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ABSTRACT

The present study was undertaken to examine the nature of the low
A',.,(A',,,/)form of rat liver microsomal A'-nitrosodimethylamine demeth-

ylase (NDMAd) and its inhibition by organic compounds which are
commonly present in the assay mixture. Using radiometrie and colori
metrie assay methods with an NADPH-generating system consisting of
0.4 HIMNADP, 10 HIMglucose-6-phosphate, and glucose-6-phosphate
dehydrogenase (0.4 units/ml), A',,,values of 40-50 pM were obtained.

These Ã„â€ž,values were lower than the values of 60-80 MMreported
previously. This decrease was due to the elimination of inhibitors such
as glycerol in the assay mixture. Glycerol was a competitive inhibitor,
and this observation explained in part why purified P-450Â«(acetone-
inducible form of P-450), displayed a higher A',,,value in a reconstituted

NDMAd system, which contained glycerol, than in microsomes. Semi-
carbazide which had been used in many previous assays of NDMAd was
also found to be a competitive inhibitor of this enzyme. Other inhibitors
studied include the commonly used solvents dimethylsulfoxide, acetone,
ethylene glycol, dimethylformamide, ethyl acetate, benzene, and hexane
as well as thiol compounds dithiothreitol and mercaptoethanol. Although
very low A',,,values (10-20 Â¡IM)for A'-nitrosodinietliylaimm- metabolism

were reported in studies with perfused liver, liver slices, and isolated liver
cells, we believe that the A',,,/ form of liver NDMAd is responsible for

the metabolism and activation of A'-nitrosodimethylamine in the rat liver.

INTRODUCTION

It is well recognized that metabolic activation is required for
NDMA3 to exert its cytotoxic and carcinogenic actions (1-4).

The key activation step is believed to be the oxygÃ©nationof the
Â«-carbon catalyzed by an enzyme system generally known as
NDMAd (3, 4). Multiple Kmvalues have been reported for this
enzyme system (4), and we have reported that liver microsomal
NDMAd of untreated (control) rats exhibits at least three
apparent Kmvalues (5-7). The lowest Km(Kml) form, Km= 60-
80 UM, is inducible 2- to 5-fold by various factors such as
fasting, diabetes, and treatment with acetone, ethanol, or iso-
propanol (5, 6, 8, 9), and this is believed to be due to the
induction of a specific P-450 isozyme, P-450ac, which is prob
ably identical to P-450j (10).

Very low Km values for NDMA clearance or metabolism by
isolated perfused rat liver (8.3 MM),rat liver slices (25 fiM), and
isolated guinea pig liver cells (10-20 /Â¿M)have, nevertheless,
been reported (11-13). The differences between these low Km
values and the Kml value of microsomal NDMAd raise serious
concern about whether P-450Â«:is responsible for the metabolic
activation of NDMA. It may be speculated that the differences
may be due to the following possibilities: (a) The microsomal
NDMAd is different from the enzymes that catalyze NDMA
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metabolism in the cell; (b) the integrity of the cell or the
presence of cytosolic proteins may decrease the Km values
observable in isolated microsomes; (c) the methods used in
studies with perfused liver, liver slices, or liver cells may under
estimate the Km value; (d) the sensitivity of our colorimetrie
assay method might have limited our ability to study the me
tabolism of low concentrations of NDMA, and our assay mix
ture may contain inhibitors that cause an increase in the A',,,

value. It was observed that in a reconstituted NDMAd system
with purified P-450ac or P-450LM3a, the Km value, which ap
peared to vary with experimental conditions, was higher than
the Kml value in liver microsomes (10, 14, 15). The effects of
the components used in the assay mixture thus require investi
gation.

We have previously demonstrated that compounds such as
isopropanol, acetone, and ethanol, which can induce NDMAd
in rats, can also serve as inhibitors of rat liver microsomal
NDMAd in vitro (6, 9). Using imidazole- or 0-naphthoflavone-
induced rabbit liver microsomes, competitive inhibitions by
DMSO of high Km forms of NDMAd were observed (16). In
addition, Morgan et al. (17) reported a competitive inhibition
by DMSO of ethanol oxidation by P-450i.M3a. P-450LM3Â«has
been shown to efficiently catalyze NDMA metabolism and to
have immunochemical properties similar to P450ac which is
responsible for the Kml form of rat liver microsomal NDMAd
(15,18). These observations are very important in experimental
cancer research because organic solvents such as DMSO and
acetone are generally used to dissolve test compounds in mu-
tagenesis and metabolism studies. Information about the effect
of commonly used organic solvents on NDMAd may thus be
very useful for the interpretation of results that may have
puzzled investigators previously.

