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Abstract

Objectives: Ketamine hydrochloride (KT) is a secondary amine that has been safely used as an

injectable anesthetic and analgesic to avoid the production of nitroso compounds in the stomach.

However, ketamine in the tablet form has recently become an abused, recreational drug. The aim of

this study was to investigate the genotoxic effects of N-nitrosoketamine (NKT) and KT on the basis of

an in vitro micronucleus (MN) test using a Chinese hamster lung fibroblast cell line (CHL/IU).

Methods: NKT was synthesized from KT in our laboratory. In the MN tests, CHL/IU cells were

continuously treated with either NKT or KT for 24, 48, or 72 hours without the S9 mix. The cells were

also treated with NKT or KT with or without the S9 mix for 6 hours, followed by a recovery period of

18, 42, or 66 hours (short-term treatment). The results were considered to be statistically significant

when the p-values of both Fisher’s exact test and the trend test were less than 0.05.

Results: After the short-term treatment with either NKT or KT with and without the S9 mix, the

frequency of micronuclei significantly increased. However, the frequency of micronuclei did not

significantly increase after the continuous treatment with either NKT or KT. Both NKT and KT were

determined to be genotoxic in the short-term treatment with or without the S9 mix, but they were

determined to be nongenotoxic in continuous treatment.

Conclusion: Our findings suggest that NKT has a stronger genotoxic effect than KT.
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Introduction

Secondary and tertiary amines react with nitrous acid to

form N-nitroso compounds in vitro and in the stomach in vivo

(1–3). Numerous animal studies have demonstrated the

carcinogenicity of nitroso compounds (4–7). Ketamine ((±)-

2-methylamino-2-(2-chlorophenyl)cyclohexanone) hydrochlo-

ride (KT), used as an intravenous or intramuscular anesthetic,

is a secondary amine. However, KT in the tablet form has

recently become an abused, recreational drug (8–12). We are

concerned about the gastric production of N-nitrosoketamine

(NKT) and its genotoxicity in persons who abuse KT in the

tablet form. However, there have been so far no reports on

the genotoxicity of NKT. The micronucleus (MN) test has been

used as a short-term screening assay for detecting mutagens

and carcinogens (13), and the MN test using a Chinese hamster

lung fibroblast cell line (CHL/IU) (14) is the most widely used

assay system in Japan. The aim of this study was to investigate

the genotoxic effects of NKT and KT by the in vitro MN test.

Materials and Methods

Chemicals

KT was purchased from Sigma-Aldrich (St. Louis, MO,

USA). Eagle’s minimum essential medium (MEM), Dulbecco’s

phosphate-buffered saline (PBS), dimethylsulfoxide, and glucose-

6-phosphate (G-6-P) were also purchased from Sigma-Aldrich.

Acetic acid, sodium nitrite (NaNO
2

), chloroform (CHCl
3

),

sodium sulphate (Na
2

SO
4

), potassium chloride (KCl), magne-

sium chloride (MgCl
2
), and benzo(a)pyrene (BaP) were pur-

chased from Wako Pure Chemical Industries Ltd., (Osaka,

Japan). Ethylenediaminetetraacetic acid disodium salt (EDTA)

Received Nov. 7, 2005/Accepted Feb. 13, 2006

Reprint requests to: Yoshimitsu TOYAMA

Department of Public Health and Environmental Medicine, The Jikei

University School of Medicine, 3-25-8, Nishishinbashi, Minato-ku, Tokyo

105-8461, Japan

TEL: +81(3)3433-1111 (ex. 2266), FAX: +81(3)5472-7526

E-mail: toyamay@jikei.ac.jp



Environ. Health Prev. Med. Genotoxicity of N-nitrosoketamine and Ketamine

121

was purchase from Dojindo Laboratories (Kumamoto, Japan).

Trypsin, calf serum, and hydroxyethylpiperazinylethanesulfonic

acid (HEPES) buffer solution were purchased from Invitrogen,

(Carlsbad, CA, USA). Nicotineamide adenine dinucleotide

phosphate disodium salt (NADP) was purchased from Roche

Diagnostics (Indianapolis, IN, USA). Giemsa solution was

purchased from Merck (Darmstadt, Germany). Mitomycin C

(MMC) was purchased from Kyowa Hakko Kogyo Co., Ltd.

