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Abstract: Many nitrosamines are potent carcinogens, with more than 30 listed under Califor-
nia’s Proposition 65. Recently, nitrosamine contamination of commonly used drugs for treat-
ment of hypertension, heartburn, and type 2 diabetes has prompted numerous Food and Drug
Administration (FDA) recalls in the US. These contaminants include the carcinogens NDMA (N-
nitrosodimethylamine) and NDEA (N-nitrosodiethylamine) and the animal tumorigen NMBA (N-
nitroso-N-methyl-4-aminobutyric acid). NMBA and NDEA are metabolically and/or structurally
related to NDMA, an N-nitrosomethyl-n-alkylamine (NMA), and 12 other carcinogenic NMAs. These
nitrosamines exhibit common genotoxic and tumorigenic activities, with shared target tumor sites
amongst chemicals and within a given laboratory animal species. We use the drug valsartan as a
case study to estimate the additional cancer risks associated with NDMA and NDEA contamination,
based on nitrosamine levels reported by the US FDA, cancer potencies developed by California’s
Proposition 65 program and the US Environmental Protection Agency (EPA), and specific exposure
scenarios. These estimates suggest that nitrosamine contamination in drugs that are used long-term
can increase cancer risks and pose a serious concern to public health.

Keywords: cancer; nitrosamines; risk assessment

1. Introduction

In July 2018, the US Food and Drug Administration (US FDA) announced the recall of
several drug products containing valsartan, a widely used angiotensin II receptor blocker
(ARB), after the detection of the nitrosamine N-nitrosodimethylamine (NDMA) [1]. Shortly
thereafter, NDMA and other nitrosamines were also detected in additional ARBs (losartan,
irbesartan), certain histamine-2 blockers (ranitidine, nizatidine) used to treat heartburn
and gastroesophageal reflux disease (GERD), and in an antihyperglycemic medication
(metformin) used to treat type 2 diabetes. By July 2021, US FDA had announced over
60 recalls of contaminated prescription and over-the-counter (OTC) drug products from
different manufacturers [2]. More recently, US FDA issued the first voluntary recall alert for
the antismoking drug varenicline following detection of another nitrosamine, N-nitroso-
varenicline [3]. Similar recalls of these types of drugs due to nitrosamine contamination
have occurred in Japan, Canada, and European countries [4,5].

The nitrosamine contaminants that prompted the US FDA recall announcements
are NDMA, N-nitrosodiethylamine (NDEA), N-nitroso-N-methyl-4-aminobutyric acid
(NMBA; N-nitrosomethyl-3-carboxypropylamine), and N-nitroso-varenicline. The first two
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have long been recognized as carcinogens by the International Agency for Research on
Cancer (IARC), the United States Environmental Protection Agency (US EPA), the National
Toxicology Program (NTP), and California’s Proposition 65 [6–10] (Table 1). The third
contaminant, NMBA, induces bladder and kidney tumors in rats [11,12]. While there no
carcinogenicity data are available for N-nitroso-varenicline, N-nitroso compounds as a
group have been identified as a “cohort of concern” in internationally harmonized guidance
on impurities in pharmaceuticals, based on their mutagenic properties and carcinogenic
potencies [13].

Table 1. Cancer classifications of some nitrosamines found in pharmaceutical drugs and structurally related N-
nitrosomethylalkylamines (NMAs).

Nitrosamine Structure Cancer Classification 1

N-Nitrosodimethylamine (NDMA, NMA-C1)
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Multiple causes can lead to nitrosamine contamination of drugs [14–18]. Nitrosamines
can form from precursors under certain conditions during the manufacturing process, e.g.,
the simultaneous presence of a secondary, tertiary or/and quaternary amine and nitrite
under acidic reaction conditions. Additional sources of contamination can stem from the
use of recovered reagents (e.g., solvents, catalysts) that have been comingled from different
processes or across manufacturing lines without control and monitoring, and from the use
of raw materials that have become contaminated due to inadequate cleaning of equipment.

The detection and elimination of nitrosamine contaminants poses a challenge as “typi-
cal tests for API (active pharmaceutical ingredient) purity, identity, and known impurities
are unlikely to detect the presence of a nitrosamine impurity” [19]. In response to this
situation, US FDA published guidance for industry on how to reduce potential nitrosamine
formation from various sources and manufacturing processes [15]. The level of nitrosamine
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contaminants present in the finished product can also increase over time under normal
storage conditions, and can increase more significantly when stored at temperatures higher
than room temperature (as has been reported for the drug ranitidine) [20]. These conditions
have resulted in unacceptable levels of NDMA in the drug ranitidine and have led to
the market withdrawal of all prescription and OTC ranitidine-containing products in the
US [20]. While some aspects of this problem, such as source of contamination and mecha-
nisms of formation as well as some risk estimates have been discussed elsewhere [16–18,21],
we calculated cancer risk estimates using chemical-specific cancer potencies developed by
different agencies [8,9,22,23]. We further illustrate the significant carcinogenic potential
of additional N-nitrosomethyl-n-alkylamines (NMAs) besides NDMA; these NMAs are
closely related to several other contaminants identified to-date and if present in medica-
tions, would raise additional concerns.

2. Public Health Concerns

Carcinogenic nitrosamine contaminants have been detected in medications that in-
clude first-line treatments for prevalent chronic conditions such as hypertension (ARBs),
heartburn (histamine-2 blockers), and type 2 diabetes (metformin). This is a public health
concern, given that tens of millions of Americans with these conditions may have been
treated with affected medications. For example, hypertension is estimated to affect 116 mil-
lion American adults, with the highest prevalence in the Black population [24], and over
83.4 million prescriptions for ARBs were issued in 2018 [25]. The second group of affected
medications, histamine-2 blockers, had over 25.2 million prescriptions issued in the US
in 2018, in addition to its availability in a number of OTC preparations [26]. Histamine-2
blockers are a first-line treatment option for medical management of heartburn, which
is estimated to affect at least 60 million Americans once a month and 15 million Ameri-
cans on a daily basis [27]. The use of the antihyperglycemic drug metformin is similarly
widespread, with nearly 83.8 million prescriptions written for metformin hydrochloride
alone in the US in 2018 [28]. Metformin is a first-line treatment for type 2 diabetes, which is
estimated to affect as many as 34.2 million Americans, with higher prevalence in nonwhite
populations [29]. Metformin is also increasingly prescribed for treatment of endocrine,
cardiovascular, and other metabolic disorders [30].

Given the extensive use of these medications in the US, there is widespread potential
for exposure to unacceptable levels of carcinogenic nitrosamine contaminants if the con-
tamination is not controlled. Additional consideration is warranted for individuals taking
more than one such medication simultaneously for management of multiple conditions,
which may result in increased exposure to these carcinogenic contaminants across different
medications. Additionally, individuals may be more or less susceptible to development
of cancer as disease results from a combination of fixed and variable intrinsic factors
(e.g., sex, epigenome, nutritional status) and potentially modifiable extrinsic factors (e.g.,
occupational exposures, racism and other psychosocial stressors, physical activity, diet)
that comprise all biologically relevant external stressors [31]. The fact that some of these
affected medications are first-line treatments for conditions that disproportionately impact
populations with health disparities who may be more susceptible, should be of public
health concern.

