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ABSTRACT: A thorough literature review was undertaken to O O:y g
understand how the pathways of N-nitrosamine transformation R"ETH - R‘,ﬁ\rH o R‘,'rh" = Mutagenesis
relate to mutagenic potential and carcinogenic potency in rodents. R, R, &

Empirical and computational evidence indicates that a common l Rr:

radical intermediate is created by CYP-mediated hydrogen

abstraction at the a-carbon; it is responsible for both activation, ] l

leading to the formation of DNA-reactive diazonium species, and o aiiasanssis
deactivation by denitrosation. There are competing sites of CYP Ho ™My Ho. 0

metabolism (e.g., f-carbon), and other reactive species can form Rz "\ ¥ » r

following initial bioactivation, although these alternative pathways

tend to decrease rather than enhance carcinogenic potency. The

activation pathway, oxidative dealkylation, is a common reaction in

drug metabolism and evidence indicates that the carbonyl byproduct, e.g., formaldehyde, does not contribute to the toxic properties
of N-nitrosamines. Nitric oxide (NO), a side product of denitrosation, can similarly be discounted as an enhancer of N-nitrosamine
toxicity based on carcinogenicity data for substances that act as NO-donors. However, not all N-nitrosamines are potent rodent
carcinogens. In a significant number of cases, there is a potency overlap with non-N-nitrosamine carcinogens that are not in the
Cohort of Concern (CoC; high-potency rodent carcinogens comprising aflatoxin-like-, N-nitroso-, and alkyl-azoxy compounds),
while other N-nitrosamines are devoid of carcinogenic potential. In this context, mutagenicity is a useful surrogate for
carcinogenicity, as proposed in the ICH M7 (R2) (2023) guidance. Thus, in the safety assessment and control of N-nitrosamines in
medicines, it is important to understand those complementary attributes of mechanisms of mutagenicity and structure—activity
relationships that translate to elevated potency versus those which are associated with a reduction in, or absence of, carcinogenic
potency.

B INTRODUCTION et al. in 2004 and a contemporary assessment of the
carcinogenic potency data for N-nitrosamines, it was recently
reported that no more than 50% are truly eligible for CoC
status.’

Renewed interest in N-nitrosamine mutagenicity and
carcinogenicity occurred following the detection in 2018 of
N-nitrosamines in some pharmaceuticals (https://www.edgm.
eu/en/n-nitrosamine-contamination-in-brief), which led to the
withdrawal or recall of certain products and subsequent
requirements for market authorization holders to review all
commercial drug substances and drug products for the

N-Nitrosamines are a class of potentially mutagenic carcino-
gens considered to be cohort of concern (CoC) chemicals due
to the carcinogenic potency observed in rodent bioassays for
some of the chemicals in this structural class.”” Accordingly, in
the ICH M7 guidance, based entirely on the presence of an
Ashby-Tennant structural alert for mutagenicity, N-nitros-
amines are noted as one of several structural classes of
chemicals for which acceptable intakes (Als) are likely to be
significantly lower than the thresholds of toxicological concern
(TTCs) established for non-CoC mutagenic carcinogens.3
However, it is important to note that not all small N-

nitrosamines are potent carcinogens in rodents, with log TDs, Received: ~ October 15, 2023
values spanning approximately 4 orders of magnitude, Revised:  December 26, 2023
overlapping with non-N-nitrosamine carcinogens including Accepted:  January 5, 2024

some that are not in the CoC.* Also, a proportion (18%) of
these small N-nitrosamines are reported as noncarcinogenic.”
Following a critical review of the analyses conducted by Kroes
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Figure 1. Metabolic pathways for NDMA (as an example): a-carbon hydroxylation and denitrosation. 1 = NDMA; 2 = a-hydroxy-NDMA4; 3 = °O-
methylguanine DNA adduct; 4 = formaldehyde; § = formic acid (formate at physiological pH); 6 = methyl diazohydroxide; 7 = methyl diazonium
ion; 8 = methyl iminium ion; 9 = methylamine; 10 = methanol. Abstraction of an a-hydrogen atom from NDMA is catalyzed by CYP2E1 and
subsequent reaction with a hydroxyl radical leads to a-hydroxy-NDMA (2) which spontaneously decomposes to formaldehyde (4) and methyl
diazohydroxide (6). Formaldehyde is oxidized by formaldehyde dehydrogenate to formate (S) which, in turn, is converted to CO, via formate
dehydrogenase. Methyl diazohydroxide readily disproportionates (by dehydration) to the highly electrophilic methyldiazonium ion, (7) which can
methylate DNA bases (3) or undergo hydrolysis to form methanol (10). The detoxification denitrosation pathway, catalyzed by the same CYP
enzyme, involves loss of nitric oxide from the initial NDMA radical species to form methyl iminium ion (8) which decomposes to formaldehyde

and methylamine (9).

presence of N-nitrosamines.®™” Consequently, numerous
articles on the safety assessment of N-nitrosamines have
been published, many of which aim to provide tools to support
derivation of intake limits for N-nitrosamines in pharmaceut-
icals such that the theoretical excess cancer risk to patients is
negligible (consistent with ICH M7 (R2) principles).3 Key
publications concern the suitability of the Ames test for
identification of the potential mutagenic and carcinogenic
hazard of N-nitrosamines.'”'" In the context of structure—
activity relationships (SARs), structural features that increase
or decrease carcinogenic potency have been identified through
a critical review of rodent carcinogenicity data for >200 N-
nitrosamines.' >~ Using the existing rodent carcinogenicity
data, which relates predominantly to simple low-molecular-
weight N-nitrosamines, a read-across approach has been
proposed for assigning conservative acceptable intakes for N-
nitrosamines derived from complex amine-containing active
pharmaceutical ingredients (APIs).'® In addition, there have
been developments in quantum mechanical models that may
be useful for predicting the carcinogenic potency of N-
nitrosamines in order to support the derivation of acceptable
intakes.'”~'" Most recently, several regulatory agencies,
including European Medicines Agency (EMA), Health Canada
(HC) and the United States Food and Drug Administration
(USFDA) have published a Carcinogenic Potency Catego-
rization Approach (CPCA) to support the assignment of Als to
N-nitrosamine drug-substance-related impurities
(NDSRIs).”*~** Within this framework, structural features of
N-nitrosamines that can both increase and decrease their
carcinogenic potency are considered in assigning an NDSRI to
a potency category. In the USFDA guidance, interim Als for
247 NDSRIs are recommended based on CPCA assessments
whereas only three Als have been derived by read across.””
This disparity may reflect the lack of criteria or guidelines for
the selection of surrogates to support a read-across assessment.
In addition to the CPCA framework, experimental details are
provided for an enhanced Ames test (EAT).°"** EMA
guidance indicates that a negative EAT generates an Al of
1.5 pg/day,”® whereas FDA is more circumspect, stating it may
help establish a limit higher than that determined by a CPCA
assessment.””

Common to all of these topics is a fundamental under-
standing of the mechanisms by which N-nitrosamines are
metabolically activated (bioactivated), such that they become

capable of reacting with DNA, with the potential to cause pro-
mutagenic lesions. This has been the topic of a recent review
by Li and Hecht,” which considered the bioactivation and
DNA interactions of 10 carcinogenic N-nitrosamines. Empiri-
cal evidence indicates that the presence of an oxidizable carbon
center a to the N-nitroso functionality is a critical requirement
for N-nitrosamine carcinogenicity. More specifically, studies on
simple aliphatic N-nitrosamines indicate that the primary
mechanism of mutagenicity and carcinogenicity is a-carbon
hydroxylation in a cytochrome P450- (CYP) dependent
fashion, resulting in the formation of a highly reactive
diazonium species, capable of alkylating DNA, leading to
mutations.”*">” For example, following exposure to N-
nitrosodimethylamine (NDMA) and N-nitrosodiethylamine
(NDEA), pro-mutagenic methyl- and ethyl- DNA adducts,
such as O°G (3), O*T and O*T, have been isolated from
mouse and rat livers, the primary target organs for carcino-
genesis. It is of interest to note that DNA is not the only
substrate or the main substrate with which alkyl diazonium
ions react. The majority react extensively with water to yield
the corresponding alcohol, which in effect is a detoxification
process.””