(Tokyo, Japan). All chemical agents used were of the highest

analytical grade commercially available.

Preparation of N-nitrosoketamine

NKT was prepared from KT in our laboratory by the

following method. One gram of NaNO
2
 was added to 1 g of KT

dissolved in 12 ml of 20% acetic acid to form the N-nitroso

compound. After stirring for 10 minutes, the mixture was

poured into ice-cold water, and then the N-nitroso compound

was extracted using CHCl
3
. The organic phase was dehydrated

by adding Na
2
SO

4
 and then it was evaporated to dryness. The

liquid residue was crystallized at 10°C after being distilled in

vacuo. The yield was 92%; the melting point was from 79°C

to 80°C; the mass spectrum (EI) was m/z 152, 125, 58, 179,

236(M-NO)
+

 and the mass spectrum (CI) was m/z 267(M+1)
+

;

1

H-NMR chemical shifts (90 MHz, CDCl
3
) were 1.89 ppm (m,

4H, -C
2
H

4
-), 2.63 ppm (m, 2H), 2.96 ppm (s, 3H, N-CH

3
),

3.00 ppm (m, 2H), and 7.26 ppm (m, 4H, C
6
H

4
). NKT decom-

posed at higher than 220°C.

Preparation of S9 mix

S9 is the supernatant of male Sprague-Dawley rat liver

homogenate, which was centrifuged at 9,000×g and purchased

from Kikkoman Co., (Noda, Japan). The homogenate was

prepared from 10 g of liver and 30 ml of 0.15 M KCl. Rats

were pretreated with phenobarbital (PB) and 5,6-benzoflavone

(BF) following the established schedule and then the liver

was removed on the fifth day. PB was intraperitoneally (i.p.)

injected into the rats at 30 mg/kg body weight on the first day,

and 60 mg/kg body weight on the second, third and fourth days,

and BF at 80 mg/kg body weight on the third day. The S9 mix

contained 200 μl of 20 mM HEPES buffer solution (pH 7.2),

5 µmol of MgCl
2
, 33 μmol of KCl, 5 μmol of G-6-P, 4 μmol of

NADP, and 300 μl of the S9 fraction in a total volume of 1 ml

(14, 15).

Cells

CHL/IU cells, obtained from the National Institute of

Health Science (Tokyo, Japan), were maintained in MEM

supplemented with 10% heat inactivated (56°C for 30 minutes)

calf serum.

MN test

The MN test was performed by the method of Matsushima

et al. (14) and Li et al. (15) with slight modifications. CHL/IU

cells at concentrations from 1.0×10
4

 to 1.0×10
5

 cells per 5 ml of

medium were plated on 60-mm-diameter Petri dishes. After

incubating for 48 hours, the CHL/IU cells were exposed to

NKT or KT continuously for 24, 48, or 72 hours without S9

mix (24, 48, or 72 hours; continuous treatment). For short-term

treatment, the CHL/IU cells were exposed to NKT or KT for 6

hours with or without S9 mix followed by a recovery period of

18, 42, or 66 hours. The CHL/IU cells were washed several

times with PBS, exposed to PBS containing 0.1% trypsin and

0.02% EDTA (trypsin-EDTA solution) for 5 minutes at 37°C,

collected, and centrifuged at 200×g for 10 minutes. The col-

lected cells were treated with a hypotonic solution (75 mM

KCl) for 10 minutes, centrifuged at 200×g for 10 minutes, then

suspended in methanol containing 25� acetic acid, centrifuged

at 200×g for 10 minutes, fixed three times in methanol con-

taining 2% acetic acid, spread onto clean slides, air dried, and

stained with 3.5% Giemsa solution (1/150 M Sörensen’s PBS,

pH 6.4) for 12 minutes.

All procedures were performed at room temperature. The

number of micronucleated cells was counted under a light

microscope at 400× magnification. Cells were considered to be

micronucleated if they had clear cytoplasmic borders with

micronuclei whose diameter was not larger than one-third that

of the nucleus. The number of micronucleated cells per 1000

counted cells was recorded.

NKT was dissolved in dimethylsulfoxide, and KT was

dissolved in saline for the MN test; these solvents were used as

negative controls. The doses of NKT and KT were established

at several concentrations ranging from low to high in arithmetic

or geometric ratios, while setting the doses of NKT or KT that

produced 50% growth ratios of CHL/IU cells as medium doses.