US FDA notes that nitrosamine impurities should not be present in drugs as they may
increase the risk of cancer if people are exposed to them above acceptable levels and over
long periods of time [19,32]. In 2019, the agency set interim acceptable daily intake limits
for nitrosamines based on a cancer risk of 1 in 100,000, e.g., 0.096 µg/day for NDMA and
0.0265 µg/day for NDEA [33]. These levels attempt to “balance the risks of potential long
term carcinogenic risk and disruption to clinical management of patients’ hypertension
and heart failure” [19] and other conditions.

As evidenced by the large number of drug recalls, these interim levels have been
exceeded numerous times, and discovery of additional nitrosamine-contaminated drugs
has continued seemingly unabated. In this paper, we first provide a review of the evi-
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dence of carcinogenicity for these contaminants and other related nitrosamines. Next, to
illustrate the potential public health impact, we use valsartan as a case study to estimate
the additional cancer risk to individuals taking this medication, based on US data (i.e.,
US FDA-reported levels of NDMA and NDEA contamination) and likely exposure dura-
tions. A similar approach using European data has been taken by the European Medical
Association [14].

3. Results
3.1. Evidence on the Carcinogenicity of NDMA, NDEA, NMBA, and the Larger Group of NMAs

Two nitrosamine contaminants, NDMA and NDEA, reported in certain drug products
by US FDA since July 2018, are dialkyl nitrosamines. NDMA is also an NMA. As implied
by the name, NMAs have a methyl and an alkyl group (methyl or greater) attached to the
second nitrogen. Thirteen NMAs have been classified as carcinogens under Proposition 65
(Table 1). NDMA has two methyl groups and hence is the simplest member of the NMAs,
while the structurally similar nitrosamine NDEA has two ethyl groups attached to the
second nitrogen. A third nitrosamine contaminant identified in certain drug products,
NMBA, is a common metabolite of NMAs with an alkyl group of four carbons (NMA-C4)
or longer. Thus, NMAs represent a group of carcinogenic nitrosamines that are structurally
and/or metabolically related to NDEA and NMBA.

The majority of carcinogenicity data for NDMA, NDEA, NMBA, and the larger group
of NMAs stems from studies in laboratory animals [6,10–12,34,35]. In addition, long-
term dietary epidemiological studies suggest that both NDMA and NDEA may increase
pancreatic cancer, and NMDA may increase several types of gastrointestinal cancer in
humans. However, a review of human epidemiological studies is beyond the scope of this
article [10,36–39]. Below we review evidence on the carcinogenicity of NDMA, NDEA,
NMBA, and the larger group of NMAs, focusing on findings from animal bioassays,
metabolism studies, and genotoxicity assays.

3.1.1. Animal Bioassays

Here we summarize data from animal studies of NMAs (including NDMA), NDEA,
and NMBA conducted in a variety of laboratory animal species and strains. Studies
of these nitrosamines often employed varied study protocols in terms of number of
dose groups, number of animals per dose group, dose levels tested, exposure dura-
tion, and route of administration. NDMA and NDEA were the most studied of these
nitrosamines, with bioassays using wide dose ranges and large numbers of animals per dose
group [10,22,23,34]. For all chemicals, systemic tumors were induced via each route of
administration tested (see details in Table S1 for characterization of the tumors).

As summarized in Table 2, each of these nitrosamines induced tumors at multiple
organ sites in each of the species tested. Several of the tumor sites were common to different
nitrosamines. In rats and hamsters, the nasal cavity, lung, and liver are the most frequently
occurring tumor sites seen in studies of these nitrosamines. In mice, the lung and liver
are the major target sites. In addition, each of these nitrosamines induced rare tumors in
multiple organs of each of the species tested. In rats, these rare tumors occurred in the
nasal cavity, tongue, oropharynx, lung, esophagus, forestomach, liver (cholangiocarcinoma
and hemangiosarcoma), kidney, and urinary bladder. In hamsters, rare tumors occurred in
the nasal cavity, lung, forestomach, liver, and urinary bladder, and in mice, rare tumors
occurred in the nasal cavity, tongue, esophagus, and forestomach.

Most notably, for each of these nitrosamines short-term exposures (e.g., a single dose;
once weekly doses for 25 weeks or less; daily doses for 8 weeks or less) resulted in the
induction of tumors in dosed animals [6,34]. For example, NDMA induced lung and kidney
tumors in mice exposed for just one week; similarly, a single administration of NDEA
induced liver and kidney tumors in rats [34]. Overall, the results from animal studies show
that these nitrosamines are potent carcinogens, with positive tumor findings in multiple
organ/tissue sites across multiple species, including the induction of rare tumors [6].



Int. J. Environ. Res. Public Health 2021, 18, 9465 5 of 13

Table 2. Summary of statistically significant tumors and increased rare tumors in rats, hamsters, and mice exposed to NMAs (including NDMA), NDEA, and NMBA.

Tumor Site Nasal Cavity Tongue Oropharynx Lung Esophagus Forestomach Liver Kidney Bladder Others

Species R
(r)

H
(r)

M
(r)

R
(r) H M

(r)
R
(r) H M R

(r)
H
(r) M R

(r)
H
(i)

M
(r)

R
(r)

H
(r)

M
(r)

R
(r) 1

H
(r) M R

(r) H M R
(r)

H
(r) M R H M

NDMA 2 X X X X X X X X X X X X3 X3 X3

NDEA 2 X X X X X4 X X X X X X X X X X X X X5 X5 X5

NMBA 6 X X
NMA-C2 7 X X* X X X X* X8

NMA-C3 9 X* X* X* X X X* X* X* X X* X* X* X10 X*,10 X*,10

NMA-C4 9 X X* X X X* X* X X* X*
NMA-C5 9 X* X* X* X X* X* X* X X* X X* X11 X X*,12

NMA-C6 9 X X X X*,13 X* X*,13 X X* X*,12 X* X
NMA-C7 9 X X* X X*,13 X* X*,13 X* X*,12 X*
NMA-C8 9 X* X X* X* X* X* X* X* X X*,14

NMA-C9 9 X X* X*
NMA-C10 9 X X* X X*
NMA-C11 9 X X X X
NMA-C12 9 X X* X* X X* X* X* X*,15

NMA-C14 9 X X X*

R (rat); H (hamster); M (mouse); “X” denotes observation of tumors, “blank” denotes no tumor was observed; “gray” denotes not tested; * statistically significant (p < 0.05) increases of tumor incidence by
Fisher pairwise comparison; (r) = rare tumor; (i) = infrequent tumor. 1 Cholangiocarcinoma and hemangiosarcoma of the liver are rare in rats; 2 Tumors reported by NTP (2016) [10], IARC (1978) [34], statistical
significance information of tumor incidence was not provided; 3 Bile duct (rat) (NTP 2016, IARC 1978) [10,34]; blood vessel (hemangioma or hemangiosarcoma) (rat, hamster, mouse); ovary (female hamster)
(NTP, 2016) [10]; 4 Larynx, pharynx (NTP 2016, IARC 1978) [10,34]; 5 Upper respiratory tract, thymus (thymoma), upper digestive tract, and mammary gland (benign adenoma) (rat); cheek pouch, trachea, and
bronchi (hamster); respiratory tract, upper digestive tract, and leukemia (mouse) (IARC 1978; NTP 2016) [10,34]; 6 Lijinsky et al. (1983) [11]; Thomas et al. (1988) [12]; 7 US EPA (2003) [35], OEHHA (2014) [6];
8 Leukemia (rat) (US EPA 2003) [35]; 9 OEHHA (2014) [6]; 10 Epiglottis (r) (rat); larynx-trachea-bronchial tract*, digestive system* and thyroid* (hamster); larynx-trachea-bronchial tract* (mouse); 11 Esophagus
and forestomach combined; 12 Trachea* (r) (rat); 13 No concurrent control, but tumor incidence ≥ 90%; 14 Trachea* (r), and liver hemangiosarcomas (r) (rat); 15 Pancreas (rat).
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3.1.2. Metabolism

The metabolism of NMAs (including NDMA) and NDEA has been characterized
through in vivo and in vitro studies [6,34,40,41].