When establishing acceptable intakes for N-nitrosamines in
pharmaceuticals, it is important to understand the mechanisms
of action that translate to CoC carcinogenic potency versus
those that result in a reduction in carcinogenic potency. The
purpose of this review is to understand how mechanisms other
than the a-hydroxylation of N-nitrosamines contribute to their
mutagenic potential and carcinogenic potency observed in
rodents.

B METHODS

A literature search was undertaken to retrieve SAR
investigations regarding both the mutagenic potential and
carcinogenic potency of N-nitrosamines. This activity involved
searching for in vitro and in vivo mechanisms relating potency
to chemical structures described in the literature. Initially all
available references were retrieved for all mutagenicity and
carcinogenicity experimental study data described in the
CPDB” (available at leadscope.com/CPDB and available as
the LCDB, carcdb.lhasalimited.org), Leadscope (Genetic
Toxicity database 2020 and Carcinogenicity database 2020),
and Vitic* (data set version 2020.1, Lhasa Limited) databases.
Literature reviews of chemical—structure causation for in vitro
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and in vivo mutagenicity study data were then conducted.
From these literature reviews, a number of mechanisms
responsible for N-nitrosamine mutagenicity and carcinogenic-
ity were identified which were verified in published, follow-up
experiments. Brief summaries of each of these mechanisms of
mutagenicity and how they relate to carcinogenic potency are
provided below.

B RESULTS AND DISCUSSION

CYP-Mediated a-Carbon Hydroxylation. Early N-
nitrosamine animal toxicity studies were focused on NDMA
(1 in Figure 1) due to workplace exposures associated with
liver toxicity.”® In one of the earliest investigations, two groups
of rats (10 male and 10 female) were administered NDMA in
the diet at a level of 50 ppm. Between the 26th and 40th week
of treatment, 19 animals developed primary hepatic tumors,
metastatic spread being present in seven cases.’’ Studies
exploring the mechanism of toxicity were undertaken in the
late 1950s and early 1960s. Dutton and Heath showed that
60% of the "*C radioactivity administered as ['*C]-NDMA to
rats was excreted as expired '*CO, within a few hours with
minimal amounts of the intact compound (<5% of dose)
excreted in urine.”’ Total hepatectomy reduced the rate of
clearance to almost zero in rats, while nephrectomy was
without effect. Thus, metabolism was practically confined to
the liver. As this is the only organ that undergoes severe
necrosis, it was concluded that the toxic agent was an NDMA
metabolite formed in the liver (Heath and Magee).”” Heath
further investigated quantitative aspects of the metabolism,
toxicities and mutual effects of NDMA and three related
compounds: NDEA, n-butylmethyl-N-nitrosamine and methyl-
t-butyl-N-nitrosamine) in intact female rats using '*C-labeled
test materials.>> N-Nitrosamine metabolism was tracked by
analysis of blood and urine samples and the measurement of
“C0O,. For NDMA and NDEA, the rates of decomposition
were proportional to the rates of '*CO, exhalation (after
correcting for the expiration of intact N-nitrosamine). All four
N-nitrosamines were metabolized and '*CO, was expired with
N-nitrosamines labeled in methyl, ethyl or n-butyl groups.
When methyl-t-butyl-N-nitrosamine was labeled only in the ¢-
butyl moiety, no more than 1.6% of the injected '*C
radioactivity was recovered as '*CO, in 24 h. Thus, the
butyl group proved to be difficult to oxidize in vivo. By
contrast, the same compound labeled only in the methyl
moiety released 1.2—4.8% per hour of administered radio-
activity as '*CO,. All N-nitrosamines produced liver necrosis in
toxicity tests except for the t-butyl analog, which did not cause
hepatic necrosis of the type associated with the other dialkyl N-
nitrosamines, even at high doses. The t-butyl analog was lethal
in rats at doses above 700 mg/kg; however, the toxic signs
resembled those produced by t-butylmethylformamide. Taking
NDMA as an example, it was concluded that '*CO, must be
generated by further metabolism of formaldehyde (4 in Figure
1), an oxidation product that is derived from a precursor
intermediate. The most probable structure of the precursor
intermediate is HO,CH,,N(CH,3) NO, a-hydroxy-NDMA (2
in Figure 1). In the general case of a-hydroxylation, the
structure of R°CH(OH)*N(R’) NO was proposed. Although
the causative agent was not clearly identified, it was assumed
that toxicity was mediated by formation of a diazoalkane, or a
monoalkyl-N-nitrosamine, or carbonium ions formed from
these oxidized species.

Subsequent publications, for example by Druckrey et al.”*

and Guttenplan,” confirmed that bioactivation of N-nitros-
amines to a-hydroxy-N-nitrosamines (which are carbinolamine
derivatives) is catalyzed by CYP-dependent mixed-function
oxidases present in the microsomal cell fraction. Further
evidence is provided by the fact that acetoxymethyl-N-
nitrosamines, which are readily hydrolyzed to their hydrox-
ymethyl counterparts, are direct-acting in vitro mutagens.”

Although N-nitrosamines require metabolism by CYP
enzymes to exhibit their toxic properties, only the first stage
of metabolic activation, involving hydroxylation of the carbon
alpha to the N-nitrosamine motif that leads to oxidative N-
dealkylation, is enzyme-dependent. NDMA denitrosation is
also considered to be an enzymatic process, having been
observed in liver microsomes. Figure 1 shows a prototype
metabolic pathway, similar to that described by Li and
Hecht,* using the simplest N-nitrosamine, NDMA, as an
example. NDMA can undergo denitrosation and radical-
catalyzed a-hydroxylation which, in turn, leads to generation
of the active moiety, methyl diazonium ion (7 in Figure 1).
Other types of N-nitrosamines, derived from cyclic amines,
exhibit more complex activation/deactivation pathways,>®
which will be discussed in subsequent sections of this
manuscript.

Jensen et al.*® estimated that, following in vitro microsomal
activation of NDMA in the presence of calf thymus DNA, the
yield of N”-methylguanine is in the range 0.1—1.0% and for the
major premutagenic DNA adduct, O6-methylguanine, to be
0.01—0.1%. In addition, the rate of DNA methylation
correlated well with the rate of formaldehyde formation.
Using '*N-labeled NDMA as test material, Koepke et al.”’
determined that, when incubated with isolated rat hepatocytes,
47% of the radiolabel was released as '’N,. These results
appear to show that less than 50% of NDMA is converted to
methyldiazonium ion (7 in Figure 1) and that hydrolysis of the
latter to methanol greatly reduces methylation of DNA bases
to no more than 1% of the molar amount of added NDMA.

CYP Isoforms Involved in a-Carbon Hydroxylation.
The principal CYP enzyme responsible for a-carbon
hydroxylation of NDMA is CYP2E1, and this isoform features
prominently in descriptions of the metabolic activation of
simple low-molecular-weight alkyl N-nitrosamines. However,
based on studies by Bellec et al,”® using 14 samples of human
liver microsomes, it is clear that activity of CYP2E1 is reduced
in relation to the chain-length of the alkyl substituent for a
series of dialkyl symmetrical N-nitrosamines. Extending the
chain length from dimethyl to dipentyl, CYP2E1 catalytic
activity toward N-nitrosamine oxidation is reduced ~24-fold.
Aldehyde yields were determined after incubation of four N-
nitrosamines (NDMA, N-nitrosomethylethylamine (NMEA),
NDEA, and N-nitrosomethylbutylamine (NMBA)) with 10
different CYP isoforms. The isoforms producing the highest
aldehyde yields are shown in Table 1, indicating that other
isoforms, such as CYP2C8 and CYP2C19 become more
important in the a-carbon hydroxylation of longer-chain alkyl
groups.