In order to study the nature of the Kml form of NDMAd, we
have used a sensitive radiometrie method together with our
routine colorimetrie method in the present work. This work
also reveals the inhibitory actions of glycerol, semicarbazide,
and other chemicals that are commonly used in the assay
mixture for monooxygenase activities.

MATERIALS AND METHODS

Radiochemicals and Chemicals. [UC]NDMA (HCHO free, 40 mCi/

mmol) was prepared by Stanford Research Institute International
(Menlo Park, CA). [I4C]HCHO (10 mCi/mmol) which has a radiochem-

ical purity of >95% was obtained from New England Nuclear (Boston,
MA). NDMA was purchased from Aldrich Chemical Co. (Milwaukee,
WI). NADP, glucose-6-phosphate (disodium salt), glucose-6-phosphate
dehydrogenase (Type XV), dimedone, semicarbazide-HCl, and DTT
were obtained from Sigma Chemical Co. (St. Louis, MO). Urea (ultra
pure grade) was from International Biotechnologies, Inc. (New Haven,
CT). Betafluor was obtained from National Diagnostics (Somerville,
NJ). All other chemicals were reagent grade from commercial sources.

Animals, Treatments, and Microsomes. Young male Sprague-Dawley
rats from Taconic Farms (Germantown, NY), body weights of 90-100
g, were maintained in air-conditioned quarters with a 12-h light-dark
cycle. The animals were given commercial laboratory chow from Ral
ston Purina Co. (St. Louis, MO) and water ad libitum. The animals
were divided into two groups: one group received intragastric admin
istration of acetone at a dosage of 5 ml/kg body weight 20-22 h before
sacrifice, and the other group received the vehicle (water) only. Micro-
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somes were prepared by differential centrifugaciÃ³n, and microsomal
protein was determined by a modification of the Lowry method as
described previously (19).

NDMAd Assays. NDMAd activity was determined radiometrically
by a modification of the method of Mutton et al. (20). In brief, the
assay mixture contained in a total volume of 0.5 ml: 50 HIMTris-HCl
(pH 7.4), 10 HIMMgCl2, 150 HIMKC1,0.4 mM NADP, 10 mM glucose-
6-phosphate, glucose-6-phosphate dehydrogenase (0.2 units), micro-
somes (0.1-0.2 mg protein), and [I4C]NDMA (specific activity, 40 mCi/

mmol) as indicated. Blanks were prepared in the absence of either
microsomes or the NADPH-generating system. For standards, different
amounts of [14C]HCHO (specific activity, 10 mCi/mmol) were added

to the assay mixture either in the presence of or in the absence of
[I4C]NDMA. The reaction was carried out for 5-10 min at 37*C in a

shaking water bath in triplicate in 16- x 125-mm uncapped screw top
tubes, and was terminated by the addition of 0.3 ml l M sodium acetate
(pH 4.5), 0.15 ml 0.1 M HCHO, and 0.3 ml 0.4 M dimedone, on ice.
Another set of blanks was prepared by the immediate addition of the
sodium acetate, HCHO, and dimedone to unincubated samples that
contained all the incubation components. For each substrate concentra
tion, both blanks and samples were prepared. After the termination of
the reaction, the tubes were capped, placed in boiling water for 5 min,
and cooled. To each tube was added 0.8 ml water and 4 ml hexane.
The tubes were vortex mixed, centrifuged, and 3 ml of the hexane layer
was removed. The hexane was extracted with 6 ml water, and 2 ml of
the hexane layer was added to Betafluor (National Diagnostics, Somer-
ville, NJ) for determination of radioactivity. Under these assay condi
tions, the amount of substrate utilized during the incubation period did
not exceed 10% and thus the observed rates are very close to the initial
velocities. The kinetic parameters were obtained by linear regression
analyses of the double-reciprocal Lineweaver-Burk plots and were con
firmed by those obtained from the Eadie-Hofstee plots.

