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1. ABSTRACT

This review provides information on arylamine
drugs which have been tested for the formation of N-
nitroso compounds (NOC) by reacting with nitrite, and on
the genotoxic-carcinogenic effects of their nitrosation
products. In an extensive search we have found that 109
arylamine drugs were examined for their ability to react
with nitrite, and 105 of them (96.3%) were found to form
NOC or in some cases other reactive species. Moreover, 78
arylamine drugs were examined in short-term genotoxicity
tests and/or in long-term carcinogenicity assays, either in
combination with nitrite or using their nitrosation product;
67 of them (85.9%) have been found to give at least one
positive response. Only a small fraction, the 19.1% of
theoretically nitrosatable arylamine drugs, has been
examined for the possible formation of genotoxic-
carcinogenic NOC, guidelines for genotoxicity testing of
pharmaceuticals do not indicate the need of appropriate
tests, and patients are not informed that the drug-nitrite
interaction and the consequent risk can be reduced to a
large extent by consuming the nitrosatable drug with
ascorbic acid.
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2. INTRODUCTION

N-nitroso compounds (NOC) are known for their
capability of inducing the development of tumours in a
large number of animal species (1). This suggests that they
may also be carcinogenic to humans, even if a causal
relationship between exposure to NOC and human cancer
has not yet been rigorously established. In this respect it
should be considered that to demonstrate in the human
population such a relationship is difficult due to the
exposure to low levels of NOC, to the limited sensitivity of
epidemiological instruments, and to the lack of a truly
unexposed population that can be used as control. Human
exposure to NOC can be the consequence either to intake of
preformed NOC or to endogenous formation of NOC in
vivo from nitrosatable precursors and nitrosating agents.
The chemistry of NOC formation has been previously
extensively described (2,3). In brief, the formation of NOC
requires the presence of a nitrosatable compound, acid and
inorganic nitrite. The main site of the NOC endogenous
synthesis is undoubtedly the stomach where after
consumption of nitrite-rich meals the concentration of
nitrite can reach 100-300 micromol/liter.
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As reviewed by Mirvish (2), NOC can be also
formed from aryl, diaryl and alkylaryl amines. As
pharmacologists we are primarily concerned with the
genotoxic-carcinogenic risk possibly linked to NOC generated
in vivo by the nitrosation of pharmaceutical preparations. In
the 2007 edition of Martindale —The Complete Drug Reference
(4) are listed 570 aryl- , diaryl-, and alkylaryl-amine drugs.
The aim of this review is to list which of these drugs have been
found to form NOC by reacting with nitrite, and to indicate the
genotoxic and carcinogenic effects of their nitrosation
products.

3. DRUG-NITRITE INTERACTION PRODUCTS

Table 1 lists 109 arylamine drugs, representing a
wide variety of chemical structures and therapeutic
families, the large majority of which (96.3%) by reacting
with nitrite have been found to form NOC or, in a few
cases, other reactive species. For each drug is indicated the
yield(s) of NOC as % of the theoretical one and, when it
was identified, the NOC formed. Since the nitrosation of
many drugs was investigated in various studies in different
reaction conditions, for these drugs is indicated in the table
the lowest and highest yield obtained in each of these
studies. For each study the corresponding reference is
indicated in parentheses. Because the yield of NOC
depends not only on the chemical structure of the drug but
also on the drug-nitrite molar ratio, pH, temperature and
reaction time, the wide range of yields obtained for the
same drug in different reaction conditions is not surprising.
For most drugs the lowest yield was obtained in simulated
in vivo conditions, and the highest yield when the reaction
was carried out according to the nitrosation assay procedure
of the WHO (5) or in even more favourable conditions. The
WHO nitrosation assay procedure (NAP test) must conform
to the following criteria: concentration of drug, 10 mM;
concentration of nitrite, 40 mM; reaction temperature,
37°C; pH, 3-4; reaction times, 1 and 4 h. Obviously, the
results so obtained do not allow a quantitative prediction of
the nitrosation rate and yield in the stomach of a patient
treated with a therapeutic dose of a nitrosatable drug that
depend on substrates, catalysts and inhibitors, and are
influenced by the stomach content, pH and several other
factors.

4. GENOTOXIC AND CARCINOGENIC EFFECTS OF
DRUG-NITRITE INTERACTION PRODUCTS

Table 2 lists the results of genotoxicity and/or
carcinogenicity assays carried out with the arylamine drugs
which have been found to form by reacting with nitrite a
NOC or in some cases a different type of reactive species.
In vitro assays were performed by treatment either with the
nitrosation reaction mixture or directly with the NOC
formed by the specific drug; in in vivo assays either the
treatment with the drug and nitrite or the administration of
the NOC formed by the drug were employed. Of the 78
drugs listed in Table 2, 66 formed a NOC that tested
positive in at least one, and often in more than one,
genotoxicity — assay. Only 10 were tested for
carcinogenicity, and 6 of them gave at least one positive
response. However, it should be considered that the nitrosation
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of 28 drugs listed in Table 1 gave rise to one of the following
well known carcinogenic  NOC described in IARC
Monographs  (101) N-nitrosodimethylamine, ~ N-
nitrosodiethylamine, N-nitrosmorpholine, N-nitrosopiperidine,
N-nitrosodipropylamine, or N-nitrosopyrrolidine.

5. DISCUSSION AND CONCLUSIONS

The large majority of NOC have been found to
be genotoxic and carcinogenic; four NOC have been
classified by the International Agency for Research on
Cancer (IARC) as probably and other 15 as possibly
carcinogenic to humans (102). In our extensive search we
have found that 105 arylamine drugs have been found to
form NOC or other reactive species (Table 1) and we
cannot exclude that additional published and unpublished
results exist. Certainly the number of theoretically
nitrosatable arylamine drugs that have not been tested for
their possible nitrosation to genotoxic-carcinogenic
derivatives is very high.