Oxidative N-Dealkylation in Drug Metabolism. Radi-
cal-mediated a-carbon hydroxylation observed for alkyl N-
nitrosamines can be considered as a specific example of the
general phenomenon of oxidative N-dealkylation (normally N-
demethylation or N-de-ethylation of substituted amine side-
chains).”” This is an established biotransformation pathway in
the metabolism of numerous aliphatic amine-containing drugs,
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Table 1. CYPs Producing Highest Total Aldehyde Yields
from Four N-Nitrosamines In Vitro

N-Nitrosamine CYP Aldehydes detected (molar ratio)
NDMA 2E1 HCHO
NMEA 2C8 HCHO/CH,;CHO (1.0:0.90)
NDEA 2C8 CH;CHO
NMBA 2C19 HCHO/C;H,CHO (1.0:2.3)

leading to the formation of formaldehyde or acetaldehyde,
respectively, as byproducts as shown in Figure 2.*

r 7 )

HO HooH
I CYP N
HN\R—> HN\R — Formaldehyde
o ; s HaNg
2 ° Methylamine
1 ° Amine
[}
HO | Hk
\ CYP Y
HN\R—> HN — Acetaldehyde
“R
HoN
2 ° Ethylamine —> 7R

\ 1 °Amine/

a-hydroxylation

Figure 2. CYP-mediated oxidative dealkylation of N-alkylamines

One example is the selective serotonin receptor inhibitor
fluoxetine, which contains an N-methyl substituent that is
subject to extensive N-demethylation by multiple CYP
isoforms (e.g, CYP2D6, CYP2C9 and CYP3A4) to form
norfluoxetine. Pharmacokinetic data indicate that there is at
least 50% conversion to norfluoxetine,*’ which is also
pharmacologically active. The normal maximum daily dose
(MDD) is 60 mg equivalent to 60/309.3 = 0.194 mmol.
Assuming 50% conversion to norfluoxetine, oxidative deme-
thylation would release at least 0.097 mmol or 2.91 mg
formaldehyde. Short chain aldehydes, such as formaldehyde
and acetaldehyde occur naturally in the body and are readily
detoxified by aldehyde dehydrogenases.”” In summary, it is
reasonable to conclude that the generation of aldehydes from
oxidative N-dealkylation is not responsible for the high
carcinogenic potency associated with some N-nitrosamines.

Oxidative N-Dealkylation and Denitrosation of N-
Nitrosamines are Radical-Mediated Reactions. Oxidative
N-dealkylation of N-nitrosamines is considered to involve
CYP-mediated free-radical formation at the a-carbon atom of
the alkyl group bonded to the nitrogen atom in the substrate.
Evidence from numerous studies mainly on relatively simple
N-nitrosamines (described below) indicates that a common
radical intermediate is formed initiating both the oxidative N-
dealkylation (toxification) and denitrosation (detoxification)
pathways. While most studies have evaluated a-carbon
hydroxylation versus denitrosation in vitro using rodent liver
microsome preparations or isolated hepatocytes, Burak et al,*
administered NDMA intravenously to rats and estimated that
29% of the NDMA dose was metabolized via the enzymatic
denitrosation pathway. Using calculations based on density
function theory (DFT), Ji and Schiitirmann®* confirmed that
free radicals are involved by showing that hydrogen abstraction
from the a-carbon of NDMA as the initial metabolic step

yields an @-nitrosamino radical (*CH,NCH;NO; illustrated in
Figure 1) as the common first intermediate for both the
oxidative N-dealkylation and denitrosation pathways. Studies
by Lorr et al.* involved incubation of NDMA and other
similar nitrosamines with rat liver microsomes, leading to the
conclusion that denitrosation is closely linked to N-
demethylation. Wade et al.* studied the deuterium isotope
effect in relation to denitrosation and N-demethylation of
NDMA by rat liver microsomes. There were two main
conclusions: (a) the K, values for denitrosation were similar to
those for N-demethylation, suggesting that the two pathways
are catalyzed by the same enzyme; (b) NDMA metabolism is
initiated by formation of an @-nitrosamino radical, which either
combines with a hydroxyl radical to form the a-hydroxy-N-
nitrosamine (2 in Figure 1) as the initial product of the N-
demethylation pathway or fragments to nitric oxide and N-
methylformaldimine (8 in Figure 1) as the initial products of
denitrosation. Experiments with '*N-labeled NDMA incubated
with acetone- or ethanol-induced rat liver microsomes showed
that the nitrogen present in methyl amine produced by
denitrosation originated from the amino moiety (not the
nitroso component) of NDMA.*" The results suggest that
NDMA metabolism is best viewed as a competition between at
least two important pathways: oxidative N-demethylation and
the deactivating denitrosation route, a hypothesis that seems to
account for the previously reported detection of methylamine
as a urinary metabolite of NDMA, and for the production of
less than theoretical yields of labeled nitrogen gas during
NDMA metabolism. In other words, the methyl groups of
NDMA are converted to methylamine and formaldehyde in
the deactivation pathway and to formaldehyde and methyl-
diazonium ijon (4 and 7 in Figure 1) in the bioactivation
pathway, although there may be some loss of the latter by
hydrolysis to methanol (10 in Figure 1). Yoo et al*®
investigated the metabolism of NDMA, NDEA, N-
nitrosobenzylmethylamine, and N-nitrosobutylmethylamine in
incubations with human liver microsomes. All of the 16
microsomal samples studied were able to oxidize NDMA to
both formaldehyde and nitrite at NDMA concentrations as low
as 0.2 mM. The ratio of denitrosation to N-demethylation
increased with increases in NDMA concentration, in a similar
manner to that observed with rat liver microsomes. Human
liver microsomes also catalyzed the N-dealkylation and
denitrosation of other nitrosamines examined. Sohn et al.*’
investigated the metabolism of NDMA by acetone-induced rat
liver microsomes as well as by a reconstituted system
containing purified CYP2E1. The stoichiometry of NDMA
products formed in these reactions indicates that denitrosation
and a-hydroxylation are catalyzed by the same CYP, namely
CYP2EL. Denitrosation has also been shown to occur in the
following cases: N-nitrosodibenzylamine (NDBzA), which, on
microsomal incubation, produced benzaldehyde, benzylamine
and nitrite as metabolites;*° N-nitroso-N-methylaniline under-
went 33% denitrosation in vivo in rats’' and incubation with
induced rat liver microsomes produced aniline as the main
amine metabolite along with small amounts of N-methylani-
line.>* For N-nitrosodi-n-propylamine (NDPA), Teiber and
Hollenberg™ demonstrated that CYP2E1 is the major human
liver microsomal isoform responsible for its metabolism at low
micromolar concentrations. Denitrosation of NDPA occurred
at ~10:20% of the rate of N-depropylation. In general, for N-
nitrosamines, since activation and deactivation proceed via a
common radical intermediate, it is likely that the same CYP

https://doi.org/10.1021/acs.chemrestox.3c00327
Chem. Res. Toxicol. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/10.1021/acs.chemrestox.3c00327?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.3c00327?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.3c00327?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.3c00327?fig=fig2&ref=pdf
pubs.acs.org/crt?ref=pdf
https://doi.org/10.1021/acs.chemrestox.3c00327?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Research in Toxicology