Metabolism of nitrosamines involves denitrosation and hydroxylation, with common
metabolites formed across rodent species [6]. Similar to many other nitrosamines, NDMA,
NDEA, and the larger group of NMAs require metabolic activation for genotoxic and car-
cinogenic activity [42]. This activation is thought to occur primarily via cytochrome P450
(CYP)-dependent mixed function oxidase-catalyzed hydroxylation. Multiple cytochrome
P450 enzymes are involved in the metabolism of NMAs, catalyzing demethylation, hydrox-
ylation, dealkylation, and denitrosation reactions [6,43].

Hydroxylation at the alpha carbon results in formation of carbonyl compounds (in-
cluding the carcinogens formaldehyde, in the case of NMAs, and acetaldehyde, in the case
of NDEA) and an electrophilic intermediate, the alkyl-diazonium ion (see Supplementary
Materials, Figure S1 and references [42,44]). The alkyl-diazonium ion has been proposed
to react with DNA or other nucleophilic molecules, giving rise to alkylation products and
one molecule of N2 [40–42]. Hydroxylation of NMAs at a nonalpha carbon ultimately
yields a series of carboxylated and hydroxylated products, including the carcinogen N-
nitrososarcosine (for NMA-C2 and NMAs with longer alkyl chains) [45], and the animal
tumorigens N-methyl-nitroso-2-oxopropylamine (MOP) (for NMA-C3 and NMAs with
longer alkyl chains) [11], 4-hydroxy-nitrosomethyl-n-butylamine [46], and NMBA (for
NMA-C4 and NMAs with longer alkyl chains) (see Supplementary Materials, Figure S2,
modified based on Huang et al., 1993) [47].

3.1.3. Genotoxicity

The genotoxicity of the NMAs (including NDMA) and NDEA has been demonstrated
in multiple assay systems, ranging from bacterial reverse mutation assays to in vivo and
in vitro mammalian assays, while the testing of NMBA has been limited to genotoxicity
assays conducted in Salmonella and yeast (Table 3). With the exception of NMA-C14, each
of these nitrosamines has been tested in bacterial mutagenicity assays, and all induced
mutations [6,34,48]. With the exception of NMBA and NMA-C14, each nitrosamine has
been tested and shown to form DNA adducts in vivo [6,23]. NDMA, NDEA, and some
of the other nitrosamines have been tested and shown to induce other markers of DNA
damage, including DNA strand breaks and unscheduled DNA synthesis [6,23,49–51]. Only
NDMA and NDEA were tested for chromosomal effects, with positive findings including
chromosomal aberrations, sister chromatid exchange, and micronuclei formation [6,50,52].
A more detailed summary of the genotoxicity findings for these chemicals is provided in
Table S2 [6,22,23,34,48–57].

3.2. Cancer Risk Estimate

To quantify the potential impact from taking these nitrosamine-contaminated medica-
tions, we calculated the cancer risk based on the nitrosamine levels reported by US FDA.
While detections of NDMA and NDEA have been reported in a large number of drugs,
contaminant levels have only been reported for a few, with levels varying among drug
products (Table 4). In the case of NMBA, it has been detected in losartan and valsartan
products, but concentrations of NMBA present in these products have not been reported.
As shown in Table 4, the highest level of NDMA reported by US FDA was 20.19 µg per
tablet in a valsartan product, and the highest level of NDEA was 1.31 µg per tablet, also
in a valsartan product. These nitrosamine levels far exceed US FDA’s interim acceptable
intake limits of 0.096 µg/day for NDMA and 0.0265 µg/day for NDEA [15,33].
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Table 3. Summary 1 of genotoxicity findings for NMAs (including NDMA), NDEA, and NMBA.

Chemical Mutagenicity 2 DNA Damage and/or Nucleic Acid or
Protein Binding 3 Chromosomal Effects 3

NDMA

+Rodent mutation assays
(in vivo and in vitro); +SLRL
mutation assay in Drosophila;

+Salmonella and E. coli;
+S. cerevisiae

+DNA breaks in human cells (in vitro);
+DNA breaks in rodent tissues (in vivo);

+UDS in human and rodent cells
(in vitro); +DNA adducts in several

human cells and tissues (in vitro) and in
rodent tissues (in vivo)

+MN in rodent cells and
tissues (in vivo and

in vitro); +CAs in rodent
cells (in vitro); +SCE in
rodent tissues (in vivo)

NDEA

+Rodent mutation assays
(in vivo and in vitro); +SLRL
mutation assay in Drosophila;

+Salmonella and E. coli;
+S. cerevisiae and
Neurospora crassa

+DNA breaks in human cells (in vitro);
+UDS in rat cells (in vitro); +DNA
adducts in several human cells and

tissues (in vitro); +DNA, RNA adducts in
rodent tissues (in vivo)

+CAs and +SCE in CHL
cells (in vitro)

NMBA +Yeast; +Salmonella NT NT

NMA-C2 +CHL mutation assay;
+Salmonella

+DNA breaks in human cells (in vitro);
+DNA adducts in rodent tissues (in vivo) NT

NMA-C3 +CHL mutation assay;
+Salmonella and E. coli +DNA adducts in rat tissues (in vivo) NT

NMA-C4 +Salmonella and E. coli +DNA, RNA, protein adducts in rat
tissues (in vivo) NT

NMA-C5 +Salmonella
+DNA adducts in rat cells and tissues
(in vivo and in vitro); +8-oxodG in rat

tissues (in vivo)
NT

NMA-C6–NMA-C12 +Salmonella +DNA adducts in rat tissues (in vivo) NT

NMA-C14 NT NT NT
1 See Table S2 for references and additional information on the genotoxicity findings from studies of the NMAs (including NDMA), NDEA,
and NMBA. 2 Some negative or equivocal findings in Salmonella assays have been reported for NDMA, NDEA, and NMBA; however, the
overall evidence indicates that NDMA, NDEA, and NMBA are mutagenic in one or more strains of Salmonella. 3 Some negative findings in
assays of DNA damage and chromosomal effects have been reported for NDMA and NDEA; however, the overall evidence indicates that
NDMA and NDEA cause these effects. “+” denotes positive results, NT denotes not tested; SLRL mutations: sex-linked recessive lethal
mutations; SCE: sister chromatid exchange; CAs: chromosome aberrations; MN: micronucleus; UDS: unscheduled DNA synthesis; CHL:
Chinese hamster lung V79 cells; 8-oxodG: 8-oxo-7,8-dihydro-2′-deoxyguanosine.

Table 4. Reported levels of nitrosamines in certain drug products (US FDA 1).