Conditions suitable to nitrosation reactions are
present in the human organism, mainly in the stomach
where, after consumption of nitrite-rich meals, the
concentration of nitrite can reach 100-300 micromol/liter.
One of the major factors regulating the formation of NOC
in the gastric environment is the concentration of
nitrosating agents (N,O3;, NO+, and ON-NCS) which are
derived from nitrite ion (NO,-) or nitrous acid (HNO,).
Gastric nitrite can be ingested directly with food or water,
but most of it arises from enzymatic reduction of nitrate in
saliva or gastric juice. Two distinct mechanisms of
endogenous formation of NOC have been identified. The
first, a direct chemical reaction between secondary amino
compounds and nitrite, is strongly pH dependent and does
not proceed rapidly at neutral pH. The second mechanism
depends on direct bacterial catalysis of N-nitrosation and
proceeds much more rapidly at neutral pH than the
chemical reaction.

In spite of these possibilities, guidelines for
genotoxicity testing of pharmaceuticals (103) do not
indicate the need of performing adequate tests in order to
assess whether a nitrosatable drug may undergo
endogenous nitrosation to a genotoxic-carcinogenic NOC.
The amounts of NOC formed in the human stomach are
presumably very small, but it cannot be excluded that some
arylamine drugs might yield a not negligible amount of
genotoxic reaction product(s). According to Preussmann
(104), the continuous exposure to a NOC leads to a linear
dose-effect and dose-time relationship which do not
indicate deviations from linearity at low doses;
consequently there would be no indication of a no-effect
level, and small single doses should be additive. In
comparison to the dietary exposure to nitrosatable amines,
that is normally below 100 mg/day, several nitrosatable
arylamine drugs are used therapeutically at doses higher
than 100 mg/day, and some non-prescription arylamine
drugs at much higher doses, e.g. acetaminophen that can
reach the daily dose of 4 g. Obviously the genotoxic-
carcinogenic risk related to the endogenous drug nitrosation
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Table 1. Arylamine drugs which have been tested for the formation of NOC by reaction with nitrite

Drug Yield (% of the theoretical yield)* NOC or other reactive species formed
Acetaminophen? nd. (6) 4-acetylamino-6-diazo-2,4-cyclohexadienone
Acetohexamide? 5-6% (7)
Alprenolol* 91% (8)
Ambroxol? <0.001% (9)
Aminopyrine? < 0.001% (9), 55-65% (10), 13-55% (11), N-nitrosodimethylamine
87.5% (12), 31.4-71.4% (13), 48-73% (14),
9.4-10.8% (15), 1.6% (16), 76,5-87.5% (17),
0.01-47% (18), 43% (19), 0.0015-0.013%
(20), 73% (21)
Anmitriptyline 0.003-0.006% (10), 0.06% (16), 0.05% (19) N-nitrosodimethylamine
Ampicillin 0.06-5.5% (7), 5.5% (12 ), 3.7-5.5% (17),
0.06 (18), 0.007-0.057 (20)
Antipyrin? 0-60.8% (13) 4-nitrosoantipyrine
Atenolol? 0.003-0.012% (20),7.45% (22) N-nitrosoatenolol
Azapropazone 25-49% (7)
Bamethan? 80% (8) N-nitrosobamethan, 3-diazo- N-nitrosobamethan
Bephenium? hydroxynaftoate 0% (23)
Bromazepam?® 25% (24)
Bromhexine? 0-0.02% (25), 0% (26), 0.1-47% (27), 0% | N-nitroso-N-methyl-N-cyclohexylamine
(28)
Captodiame 0-0.7% (13) N-nitrosodimethylamine
Carbamazepine 0.02-2% (29) N-nitrosodibenzazepine
Carbidopa? 4-9% (7)
Carpipramine? 2.9% (24)
Cefadroxil? 18-19% (7)
Chloramphenicol 5-6% (7)
Chlordiazepoxide? 69-70% (7), 0.011-0.28% (18), 0.28% (19), | N-nitrosochlordiazepoxide
0.011% (20), 57.4% (24), 55% (30) 2.5-
54.8% (31), 75% (32)
Chloroquine? 15% (7), 12-17% (23)
Chlorphenoxamine 1-3% (7)
Chlorpromazine? 0.5-1.2% (7), <0.001-0.002% (10), 0.05- | N-initrosodimethylamine, N-nitrosodesmethylchlorpromazine
0.88% (11), 0.4-1.7% (13), 0.005-0.23%
(18), 0.23% (19), 0.0002-0.005% (20), 5.3%
24
Chlorpropamide 7% (7)
Chlorprothixene? 14.21% (7), 43.4% (24)
Chlortetracycline 0.007-3.7% (18), 3.7% (19), 0.007 (20), 0% | N-nitrosodimethylamine
(33)
Chlorthalidone 0% (7), 0% (18)
Cimetidine? <0.001% (9), 90% (34) N-nitrosocimetidine
Clomiphene 0% precipitate (7), 0% (16), 0.41% (19), | N-nitrosodiethylamine
0.0004-0.008% (20)
Clomipramine <1% (12), 0.3-21.5% (15), 1-14.4% (17), | N-nitroso-3-chlorodibenzazepine
0.15% (19), 0.0035-0.017% (20)
Clonidine? 75% (8), 0.15% (20)
Cloxacillin 0.2% (18), 0.018-0.21 (20)
Cyclizine? 0.03-0.19% (18), 0.19% (19), | Dinitrosopiperazine
0.002-0.031% (20)
Demeclocycline 0% (33)
Desipramine 10% (7), <1% (12), 2.8-10.9% (13), <0.4- | N-nitrosodesipramine, N-nitrosodibenzazepine
35.5% (15), <1-27.5% (17)
Dextropropoxyphene* 0.003-0.16% (11) N-nitrosodimethylamine
Diazepam? 7% (24)
Diclofenac 1,21% (9)
Diethazine 0-0.4% (13) N-nitrosodiethylamine
Diltiazem? 15% (8), 0.2-2.4% (35)
Dimenhydrinate 5-6% (7)
Dimetofrine* 68-73% (7), 3-60% (36) 2,6-dimethoxy-1,4-benzoquinone
Diphenhydramine? 7-9% (7), <0.001% (10), 0.04% (19) N-nitrosodimethylamine
Diphenylpyraline 0.21% (19)
Dipyridamole? 19% (8), 0.024-0.11% (10) N-nitrosopiperidine
Dipyrone? 0.61% (9), 100% (12), 16.8-22.5% (15), 75- | N-nitrosodimethylamine and other NOC
100% (17)
Doxycycline 0% (16), 0.03-0.04% (33) N-nitrosodimethylamine
Ephedrine? 62-68% (7), 30% (19), 0.016% (20) N-nitrosoephedrine
Etilefrine? 23-30% + 5-35% (37) N-nitrosoetilefrin + diazo-N-nitrosoetilefrin
Flufenamic acid 1.5% precipitate (7), 0.08% (19)
Furosemide 50-52% (7)
Gallopamil? 0.3-4.8% (35)
Glyclopyramide 0.047-0.71 (10) N-nitrosopyrrolidine
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Hydralazine? 10-15% (7), 0% (8)