pubs.acs.org/crt

REVIE

11,112—119

Name / Structure CAS CYP-Mediated Ames Test TDs S I:g)esst fle::ils"i"ttll‘l,zor
Number Metabolism* Result (mg/kg/day)” P Site
e
7N 62-75-9 a-hydroxylation Pos"! 0.145¢ Rat Liver®
ydroxy!
N-nitrosodimethylamine
~N
NoC
r 55-18-5 | o ,B-hydroxylation Pos'! 0.062° Rat Liver®
N-nitrosodiethylamine
\
Ape® ;2_5: o ,B-hydroxylation Pos''? 0.050¢ Rat Liver!
N-nitrosomethylethylamine
Osy
N
IS 621-64- o,B, 8- Pos!!? 0,186 Rat Liver and Nasal
7 hydroxylation ’ Cavity*
N-nitrosodipropylamine
Osy
\/\/':‘\/\/ -16- -
224 16 h;ilf) ;(illa zion Pos!'!3 8.2¢ Mouse Esophagus®
N-nitrosodibutylamine
(O 930-55- ) " )
N 5 o-hydroxylation Pos 2.47¢ Rat Liver®
N-nitrosopyrrolidine
N'N
O }100-75- o ,B-hydroxylation Pos!'!® 1.33¢ Rat Liver®,
N-nitrosopiperidine
Osy .
o~ L16- o-hydroxylation\ Pos''¢ 38.9¢ Rat Liver!
. ] . 54-7 B-oxidation
N-nitrosodiethanolamine
Osy 75881~ w-carbon oxidation
N~~~ | 220 followed by Knoop- Pos'!? 1.264 Rat Urinary Bladder*
N-nitrosomethyl-N-decylamine type B—oxidationf
o 68107 3
Moo~~~ | 266 g’f’ ¥ o w- Pos'"’ 2.37¢ Rat Lung and Liver?
N-nitrosomethyl-N-undecylamine ydroxylation
Osy -carbon oxidation
N~ 55090- followed by Knoop- Pos'"? 0.656" Rat Urinary Bladder?
N-nitrosomethyl-N-dodecylamine 44-3 type B-oxidationf
O‘\E Denitrosation,
@ \© 86-30-6 Reacgg:cg’s‘ygen Neg!!8116.19 125¢ Rat Urinary Bladder!
Nitric Oxide
N-nitrosodiphenylamine

E

Table 2. Examples of N-Nitrosamines That Illustrate the Relationship between Sites of CYP-Mediated Metabolism Mutagenic
Potential and Carcinogenic Potency

Pos = Positive; Neg = Negative. “Possible sites of CYP-mediated metabolism, with the exception of N-nitrosodiphenylamine, for which alternate
mechanisms of mutagenicity are noted. *TDso (mg/kg/day) = dose that causes a tumor incidence of 1 in 2 animals. “TDs, from the most sensitive
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Table 2. continued

species and site for tumors from the most robust study (per ICH M7 guidance) is presented as reported in Bercu et al., 2023. 4TDS0 from the most
sensitive species and site(s) of tumor formation as noted in the Lhasa Carcinogenicity Database. In cases where there was both a Lhasa and Gold
TDyj available, the Lhasa TDs, was selected as these values are constantly being updated and maintained. “TDj, from the most sensitive species
and site for tumors from the most robust study (per ICH M7 guidance) is presented as reported in Dobo et al., 2022. JCYP-mediated metabolism
observed in even-number-chained alkyl nitrosamines, but not in odd number-chained alkyl nitrosamines

o] c’
/NHz HZO /N\ ! CYP
Ph *H SH < { ~ "Ph O“N/N\Ph —_—
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Figure 3. Metabolic pathways for NMA (as an example) to illustrate the mechanism of formation of azo-aryl and aryl DNA adducts.

isoform(s) catalyze both processes, and the available evidence
seems to support this interpretation.

Relative Contributions of Denitrosation and a-
Carbon Hydroxylation to N-Nitrosamine Toxicity in
Rodents. Lee et al.”* conducted a series of experiments in
order to determine whether NDMA cytotoxicity is the result of
metabolic denitrosation or a-carbon hydroxylation of the N-
nitrosamine. Metabolism of NDMA produced formaldehyde,
nitric oxide, N-methylamine and N-methyldiazonium ion.
Acetoxy-NDMA, following incubation with esterases, formed
only formaldehyde and the N-methyldiazonium ion. Since the
cytotoxicities of NDMA and acetoxy-NDMA were virtually
identical, it was concluded that NDMA toxicity was not
derived from metabolic denitrosation; rather, the formation of
the N-methyldiazonium ion via a-carbon hydroxylation by
CYP enzyme(s) was responsible.

Furthermore, the principal DNA adducts formed following
exposure to NDMA are N’-methylguanine (representing about
65% of all adducts formed initially upon exposure) and O
methylguanine (representing about 7% of all adducts formed
initially).>> Other DNA adducts formed in smaller amounts
include N°-methyladenine and O*methylthymine. Although
there appears to be no direct relationship between the
formation of N’-methylguanine and tumor development, the
formation and persistence of O%methylguanine adducts have
been shown to be associated with both the carcinogenicity and
mutagenicity of NDMA.*> N’-Methylguanine may undergo
depurination, yielding apurinic sites, which, if not repaired
prior to DNA replication, can result in guanine to thymine
transversions. O°-Methylguanine and O*-methylthymine
(formed at about 1% of the amount of OS-methylguanine)
are strongly promutagenic by direct mispairing. O°-Methyl-
guanine gives rise to guanine:cytosine to adenine:thymine (i.e.,
G:C to A:T) transitions, while O*-methylthymine causes A:T
to G:C transitions.>”

Other authors*®*’ suggest, less convincingly, that reactive
oxygen species (ROS) formation, caused by metabolic
denitrosation could make a significant contribution to the
carcinogenicity of NDMA. For example, Hebels et al,*’
concluded that ROS formation plays a role in deregulation of
gene expression patterns that may be relevant for the process

of NDMA chemical carcinogenesis. The most extensively
studied and abundant oxidative DNA lesion produced is 8-
hydroxydeoxy guanosine (8-OHdG), which is mutagenic in
bacterial and mammalian cells. Numerous studies have
demonstrated that 8-OHAG levels are elevated in various
human cancers and in animal tumor models.*® However, most
of the evidence is somewhat indirect for dialkyl-N-nitros-
amines, which cause increases in some markers of ROS and
lipid peroxidation, although there are contradlctory reports on
8-OHdG levels in experimental studies.”””

An interesting case to consider with regard to the impact of
a-hydroxylation versus denitrosation on the carcinogenic
potency of N-nitrosamines is N-nitrosodiphenylamine
(NDPhA). NDPhA is not subject to a-hydroxylation, as it
has no a-carbon hydrogens available for abstraction. However,
denitrosation has been shown to occur in the metabolism of
NDPhA.®’ The proposed bioactivation mechanism for the
metabolism of NDPhA suggests that enzyme-catalyzed
homolytic cleavage of the N—N bond occurs quite readily,
which is not surprising given that its dissociation energy is only
167 kJ/mol compared to 411 kJ/mol for a H—C bond (http://
www.wiredchemist.com/chemistry/data/bond_energies_
lengths.html). The fact that NDPhA tests positive for
mutagenicity in the Ames strain TA104 in the presence of
metabolic activation (liver S9 fraction and CYP cofactor
NADPH) is consistent with the production of ROS during the
denitrosation process. On the other hand, the European
Chemicals Agency (ECHA) REACH registration dossier
concludes that NDPhA should be considered asa nonmutagen
since all in vivo assays appear to be negative.’’ Even though
metabolism of NDPhA is associated with the generation of
ROS, the compound is only weakly carcmogemc with a
reported TDj, value of 125 mg/kg/day®* (Table 2).