For the colorimetrie assay of NDMAd activity, an established pro
cedure (5, 9) was used with a slight modification of the NADPH-
generating system which consisted of 0.4 mM NADP, 10 mM glucose-
6-phosphate, and glucose-6-phosphate dehydrogenase (0.4 units/ml).
For inhibition studies, test compounds were added to the incubation
mixture, and the enzyme activity was expressed as a percentage of the
uninhibited activity.

RESULTS

Nature of the Kml Form of NDMAd. Previously, we have
routinely used an NADPH-generating system consisting of 0.4
HIM NADP, 10 mM isocitrate, and isocitrate dehydrogenase
(0.3-0.5 units/ml) in our NDMAd assay. Kml values of 60-80
JIMwere observed for NDMAd of rat liver microsomes (5-7).
Recently, a significant increase in the Kml value was observed,
which was found to be due to impurities in the isocitrate
dehydrogenase preparation (data not shown). A new NADPH-
generating system consisting of 0.4 HIMNADP, 10 HIMglucose-
6-phosphate, and glucose-6-phosphate dehydrogenase (0.4
units/ml) was tested, and a Kml value (48 /Â¿M)slightly lower
than that previously reported was obtained (Fig. 1). This result
indicates that the isocitrate dehydrogenase preparation used in
previous studies may have contained some inhibitors (possibly
glycerol), the effect of which will be presented in the following
section). Therefore, the glucose-6-phosphate/glucose-6-phos-
phate dehydrogenase NADPH-generating system was used
throughout the present study. Under these conditions, Fmax
values of 7.8 and 1.6 nmol HCHO/min/mg protein were ob
served with acetone-induced and control microsomes, respec
tively. This result is consistent with previous observations (6)
that the Kml form of NDMAd is inducible 5-fold by acetone.

In an attempt to examine the possible existence of a very low
Km form (much lower than 48 ^M) of microsomal NDMAd, a
sensitive radiometrie NDMAd assay with [I4C]NDMA was
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Fig. 1. NOMA demethylation by colorimetrie determination. The NDMAd
activity was assayed in the presence of control (â€¢)or acetone-induced (O)
microsomes from rat liver; O.SOand 0.25 mg protein/0.5 ml incubation, respec
tively. Points, average of a duplicated assay at the substrate concentration indi
cated; the differences between the duplicates were usually <5%: a, velocity versus
substrate concentration plots; b, double-reciprocal plots. Kinetic parameters were
obtained by linear regression analysis: control microsomes, A,,,= 48 Â«iMand >'â€ž,â€ž
= 1.6 nmol/min/mg protein; acetone-induced microsomes, Aâ€ž,--â€¢49 Â¿IMand I â€ž,â€ž
= 7.8 nmol/min/mg protein.

used. Using NDMA concentrations in the range of 5-50 /Â¿M,a
An, value of 40 ^M and a corresponding ymmvalue of 1.6 nmol
were obtained with control microsomes (Fig. 2). These values
were close to those observed from the colorimetrie assay. A
similar Km (42 pM) was observed with acetone-induced micro
somes which displayed a Fmaxvalue of 7.2 nmol. These results
strongly indicate that a Km value of 40-50 UM is the lowest
value observable for rat liver microsomal NDMAd and this
form (Kml) is inducible 4- to 5-fold by acetone pretreatment.

Inhibition of NDMAd by Glycerol. It has been observed that
purified P-450ac or P-450LMja exhibits higher Km values of
NDMAd than the A",,,/value obtained with microsomes (10, 14,

15). The Kml value of microsomal NDMAd was significantly
increased when isocitrate dehydrogenase, prepared in glycerol,
was used in the assay system.4 These observations led us to

examine a possible inhibitory action of glycerol on NDMAd.
For this and the following inhibition studies, acetone-induced
microsomes were used because the Kml form of NDMAd is
predominant in these microsomes. As shown in Fig. 3, glycerol
inhibited NDMAd activity in a competitive fashion with an
apparent K\ value of 53.3 Â±1.2 mM. Glycerol was tested at
concentrations of 1 and 2% (110 and 220 mM). These concen
trations of glycerol were usually used in the reconstituted
monooxygenase assay system, because the P-450 and NADPH-
P-450 reducÃaseused in the reconstitution were prepared in
buffer solutions containing 20% glycerol. The Kml value (263