Hydrochlorothiazide? 8% precipitate  (7), < 0.001% (9) | 4-nitrosohydrochlorothiazide
64% (38)

Hydroxyzine? 0.026% (20), 5.5% (24) N,N’-dinitrosopiperazine and other NOC

Imipramine? 1-2% (7 ), 0.05-0.12% (10), <1% (12), 0.3- | N-nitrosodimethylamine, N-nitrosodesipramine, N-
1.2% (13), <1-14.9% (17), 0.02-0.24% (18), | nitrosodihydrodibenzazepine
0.24% (19), 0.0003-0.02% (20), 0.1-2% (29)

Indomethacin 0.01% (19)

Iproniazid 0.51% (19), 0.0042-0.023% (20)

Isoniazid? 28-30% (7)

Isoxsuprine? 31% (8)

Maprotiline? 2.2% (19), 0.003-0.02% (20)

Mebendazole? 38-50% (23)

Mefenamic acid 15% precipitate (7)

Methadone? 0.04-0.18% (11) N-nitrosodimethylamine

Methamphetamine? 94% (39) N-nitrosomethamphetamine

Metoclopramide? 5-9% (7)

Metoprolol? 34-57% (7), 3.8% (19), 0.01% (20), 5.85% | N-nitrosometoprolol
22

Minocycline 11% (10), 34% (19), 0.021% (20), 0.021- | N-nitrosodimethylamine
34% (23), 0.05-2% (33)

Nadolol? 12-19% (7), 5.95% (22) N-nitrosonadolol

Nicardipine? 6.2-36.6% (35)

Nifedipine? 38.8-40.0% (35)

Niketamide 0.1% (21) N-nitrosodiethylamine

Nimodipine? 9.9-44.6% (35)

Nitrendipine? 28.7-44.0% (35)

Nortriptilyne 0.012-9.8% (18), 9.8% (19), 0.0007-0.012%
(20)

Oxprenolol? 9.60% (22) N-nitrosooxprenolol

Oxytetracycline? 0.35-1.3% (10), 0.3-15% (11), 0.6-63.2% | N-nitrosodimethylamine
(13), 0% (16), 0.005-2.7% (18), 2.7% (19),
0.005% (20), 0.08% (33), 44-63% (40)

Phenacetin? 0.4-7% (41) N-nitroso-2-nitro-4-ethoxyacetanilide

Phenelzine? 24-39% (7)

Phenmetrazine? 0.13% (9) N-nitrosophenmetrazine

Phenobarbital 3% precipitate (7)

Phenoxymethyl-penicillin

54.9% (12), 2.6-5.2% (15), 39.0-54.9% (17),
0.5-6.8% (18), 6.8% (19), 0.039-0.51% (20)

Phenylpropanolamine 0.0016-0.01% (20)
Phenytoin 3-20% (7), 0-0.12% (18), 0.12% (19)
Pindolol 0.14% (18), 14% (19)
Pirenzepine 0% (7)
Probenecid <0.001% (10), 0% (18) N-nitrosodiethylamine, N-nitrosodipropylamine
Procainamide? 75-100% (7), <0.001% (10) N-nitrosodiethylamine
Proglumide 0.007-0.009% (10) N-nitrosodipropylamine
Promethazine 5-6% (7), 0.055-0.27% (10), 0.011-2% (18), | N-nitrosodimethylamine
2% (19), 0.0007-0.011% (20)
Propranolol? 58-71% (7), <0.001 (9), 6-7% (22), 94% (8), | N-nitrosopropranolol
0.015-29% (18), 29% (19), 0.0066-0.015%
(20), 0.003-45% (42,43), 0.03-10.78% (44),
0.04-12.44% (45)
Protriptyline 3.4-11.6% (13) N-nitrosoprotriptyline
Ranitidine? 16-22% (7), 89.1% (46) N-nitroso-nitrolic acid derivative of ranitidine
Rifampicin nd. (7)
Sotalol? 9.25% (22) N-nitrososotalol
Sulphadimidine? 22% (47) 1,3-di(4-[N-dimethyl-2-pyrimidinyl)-sulfamoylphenyl]triazene
Tetracycline? n.d. (7), 2.6% (19), 0.007% (20), 0% (33) N-nitrosodimethylamine
Thioproperazine 0.003-0.013% (10) N-nitrosodimethylamine, N-nitroso-N’-methylpiperazine
Timolol 0.035-8.8% (18), 8.8% (19), | N-nitrosomorpholine
0.0011-0.030% (20)
Tolazamide? 0% precipitate (7), 1.9-7% (10), N-nitrosohexamethyleneimine, N-nitrosopiperidine
0.6-3.4% (11)
Tolazoline? 1-2% (7), 0.01% (19)
Tolbutamide? 0.59% (19), 0-43% (38) 3’-Nitrosotolbutamide
Triflupromazine 0.5-0.8% (7)
Trimipramine <0.001% (9), 0.1-4% (29) N-nitrosodibenzazepine, N-nitrosodihydrodibenzazepine
Tripelennamine? 9-14% (7), 0.7-5.8% (13) N-nitrosodesmethyltripelennamine
Triprolidine <0.001-0.001% (10) N-nitrosopyrrolidine
Verapamil® 0.1-1.8% (35)

! Data are followed by the corresponding references in parentheses. When more than one yield is reported, the data indicate the different yields obtained in different
experimental conditions. 2 The genotoxic and/or carcinogenic effects of the drug-nitrite reaction products are reported in Table 2. * n.d. : not determined
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Table 2. Genotoxic and carcinogenic effects of arylamine drugs-nitrite reaction products

Drug and test system(s) Dose (LED or HID)! Result? Reference

Acebutolol

S. typhimurium TA1535, umu-test Drug-nitrite interaction product + (48)
(12.6 mg/ml)

Acetaminophen®

S. typhimurium TA98, TA100, reverse mutation Nitrosation reaction mixture + (6)
(0.5 umol/plate of parent drug)

Acetohexamide?