In contrast to NDPhA, a-carbon hydroxylation involving rat
CYP2B1 is a key feature of the activation of N-nitroso-N-
methylamhne (NMA).®* NMA is mutagenic in the Ames
assay,”* and compared to NDPhA the compound is a potent
rodent carcmogen with a harmonic-mean TDy, of 0.142 mg/
kg/day,’” whereas data from the most robust study yields a
TDy, of 0.106 mg/kg/day.'® The proximate carcinogenic
metabolite is predicted to be the benzenediazonium ion, which
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could form azo-linked DNA adducts or, after loss of nitrogen,
would produce the resonance-stabilized phenyl carbocation.
Using a 32P-postlabeling technique, Stiborova et al.,*
demonstrated the formation of DNA adducts following
microsomal metabolism of NMA, although their precise
chemical structure was not determined. Benzenediazonium
tetrafluoroborate tested positive for bacterial mutagenicity in
Salmonella strain TA1537 (in the absence of metabolic
activation) but was not carcinogenic following chronic
subcutaneous injection and oral gavage administration in
Syrian golden hamsters.”® In vitro experiments with the
benzenediazonium ion have demonstrated the formation of
8—(pheny1azo)§uanine adducts following incubation with calf-
thymus DNA.®” Another group® investigated the reaction of
p-substituted benzenediazonium ions of structure p-X-ArN,"
with calf-thymus DNA and showed the formation of 8-
arylguanine adducts. Aryl diazonium salts are more stable than
their alkyl counterparts benefiting from charge delocalization
and particularly if they are paired with a non-nucleophilic
counterion such as tetrafluoroborate, hexafluorophosphate or
tosylate.”” Such differential stability probably explains why aryl
diazonium ions can form both azo-aryl and aryl DNA adducts.
As an example, Figure 3 illustrates the metabolic pathway,
whereby NMA leads to the formation of both types of adducts.

Although a-carbon hydroxylation is a critical first step in the
bioactivation of many N,N-dialkyl-N-nitrosamines leading to
the formation of diazonium or carbocation intermediates, some
N-nitrosamines are devoid of N-nitrosamine-like toxicity, even
though they appear to undergo a-carbon hydroxylation. Key
examples are N-methyl-N-t-butyl-N-nitrosamine (NMtBA)
and N-ethyl-N-t-butyl-N-nitrosamine (NEtBA). As mentioned
previously, the former compound (NMtBA) was shown by
Heath® to produce a significant amount of *CO, when the
methyl-labeled N-nitrosamine was administered to female rats,
whereas the corresponding analog labeled only in the t-butyl
moiety produced a minimal yield of '*CO,. In addition, an
intraperitoneal dose of 1400 mg/kg NMtBA, given to two rats
over a period of 4 days, did not cause liver necrosis of the type
associated with N-nitrosamine poisoning. A rodent carcinoge-
nicity bioassay is reported to have produced negative results.”’
Although no metabolism data are available on the ethyl
analogue, it is possible to infer that a-carbon hydroxylation
occurs but does not lead to the generation of a toxic
intermediate; moreover, Druckrey et al.’>* determined that
NEtBA is noncarcinogenic in the rat. Twenty-five rats received
80 mg/kg/day NEtBA via drinking water, up to a total dose of
24 g/kg. Over an observation period of up to 730 days, no
animals developed a tumor.

Highly fluorinated analogs of NDEA and NDBA are further
examples of compounds that, despite the presence of a-
hydrogens, can lack significant toxicity in rodents. The
comparative in vitro metabolism of NDEA and its 2-fluorinated
analogs N-nitroso-2,2,2-trifluoroethylethylamine (NDEA-F3)
and N-nitroso-bis(2,2,2-trifluoroethyl)amine (NDEA-F6) was
investigated by using the S9 fraction of rat liver microsomes.”’
NDEA and NDEA-F3 were deethylated and, to a smaller
extent, denitrosated. Dealkylation of NDEA-F3 at the
fluorinated ethyl group was strongly inhibited, and NDEA-F6
was essentially not metabolized. NDEA-F3 was marginally
mutagenic and NDEA-F6 nonmutagenic. It is concluded that
the substitution of fluorine in the 8-position of NDEA strongly
hinders or prevents a-hydroxylation and denitrosation. A
similar trend was observed with NDBA and three analogs with

different degrees of fluorine substitution within the butyl
groups.””

Role of Nitric Oxide Formation (a Byproduct of
Denitrosation) in N-Nitrosamine Carcinogenicity. As
stated above, the metabolism of nitrosamines formed from
secondary amines proceeds by two main pathways: a-
hydroxylation and denitrosation (Figure 1). The principal
metabolites from the latter pathway are one or two primary
amines (depending on whether the original amine has identical
or different substituents) and nitric oxide. Nitric oxide (*°NO)
(CAS# 10102—43-9), a small, lipophilic, reactive radical
molecule containing an unpaired electron, is produced
endogenously and acts as a highly diffusible and ubiquitous
signaling messenger.”” *NO is readily oxidized in vivo to nitrite,
which serves as a storage form of nitric oxide. Depending on
local oxygen concentrations, the biological half-life of *NO has
been estimated in the range of 0.09—2.0 s/t [Endogenous
nitrite is further oxidized to nitrate and the rate of “"NO/nitrate
formation has been estimated as 1050 ymol/day (equivalent to
around 30 mg/day *NO)].”® Release of nitric oxide can occur
particularly under acidic and/or hypoxic conditions.”® *NO is
considered to have a dichotomous nature in relation to its pro-
and anticancer effects.”” On the one hand, it appears to have a
role in the induction of genotoxic lesions and in tumor
promotion. On the other hand it can act as a critical ég)art of the
protective immune response in some tumor types.7

Relatively few conventional toxicity studies have been
undertaken on *NO. As well as being technically difficult’’
(owing principally to its gaseous nature) there are some doubts
around interpretation of the results of such studies. In 1994 the
US EPA (Environmental Protection Agency) withdrew the
*NO RfD (Reference Dose) for chronic oral exposure “based
on the fact that it is extremely insoluble in water (0.006 g/100
g of water at Standard Temperature and Pressure (STP); U.S.
EPA, 1993) and the small amount that does dissolve (60 ppm)
reacts with water to form nitrous acid or nitrites, depending on
the pH.”*"

Nevertheless, data from bacterial reverse mutation assays
using gas-phase administration have been published. Arroyo et
al, 1992 reported a dose-related increase in revertants in
TA1535 in the absence of $9.°" A 1995 study cited on the
ECHA Web site revealed positive results in TA1535 and
TA100 with and without metabolic activation at concen-
trations in excess of 1580 ppm.*” Results of similar bacterial
assays on sodium nitrite indicate positive results (+S9) with
strains TA1535 and TA100 appearing to be most sensitive.*?
However, an in vivo genotoxicity assay produced negative
results,** and there was no convincing evidence of carcinogenic
potential in a mouse lifetime bioassay.**

*NO, using single, nose-only exposure over 6 h, was
administered to male rats at concentrations of 30, 75, and
150 ppm (equivalent to 18, 46, and 92 mg/kg). No statistically
significant increase in the frequency of micronucleated
immature erythrocytes and no substantial decrease in the
proportion of immature erythrocytes were observed at the 24-
or 48h sacrifices.”” Interpretation of the study results as
negative has been challenged as part of an Australian review of
a °NO-containing product for treatment of perioperative
pulmonary hypertension.”> The nonclinical reviewer for this
dossier commented as follows: “.. the validity of the rat
micronucleus study fundamentally depends on exposure of
bone marrow erythroblasts to the test article. Given that
inhaled NO is rapidly scavenged by erythrocyte hemoglobin
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within the pulmonary circulation, it is highly doubtful that any
bone marrow erythroblast exposure has occurred. Further-
more, the study report did not provide any toxicokinetic data,
demonstrating bone marrow exposure to the test article.
Accordingly the results of the in wvivo rat bone marrow
micronucleus study are regarded as falsely negative.”*’

Oda et al. 1980, using test and control groups of 64/65
animals, studied lifetime exposure of female mice to 2.4 ppm
inhaled *NO (equivalent to 4.5 mg/kg/day). There was no
evidence for a carcinogenic response although there was no
assessment of systemic exposure to the test material or its
metabolites.**

Given the difficulties and potential unreliability of the
toxicological assessment of exogenous °*NO, an alternative
approach involving nitric-oxide donors may be more
appropriate in that *NO can be produced metabolically as is
the case for N-nitrosamines. Some *NO donors such as sodium
nitroprusside release *NO spontaneously while others,
including organic nitrates, require enzymic metabolism."