MMC was used as a positive control for both the continuous

and short-term treatments without S9 mix, and BaP was used as

a positive control for short-term treatment with S9 mix.

Statistical procedures

The frequencies of micronuclei were compared with those

of the concurrent negative controls using Fisher’s exact test.

The dose-response relationship was evaluated with the Cochran–

Armitage trend test (16, 17). The results were considered to be

statistically significant when the p-values of both Fisher’s exact

test and the trend test were less than 0.05.

Results

The frequencies of micronuclei of cells treated with NKT

are shown in Table 1. After the continuous treatment with NKT

(Table 1) for 24 hours at a concentration of 31 μg/ml, the

frequency of micronuclei induced was 2.2 times as high as that

after the continuous treatment with the control solvent, but no

increase was observed after treatment for 48 or 72 hours. After

treatment with NKT for 24 hours at concentrations of 31, 63,

125, and 225 μg/ml, the increases in the micronuclei frequency

were significant as determined using Fisher’s exact test but

not when determined using the trend test. In addition, after

the continuous treatment with NKT for 24, 48, or 72 hours

at a concentration of 225 μg/ml, a marked cytotoxicity was

observed, and micronucleated cells were not counted after 72

hours because of cytotoxicity. After the short-term treatment,

the frequencies of micronuclei of cells treated with NKT with

(Fig. 1) and without (Fig. 2) S9 mix significantly increased in a

dose-dependent manner. After the short-term treatment with

NKT for 6 hours and the recovery periods of 18, 42, and 66
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Table 1 Frequencies of micronuclei of cells treated with NKT

Treatment timeb (hours) S9 mix Concentration (μg/ml) Micronucleated cells (‰) Fisher’s p-value Trend p-value

24

– 0 11.0 p=0.168

– 16 13.0 0.6636

– 31 24.5 0.0017

– 63 18.5 0.0383

– 125 16.5 0.0383

– 225 20.0 (Tox) 0.0289

– MMC (0.02) 38.5 p<0.0001

48

– 0 14.0 p=0.679

– 16 11.5 0.5734

– 31 11.5 0.5734

– 63 9.5 0.2403

– 125 9.5 0.2403

– 225 12.0 (Tox) 0.6758

– MMC (0.02) 164.5 p<0.0001

72

– 0 11.0 p=0.734

– 16 14.0 0.6758

– 31 13.5 0.5658

– 63 15.0 0.3287

– 125 13.0 0.6636

– 225 NT

– MMC (0.01) 90.0 p<0.0001

6+18R*

– 0 9.0 p<0.001

– 100 10.0 0.7760

– 150 11.0 0.4851

– 200 11.5 0.4052

– 225 23.0 p<0.0001

– 250 41.5 p<0.0001

– MMC (0.04) 45.5 p<0.0001

6+18R*

+ 0 8.5 p<0.001

+ 100 23.0 p<0.0001

+ 150 37.0 p<0.0001

+ 200 54.0 p<0.0001

+ 225 39.0 p<0.0001

+ 250 34.0 p<0.0001

+ BaP (10) 43.5 p<0.0001

6+42R*

– 0 8.3 p<0.001

– 100 12.5 0.1247

– 150 10.5 0.3875

– 200 11.5 0.2545

– 225 16.5 0.0057

– 250 68.0 p<0.0001

– MMC (0.04) 45.0 p<0.0001

6+42R*

+ 0 9.3 p<0.001

+ 50 13.0 0.1823

+ 100 60.0 p<0.0001

+ 150 70.0 p<0.0001

+ 225 122.0 p<0.0001

+ 250 114.5 p<0.0001

+ BaP (10) 33.0 p<0.0001

6+66R*

– 0 9.3 p=0.024

– 140 12.0 0.3404

– 160 9.0 1.0000

– 180 10.5 0.6753

– 200 10.8 0.5745

– 225 15.5 0.0384

– 250 17.0 0.0114

– MMC (0.04) 38.0 p<0.0001

6+66R*

+ 0 9.0 p<0.001

+ 100 47.0 p<0.0001

+ 150 98.0 p<0.0001

+ 200 98.0 p<0.0001

+ 225 103.0 p<0.0001

+ 250 71.5 p<0.0001

+ BaP (10) 51.0 p<0.0001

R*: Treatment with NKT for 6 hours followed by recovery period of 18, 42 or 66 hours.