DNA strand breaks, Chinese hamster ovary cells in vitro N-nitrosoderivative(s) 18.1 uM + (7

Alprenolol®

S. typhimurium TA98, TA100, reverse mutation Nitrosation reaction mixture (1 pmol of parent drug) - 8)

Ambroxol®

S. typhimurium TA1535, umu-test Drug-nitrite interaction product | (+) (48)
(0.48 mg/ml)

Aminopyrine?

S.  typhimurium TA98, TA100, TA1535, TAI1537, | Nitrosation reaction mixture - (49)

TA1538, reverse mutation (1 mg of parent drug)

S. typhimurium TA100, reverse mutation Aminopyrine 0.25 pmol/plate + NaNO, 72,5 umol/plate | + (50)
preincubated in human gastric juice

S. typhimurium G46,host-mediated Aminopyrine 0.2 mmol/kg + NaNO, 0.2 mmol/kg p.o. + (51)

assay

DNA strand breaks, rat liver in vivo Aminopyrine 320 mg/kg +NaNO, 80 mg/kg p.o. +) (52)

Long-term carcinogenesis assay, rats Aminopyrine 250 ppm + NaNO, 250 ppm in drinking | + (liver tumours) (53,54)
water

Long-term carcinogenesis assay, rats Aminopyrine 1000 ppm + NaNO, 1000 ppm in drinking | + (liver tumours) (55)
water

Long-term carcinogenesis assay, hamsters Aminopyrine 1000 ppm + NaNO, 1000 ppm in drinking | + (56)
water

Transplacental carcinogenesis assay, induction of 8-AG | Aminopyrine 25 mg/kg + NaNO, 25 mg/kg p.o. + (57)

resistant mutants in embryo cells

Hepatotoxicity in rats Aminopyrine 0.4 mmol/kg + NaNO, 1.0 mmol/kg p.o. + (58)

Binding covalent to rat DNA in vivo d6-Aminopyrine 100 mg/kg + NaNO, 100 mg/kg p.o. + (59)

Binding covalent to rat liver DNA in vivo 14C-Aminopyrine 140 mg/kg + NaNO, 80 mg/kg p.o. + (60)

Amlodipine

S. typhimurium TA1535, umu-test Drug-nitrite interaction product (0.12 mg/ml) (+) (48)

Antipyrin®

S. typhimurium TA97, TA98, TA100, TA102, TA104, | N-nitrosoantipyrine (62.5 nmol/plate) + (61)

reverse mutation

Atenolol®

S. typhimurium TA1535, umu-test Drug-nitrite interaction product (0.70 mg/ml) (+) (48)

DNA strand breaks, Chinese hamster lung V79 cells in | N-nitrosatenolol 1.0 mM - (22)

vitro

DNA strand breaks, rat primary hepatocytes N-nitrosoatenolol 0.1 mM + (22)

UDS, rat primary hepatocytes N-nitrosoatenolol 0.3 mM + (22)

DNA strand breaks, human primary hepatocytes N-nitrosoatenolol 1.0 mM + (22)

UDS, human primary hepatocytes N-nitrosoatenolol 0.1 mM + (22)

Micronucleus test, rats in vivo N-nitrosoatenolol 1.0 g/kg p.o - (62)

Micronucleus test, rat spleen cells in vivo N-nitrosoatenolol 1.0 g/kg p.o - (62)

Micronucleus test, rat liver cells in vivo N-nitrosoatenolol 1.0 g/kg p.o + (62)

Bamethan?®

S. typhimurium TA98, TA100, reverse mutation Nitrosation reaction mixture (1 pmol of parent drug) + ®)

Bephenium hydoxynaphthoate®

S. typhimurium TA1535, reverse Nitrosation reaction mixture drug-nitrite molar ratio | - (23)

mutation 1/1.3)

S. typhimurium TA1535, reverse mutation Mutagenicity of urine from mice given 1000 mg/kg | - (63)
bephenium
hydroxynaphthoate + 80 mg/kg NaNO2

Bromazepam?®

S. typhimurium TA98, TA100, reverse mutation Nitrosation reaction mixture (1 pmol of parent drug) + 24)

S. typhimurium TA1535, umu-test Drug-nitrite interaction product | + (48)
(1.50 mg/ml)

Bromhexine*

Binding covalent to DNA, rat cells in vivo Bromhexine 30 mg/kg + NaNO2 30 mg/kg p.o. + (28)

Binding covalent to DNA, in humans d3-Bromhexine 48 mg p.o. - (64)

Carbidopa®

DNA strand breaks, Chinese hamster ovary cells in vitro N-nitroso derivative(s) 214 uM + 7

Carpipramine®

S. typhimurium TA98, TA100, reverse mutation Nitrosation reaction mixture (1 pmol of parent drug) + (24)

Cefadroxil®

DNA strand breaks, Chinese hamster ovary cells in vitro N-nitrosoderivative(s) 610 uM + (7)

Cefalexin'

DNA strand breaks, Chinese hamster ovary cells in vitro N-nitrosoderivative(s) 330 uM + (7

Chlordiazepoxide®
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S. typhimurium TA98, TA100, reverse mutation Nitrosation product reaction mixture (1 pumol of parent | (+)/+ (24)
drug)

S.  typhimurium TA98, TA100, TA1535, TAI1537, | Nitrosation reaction mixture (1 mg of parent drug) + (49)

TA1538, reverse mutation

S. typhimurium TA1535, umu-test Drug-nitrite interaction product (10 pg/ml) + (48)

DNA strand breaks, Chinese hamster lung V79 cells in | N-nitrosochlordiazepoxide 33 uM + (30)

vitro

DNA strand breaks, Chinese hamster ovary cells in vitro N-nitroso derivative(s) 229 uM + 7

DNA strand breaks, rat primary hepatocytes N-nitrosochlordiazepoxide 33 pM + (30)

UDS, rat primary hepatocytes N-nitrosochlordiazepoxide 100 pM + (30)

Gene mutation, Chinese hamster lung V79 cells, Aprt | N-nitrosochlordiazepoxide 100 uM + (30)

locus

DNA strand breaks, human primary hepatocytes N-nitrosochlordiazepoxide 100 pM + (30)

UDS, human primary hepatocytes N-nitrosochlordiazepoxide 100 uM + (30)

Saccharomyces cerevisia,mitotic gene conversion, host- | N- nitrosochlordiazepoxide 0.05 mmol/kh i.v. + (65)

mediated assay

DNA strand breaks, rat liver in vivo Chlordiazepoxide 0.14 mmol/kg + NaNO, 1.16 mmol/kg | + (66)
p.o.