Nitroglycerin (CAS# 55—63—0) is a classical nitric-oxide
donor that has been used therapeutically over several decades
for prophylactic treatment of attacks of angina pectoris, and
has been evaluated for carcinogenic potential in a number of
rodent bioassays."” Two rat carcinogenicity studies, one by
Tamano et al. 1996 (involving a single dose level of 400 mg/
kg/day) and another by Ellis et al. 1984°” (using oral doses up
to 363 mg/kg/day in males or 434 mg/kg/day in females) are
summarized in the Lhasa Carcinogenicity Database.”” The
TDjs, value from the most robust study (Ellis et al.)*” and the
most sensitive sex (male) and tumor site (liver) is 221 mg/kg/
day. In the Ellis et al. study, tumor incidence (hepatocellular
carcinoma) was increased with statistical significance only at
the highest dose in both male and female rats.”” When
compared with NDMA, nitroglycerin is an extremely weak
carcinogen. Bercu et al. 2023, recently determined that the
most robust derived Al for NDMA is 145 ng/day (this is based

on selection of the TD;, value from the most robust
carcinogenicity study and from that study the most sensitive
sex and tumor site, which is 0.145 mg/kg/ day).98 The TDq for
the NO-donor, nitroglycerin, is therefore 1500-fold higher than
that of NDMA. Consequently, *NO is considered to make no
significant contribution to NDMA carcinogenicity via meta-
bolic denitrosation, further supporting the notion that the
denitrosation pathway represents a deactivating mechanism
rather than an activating mechanism for N-nitrosamines.

CYP-Mediated f-, y-, -, and w-Carbon Hydroxylation.
N-Nitrosamines with additional CH-functionalities available
for CYP oxidation can also undergo f-, y-, 6-, and w-carbon
hydroxylation. The balance between a-, -, y-, -, and w-
carbon hydroxylation depends on the alkyl chain length or ring
size and the specific CYP isoform involved in the oxidative
metabolism. More importantly, the process is governed by how
the N-nitrosamine fits/aligns in the active site of mammalian
CYP enzymes for oxidation to occur at the heme center; one or
more CYPs could potentially catalyze a-, f-, y-, 6-, and w-
carbon hydroxylation."”

In longer alkyl-chain as well as larger cycloalkyl N-
nitrosamines, there is a competition with the metabolic rate
of the a-carbon hydroxylation, the primary metabolic pathway
responsible for carcinogenicity, and hydroxylation at other
available oxidizable sites, resulting in a decrease of carcinogenic
potency.'” For example, increasing TDs, values of N-
nitrosodibutylamine (NDBA) vs NDPA, NDEA, and NDMA
reflects a decrease in carcinogenic potency with increasing
metabolic complexity (Table 2).

p-Carbon Hydroxylation. NDEA metabolic activation
occurs primarily at the a-carbon position. However, f-carbon
hydroxylation occurs to a lesser extent, followed by secondary
a-carbon hydroxylation on the other carbon available; this 2-
hydroxyalkyl intermediate decomposes to produce the
corresponding aldehyde and diazonium ion™’ (Figure 4).
NDEA is primarily metabolized by CYP2E1 and 2A6.”* Ethyl
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DNA adducts, predominantly O*-ethylthymine, O*-ethyl-
thymine, and N°-ethylthymine have been detected in various
human tissues, primarily in liver, although trace levels of N’-
HO-ethylguanine have also been reported in rat hepatic
DNA.>> NDEA main target organs are liver and esophagus, in
rats dosed orally.”’

A similar mechanism occurs with NDPA which can undergo
a-, -, and y -carbon hydroxylation (Figure S). The
carcinogenicity of NDPA is considered to be predominantly
the result of a-carbon oxidation. The product of f-carbon
hydroxylation is in balance between elimination in the urine as
the N-nitroso-N-(2-hydroxypropyl)propylamine glucuronide
and an oxidized intermediate N-propyl-N-(2-oxopropyl)-
nitrosamine. The latter can be reduced back to N-propyl-N-
(2-hydroxypropyl)nitrosamine or form a methylating agent by
a-hydroxylation resulting in N-nitroso-(2-hydroxypropyl)-(2-
oxopropyl) amine, the precursor of the methylating species
(Figure S).23’92

NDPA is metabolized by rat CYP2E1 and CYP2B1 and
tumors in the liver, nasal cavitgf and esophagus are observed in
rats after oral administration.”” The products resulting from y-
carbon hydroxylation have been detected in rat hepatocytes as
minor metabolites.”® Although studies of alkylation of DNA
using "*C-NDPA have detected N’-methylguanine and N’-(n-
propyl)guanine, there is limited characterization of NDPA-
DNA adducts.”

The increased metabolic complexity of NDPA compared
with NDEA, where the B-carbon hydroxylation product is in
equilibrium between detoxification through glucuronidation or
further a-carbon hydroxylation products, is reflected in a lower
carcinogenic potency (TDg, of 0.186 in NDPA vs 0.062 in
NDEA; Table 2).

In asymmetrical NMEA, a-carbon hydroxylation will result
in a methyl or ethyl diazonium ion depending on the site of
hydroxylation (ethyl or methyl group, respectively), and f-
hydroxylation could occur as in NDEA. NMEA is predom-
inantly a liver carcinogen in contrast with other asymmetric
aliphatic nitrosamines where the esophagus is the primary
target in rats; of 20 rats treated with NMEA, 14 developed
tumors, 9 in the liver, 1 in the esophagus and 4 in the nasal
cavity.”»”® The major DNA adduct formed in rats after
intraperitoneal injection of NMEA was N’-methylguanine, with
the highest concentration in liver, followed by kidneys,
esophagus, and lung.”’

p-Carbon hydroxylation was initially suspected to be the
mechanism by which tumors in the esophagus were produced
in studies where rats were administered NMEA deuterated at
various positions via the intraperitoneal route.”*”* However,
comparison of the number of rats with esophagus tumors when
treated with NMEA-d; (20 rats treated, 20 bear tumors, 15
with carcinomas in liver, 14 in esophagus), N-nitromethyl neo-
pentylamine (NMNA, 17 rats treated, 16 bear tumors in
esophagus only) and N-nitroso methyl trifluoroethylamine
(NMFA, of 20 rats treated 19 developed tumors just in
esophagus) (Figure 6) points to a f-carbon effect on the a-
carbon hydroxylation of the ethyl group, rather than f-carbon
hydroxylation.”

p-Carbon hydroxylation is also observed in cycloalkyl N-
nitrosamines, but the formation rate is lower than a-carbon
hydroxylation, which is the primary metabolic pathway leading
to the carcinogenic response.95’96 For example, N-nitroso-
pyrrolidine, which is primarily oxidized by CYP2E1, and is a
liver carcinogen in rats (Table 2), shows a significant decrease
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Figure 6. NMEA-d;, NMNA, and NMFA structures and their ranking
of esophageal tumor incidence in rats.

in carcinogenicity when the a-carbon position is blocked. For
2,5-dimethyl-N-nitrosopyrrolidine, out of 29 rats, only 2 had
hepatocellular tumors compared to N-nitrosopyrrolidine,
where 28 of 29 animals had hepatocellular tumors.”

Hydroxylation at the f-, y-, and w-carbon positions in the
alkyl chain is thought to drive detoxification pathways such
that DNA bases are not alkylated, because this yields stable
monohydroxylated metabolites. For example, in N-nitroso-
morpholine, f-carbon hydroxylation produces a highly potent
in vitro mutagen but a weak tumorigenic 4-nitrosomorpholin-2-
ol. It has been suggested that the high yield of elimination from
secondary a-carbon hydroxylation decomposition products
may explain the decreased carcinogenicity in vivo.””