4J-S. H. Yoo, R. J. Cheung, C. J. Patten, D. Wade, and C. S. Yang,

unpublished data.
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Fig. 2. NDMA demethylation by radiometrie determination. The NDMAd
activity was assayed in the presence of control (â€¢)or acetone-induced (O)
microsomes from rat liver; 0.2 and 0.1 mg protein/0.5 ml incubation, respectively.
Points, average of a triplicated assay at the substrate concentration indicated; the
differences among the triplicates were usually <10%: A, velocity versus substrate
concentration plots; B, double-reciprocal plots; control microsomes, Kâ€ž= 40 JIM
and Vmi,= 1.6 nmol/min/mg protein; acetone-induced microsomes, Km= 42 pM
and Kâ„¢.= 7.2 nmol/min/mg protein.
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Fig. 3. The inhibition of NDMAd activity by glycerol. The NDMAd activity
was assayed using acetone-induced microsomes from rat liver (0.5 mg protein/ml
incubation) in the absence (A) or in the presence of 110 mM (A) or 220 mM (â€¢)
glycerol, and the data were presented as double-reciprocal plots. Points, mean and
SD of four determinations. Kinetic parameters were obtained by linear regression
analysis: A. Km = 51 *iMand Kâ€žâ€ž= 7.6 nmol/min/mg protein; A. Km = 154 nM
and KiÂ»Â»= 7.7 nmol/min/mg protein; and â€¢.Km= 263 UMand Kâ€žâ€ž= 7.6 nmol/
min/mg protein, v, nmol HCHO/min/mg protein; [S], IHMNDMA.

n\i) obtained with 2% glycerol in this study is close to the Km
value (0.35 HIM) reported for the reconstituted system in the
presence of cytochrome bs (10).

Inhibition of NDMAd by Semicarbazide. In many drug me
tabolism studies in which aldehydes are the product, semicar-
bazide (1-10 HIM)has been added routinely to the assay system

to trap the aldehydes (21-25). Semicarbazide was also added
to the assay mixture of NDMAd in many studies (20, 25-29).
Recently, we observed that microsomal NDMAd activity was
much lower in the presence of Semicarbazide (10 m\i) than in
its absence. The inhibitory effect of Semicarbazide on NDMAd
was thus examined in detail, and Semicarbazide was found to
be a potent competitive inhibitor of NDMAd (Fig. 4). In other
experiments using a radiometrie NDMAd assay, the competi
tive inhibition of Semicarbazide to NDMAd was also observed
in low substrate concentrations, 5-50 nM [UC]NDMA (data

not shown). As expected, the inhibition was more marked at
these low substrate concentrations than that observed in the
colorimetrie assay using 0.1-1.0 mM NDMA, due to the com
petitive inhibition of Semicarbazide.

Effects of Various Buffer Systems on NDMAd and Its Inhi
bition by Semicarbazide. The observation of the inhibitory ac
tion of Semicarbazide on NDMAd is, however, rather puzzling
because it was reported that in the absence of Semicarbazide,
the formaldehyde measured was only 40% of that obtained in
the presence of Semicarbazide (20). In studies in vitro, certain
enzyme activities are often affected by the assay conditions,
e.g., buffer system, salt concentration, ionic strength, etc. In
order to examine whether such an inhibitory effect of Semicar
bazide is an artifact due to different assay conditions, NDMAd
activity was determined using several buffer systems either in
the presence of or in the absence of Semicarbazide. The data
presented in Table 1 indicate that NDMAd activity was shown
to be similar among several buffer systems, although the addi
tion of HEPES (100 mM) to the phosphate buffer system
seemed to decrease the activity by 25%. In addition, Semicar
bazide in an amount as low as 1 mM inhibited NDMAd activity
significantly, and the degree of such inhibition was almost
identical in two different buffer systems (Tris-HCl and phos
phate) tested. It is interesting that despite the structural simi
larity between Semicarbazide and urea, no inhibitory effect on
NDMAd was found with urea in the same concentration ranges
as semicarbarzide.