DNA strand breaks, rat liver in vivo N.nitrosochlordiazepoxide 0.012 mmol/kg p.o. + (66)

DNA strand breaks, rat gastric mucosa in vivo N.nitrosochlordiazepoxide 0.024 mmol/kg p.o. + (66)

DNA strand breaks, rat brain N.nitrosochlordiazepoxide 0.024 mmol/kg p.o. + (66)

Long-term carcinogenesis assay, mice N-nitrosochlordiazepoxide 6.2 mg/kg/day in drinking | - (67)
water

Long-term carcinogenesis assay, rats Chlordiazepoxide 2000 ppm + NaNO, ppm in drinking | (+) (tumors of nervous | (55,68)
water system and other organs)

Chloroquine®

S. typhimurium TA1535, reverse mutation Nitrosation reaction mixture + (23)
(drug/nitrite molar ratio 1/2.6)

S. typhimurium TA1535, reverse mutation Mutagenicity of urine from mice given 55 mgkg | + (63)
chloroquine + 80 mg NaNO; p.o.

DNA strand breaks, Chinese hamster ovary cells in vitro N-nitrosoderivative(s) 495 uM + (@)

Chlorpromazine®

S. typhimurium TA98, TA100, reverse mutation Nitrosation reaction mixture (1 umol of parent drug) )+ (24)

S. typhimurium  TA98, TA100, TA1535, TA1537, | Nitrosation reaction mixture (25 pg of parent drug) ) (49)

TA1538, reverse mutation

Long-term carcinogenesis assay, rats Chlorpromazine 1000 ppm + NaNO2 2000 ppm in | - (55)
drinking water

Chloprothixene®

S. typhimurium TA98, TA100, reverse mutation Nitrosation reaction mixture (1 umol of parent drug) )+ (24)

DNA strand breaks, Chinese hamster ovary cells in vitro N-nitroso derivative(s) 28.9 umol + (7

Cimetidine®

S. typhimurium TA100, reverse mutation Cimetidine 0.62 mg + NaNO, 5 mg preincubated in | + (69)
human gastric juice

S. typhimurium TA98, TA1535, TA1537, TA1538, reverse | Cimetidine 20 mg + NaNO2 5 mg preincubated in | + (69)

mutation human gastric juice

S. typhimurium TA1535, reverse mutation N-nitrosocimetidine 0.5 uM + (70)

S. typhimurium TA1535, umu-test Drug-nitrite interaction product (12.80 mg/ml) (1) (48)

DNA strand breaks, mouse epithelial cell line in vitro N-nitrosocimetidine 0.5 mM + (71)

Gene mutation, BHK-21/CL13 cells, ouabain resistance N-nitrosocimetidine 10 uM + (72)

SCE, Chinese hamster ovary cells in vitro N-nitrosocimetidine 0.12 M + (73)

SCE, Chinese hamster ovary cells in vitro Dinitrosocimetidine 0.1 uM + (74)

Chromosomal aberrations, Chinese hamster ovary cells in | N-nitrosocimetidine 0.12 pM + (74)

vitro

Chromosomal aberrations, Chinese hamster ovary | Dinitrosocimetidine 0.01 uM + (74)

cells in vitro

Cell transformation, BHK cells N-nitrosocimetidine 20 pM + (72)

DNA strand breaks, human lymphoblastoid cell line in | N-nitrosocimetidine 1.0 mM + (75)

vitro

UDS, human lymphocytes in vitro N-nitrosocimetidine 0.18 mM + (75)

SCE, human lymphocytes in vitro N-nitrosocimetidine 9.4 uM + (76)

DNA strand breaks, rat liver in vivo Cimetidine 250 mg/kg + NaNO2 80 mg/kg/day p.o. x | - (77)
20 days

DNA strand breaks, rat gastric mucosa Cimetidine 250 mg/kg + NaNO2 80 mg/kg/day p.o. x | - (78)
20 days

Long-term carcinogenesis assay, mice N-nitriosocimetidine 1130 ppm in drinking water + (lung tumours) 34)

Long-term carcinogenesis assay , mice Cimetidine 1130 ppm + NaNO2 1840 ppm in drinking | + (lung tumours) (34)
water