Drug Class and Major Indication Active Pharmaceutical Ingredient
(Dose per tablet)

NDMA
(µg/tablet)

NDEA
(µg/tablet)

Angiotensin II receptor blockers (ARBs):
hypertension and related heart conditions

Valsartan (160 mg) * 0.45 1.31
Valsartan (320 mg) * <LOD–20.19 <LOD–1.22

Histamine-2 blockers: heartburn and
gastroesophageal reflux disease (GERD)

Ranitidine (75 mg) ** 0.01–0.04 NR
Ranitidine (150 mg) ** 0.01–0.33 NR
Ranitidine (300 mg) ** 0.01–0.86 NR
Nizatidine (150 mg) 0.01–0.02 NR
Nizatidine (300 mg) 0.01–0.03 NR

Antihyperglycemic: type 2 diabetes

Metformin, extended release (500 mg) * <LOD–0.19 NR
Metformin, extended release (750 mg) * 0.01–0.08 NR
Metformin, extended release (1000 mg) * <LOD–0.01 NR
Metformin, immediate release (500 mg) <LOD NR
Metformin, immediate release (850 mg) <LOD–0.01 NR

Metformin, immediate release (1000 mg) <LOD NR

LOD: limit of detection; NR: not reported; * recalled; ** withdrawn from the market. 1 Information presented in the table is from US FDA as
of July 2021 (See References [58–60]).
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In this case study the cancer risks from exposures to NDMA and NDEA are separately
estimated for individuals taking valsartan, based on the following assumptions. For
NDMA, the highest level was detected in 320 mg tablets of valsartan, and we assumed
that individuals took one 320 mg valsartan tablet per day, with each tablet contaminated
with 20.19 µg NDMA, for 6 years. For NDEA, the highest levels were detected in 160 mg
tablets of valsartan, and we assumed that individuals took two 160 mg valsartan tablets per
day, with each tablet contaminated with 1.31 µg NDEA, for 6 years. The valsartan dosage
assumptions are consistent with the recommended maximum valsartan dose of 320 mg per
day for treating hypertension and related heart conditions [61]. The use of 6 years as the
duration of exposure to nitrosamine-contaminated valsartan assumes that exposure began
in July 2012, when manufacturing processes changed [62], and continued until the first US
FDA recall in July 2018.

In the risk estimates presented here, it is assumed that individuals are exposed to a
single nitrosamine contaminant (i.e., NDMA or NDEA) from a particular drug product;
however, multiple nitrosamines can be present in the same drug product. This case
study also assumes that an individual takes only one type of nitrosamine-contaminated
medication, although some individuals may take multiple types (e.g., ARBs and histamine-
2 blockers).

The extra cancer risk accrued over a specified period of exposure to a nitrosamine-
contaminated drug can be calculated as Equation (1) [63]:

Extra Cancer Risk = Cancer Potency × Exposure Rate ×
(

years exposed
70 years

)
(1)

where 70 years is the assumed human lifetime.
The exposure rate is calculated using Equation (2):

Exposure Rate =

[
µg carcinogen

tablet
× tablets

day
× 0.001 mg

µg

]
/ 70 kg (2)

where 70 kg is the assumed human body weight.

3.2.1. Extra Cancer Risk Calculation for NDMA

The cancer potency for NDMA is estimated as 16 (mg/kg/day)−1 by California’s
Proposition 65 program [22] and 51 (mg/kg/day)−1 by the US EPA [8], both of which are
based on liver tumor data in female rats [64].

Using the valsartan dosage assumptions presented above for NDMA, the exposure
rate is: [

20.19 µg NDMA
tablet

×1 tablet
day

× 0.001 mg
µg

]
/70 kg = 0.000288 mg/kg/day (3)

Using the cancer potency estimate of 16 (mg/kg/day)−1, the extra cancer risk accrued
as a result of exposure for 6 years to one daily 320 mg tablet of valsartan, where each tablet
contains 20.19 µg NDMA is:

16 (mg/kg/day)−1 × 0.000288 mg/kg/day ×
(

6 years
70 years

)
= 4 × 10−4, or 40 per 100, 000 (4)

A similar calculation using the cancer potency estimate of 51 (mg/kg/day)−1 for
NDMA shows that the extra cancer risk is:

51 (mg/kg/day)−1 × 0.000288 mg/kg/day ×
(

6 years
70 years

)
= 1.26 × 10−3, or 126 per 100, 000 (5)
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3.2.2. Extra Cancer Risk Calculation for NDEA

The cancer potency for NDEA is estimated as 36 (mg/kg/day)−1 by California’s
Proposition 65 program [23] and 150 (mg/kg/day)−1 by the US EPA [9], based on liver
tumor data in female rats [64].

Using the valsartan dosage assumptions presented above for NDEA, the exposure
rate is:[

1.31 µg NDEA
tablet

× 2 tablets
day

× 0.001 mg
µg

]
/ 70 kg = 0.0000374 mg/kg/day (6)

Using a cancer potency of 36 (mg/kg/day)−1, the extra cancer risk accrued as a result
of exposure for 6 years to two daily 160 mg tablets of valsartan, where each tablet contains
1.31 µg NDEA, is:

36 (mg/kg/day)−1 × 0.0000374 mg/kg/day ×
(

6 years
70 years

)
= 1.2 × 10−4, or 12 per 100, 000 (7)

A similar calculation using a cancer potency of 150 (mg/kg/day)−1 shows that the
extra cancer risk is:

150 (mg/kg/day)−1 × 0.0000374 mg/kg/day ×
(

6 years
70 years

)
= 4.8 × 10−4, or 48 per 100, 000 (8)

4. Discussion

NDMA, NDEA, NMBA, and the larger group of NMAs are potent genotoxic carcino-
gens, and nitrosamines should not be present at significant levels in medications. Alerted
by the numerous recalls in several commonly used medications contaminated with ni-
trosamines, we conducted a case study to quantify the potential increased cancer risk to
individuals taking these medications on a chronic basis. Using the maximum contaminant
levels reported for NDMA and NDEA in certain recalled valsartan drug products, and
assuming continuous exposure to these levels for six years, we estimated the range of
cancer risks associated with these two nitrosamines using cancer potencies developed by
California’s Proposition 65 program and US EPA. For NDMA, the estimated cancer risks
ranged from 40 to 126 additional cancer cases per 100,000 exposed individuals. For NDEA,
the estimated cancer risks ranged from 12 to 48 additional cancer cases per 100,000 exposed
individuals. Using another approach, US FDA [58] has also estimated the additional life-
time risk for patients taking the maximum daily dose of valsartan for four years to be one
extra cancer in 8000 individuals for NDMA (equivalent to 12.5 in 100,000) and one extra
cancer in 18,000 individuals (equivalent to 5.6 in 100,000) for NDEA. US FDA’s assumptions
in estimating risks include a 4-year exposure duration and a human body weight of 50 kg.
All of these cancer risk estimates exceed US FDA’s generally accepted lifetime cancer risk
of 1 in 100,000 for impurities in pharmaceutical products [13].

While the exposure scenario selected for use in this case study is unlikely to reflect
actual exposures, it is unclear if the selected scenario is more likely to result in an over-
or an underestimate of the cancer risk from nitrosamine-contaminated medications. For
instance, nitrosamine-contamination levels are likely to vary within the same drug product
from batch to batch, and individual medication use patterns also change over time (e.g.,
duration, dose, addition of multiple nitrosamine-contaminated medications). Our case
study calculated risks for NDMA and NDEA separately, assuming exposure to only one
nitrosamine in a given drug product. We also assumed a stable level of nitrosamine con-
taminants in the finished drug product based on the maximum measured levels reported.
In the absence of available data, we were unable to account for potential increases of
nitrosamines that can occur with longer storage time and higher temperatures during both
storage and distribution, as has been reported for NDMA. Nitrosamine contamination
can occur in a broader range of medications and continues to be an issue, as indicated by
the identification of N-nitroso-varenicline in the antismoking drug varenicline three years
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after the first recall of NDMA-contaminated ARB drugs [3,65]. This supports our concern
that nitrosamine exposures may be even higher for specific populations taking multiple
medications than assumed in our case study.