Tox: Cytotoxicity was observed but micronucleated cells were available for counting.

NT: Cytotoxicity was observed and micronucleated cells were not available for counting.
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Table 2 Frequencies of micronuclei of cells treated with KT

Treatment time (hours) S9 mix Concentration (μg/ml) Micronucleated cells (‰) Fisher’s p-value Trend p-value

24

– 0 8.5 p=0.980

– 50 9.5 0.8674

– 100 11.5 0.4273

– 200 9.5 0.8674

– 300 12.5 0.2775

– 400 10.0 0.7417

– 500 8.5 1.0000

– MMC (0.02) 24.5 p<0.0001

48

– 0 10.0 p=0.578

– 50 11.0 0.8770

– 100 10.5 1.0000

– 200 8.5 0.7417

– 300 10.0 1.0000

– 400 8.0 0.6161

– 500 10.0 1.0000

– MMC (0.02) 75.5 p<0.0001

72

– 0 9.0 p=0.709

– 50 11.0 0.6341

– 100 9.0 1.0000

– 200 8.5 1.0000

– 300 8.0 0.8636

– 400 8.5 1.0000

– 500 9.5 1.0000

– MMC (0.01) 36.0 p<0.0001

6+18R*

– 0 10.0 p<0.001

– 800 10.0 1.0000

– 1000 10.5 0.8916

– 1200 9.5 1.0000

– 1400 15.5 0.0762

– 1600 24.0 p<0.0001

– MMC (0.04) 42.5 p<0.0001

6+18R*

+ 0 9.8 p<0.001

+ 800 20.5 0.0012

+ 1600 27.3 p<0.0001

+ 1800 33.0 p<0.0001

+ 2000 47.0 p<0.0001

+ BaP (10) 39.0 p<0.0001

6+42R*

– 0 10.5 p<0.001

– 800 9.5 0.7859

– 1000 9.5 0.7859

– 1200 9.0 0.6802

– 1400 8.0 0.4027

– 1600 34.5 p<0.0001

– MMC (0.04) 39.0 p<0.0001

6+42R*

+ 0 9.3 p<0.001

+ 800 13.5 0.1437

+ 1600 31.0 p<0.0001

+ 1800 28.0 p<0.0001

+ 2000 47.0 p<0.0001

+ BaP (10) 52.0 p<0.0001

6+66R*

– 0 9.0 p=0.037

– 800 13.5 0.1389

– 1000 8.0 0.7689

– 1200 8.0 0.7689

– 1400 10.0 0.7760

– 1600 19.5 0.0012

– MMC (0.04) 35.5 p<0.0001

6+66R*

+ 0 10.0 p<0.001

+ 800 21.5 0.0006

+ 1600 21.5 0.0006

+ 1800 25.0 (Tox) p<0.0001

+ 2000 27.5 (Tox) p<0.0001

+ BaP (10) 40 p<0.0001

R*: Treatment with KT for 6 hours followed by recovery period of 18, 42 or 66 hours.

Tox: Cytotoxicity was observed but micronucleated cells were available for counting.
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hours, the highest frequencies of the micronuclei were 54.0‰,

122.0‰, and 103.0‰ in the presence of S9 mix, and 41.5‰,

68.0‰ and 17.0‰ in the absence of S9 mix respectively.

Dose-dependency was observed in all treatments, both with

and without S9 mix.

The frequencies of micronuclei of cells treated with KT

are shown in Table 2. After the continuous treatment with KT

for 24, 48, or 72 hours (Table 2), no significant increases in the

frequency of micronuclei were observed. After the short-term

treatment with KT for 6 hours, the frequencies of micronuclei

of cells treated with KT with (Fig. 3) and without (Fig. 4) S9

mix increased significantly in a dose-dependent manner. The

highest frequencies of micronuclei after treatment with KT for

6 hours and the recovery periods of 18, 42, and 66 hours were

47.0‰, 47.0‰, and 27.5‰ in the presence of S9 mix, and

24.0‰, 34.5‰, and 19.5‰ in the absence of S9 mix, respec-

tively. A dose-dependent response was observed in the presence

of S9 mix. The short-term treatment with either NKT or KT

increased the frequency of micronuclei of cells treated with

and without S9 mix. However, the continuous treatment with

either NKT or KT did not significantly increase micronuclei

frequency.