Long-term carcinogenesis assay, rats N-nitrosocimetidine 0.5 mM in drinking water - (79
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Long-term carcinogenesis assay, rats N-nitrosocimetidine 500 mg/kg p.o., twice weekly - (80)
Binding covalent to DNA in vitro [14 C] N-nitrosocimetidine 80uM + (72)
Binding covalent to DNA in vitro N-nitrosocimetidine 10 mM + 81)
Binding covalent to rat DNA in vitro d3-N-nitrosocimetidine 5 mM + (59)
Binding covalent to rat DNA in vivo d3-N-nitrosocimetidine 2.5 mg/kg p.o. - (59)
Binding covalent to rat DNA in vivo Cimetidine 25 mg/kg + NaNO2 25 mg/kg p.o. - (59)
Binding covalent to rat DNA in vivo Cimetidine 70 mg/kg + NaNO2 38 - (82)
mg/kg p.o. twice weekly x 3 days
Binding covalent to rat DNA in vivo 14C-nitrosocimetidine 0.135 mmol/kg i.v. (+) (83)
Binding covalent to rat DNA in vivo 14C-nitrosocimetidine 0.20 mmol/kg p.o. + (84)
Clonidine?®
S. typhimurium TA98, TA100, reverse mutation Nitrosation reaction mixture (1 pmol of parent drug) + )
Cyclizine?
S. typhimurium  TA98, TA100, TAI1535, TAI1537, | Nitrosation reaction mixture (0.1 mg of parent drug + (49)
TA1538, reverse mutation
Long-term carcinogenesis assay, rats Cyclizine 1000 ppm + NaNO, 2 ppm in drinking water - (55)
Dextropropoxyphene®
S. typhimurium  TA98, TA100, TA1535, TA1537, | Nitrosation reaction mixture (1 mg of parent drug) ) (49)
TA1538, reverse mutation
Diazepam®
S. typhimurium TA98, TA100, reverse mutation Nitrosation reaction mixture (1 umol of parent drug) (+) (24)
Diltiazem®
S. typhimurium TA98, TA100, reverse mutation Nitrosation reaction mixture (1 pmol of parent drug) (H)/+ ®)
DNA strand breaks, rat liver in vivo Diltiazem 280 mg/kg + NaNO, 80 mg/kg p.o. (1) (35)
Dimetofrine?
DNA strand breaks, Chinese hamster lung V79 cells in | 2,6-Dimethoxy-1,4-benzoquinone 10 puM (nitrosation | + (85)
vitro product of dimethofrine)
DNA strand breaks, Chinese hamster ovary cells in vitro N-nitroso derivative 233 uM + 7
DNA strand breaks, rat primary hepatocytes 2,6,Dimethoxy-1,4-benzoquinone 10 pM + (8%5)
UDS, rat primary hepatocytes 2,6-Dimethoxy-1,4-benzoquinone 20 pM + (85)
Gene mutation, Chinese hamster lung V79 cells, hprt | 2,6-Dimethoxy-1,4-benzoquinone 10 pM + (85)
locus
DNA strand breaks, rat liver in vivo 2,6-Dimethoxy-1,4-benzoquinone 300 mg/kg p.o. - (85)
DNA strand breaks, rat kidney in vivo 2,6-Dimethoxy-1,4-benzoquinone 33 mg/kg p.o. + (85)
DNA strand breaks, rat gastric mucosa in vivo 2,6-Dimethoxy-1,4-benzoquinone 33 mg/kg p.o. + (85)
DNA strand breaks, rat brain in vivo 2,6-Dimethoxy-1,4-benzoquinone 33 mg/kg p.o. + (85)
Diphenhydramine®
S. typhimurium TA98, TA100, TA1535, TA1538, reverse | Nitrosation reaction mixture (250 pg of parent drug) +) (86)
mutation
DNA strand breaks, Chinese hamster ovary cells in vitro N-nitrosoderivative(s) 264 uM + @)
Dipyridamole®
S. typhimurium TA98, TA100, reverse mutation Nitrosation reaction mixture (1 pmol of parent drug) - (8)
Dipyrone®
S. typhimurium TA98, TA100, reverse mutation 4-(N-methyl-N-nitroso)amino- antipyrine ( 10 mg/plate) (1) (87)
S. typhimurium TA98, TA100, reverse mutation 1-diketobutirryl-1-phenyl-2-methyl-2-nitrosohydrazide ) (87)
(1 mg/plate)
S. typhimurium, G49, host mediated assay Dipyrone 2 mmol/kg + NaNO2 2 mmol/kg p.o. ) [E2))
Enalapril
S. typhimurium TA1535 umu-test Drug-nitrite interaction product (1.12 mg/ml) + (48)
Ephedrine?
S. typhimurium TA98, TA100, reverse mutation N-nitrosoephedrine (50/500 pg/plate) + 39)
S. typhimurium TA1535 umu-test Drug-nitrite interaction product (1.0 mg/ml) ) (48)
Long-term carcinogenesis assay, mice N-nitrosoephedrine 200 mg/kg 3x, i.p + (liver cells | (88)
carcinomas)
Long-term carcinogenesis assay, rats N-nitrosoephedrine 120 mg/kg twice weekly p.o. + (liver, lung and | (89)
forestomach tumours)
Long-term carcinogenesis assay, rats Ephedrine 80 mg/kg + NaNO2 50 mg/kg twice weekly | ? (90)
p.o.
Long-term carcinogenesis assay, rats Ephedrine 5000 ppm + NaNO2 2000 ppm in diet x 50 | ? (90)
days
Etilefrine®
S. typhimurium TA98, TA100, reverse mutation Diazo-N-nitrosoetilefrine (0.1 pmol/plate) + ®)
Fluoxetine
S. typhimurium TA1535 umu-test Drug-nitrite interaction product (60 pg/ml) + (48)
Folic acid
Long-term carcinogenesis assay, mice Nitrosofolic acid 125 mg/kg 3Xx, i.p. ) (lung | (88)
adenocarcinoma)
Gallopamil®
DNA strand breaks, rat liver in vivo Gallopamil 54 mg/kg + NaNO2 80 mg/kg p.o. + (35)
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Hydralazine?
S. typhimurium TA98, TA100, reverse mutation Nitrosation reaction mixture (1 mmol of parent drug) + 8)
Hydrochlorothiazide®
S. typhimurium TA98, TA100, TA1535, TA1538, reverse | Nitrosation reaction mixture (1 mg of parent drug) ) (86)
mutation
Hydroxyzine®
S. typhimurium TA98, TA100, reverse mutation Nitrosation reaction mixture (1 pmol of parent drug) ) (24)
Imipramine’
DNA strand breaks, Chinese hamster ovary cells in vitro
N-nitrosoderivative(s) 4.95 uM + (@)
Isoniazid®
DNA strand breaks, Chinese hamster ovary cells in vitro N-nitrosoderivative(s) 957 uM + 7
Isoxsuprine?
S. typhimurium TA98, TA100, Nitrosation reaction mixture (1 pwmol of parent drug) + ®)
reverse mutation
Maprotiline®
S. typhimurium TA1535, umu-test N-nitrosomaprotiline (76 pg/ml) (1) (48)
Mebendazole*
S. typhimurium TA1535, reverse mutation Nitrosation reaction mixture (drug nitrite molar ratio | + (23)
1/4.6)