5. Conclusions

Our risk analyses underscore the importance of preventing nitrosamine contamination
from occurring in widely used drugs, and the necessity of removing contaminated drug
products from the market. Prompt manufacturing changes and continued monitoring by
US FDA are needed to address this serious public health issue. Ultimately, the presence of
carcinogenic contaminants in drugs may affect treatment preferences, patient compliance,
and health outcomes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijerph18189465/s1, Figure S1: Metabolic activation of alkyl-nitrosamines and formation of an
alkyl-diazonium ion, Figure S2: Proposed routes of NMA-C4 metabolism (Modified based on Huang
et al., 1993 [47]), Table S1: Characterization of tumors (local vs. systemic) in rats, hamsters, and
mice exposed to NMAs (including NDMA), NDEA, and NMBA by various administration routes,
Table S2: Additional information on the genotoxicity of NMAs (including NDMA), NDEA, and
NMBA. References [6,7,23,34,47–57] are cited in the Supplementary Materials.

Author Contributions: K.L. and K.R. contributed equally to this work. K.L. and K.R. contributed
to overall conception and design, contributed to acquisition, analysis, and interpretation, drafted
and critically revised the manuscript. F.C.T. contributed to conception and design, contributed
to acquisition, analysis, and interpretation of key components, drafted and critically revised the
manuscript. C.J.H., G.O., M.S., and M.E.M. contributed to conception, contributed to acquisition,
analysis and interpretation of some sections, drafted and critically revised the manuscript. S.E. and
R.S. contributed to analysis and interpretation of some sections, drafted and critically revised the
manuscript. M.S.S. contributed to conception and design, contributed to acquisition, analysis, and
interpretation, drafted and critically revised the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors wish to acknowledge Vincent Cogliano, Dan Qiao, and Lori Lim of
OEHHA for their critical review of the manuscript and helpful comments.

Conflicts of Interest: The authors declare no conflict of interest.

Disclaimer: The views expressed are those of the authors and do not necessarily represent those of
the Office of Environmental Health Hazard Assessment, the California Environmental Protection
Agency, or the State of California.

References
1. US FDA. FDA Announces Voluntary Recall of Several Medicines Containing Valsartan Following Detection of an Impurity. Avail-

able online: https://www.fda.gov/news-events/press-announcements/fda-announces-voluntary-recall-several-medicines-
containing-valsartan-following-detection-impurity (accessed on 7 May 2020).

2. US FDA. Drug Recalls. Available online: https://www.fda.gov/drugs/drug-safety-and-availability/drug-recalls (accessed on 2
July 2021).

3. US FDA. FDA Alerts Health Care Professionals and Patients to a Voluntary Recall of Varenicline (Chantix) to the Warehouse Level.
Available online: https://www.fda.gov/drugs/drug-safety-and-availability/fda-alerts-health-care-professionals-and-patients-
voluntary-recall-varenicline-chantix-warehouse?utm_medium=email&utm_source=govdelivery (accessed on 2 July 2021).

4. Banzi, R.; Bertele, V. Regulatory response to contaminated valsartan. BMJ 2018, 362, k3855. [CrossRef] [PubMed]
5. Health Canada. CHAMPIX (Varenicline)—Potential Risk Posed by Long-Term Exposure to Nitrosamine Impurity, N-

Nitrosovarenicline, Exceeding Acceptable Intake Limit. Available online: https://healthycanadians.gc.ca/recall-alert-rappel-
avis/hc-sc/2021/75961a-eng.php (accessed on 12 July 2021).

https://www.mdpi.com/article/10.3390/ijerph18189465/s1
https://www.mdpi.com/article/10.3390/ijerph18189465/s1
https://www.fda.gov/news-events/press-announcements/fda-announces-voluntary-recall-several-medicines-containing-valsartan-following-detection-impurity
https://www.fda.gov/news-events/press-announcements/fda-announces-voluntary-recall-several-medicines-containing-valsartan-following-detection-impurity
https://www.fda.gov/drugs/drug-safety-and-availability/drug-recalls
https://www.fda.gov/drugs/drug-safety-and-availability/fda-alerts-health-care-professionals-and-patients-voluntary-recall-varenicline-chantix-warehouse?utm_medium=email&utm_source=govdelivery
https://www.fda.gov/drugs/drug-safety-and-availability/fda-alerts-health-care-professionals-and-patients-voluntary-recall-varenicline-chantix-warehouse?utm_medium=email&utm_source=govdelivery
http://doi.org/10.1136/bmj.k3855
http://www.ncbi.nlm.nih.gov/pubmed/30209051
https://healthycanadians.gc.ca/recall-alert-rappel-avis/hc-sc/2021/75961a-eng.php
https://healthycanadians.gc.ca/recall-alert-rappel-avis/hc-sc/2021/75961a-eng.php


Int. J. Environ. Res. Public Health 2021, 18, 9465 11 of 13

6. OEHHA (Office of Environmental Health Hazard Assessment). Evidence on the Carcinogenicity of N-Nitrosomethyl-n-Alkylamines;
OEHHA: Oakland, CA, USA, 2014. Available online: https://oehha.ca.gov/media/downloads/proposition-65/chemicals/n-
nitrosomethyl-n-alklyaminesaugust2014.pdf (accessed on 1 July 2021).

7. IARC. IARC Monographs on the Evaluation of the Carcinogenic Risks to Humans. In Overall Evaluation of Carcinogenicity: An
Updating of IARC Monographs Volumes 1–42; IARC: Lyon, France, 1987. Available online: https://publications.iarc.fr/139 (accessed
on 1 July 2021).

8. US EPA. Integrated Risk Information System (IRIS) Chemical Assessment Summary. N-Nitrosodimethylamine; CASRN 62-75-9: Washing-
ton DC, USA, 2002. Available online: https://iris.epa.gov/static/pdfs/0045_summary.pdf (accessed on 1 July 2021).

9. US EPA. Integrated Risk Information System (IRIS) Chemical Assessment Summary. N-Nitrosodiethylamine; CASRN 55-18-5: Washington
DC, USA, 2003. Available online: https://iris.epa.gov/static/pdfs/0042_summary.pdf (accessed on 1 July 2021).

10. NTP (National Toxicology Program). Report on Carcinogens, Fourteenth Edition; U.S. Department of Health and Human Services,
Public Health Service: Research Triangle Park, NC, USA, 2016.

11. Lijinsky, W.; Reuber, M.D.; Saavedra, J.E.; Singer, G.M. Carcinogenesis in F344 rats by N-nitrosomethyl-n-propylamine derivatives.
J. Natl. Cancer Inst. 1983, 70, 959–963.