7- 6-, and w-Carbon Hydroxylations. In the case of long-
alkyl-chain N-nitrosamines such as NDBA and N-nitroso-
diamylamine (NDAA), CYP enzymes other than CYP2E1 are
also involved in hydroxylation, including CYP3A and CYP2C
isoforms.”” For NDBA, positions at the a-, f-, y-, and o-
carbons are available for hydroxylation, with the a@-carbon
hydroxylation as the primary producer of the alkylating agent,
forming N-butyl-DNA adducts (Figure 7). The major
metabolites observed in urine from N-nitroso-(3-
carboxypropyl)butylamine and N-nitroso-(3-hydroxybutyl)
butylamine were products of y- and d-carbon hydroxylation,
with a minor metabolite derived from f-carbon hydroxylation,
N-nitroso-(2-hydroxybutyl) butylamine.”> The most sensitive
site of NDBA-induced tumors in mice is esophagus (TDs, =
8.2 mg/kg/day; Table 2).98,

Cycloalkyl N-nitrosamines such as N-nitrosopiperidine
(NPIP; Table 2) and N-nitroso hexamethylenimine undergo
y -carbon hydroxylation,”* and in vitro data show that - and y
-carbon hydroxylation exceeds the f-carbon hydroxylation
pathway.” Furthermore, a-carbon hydroxylation was the
major metabolic pathway that led to carcinogenicity in rats,
as demonstrated by comparing the number of NPIP-treated
rats bearing tumors versus the number of rats bearing tumors
following treatment with methyl-substituted derivatives of
NPIP.”> Methyl substituted N-nitroso-2-methylpiperidine
(NPIP-2-methyl) and N-nitroso-2,6-dimethylpiperidine
(NPIP-2,6-dimethyl) showed a decrease in the tumor
formation (out of 30 animals in the study, 22 and 2 animals
developed tumors, respectively) compared with all 29 animals
bearing tumors when treated with NPIP (Figure 8).”’ In
contrast, #- and y-substitutions did not decrease carcinoge-
nicity. In rats treated with N-nitroso-3-methylpiperidine, 28
out of 29 rats developed tumors and all 30 rats treated with N-
nitroso-4-methylpiperidine displayed tumors.” Similar effects
were observed with N-nitroso-3-piperidinol, N-nitroso-4-
piperidinol, and N-nitroso-4-piperidone, where all treated
animals developed tumors.'*’

In asymmetric N-methyl-N-alkyl-N-nitrosamines, hydroxyla-
tion that occurs at the a-carbon of the alkyl chain constitutes
the dominant pathway leading to carcinogenicity.'’’ Early
evaluation of the target tissues in rat studies determined that
N-nitrosamines containing smaller alkyl groups (3 to 6 carbon
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length) were esophageal carcinogens.”* In longer-chain N-
methyl-N-alkyl-N-nitrosamines (7 to 12 carbon length) odd-
numbered compounds produce liver tumors and even-
numbered compounds produced urinary bladder tumors.'**
In even-chained alkyl nitrosamines the induction of bladder
tumors in rats treated orally is hypothesized to proceed via
initial @-carbon oxidation to form an acid followed by Knoop-
type p-oxidation observed in fatty acid catabolism, where
successive elimination of two carbon fragments shortens the
alkyl chain, resulting in N-nitrosoalkyl-3-carboxypropylamine,
which could undergo a-hydroxylation to form the diazonium
species' "% (Figure 9). For example, N-methyl-N-decyl-
nitrosamine and N-methyl-N-dodecylnitrosamine are bladder
carcinogens (with TDyo of 1.26 and 0.656 mg/kg/day,*”
respectively), versus N-methyl-N-undecylnitrosamine, which is
a lung and liver carcinogen but not a bladder carcinogen
(Table 2).

N-Nitrosamines Bearing N-Hydroxyalkyl Substitu-
ents. N-Nitrosamines that possess hydroxyalkyl functional
groups offer an interesting case study in the balancing of
different metabolic effects, as described in Figure 10. In some
cases, hydroxyalkyl-N-nitrosamines can be detoxified via both
phase II metabolic conjugation (glucuronidation and/or
sulfation) and phase I oxidation to the carboxylic acid
metabolite (in the case of a primary alcohol containing an

alkyl side chain). In other cases, especially if the hydroxy group
is at the f-position as described, the potential for increased
potency is enhanced by the availability of the alternate route of
methyldiazonium ion formation described (effectively, startin
immediately at the second structure as shown in Figure 5);”
however, an analysis of the available data indicates that these
compounds are on balance detoxified, as exemplified in recent
regulatory guidance.”’”**

Moving away from the immediate structural environment of
the N-nitrosamine, detoxification of a terminal (i.e., primary)
hydroxyl group (e.g, N-nitrosodiethanolamine; Table 2) via
oxidation to the carboxylic acid occurs typically via a two-step
process from the alcohol. The formation of an aldehyde via the
action of alcohol dehydrogenases may lead, transiently, to a
compound of potential genotoxic hazard, however this is
independent of the N-nitroso group and any mutagenicity
attributable to this would also be available to the parent amine
of the N-nitrosamine. Typically, this aldehyde is then oxidized
to a carboxylic acid by aldehyde dehydrogenases, and N-
nitrosamine compounds with such substituents have been
reported to be of statistically significantly lower concern.'”"?
In contrast, oxidative metabolism of a secondary alcohol motif
will lead to the formation of a ketone metabolite (see Figure 5)
but, except for the rearrangement discussed, these again should
be expected to have both a comparable probability of
formation and a probable mutagenic hazard similar to the
parent compound (i.e., a distant ketone does not interact
significantly with a N-nitrosamine group, not changing its
mutagenic potential, and any mutagenicity due to the ketone
itself would be of concern only if the ketone formed from the
parent amine were mutagenic). Note that an arbitrary ketone is
not typically a structural alert for mutagenicity, and although
groups such as a,f-unsaturated ketones have been considered
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as structural alerts, as typical soft electrophiles, it has been
reported that positive results occur only when glutathione (the
dominant soft nucleophile) is titrated out of the system.'*>~'%

Finally, a-hydroxylated nitrosamines, which are essentially
unstable carbinolamine-type analogs, must be described. The
a-hydroxylated species is, of course, the product of @-carbon
hydroxylation of the N-nitrosamine. This is the step that
requires metabolism, and further progress on the “typical”
pathway can occur abiotically. a-Hydroxylated-N-nitrosamines
are unlikely to be mutagenic due to instability, comparable to
primary amines which tautomerize to the diazohydroxide (a
subsequent intermediate in the typical pathway), and to the
non-nitrosated carbinolamines, reported to be unstable
precursors of imines.'”” Some experiments have been
performed using a-acetoxynitrosomorpholines as a stable
precursor (the a-hydroxylated nitrosamine itself proving too
unstable to test) of the a-hydroxylated nitrosamine.”’
Metabolic deacetylation of this to yield the unstable 2,5-
dihydroxy- and 2,3-dihydroxy-nitrosomorpholine intermediates
produced significant differences in potency, with the formation
of 2-acetoxyacetaldehyde from the 2,5-dihydroxy intermediate,
a potentially detoxifying intermediate not available to the 2,3-
form. These observations might be specific to nitroso-
morpholine, but the general principle of the instability of a-
hydroxylated variants remains.

In summary, a-hydroxylated-N-nitrosamines are unstable
but can be administered as their esterified forms; f-
hydroxylated compounds have a potentially concerning

mechanism but no overall increase in carcinogenic potency
has been observed (since this hydroxylation also allows
detoxification), and y-, @-, and o-hydroxylations lead to the
potential for detoxification reactions in accordance with the
overall metabolic profile of the parent amine.

The principal function of enzymatic biotransformation of
xenobiotics (including drugs) is to increase the polarity of the
xenobiotic to a point where it can be excreted via bile
(ultimately, feces) or urine. This biotransformation typically
takes two phases: Phase I metabolism, often but not exclusively
redox chemistry, introduces hydroxyl groups and can, in some
cases, oxidize them further to aldehydes/ketones and
carboxylic acids. These significantly increase the polarity of
the molecule, but in most cases phase I metabolism is not
sufficient, and conjugative biotransformation reactions com-
prising phase II metabolism must occur for excretion. Briefly,
these transformations are the addition of an extremely polar
group to the molecule, and the largest classes thereof are the
glucuronidation and sulfation of hydroxyl groups. By contrast,
an N-nitrosamine that is hydroxylated via phase I oxidation, or
administered in a hydroxylated state, is potentially of sufficient
polarity to limit the need for further phase I metabolism and go
straight to phase II conjugation. The products of these
conjugation reactions are typically of sufficient polarity to be
excreted.