Methadone®
S. typhimurium TA98, TA100, TA1535, TA1538, reverse | Nitrosation reaction mixture (1 mg of parent drug) - (49)
mutation
Methamphetamine®
S. typhimurium TA98, TA100 reverse mutation N-nitrosomethamphetamine (50 pg/plate) + 39)
Metoclopramide®
DNA strand breaks, Chinese hamster ovary cells in vitro N- nitrosoderivative(s) 231 uM + (7)
Metoprolol®
S. typhimurium TA1535, umu-test Drug-nitrite interaction product (0.60 mg/ml) +) (48)
DNA strand breaks, Chinese hamster lung V79 cells in | N-nitrosometoprolol 1.0 mM - (22)
vitro
DNA strand breaks, Chinese hamster ovary cells in vitro N-nitrosoderivative(s) 1.5 mM + @]
DNA strand breaks, rat primary hepatocytes N-nitrosometoprolol 0.1 mM + (22)
UDS, rat primary hepatocytes N-nitrosometoprolol 1.0 mM + (22)
DNA strand breaks, human primary hepatocytes N-nitrosometoprolol 0.1 mM + (22)
UDS, human primary hepatocytes N-nitrosometoprolol 0.3 mM + (22)
Micronucleus test, rats in vivo N-nitrosometoprolol 1.0 g/kg p.o. - (62)
Micronucleus test, rat spleen cells in vivo N-nitrosometoprolol 1.0 g/kg p.o. - (62)
Micronucleus test, rat liver cells in vivo N-nitrosometoprolol 1.0 g/kg p.o. + (62)
Nadolol®
DNA strand breaks, Chinese hamster lung V79 cells in | N-nitrosonadolol 10 mM - (22)
vitro
DNA strand breaks, rat primary hepatocytes N-nitrosonadolol 1.0 mM + (22)
UDS, rat primary hepatocytes N-nitrosonadolol 1.0 mM + (22)
DNA strand breaks, human primary hepatocytes N-nitrosonadolol 3.0 mM + (22)
UDS, human primary hepatocytes N-nitrosonadolol 3.0 mM + (22)
Micronucleus test, rats in vivo N-nitrosonadolol 1.0 g/kg p.o. - (62)
Micronucleus test, rat spleen cells in vivo N-nitrosonadolol 1.0 g/kg p.o. - (62)
Micronucleus test, rat liver cells in vivo N-nitrosonadolol 1.0 g/kg p.o. + (62)
Nicardipine®
DNA strand breaks, rat liver in vivo Nicardipine 317 mg/kg + NaNO2 80 mg/kg p.o. (+) (35)
Nifedipine®
S. typhimurium TA1535, umu-test Drug-nitrite interaction product (70 pg/ml) +) (48)
DNA strand breaks, rat liver in vivo Nifedipine 511 mg/kg + NaNO2 80 mg/kg p.o. + (35)
Nimodipine*

DNA strand breaks, rat liver in vivo Nimodipine 1369 mg/kg + NaNO2 80 mg/kg p.o. + (35)
Nitrendipine®

DNA strand breaks, rat liver in vivo Nitrendipine 1 g /kg + NaNO2 80 mg/kg p.o. + (35)
Oxprenolol®
DNA strand breaks, Chinese hamster lung V79 cells in | N-nitrosooxprenolol 3.0 mM - (22)
vitro
DNA strand breaks, rat primary hepatocytes N-nitrosooxprenolol 0.1 mM + (22)
UDS, rat primary hepatocytes N-nitrosooxprenolol 0.3 mM + (22)
DNA strand breaks, human primary hepatocytes N-nitrosooxprenolol 0.3 mM + (22)
UDS, human primary hepatocytes N-nitrosooxprenolol 0.3 mM + (22)
Gene mutation, Chinese hamster lung V79 cells, Aprt | N-nitrosooxprenolol 0.03 mM + (C2))]

locus
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Gene mutation, Chinese hamster lung V79 cells, ouabain | N-nitrosooxprenolol 0.1 mM - 91)

resistance

Micronucleus test, mice in vivo N-nitrosooxprenolol 1.0 g/kg p.o. + [C2))

Micronucleus test, mice spleen cells in vivo N-nitrosooxprenolol 1.0 g/kg p.o. + o1

Micronucleus test, mice liver cells in vivo N-nitrosooxprenolol 1.0 g/kg p.o. + [C2))

Oxytetracycline®

S.  typhimurium TA98, TA100, TA1535, TAI1537, | Nitrosation reaction mixture (0.2 pg of parent drug) +) (49)

TA1538, reverse mutation

Long-term carcinogenesis assay, rats Oxytetracycline 1000 pppm + NaNO2 | + (liver tumours) (55)
1000 ppm in drinking water

Paroxetine

S. typhimurium TA1535, umu-test Drug-nitrite interaction product (1.40 mg/ml) + (48)

Phenacetin®

S. typhimurium TA98, TA100, TA1535, TA1538, reverse | N-nitrosophenacetin (0,1 pg/plate) + (92)

mutation

Phenelzine®

DNA strand breaks, Chinese hamster ovary cells in vitro N-nitrosoderivative(s) 1.04 mM + (7

Phenmetrazine®

Long-term carcinogenesis assay, rats N-nitrosophenmetrazine 180 ppm in drinking water - (93)

Primaquine

S. typhimurium TA98, TA100, reverse mutation Nitrosation reaction mixture (primaquine 5.5.mM + | + (94)
NaNO2 5 mM)

E.coli WP2uvrA/pKM101 reverse mutation Nitrosation reaction misture (100 pg of parent | + (94)
drug/plate)

Procainamide®

DNA strand breaks, Chinese hamster ovary cells in vitro N-nitrosoderivative(s) 2.89 mM + (7)

Propranolol®

S. typhimurium TA92, TA98, TA100, TA1535, TA1537, | N-nitrosopropranolol (1.4 pmol/plate) - (43)

TA1538, reverse mutation

S. typhimurium TA98, TA100, reverse mutation Nitrosation reaction mixture (1 pmol of parent drug) ) (43)

S. typhimurium TA1535, umu-test Drug-nitrite interaction product (0.16 mg/ml) + (48)

DNA strand breaks, Chinese hamster lung V79 cells in | N-nitrosopropranolol 1.0 mM - (22)

vitro

DNA strand breaks, Chinese hamster ovary cells in vitro N-nitroso derivative(s) 213 pM + @]