12. Thomas, B.J.; Kovatch, R.M.; Lijinsky, W. The induction of bladder tumors in F344 rats by intravesicular administration of some
nitrosamines. Jpn J. Cancer Res. 1988, 79, 309–313. [CrossRef] [PubMed]

13. US FDA. M7(R1) Assessment and Control of DNA Reactive (Mutagenic) Impurities in Pharmaceuticals to Limit Potential Carcinogenic
Risk; U.S. Department of Health and Human Services; Food and Drug Administration; Center for Drug Evaluation and
Research (CDER); Center for Biologics Evaluation and Research (CBER): Silver Spring, MD, USA, 2018. Available online:
https://www.fda.gov/media/85885/download (accessed on 1 July 2021).

14. EMA (European Medicines Agency). Committee for Medicinal Products for Human Use (CHMP) Assessment Report. Referral
under Article 31 of Directive 2001/83/EC Angiotensin-II-Receptor Antagonists (Sartans) Containing a Tetrazole Group. Available
online: https://www.ema.europa.eu/en/documents/variation-report/angiotensin-ii-receptor-antagonists-sartans-article-31
-referral-chmp-assessment-report-impact_en.pdf (accessed on 1 July 2021).

15. US FDA. Control of Nitrosamine Impurities in Human Drugs. Guidance for Industry (Revision 1); Center for Drug Evaluation and
Research (CDER). Available online: https://www.fda.gov/media/141720/download (accessed on 1 February 2021).

16. Tuesuwan, B.; Vongsutilers, V. Nitrosamine contamination in pharmaceuticals: Threat, impact, and control. J. Pharm. Sci. 2021.
[CrossRef]

17. Bharate, S.S. Critical Analysis of Drug Product Recalls due to Nitrosamine Impurities. J. Med. Chem. 2021, 64, 2923–2936.
[CrossRef] [PubMed]

18. Elder, D.P.; Johnson, G.E.; Snodin, D.J. Tolerability of risk: A commentary on the nitrosamine contamination issue. J. Pharm. Sci.
2021, 110, 2311–2328. [CrossRef]

19. US FDA. General Advice Letter. Available online: https://www.fda.gov/media/122643/download (accessed on 17 April 2020).
20. US FDA. FDA Requests Removal of All Ranitidine Products (Zantac) from the Market. Available online: https://www.fda.

gov/news-events/press-announcements/fda-requests-removal-all-ranitidine-products-zantac-market?utm_campaign=0401
20_PR_FDA%20Requests%20Removal%20of%20Ranitidine%20Products%20%28Zantac%29%20from%20the%20Market&utm_
medium=email&utm_source=Eloqua (accessed on 17 April 2020).

21. Erskine, D.; Wood, D. What is the significance of nitrosamine contamination in medicines? Drug Ther. Bull. 2021, 59, 39–42.
[CrossRef]

22. OEHHA. Risk-Specific Intake Levels for the Proposition 65 Carcinogen: N-Nitrosodimethylamine; OEHHA: Oakland, CA, USA, 1988.
23. OEHHA. Risk-Specific Intake Levels for the Proposition 65 Carcinogen: N-Nitrosodiethylamine; OEHHA: Oakland, CA, USA, 1988.
24. Centers for Disease Control and Prevention (CDC). Estimated Hypertension Prevalence, Treatment, and Control among U.S.

Adults. Available online: https://millionhearts.hhs.gov/data-reports/hypertension-prevalence.html (accessed on 15 June 2021).
25. Kane, S.P. Angiotensin 2 Receptor Blocker, ClinCalc DrugStats Database, Version 21.1. Available online: https://clincalc.com/

DrugStats/EPC/Angiotensin2ReceptorBlocker (accessed on 15 June 2021).
26. Kane, S.P. Histamine-2 Receptor Antagonist, ClinCalc DrugStats Database, Version 21.1. Available online: https://clincalc.com/

DrugStats/EPC/Histamine2ReceptorAntagonist (accessed on 15 June 2021).
27. NIH MedlinePlus Magazine. Heartburn: What You Need to Know. Available online: https://magazine.medlineplus.gov/article/

heartburn-what-you-need-to-know (accessed on 15 June 2021).
28. Kane, S.P. Metformin Hydrochloride, ClinCalc DrugStats Database, Version 21.1. Available online: https://clincalc.com/

DrugStats/Drugs/MetforminHydrochloride (accessed on 15 June 2021).
29. Centers for Disease Control and Prevention (CDC). National Diabetes Statistics Report, 2020; Centers for Disease Control and

Prevention, US Department of Health and Human Services: Atlanta, GA, USA, 2020.
30. Le, S.; Lee, G.C. Emerging Trends in Metformin Prescribing in the United States from 2000 to 2015. Clin. Drug Investig. 2019, 39,

757–763. [CrossRef]
31. McHale, C.M.; Osborne, G.; Morello-Frosch, R.; Salmon, A.G.; Sandy, M.S.; Solomon, G.; Zhang, L.; Smith, M.T.; Zeise, L.

Assessing health risks from multiple environmental stressors: Moving from G × E to I × E. Mutat. Res. Rev. Mutat. Res. 2018, 775,
11–20. [CrossRef]

https://oehha.ca.gov/media/downloads/proposition-65/chemicals/n-nitrosomethyl-n-alklyaminesaugust2014.pdf
https://oehha.ca.gov/media/downloads/proposition-65/chemicals/n-nitrosomethyl-n-alklyaminesaugust2014.pdf
https://publications.iarc.fr/139
https://iris.epa.gov/static/pdfs/0045_summary.pdf
https://iris.epa.gov/static/pdfs/0042_summary.pdf
http://doi.org/10.1111/j.1349-7006.1988.tb01592.x
http://www.ncbi.nlm.nih.gov/pubmed/3131281
https://www.fda.gov/media/85885/download
https://www.ema.europa.eu/en/documents/variation-report/angiotensin-ii-receptor-antagonists-sartans-article-31-referral-chmp-assessment-report-impact_en.pdf
https://www.ema.europa.eu/en/documents/variation-report/angiotensin-ii-receptor-antagonists-sartans-article-31-referral-chmp-assessment-report-impact_en.pdf
https://www.fda.gov/media/141720/download
http://doi.org/10.1016/j.xphs.2021.04.021
http://doi.org/10.1021/acs.jmedchem.0c02120
http://www.ncbi.nlm.nih.gov/pubmed/33706513
http://doi.org/10.1016/j.xphs.2021.02.028
https://www.fda.gov/media/122643/download
https://www.fda.gov/news-events/press-announcements/fda-requests-removal-all-ranitidine-products-zantac-market?utm_campaign=040120_PR_FDA%20Requests%20Removal%20of%20Ranitidine%20Products%20%28Zantac%29%20from%20the%20Market&utm_medium=email&utm_source=Eloqua
https://www.fda.gov/news-events/press-announcements/fda-requests-removal-all-ranitidine-products-zantac-market?utm_campaign=040120_PR_FDA%20Requests%20Removal%20of%20Ranitidine%20Products%20%28Zantac%29%20from%20the%20Market&utm_medium=email&utm_source=Eloqua
https://www.fda.gov/news-events/press-announcements/fda-requests-removal-all-ranitidine-products-zantac-market?utm_campaign=040120_PR_FDA%20Requests%20Removal%20of%20Ranitidine%20Products%20%28Zantac%29%20from%20the%20Market&utm_medium=email&utm_source=Eloqua
https://www.fda.gov/news-events/press-announcements/fda-requests-removal-all-ranitidine-products-zantac-market?utm_campaign=040120_PR_FDA%20Requests%20Removal%20of%20Ranitidine%20Products%20%28Zantac%29%20from%20the%20Market&utm_medium=email&utm_source=Eloqua
http://doi.org/10.1136/dtb.2020.000036
https://millionhearts.hhs.gov/data-reports/hypertension-prevalence.html
https://clincalc.com/DrugStats/EPC/Angiotensin2ReceptorBlocker
https://clincalc.com/DrugStats/EPC/Angiotensin2ReceptorBlocker
https://clincalc.com/DrugStats/EPC/Histamine2ReceptorAntagonist
https://clincalc.com/DrugStats/EPC/Histamine2ReceptorAntagonist
https://magazine.medlineplus.gov/article/heartburn-what-you-need-to-know
https://magazine.medlineplus.gov/article/heartburn-what-you-need-to-know
https://clincalc.com/DrugStats/Drugs/MetforminHydrochloride
https://clincalc.com/DrugStats/Drugs/MetforminHydrochloride
http://doi.org/10.1007/s40261-019-00799-0
http://doi.org/10.1016/j.mrrev.2017.11.003