Discussion

In the present study, we investigated the genotoxicity of

KT and NKT with the in vitro MN test using CHL/IU cells,

which has a good correlation with mutagenicity determined by

the Ames test and carcinogenicity (15). Genotoxicity deter-

mined by the MN test using CHL/IU cells was generally

determined to be positive when the frequency of micronuclei

was higher than 40‰ and negative when lower than under 20‰

Fig. 1 Frequencies of micronuclei of cells treated with NKT in

short-term treatment with S9 mix. R*: Treatment with NKT for 6

hours followed by recovery period of 18, 42 or 66 hours.

Fig. 2 Frequencies of micronuclei of cells treated with NKT in

short-term treatment without S9 mix. R*: Treatment with NKT for 6

hours followed by recovery period of 18, 42 or 66 hours.

Fig. 3 Frequencies of micronuclei of cells treated with KT in

short-term treatment with S9 mix. R*: Treatment with NKT for 6

hours followed by recovery period of 18, 42 or 66 hours.

Fig. 4 Frequencies of micronuclei of cells treated with KT in

short-term treatment without S9 mix. R*: Treatment with NKT for 6

hours followed by recovery period of 18, 42 or 66 hours.
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(14). Scott et al. (18) have reported the high concentrations of

test chemicals used to induce chromosome aberrations (includ-

ing micronuclei) indirectly through either nonphysiological

osmolarity, pH or an ion unbalance. Our tests were performed

using concentrations of less than 10 mM (KT 2740 μg/ml, NKT

2660 μg/ml).

The continuous treatment differs from the short-term

treatment in both exposure time and the changing of the culture

medium. CHL/IU cells were exposed to NKT or KT, for 24,

48 or 72 hours without changing the culture medium in the

continuous treatment. On the other hand, CHL/IU cells were

exposed to NKT or KT with S9 mix for 6 hours and then were

cultured for 18, 42 or 66 hours with the culture medium in the

short-term treatment. Cytotoxicity in the short-term treatment

with S9 mix is generally lower than that in the continuous

treatment without S9 mix, because of the short time exposure to

the chemicals. Therefore, the maximum concentrations of KT

and NKT in the short-term treatment were higher than those in

the continuous treatment.

Chemicals are generally metabolized in the liver after

absorption. S9 mix was added during the short-term treatment

to investigate the effects of metabolites. S9 used was prepared

from a rat liver pretreated with phenobarbital and benzoflavone.

Phenobarbital is known to induce CYP2B whereas benzofla-

vone mainly induces CYP1A1. S9 contains metabolic enzymes

for many carcinogens and drugs (14, 19, 20). The frequencies of

micronuclei of cells treated with KT in the short-term treatment

without S9 mix did not increase at a low KT concentration, but

they significantly increased at the maximum KT concentration.

These results suggest a weak genotoxicity in accordance with a

previous report (21). On the other hand, Yanagihara et al.

reported that KT is metabolized to norketamine mainly by

CYP2B6 in the short-term treatment with KT (22). The

frequency of micronuclei increased more significantly at a low

KT concentration with S9 mix than at that without S9 mix.

Therefore, KT metabolites enhanced the induction of micro-

nuclei.

In the short-term treatment with NKT without S9 mix,

the frequency of micronuclei increased significantly at high

concentrations, but it did not increase at low concentrations. In

the short-term treatment with NKT with S9 mix, the frequency

of micronuclei increased more significantly at a low dose

than in that without S9 mix. Therefore, the NKT metabolites

enhanced the induction of micronuclei. Shimizu et al. demon-

strated that N-nitrosoephedrine (NEP) and N-nitrosometham-

phetamine (NMA) show a strong mutagenicity as determined

by the Ames test when S9 mix was added (23). The mechanism

underlying the enhancement of micronuclei induced by NKT

has not yet been clarified. However, the O
6

-guanine methyla-

tion of DNA has been suggested to not only correlate with

mutagenicity but also with carcinogenicity (24).

