
1
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6-member rings 4-Methyl-1-nitrosopiperidine *—:—A——'
i B
1-Nitrosopiperidin-3-ol »:—‘—/
Wo 1
- 1
,L‘- N-Nitrosopiperidine (NPIP) : ——
: ' Group 9 Al =499
) 1
N 3-(1-Nitrosopiperidin-2-yl)pyridine 1 ng/day
1
Sterically :
hindered (2R)-2-Methyl-N-nitrosopiperidine |
6-member rings |
]
Y (S)-2-Methyl-N-nitrosopiperidine L/
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® Robust study design

Less robust, meets Gold TDg, requirement A Not robust, supports SAR

Figure 3. Distribution of TDs, values and upper and lower confidence intervals for N-nitrosopiperidines (group 9). TDg, values and 99% upper and
lower confidence intervals are published in LCDB for N-nitrosopiperidine, (2R)-2-methyl-N-nitrosopiperidine, and (§)-2-methyl-N-
nitrosopiperidine. For the remainder, TDs, values and 95% upper and lower confidence intervals were calculated.

analysis of the impact of specific substitution patterns on the
carcinogenic potency of simple N-nitrosamines, which
demonstrated that steric hindrance at the a-carbon and
electron-withdrawing groups at the fB-carbon were associated
with a decrease in carcinogenic potency.57

In the majority of cases, the most carcinogenic N-
nitrosamine in each group was a simple chemical with no
steric hindrance around the N-nitroso group. This is an
expected observation and supports the conclusion that the Als
established for each structural group are conservative for read-
across to complex N-nitrosamine impurities. The exception
was group 11 where the sterically hindered N-nitrosopyrroli-
dines (NNN) and N’-nitrosonornicotine-N-oxide (NNNO),
which would be expected to be less potent carcinogens,
possessed TDj, values 26- and 4-fold lower than the simplest
derivative N-nitrosopyrrolidine (NNP).* It is possible that
NNN and NNNO are in fact not more potent carcinogens
relative to NNP but rather that the experimentally derived
TDs, values were influenced by differences in the carcinoge-
nicity study design, with NNP having a much more robust
study relative to those conducted for NNN and NNNO (see
Table S7 for details of these studies).

In addition to the LCDB, a more comprehensive data set
was included in our review by considering all of the N-
nitrosamine carcinogenicity studies that Lhasa has curated into
the Vitic database. Using this approach, additional relevant N-
nitrosamines with carcinogenicity data were identified, and
whenever possible, TDy, values were calculated. Although not
all of the carcinogenicity studies are optimal for deriving TDj,
values, the totality of the data from these investigations
provides weight of evidence for the potency of a group of
structurally related N-nitrosamines, as well as informs the
impact of structural features on potency. This is exemplified by
the N-nitrosopiperidine (NPIP) structural group, which has a
robust carcinogenicity study available for NPIP (TDs, = 0.974
mg/kg/day), the potency of which can be considered as a
benchmark for comparison to the other structurally related
NPIPs, which have been examined in less robust carcinoge-
nicity studies (Figure 3). Direct comparison of NPIP
carcinogenic potency to that of NPIPs with various
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substitutions was investigated by administering equal molar
doses of NPIP and substituted NPIPs to small groups of
rats.”>"" From these studies, it was concluded that methyl
substitution at the 3- and 4-positions of the piperidine ring has
little to no impact on the carcinogenic potency relative to
NPIP;* also, there was little difference in the carcinogenic
potency of NPIP when compared to 1-nitrosopiperidine-4-one,
1-nitrosopiperidine-4-ol, and l-nitrosopiperidin-3-ol.”> The
similarity in carcinogenic potencies is reflected by overlapping
ClIs in Figure 3. It was also reported that substitutions at the 2-
and 6-positions have the effect of reducing or eliminating
carcinogenicity relative to NPIP,*' which was attributed to
steric hindrance and/or lack of abstractable hydrogen atoms at
carbon atoms « to the N-nitroso group. The hindered NPIPs
that maintain some carcinogenic activity are distinctly less
potent than NPIP (Figure 3).

In the case of structural group 1, which is comprised of N,N-
dialkylnitrosamine impurities, a default Al of 26.5 ng/day was
assigned based on the corresponding value proposed for the
carcinogen NDEA."”** An Al of 26.5 ng/day for NDEA, as
defined by the EMA”® and FDA,"” is based on the harmonic
mean TDy, derived from the CPDB. Use of the harmonic
mean is in contrast to the ICH M7(R1) recommendation® that
Als should be calculated from the most robust animal study
using the most sensitive organ site, species, and sex. Following
the ICH guidance, an Al of 49.8 ng/day is derived for NDEA
based on a lifetime drinking water study in male and female
rats, with 15 treated groups of 50 or more animals/group/sex
and 240 control animals/sex where the most sensitive end
point was liver neoplasms with a TDs, of 0.0498 mg/kg/day.>®
It is also important to note that among N,N-dialkylnitros-
amines, there are also examples of weak carcinogens (e.g., N-
nitrosodiisopropylamine) and noncarcinogens (e.g., N-nitroso-
di-sec-butylamine).>”

An important consideration in the application of the Als
presented here is the duration of treatment for the medication.
Many pharmaceuticals are indicated for acute and/or
intermittent administration, whereas the structural group Als
determined in this study assumed chronic daily exposure for a
lifetime. The ICH M7(R1) guidance” provides a framework for
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adjusting Als according to the product’s duration of use, and
empirical data from rodent carcinogenicity studies for NDEA
support the application of the less than lifetime adjustment
factors to nitrosamines.’

Establishing Als for 13 different N-nitrosamine structural
groups represented a useful and science-based approach to
evaluate and establish Als for a large number of N-nitrosamine
impurities. The structural group Als are conservative and based
on the most potent N-nitrosamine in each structural group and
assume chronic daily exposure for a lifetime. Overall, the
comprehensive evaluation of available N-nitrosamine carcino-
genicity data enabled the rapid differentiation of drug
substance/products that did (or did not) require additional
confirmatory testing, including the development of a suitably
sensitive analytical methodology to monitor the presence of N-
nitrosamine impurities. It is important to note that the work
presented here should be viewed as a conservative approach for
defining the Al for some (not all) N-nitrosamine impurities
since the N-nitrosamine structural groups studied herein were
of interest to Pfizer. Given that the structural group Als are
based on the most potent carcinogenic N-nitrosamine in each
group, a useful extension of this study would be a more
detailed analysis of structure—activity relationships for
metabolism (bioactivation) and carcinogenic potency to
enable compound-specific read-across assessments, which can
potentially increase the daily Als for individual compounds
within the structural group framework.
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