Int. J. Environ. Res. Public Health 2021, 18, 9465 12 of 13

32. US FDA. What to Know and Do about Possible Nitrosamines in Your Medication. Available online: https://www.fda.gov/
consumers/consumer-updates/what-know-and-do-about-possible-nitrosamines-your-medication (accessed on 6 July 2021).

33. US FDA. FDA Updates Table of Interim Limits for Nitrosamine Impurities in ARBs. Available online: https://www.fda.
gov/drugs/drug-safety-and-availability/fda-updates-and-press-announcements-angiotensin-ii-receptor-blocker-arb-recalls-
valsartan-losartan (accessed on 1 July 2021).

34. IARC. IARC Monographs on the Evaluation of the Carcinogenic Risk of Chemicals to Humans. Some N-Nitroso Compounds; IARC: Lyon,
France, 1978. Available online: https://publications.iarc.fr/35 (accessed on 1 July 2021).

35. US EPA. Integrated Risk Information System (IRIS) Chemical Assessment Summary. N-Nitroso-N-methylethylamine; CASRN 10595-95-6:
Washington, DC, USA, 2003.

36. Zhu, Y.; Wang, P.P.; Zhao, J.; Green, R.; Sun, Z.; Roebothan, B.; Squires, J.; Buehler, S.; Dicks, E.; Zhao, J.; et al. Dietary N-nitroso
compounds and risk of colorectal cancer: A case-control study in Newfoundland and Labrador and Ontario, Canada. Br. J. Nutr.
2014, 111, 1109–1117. [CrossRef]

37. Zheng, J.; Stuff, J.; Tang, H.; Hassan, M.M.; Daniel, C.R.; Li, D. Dietary N-nitroso compounds and risk of pancreatic cancer:
Results from a large case-control study. Carcinogenesis 2019, 40, 254–262. [CrossRef]

38. Loh, Y.H.; Jakszyn, P.; Luben, R.N.; Mulligan, A.A.; Mitrou, P.N.; Khaw, K.T. N-Nitroso compounds and cancer incidence: The
European Prospective Investigation into Cancer and Nutrition (EPIC)-Norfolk Study. Am. J. Clin. Nutr. 2011, 93, 1053–1061.
[CrossRef]

39. Song, P.; Wu, L.; Guan, W. Dietary nitrates, nitrites, and nitrosamines intake and the risk of gastric cancer: A meta-analysis.
Nutrients 2015, 7, 9872–9895. [CrossRef] [PubMed]

40. Liteplo, R.G.; Meek, M.E.; Windle, W. Concise International Chemical Assessment Document 38. N-Nitrosodimethylamine; International
Programme on Chemical Safety (IPCS); World Health Organization: Geneva, Switzerland, 2002. Available online: https:
//www.who.int/ipcs/publications/cicad/en/cicad38.pdf (accessed on 1 July 2021).

41. Magee, P.N. Metabolism of nitrosamines: An overview. In Microsomes, Drug Oxidations and Chemical Carcinogenesis; Coon, M.J.,
Conney, A.H., Estabrook, R.W., Gelboin, H.V., Gillette, J.R., O’Brien, P.J., Eds.; Academic Press: Cambridge, MA, USA, 1980; pp.
1081–1092.

42. Michejda, C.J.; Kroeger-Koepke, M.B.; Koepke, S.R.; Sieh, D.H. Activation of Nitrosamines to Biological Alkylating Agents. In
N-Nitroso Compounds; ACS Symposium Series; American Chemical Society: Washington DC, USA, 1981; Volume 174, pp. 3–20.

43. Haggerty, H.G.; Holsapple, M.P. Role of metabolism in dimethylnitrosamine-induced immunosuppression: A review. Toxicology
1990, 63, 1–23. [CrossRef]

44. IARC. IARC Monographs on the Evaluation of Carcinogenic Risk of Chemicals to Man; IARC: Lyon, France, 1972. Available online:
https://publications.iarc.fr/19 (accessed on 1 July 2021).

45. Singer, G.M.; Lijinsky, W.; Buettner, L.; McClusky, G.A. Relationship of rat urinary metabolites of N-nitrosomethyl-N-alkylamine
to bladder carcinogenesis. Cancer Res. 1981, 41, 4942–4946.

46. Okada, M.; Suzuki, E.M.; Mochizuki, M. Possible important role of urinary N-methyl-N(3-carboxypropyl)nitrosamine in the
induction of bladder tumors in rats by N-methyl-N-dodecylnitrosamine. Gan 1976, 67, 771–772. [PubMed]

47. Huang, Q.; Wang, S.; Chen, S.; Babcook, D.; Park, S.; Gelboin, H.; Mirvish, S. Hydroxylation and dealkylation of methyl-n-
butylnitrosamine and role of certain cytochrome P-450 isozymes in these reactions. Cancer Lett. 1993, 69, 107–116. [CrossRef]

48. CCRIS. Chemical Carcinogenesis Research Information System (CCRIS): N-Nitroso-N-Methyl-4-Aminobutyric acid (NMBA).
2018. Available online: https://pubchem.ncbi.nlm.nih.gov/substance/363899073 (accessed on 1 July 2021).

49. Kawaguchi, S.; Nakamura, T.; Tsuda, S.; Murashige, R.; Sasaki, Y. Detection of in vitro genotoxicity of pro-mutagens using the
comet assay under human and rat liver S9 fractions. MOJ Toxicol. 2018, 4, 255–261.

50. OEHHA. Public Health Goals for Chemicals in Drinking Water: N-Nitrosodimethylamine; OEHHA: Oakland, CA, USA, 2006. Available
online: https://oehha.ca.gov/media/downloads/water/chemicals/phg/122206ndmaphg.pdf (accessed on 1 July 2021).

51. Yamazaki, H.; Mori, Y.; Toyoshi, K.; Mori, H.; Sugie, S.; Yoshimi, N.; Konishi, Y. Genotoxicity of carcinogenic N-nitrosopropylamine
derivatives in the hepatocyte primary culture/DNA-repair test. Mutat. Res. 1985, 144, 197–202. [CrossRef]

52. Morita, T.; Hamada, S.; Masumura, K.; Wakata, A.; Maniwa, J.; Takasawa, H.; Yasunaga, K.; Hashizume, T.; Honma, M. Evaluation
of the sensitivity and specificity of in vivo erythrocyte micronucleus and transgenic rodent gene mutation tests to detect rodent
carcinogens. Mutat. Res. Genet. Toxicol. Environ. Mutagen. 2016, 802, 1–29. [CrossRef]

53. Mehta, R.D.; von Borstel, R.C. Genetic activity in yeast assays of reputed nonmutagenic, carcinogenic N-nitroso compounds and
methapyrilene hydrochloride. IARC Sci. Publ. 1984, 57, 721–729.