The maximum plasma KT concentration was approxi-

mately 40 ng/ml in an experiment of healthy volunteers who

ingested tablets containing 50 mg of KT, and the time course

of plasma KT concentration was similar to that in healthy

volunteers administered 50 mg of KT in the syrup form (25).

The normal concentrations in the tablet form, which has

recently been abused for recreational usage, tend to range from

100 to 200 mg (8, 26). Therefore, plasma KT or NKT concen-

tration does not increase the frequency of micronuclei induced

by KT at 2000 μg/ml or NKT at 250 μg/ml when a drug abuser

ingests 200 mg of KT. Commercial medical tablets are designed

to disintegrate and dissolve in the stomach or in the intestine

within the regular use for bioavailability. Drugs absorbed from

the intestine are then carried to the liver and metabolized. If

such tablet-form abused drugs do not disintegrate and thus

remain in the stomach, then KT concentration may increase at

some sites in the stomach for a long time, stomach cells are then

locally exposed to nonmetabolized KT or synthesized NKT in

the stomach at high concentrations for a long time. The MN test

was performed to determine the limit of concentration for CHL/

IU cells using KT or NKT in both continuous treatment and

short-term treatment without S9 mix, to evaluate genotoxicity at

high concentrations in long-term usage and frequent exposure

to KT or NKT.

KT has safely been used as an anesthetic and analgesic

through intravenous or intramuscular injection. However, KT

has also been abused as a recreational drug administered via

intravenous injection (10, 27), intramuscular injection (10, 11,

26), nasal inhalation of powder (8, 26), and the ingestion of

tablets (8, 28–30). The reported symptoms in KT abusers

include hallucinations (8–12), drug dependency (10–12), flash-

backs (9, 10), tolerance (10–12), and anxiety (9). Tablets seized

by the police tend to contain KT alone or are adulterated

with 3,4-methylenedioxymethamphetamine, methamphetamine

(MA), and ephedrine (EP) (30–32). All these chemicals are

secondary amines that react with nitrous acid to form N-nitroso

compounds both in vitro and in the stomach (1–3). KT is a

secondary amine that shows a weak genotoxicity in the in vitro

sister chromatid exchange test (21). However, the mutagenicity

of NKT has not yet been reported. Four patients were reported

to die from severe toxic hepatitis and hundreds of patients who

had taken N-nitrosofenfluramine have received medical care for

acute severe hepatitis (33) from 2001 to 2002 in Japan. Many

N-nitroso compounds induce severe acute hepatitis, therefore,

we also suspect that hepatitis may thus be induced by NKT

produced in the stomach of KT abusers. Drugs and their

metabolites are usually identified by gas chromatography-mass

spectrometry (GC-MS). Most N-nitroso derivatives of drugs

have not yet been studied and or published in the spectrum

library. A mass spectrum of NKT would be very useful for

identifying NKT in urine, stomach residues or blood, investi-

gating the cause of disease, and establishing the optimal

medical treatment. Moreover, KT is going to be regulated as a

narcotic in 2006 in Japan, and the identification of NKT in

urine as proof that KT tablets have been consumed can be a

measure in regulating drug abuse by police. In addition, NKT

analysis by GC-MS must be performed at lower than 210°C,

because NKT, as well as NMA, decomposes resulting in

changes in mass fragments or intensities at higher than 220°C

(34).

NMA is produced in the stomach under acidic conditions

(35) when MA is used as a stimulant and it can be detected in

the urine of MA addicts (34). NEP is easily produced under

acidic conditions in the presence of nitrite (23) from ephedrine,

which is used as a bronchodilator and to produce MA. Both
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NMA and NEP have been shown to have a strong mutagenicity

by the Ames test (23). Moreover, NEP induces hepatocellular

carcinoma in rats (36) and mice (37).

In the present study, we found that NKT is strongly

mutagenic and easily produced from KT under acidic condi-

tions in the presence of nitrite. The correlation of mutagenicity

determined by the in vitro MN test using CHL/IU cells with that

determined by the Ames test and carcinogenicity has thus been

shown (15). Therefore, NKT might be a carcinogenic in experi-

mental animals. Drug abuse is a great social problem world-

wide. The genotoxic studies of N-nitroso compounds in abused

drugs are therefore urgently needed and they are considered to

be an important part of the strategy for preventing drug abuse.
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