Phase II enzymes such as uridine glucuronosyl transferases
(which catalyze glucuronidation) are present in the liver
microsomal fraction, while sulfotransferases (which catalyze
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sulfation) are present in the liver cytosolic fraction; both liver
fractions are represented in typical liver S9 fractions used to
assess metabolism-dependent mutagenicity in the Ames assay.
However, the requisite cofactors (UDP-glucuronic acid and 3'-
phosphoadenylyl sulfate, respectively) are not included in the
Ames test, which is primarily designed to assess CYP
dependent bioactivation phenomena (hence the sole inclusion
of the CYP cofactor NADPH in the liver S9 incubations). As a
result, these transformations, which are typically detoxifying
due to the increased rate of excretion, may not be fully
represented in the Ames test, which could result in an
overestimate of mutagenic activity with respect to the behavior
in vivo where the entire suite of drug metabolizing enzymes is
available for bioactivation and detoxification. This is because
not all possible sites of hydroxylation in a molecule will be
hydroxylated, and should the N-nitrosamine a-carbons not be
the preferred site, the compound may be sufficiently polar to
move to phase II in vivo without a-hydroxylation. However, if
this is not available additional phase I hydroxylations, including
potentially a-hydroxylation, may need to occur.

Implications for Risk Assessment. To conduct a
thorough risk assessment, it is important to understand
whether the mode of action of potential carcinogens is the
induction of DNA mutations. For N-nitrosamines, information
about the bioactivation and the resultant products provides
mechanistic information that can inform the risk assessment. It
is critical to understand whether the formation of reactive
intermediates such as diazonium ions is possible or not, which,
if not detoxified, may lead to mutagenic responses. Provided
data are available regarding the likelihood of activation versus
deactivation pathways, understanding the kinetics and
ultimately the possibility of DNA binding provides useful
information. This is particularly true for the chemical space of
NDSRIs where rodent carcinogenicity data are typically not
available to support the risk assessment. Determination of
acceptable intakes for mutagenic carcinogens based on robust
carcinogenicity data is the recommended approach in
regulatory guidance™'® (e.g, ICH M7 and the United States
Environmental Protection Agency USEPA). EPA''? indicates
that carcinogenic potential can be described using a weight-of-
evidence narrative, including all available evidence. For
NDSRIs this could include in vitro and/or in vivo rodent
mutation data, read across to a surrogate compounds, quantum
mechanical modeling, and QSAR approaches. The use of
mode-of-action data is explicitly mentioned to support such
assessments and an understanding of the mechanism provides
further evidence.'"

A key step in the derivation of Als for mutagenic impurities
is the linear extrapolation of cancer incidences from robust
animal studies at high doses to low doses, relevant for human
exposures.” This is considered the standard for developing Al
values whereby TDy, values (dose associated with a tumor
incidence in rodents of one in two) are used as a point from
which linear extrapolation (over a 50,000-fold range of
exposure) estimates a dose associated with a theoretical excess
cancer risk of 1 in 100,000. The extrapolation from responses
at the high experimental doses generally used in animal
carcinogenicity assays to those of the substantially lower
exposure levels usually encountered in human situations, well
outside the range of experimental observations, is expected to
overestimate excess cancer risk and therefore represents a
conservative risk assessment methodology. Linear extrapola-
tion assumes that detoxification mechanisms have no impact

on the dose—response relationship even at very low exposures.
A strictly linear relationship is not expected at very low
exposures where saturation of detoxification pathways such as
DNA repair and metabolism is highly unlikely. Fahrer and
Christmann'"! pointed out that many N-nitrosamines,
particularly those found in drugs, are insufficiently studied so
far with respect to DNA damage induction, and suggest that
more studies are required to understand the structure—adduct
repair relationship of more complex nitrosamines, such as
NDSRIs. This knowledge would further improve the risk
assessment.

Linear extrapolation was also the methodology used in the
derivation of the default TTC of 1.5 pug/day for mutagenic
impurities with unknown carcinogenic potency.” This default
TTC is not accepted for N-nitrosamines belonging to the CoC.
However, the TDy, values of N-nitrosamines are distributed
over several orders of magnitude, demonstrating that there are
N-nitrosamines that are not highly potent rodent carcinogens.*
With a growing understanding of mechanisms and detox-
ification pathways, it should be possible using SAR,
metabolism data, and mechanistic considerations to differ-
entiate N-nitrosamines that have CoC potency from those
which have reduced or no mutagenic/carcinogenic potential.

Another fundamental risk assessment principle used in
deriving Als for mutagenic impurities in pharmaceuticals is the
application of less than lifetime (LTL) adjustments for
medicines not intended for chronic use (as well as for clinical
development phases).” In the risk assessment of N-nitros-
amines, regulatory authorities (for the most part) have not
applied LTL adjustments to Als, regardless of the intended
duration of use. The reason for this exception relates to the
carcinogenic potency of some simple small molecular weight
N-nitrosamines in rodent bioassays and a concern that
application of LTL adjustments could result in exposures
that exceed detoxification mechanisms (e.g., metabolism, DNA
repair processes).” Such reasoning (exceeding a detoxification
mechanism) invokes a fundamental assumption in the risk
assessment that the dose—response relationship has a threshold
below which there is protection from toxicity. However, using
linear extrapolation is the current method used in the
derivation of Als, which assumes no threshold for toxic effects
and that (over a dose range of 50,000-fold) detoxification
pathways have no influence on the dose response curve.
Taking into consideration 1) the mechanism of mutagenicity
of N-nitrosamines relates to alkylation of DNA (not a unique
mechanism), 2) the potency of any specific N-nitrosamine is
accounted for in derivation of the chronic AI 3) linear
extrapolation is a conservative risk assessment method and 4)
the LTL adjustments recommended in the ICH M7 guidance
are conservative in nature, it is concluded that application of
LTL adjustments for N-nitrosamines supports derivation of
Als that are conservative and protective of human health for
medicines not intended for chronic use. This has recently been
exemplified using empirical data for NDEA.”

B CONCLUSIONS AND FUTURE DIRECTIONS

In the risk assessment and control of N-nitrosamines in
pharmaceuticals, it is important to understand those attributes
that translate to CoC carcinogenic potency versus those that
are associated with a reduction in carcinogenic potency. Based
on this detailed literature review, it is concluded that CYP-
mediated a-carbon hydroxylation and subsequent formation of
DNA reactive diazonium species are responsible for the
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observation that some N-nitrosamines are potent rodent
carcinogens. As described here, other competing sites of
P450 metabolism (e.g,, f-carbon) and other reactive species
are known to form following the initial bioactivation step (e.g.,
aldehydes, NO radicals via denitrosation). Even though some
of the products of these other pathways are DNA-reactive in
nature, empirical evidence supports the conclusion that these
competing pathways have the effect of decreasing rather than
enhancing the carcinogenic potency of N-nitrosamines (Table
2).

Assessment of the susceptibility of an N-nitrosamine to
CYP-mediated a-hydroxylation may represent a useful
approach to help characterize its mutagenic/carcinogenic
risk. For example, in the case of NDSRIs that are not
mutagenic in the Ames assay, conducting in vitro metabolism
studies to determine if hydroxylation occurs at the a-carbon(s)
could provide additional weight of evidence that the N-
nitrosamine of interest is not a mutagenic carcinogen.
(Although, it is important to consider that not all N-
nitrosamines subject to a-hydroxylation are mutagenic
carcinogens.) Further, the accumulation of in vitro metabolism
data for numerous complex NDSRIs would be informative for
refinement of the SAR. In turn, this would lead to improved
compound-specific risk assessments that are based on the
structure of the N-nitrosamine.
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