54. Lijinsky, W.; Andrews, A.W. The superiority of hamster liver microsomal fraction for activating nitrosamines to mutagens in
Salmonella typhimurium. Mutat. Res. 1983, 111, 135–144. [CrossRef]

55. IRIS (Integrated Risk Information System). N-Nitroso-N-Methylethylamine; CASRN 10595-95-6: Washington DC, USA, 1987.
56. Bonde, P.; Gao, D.; Chen, L.; Duncan, M.; Miyashita, T.; Montgomery, E.; Harmon, J.W.; Wei, C. Selective decrease in the DNA base

excision repair pathway in squamous cell cancer of the esophagus. J. Thorac. Cardiovasc. Surg. 2007, 133, 74–81.e73. [CrossRef]
57. Mirvish, S.S.; Huang, Q.; Williamson, J.; Chen, S.-C.; Gelboin, H.V. Use of monoclonal antibodies to cytochrome P450s to indicate

the critical dealkylation and the P450s involved in methyl-n-amylnitrosamine mutagenicity in the presence of induced rat liver
microsomes. Mutat. Res. Fundam. Mol. Mech. Mutagenesis 1995, 331, 161–170. [CrossRef]

https://www.fda.gov/consumers/consumer-updates/what-know-and-do-about-possible-nitrosamines-your-medication
https://www.fda.gov/consumers/consumer-updates/what-know-and-do-about-possible-nitrosamines-your-medication
https://www.fda.gov/drugs/drug-safety-and-availability/fda-updates-and-press-announcements-angiotensin-ii-receptor-blocker-arb-recalls-valsartan-losartan
https://www.fda.gov/drugs/drug-safety-and-availability/fda-updates-and-press-announcements-angiotensin-ii-receptor-blocker-arb-recalls-valsartan-losartan
https://www.fda.gov/drugs/drug-safety-and-availability/fda-updates-and-press-announcements-angiotensin-ii-receptor-blocker-arb-recalls-valsartan-losartan
https://publications.iarc.fr/35
http://doi.org/10.1017/S0007114513003462
http://doi.org/10.1093/carcin/bgy169
http://doi.org/10.3945/ajcn.111.012377
http://doi.org/10.3390/nu7125505
http://www.ncbi.nlm.nih.gov/pubmed/26633477
https://www.who.int/ipcs/publications/cicad/en/cicad38.pdf
https://www.who.int/ipcs/publications/cicad/en/cicad38.pdf
http://doi.org/10.1016/0300-483X(90)90064-N
https://publications.iarc.fr/19
http://www.ncbi.nlm.nih.gov/pubmed/1017589
http://doi.org/10.1016/0304-3835(93)90162-3
https://pubchem.ncbi.nlm.nih.gov/substance/363899073
https://oehha.ca.gov/media/downloads/water/chemicals/phg/122206ndmaphg.pdf
http://doi.org/10.1016/0165-7992(85)90140-X
http://doi.org/10.1016/j.mrgentox.2016.03.008
http://doi.org/10.1016/0027-5107(83)90058-1
http://doi.org/10.1016/j.jtcvs.2006.06.050
http://doi.org/10.1016/0027-5107(95)00065-Q


Int. J. Environ. Res. Public Health 2021, 18, 9465 13 of 13

58. US FDA. Laboratory Analysis of Valsartan Products. Available online: https://www.fda.gov/drugs/drug-safety-and-
availability/laboratory-analysis-valsartan-products (accessed on 1 July 2021).

59. US FDA. Laboratory Analysis of Ranitidine and Nizatidine Products. Available online: https://www.fda.gov/drugs/drug-
safety-and-availability/laboratory-tests-ranitidine (accessed on 1 July 2021).

60. US FDA. Laboratory Analysis of Metformin Products. Available online: https://www.fda.gov/drugs/drug-safety-and-
availability/laboratory-tests-metformin (accessed on 1 July 2021).

61. US FDA. DIOVAN®(Valsartan) Tablets, for Oral Use. Available online: https://www.accessdata.fda.gov/drugsatfda_docs/label/
2017/021283s50lbl.pdf (accessed on 28 May 2020).

62. Pottegard, A.; Kristensen, K.B.; Ernst, M.T.; Johansen, N.B.; Quartarolo, P.; Hallas, J. Use of N-nitrosodimethylamine (NDMA)
contaminated valsartan products and risk of cancer: Danish nationwide cohort study. BMJ 2018, 362, k3851. [CrossRef]

63. OEHHA. Final Statement of Reasons 22 California Code of Regulations. 1989. Available online: https://oehha.ca.gov/media/
downloads/crnr/1270512711benzidinebcefsornov1989_0.pdf (accessed on 1 July 2021).

64. Peto, R.; Gray, R.; Brantom, P.; Grasso, P. Nitrosamine carcinogenesis in 5120 rodents: Chronic administration of sixteen different
concentrations of NDEA, NDMA, NPYR and NPIP in the water of 4440 inbred rats, with parallel studies on NDEA alone of the
effect of age of starting (3, 6 or 20 weeks) and of species (rats, mice or hamsters). IARC Sci. Publ. 1984, 57, 627–665.

65. US FDA. Laboratory Analysis of Rifampin/Rifapentine Products. Available online: https://www.fda.gov/drugs/drug-safety-
and-availability/laboratory-analysis-rifampinrifapentine-products (accessed on 21 June 2021).

https://www.fda.gov/drugs/drug-safety-and-availability/laboratory-analysis-valsartan-products
https://www.fda.gov/drugs/drug-safety-and-availability/laboratory-analysis-valsartan-products
https://www.fda.gov/drugs/drug-safety-and-availability/laboratory-tests-ranitidine
https://www.fda.gov/drugs/drug-safety-and-availability/laboratory-tests-ranitidine
https://www.fda.gov/drugs/drug-safety-and-availability/laboratory-tests-metformin
https://www.fda.gov/drugs/drug-safety-and-availability/laboratory-tests-metformin
https://www.accessdata.fda.gov/drugsatfda_docs/label/2017/021283s50lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2017/021283s50lbl.pdf
http://doi.org/10.1136/bmj.k3851
https://oehha.ca.gov/media/downloads/crnr/1270512711benzidinebcefsornov1989_0.pdf
https://oehha.ca.gov/media/downloads/crnr/1270512711benzidinebcefsornov1989_0.pdf
https://www.fda.gov/drugs/drug-safety-and-availability/laboratory-analysis-rifampinrifapentine-products
https://www.fda.gov/drugs/drug-safety-and-availability/laboratory-analysis-rifampinrifapentine-products

	Introduction 
	Public Health Concerns 
	Results 
	Evidence on the Carcinogenicity of NDMA, NDEA, NMBA, and the Larger Group of NMAs 
	Animal Bioassays 
	Metabolism 
	Genotoxicity 

	Cancer Risk Estimate 
	Extra Cancer Risk Calculation for NDMA 
	Extra Cancer Risk Calculation for NDEA 


	Discussion 
	Conclusions 
	References