DNA strand breaks, rat primary hepatocytes N-nitrosopropranolol 0.03 mM + (22)

UDS, rat primary hepatocytes N-nitrosopropranolol 0.1 mM + (22)

DNA strand breaks, human primary hepatocytes N-nitrosopropranolol 0.03 mM + (22)

UDS, human primary hepatocytes N-nitrosopropranolol 0.03 mM + (22)

Micronucleus test, rats in vivo N-nitrosopropranolol 1.0 g/kg p.o. - (62)

Micronucleus test, rat spleen cells in vivo N-nitrosopropranolol 1.0 g/kg p.o. - (62)

Micronucleus test, rat liver cells in vivo N-nitrosopropranolol 1.0 g/kg p.o. (62)

Pseudoephedrine

S. typhimurium TA1535, umu-test Drug-nitrite interaction product (1.68 mg/ml) + (86)

Pyrimethamine

E.coli WP2uvrA/pKM101 reverse mutation Nitrosation reaction mixture (250 pg of parent | - (94)
drug/plate)

Ranitidine®

S. typhimurium TA97, TA98, TA100, TA1535, TA1537, | Nitrosation reaction mixture (0.3 mg ranitidine + S mg | (+) (95)

TA1538, reverse mutation NaN02)

S. typhimurium TA98, TA100, reverse mutation Nitrosation reaction mixture (3 mM ranitidine + 13m | + (96)
mM NaNO2)

S. typhimurium TA1535, umu-test Drug-nitrite interaction product (4.0 mg/ml) + (48)

E.coli, WP2, WP2 uvrd,reverse mutation Nitrosation reaction mixture (0.3 mg ranitidine + 5 mg | + (95)
NaNO2)

Saccharomyces cerevisiae, gene Nitrosation reaction mixture (ranitidine 3 mM + NaNO2 | + (96)
13 mM)

DNA strand breaks, Chinese hamster ovary cells in vitro N-nitroso derivative(s) 627 uM + (7)

DNA strand breaks, Chinese hamster ovary cells in vitro N-nitrosoranitidine 0.27 mM + (46)

UDS, rat primary hepatocytes N-nitrosoranitidine 16-22 uM + 7

DNA strand breaks, rat liver in vivo Ranitidine 175 mg/kg + NaNO2 80 mg/kg p.o. + 98)

DNA strand breaks, rat gastric mucosa in vivo Ranitidine 175 mg/kg + NaNO2 80 mg/kg p.o. + 98)

SCE, mice bone-marrow cells in vivo Ranitidine 175 mg/kg + NaNO2 80 mg/kg p.o. + (98)

Salbutamol

S. typhimurium TA1535, umu-test Drug-nitrite interaction product (80 pg/ml) +) (48)

Sertraline

S. typhimurium TA1535, umu-test Drug-nitrite interaction product (0.14 mg/ml) - (48)

Sotalol®

S. typhimurium TA1535, umu-test Drug-nitrite interaction product (6.0 mg/ml) ) (48)

DNA strand breaks, Chinese hamster lung V79 cells, in | N-nitrososotalol 1.0 mM + (22)

vitro

DNA strand breaks, rat primary hepatocytes N-nitrososotalol 0.3 mM + (22)
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UDS, rat primary hepatocytes N-nitrososotalol 0.3 mM + (22)

DNA strand breaks, human hepatocytes N-nitrososotalol 3 mM + (22)

UDS, human primary hepatocytes N-nitrososotalol 3 mM + (22)

Micronucleus test, rats in vivo N-nitrososotalol 1000 mg/kg p.o. - (62)

Micronucleus test, rat spleen cells in vivo N-nitrososotalol 1000 mg/kg p.o. - (62)

Micronucleus test, rat liver cells in vivo N-nitrososotalol 1000 mg/kg p.o. + (62)

Sulfadimidine®

S. typhimurium TA97, TA98, TA100, reverse mutation Nitrosation reaction product (1 mg/plate) - 47

Drosophila melanogaster, somatic mutation Nitrosation reaction product (10 mM) - 47)

Drosophila melanogaster, Nitrosation reaction product (10 mM) - 47)

recombination test

Terbutaline

S. typhimurium TA1535, umu-test Drug-nitrite interaction product (80 pg/ml) + (48)

Tetracycline®

S. typhimurium TA98, TA100, reverse mutation Nitrosation reaction mixture (0,5 pg tetracycline + 200 | (+) (99)
ng NaNO2/plate)

Thenyldi

S. typhimurium TA98, TA100, TA1535, TA1538, reverse | Nitrosation reaction mixture (1 mg of parent drug) - (86)

mutation

S. typhimurium TA98, TA100, reverse mutation Nitrosation reaction mixture (0.5 mg of parent drug) - (100)

Tolazamide®

S.  typhimurium TA98, TA100, TA1535, TAI1537, | Nitrosation reaction mixture (1 mg of parent drug) ) (49)

TA1538, reverse mutation

Long-term carcinogenesis assay, rats Tolazamide 1000 ppm + NaNO2 | - (55)
2000 ppm in drinking water

Tolazoline*

DNA strand breaks, Chinese hamster ovary cells in vitro N-nitroso derivative(s) 49.5 uM + @)

Tolbutamide®

S.  typhimurium TA98, TA100, TA1535, TA1537, | Nitrosation reaction mixture (1 mg of parent drug) - (49)

TA1538, reverse mutation

Tr ;l- 1 ine?

DNA strand breaks, Chinese hamster ovary cells in vitro N-nitroso derivative(s) 38 pM + @)

Verapamil®

DNA strand breaks, rat liver in vivo Verapamil 54 mg/kg + NaNO2 80 mg/kg p.o. - 35)

should be compared with the therapeutic benefit, but it
should be taken into account that the drug-nitrite interaction
can be to a large extent reduced by administering the
nitrosatable drug with ascorbic acid that rapidly reacts with
nitrite to give nitric oxide and dihydroascorbic acid.
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