Inhibitory Effect of Common Organic Compounds on NDMAd.
It has been reported that rat liver microsomal NDMAd activity
is inhibited by compounds such as isopropanol, acetone, and

.6

10

Fig. 4. The inhibition of NDMAd activity by Semicarbazide. The NDMAd
activity was assayed using acetone-induced microsomes from rat liver (0.5 mg
protein/ml incubation) in the absence (A) or in the presence of 5 mM (A) or 10
mM (â€¢)Semicarbazide, and the data were presented as double-reciprocal plots.
Points, average of a duplicated assay at the substrate concentration indicated; the
differences between the duplicates were usually <5%. Kinetic parameters were
obtained by linear regression analysis: A, KÂ«,= 51 JIMand Kâ€žâ€ž= 7.2 nmol/min/
mg protein; A, Km = 185 iiM and Kâ€žâ€ž= 6.7 nmol/min/mg protein; and â€¢,Kâ€ž=
305 MMand Km = 6.3 nmol/min/mg protein, v, nmol HCHO/min/mg protein;
[S], HIMNDMA.
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Table 1 Effects of buffer systems on NDMAd and its inhibition by semicarbazide
NDMAd activity was assayed colorirne!rically at 0.1 HIMNDMA using ace

tone-induced microsomes (0.5 mg protein/ml). The reaction was carried out as
described in the "Materials and Methods" section with the indicated buffer

systems

Buffer system" Inhibitor
HCHO

(nmol/min/mg protein)

Tris-HClPhosphateNone+
Semicarbazide (1HIM)+
Semicarbazide (10min)+
Urea (5HIM)+

Urea(10mM)None+

Semicarbazide ( 1mM)+
Semicarbazide (10mM)+
50 mMTris-HCl+
100 mM HEPES'4.94*

(100)c3.68

(75)1.46(30)4.94

(100)4.84
(98)5.47
(100)4.18(76)1.62(30)6.52(119)4.10(75)

"Tris-HCl, 50 mM Tris-HCl, 10 mM MgCl2, and 150 mM KC1; phosphate,

150 mM potassium phosphate and 5 mM MgCl2. Final pH of the buffer systems
was adjusted to 7.0 at 37Â°C.

* The values are the average of three determinations with standard deviations

<5% of the means.
' The NDMAd activity (HCHO formation) was expressed (in parentheses) as

a percentage of that in the absence of inhibitors.
- HEPES, Ar-2-hydroxyethylpiperazine-A"-2-ethanesulfonic acid.

Table 2 Inhibitory effect of common solvents and reagents on NDMAd
NDMAd activity was colorimetrically measured at indicated NDMA concen

trations using acetone-induced microsomes (0.5 mg protein/ml). The reaction
was carried out as described in the "Materials and Methods" section with indicated

inhibitor concentrations. A corresponding blank was assayed for each inhibitor.

NDMA (mM)

InhibitorNoneAcetoneGlycerolEthylene

glycolDTTMercaptoethanolDMSODMFEthyl

acetateBenzeneHexane1.0%(135mM)0.2%

(27mM)1.0%(110mM)1.0%

(179DIM)1.0
mM1.0%

(143mM)0.08%
(11HIM)0.02%
(3mM)1.0%

(141mM)0.2%
(28mM)1.0%
(129DIM)0.2%
(26mM)0.04%

(5mM)1.0%
(101mM)0.2%
(20mM)1.0%
(112DIM)0.2%
(22mM)0.04%

(4mM)1.0%(77mM)0.2%

(15mM)0.08%
(6 mM)0.1100"5ND*6631370NDND0ND0NDND0ND0NDND0NDND1.010015319463521715426163152015181031664.01002951101916211333174951958204771435213266

" Values, expressed as percentages of the NDMAd activity in the absence of

inhibitors; the NDMAd activities in the absence of inhibitors were 4.9, 7.1, and
7.2 nmol HCHO/min/mg protein at 0.1, 1.0, and 4.0 HIMNDMA, respectively.

* ND, not determined.

ethanol (6, 9). The NDMAd activity was also significantly
decreased by many commonly used solvents (9). These obser
vations seem noteworthy because some organic solvents, espe
cially DMSO and acetone, are used frequently to dissolve
substrates in mutagenesis and metabolism studies. The effect
of common organic compounds on NDMAd activity was thus
examined at relatively low substrate concentrations (0.1, 1.0,
and 4.0 mM NDMA) to reduce possible complications of results
due to the contamination of NDMAd with high A',,,forms. As

shown in Table 2, most of the tested compounds at a 1% level
inhibited NDMAd activity completely when assayed with 0.1
HIM NDMA. When assayed at 0.2% or lower levels, these
compounds, with the exception of hexane, showed a decreased
inhibition of NDMAd activity with an increase of NDMA
concentration from 1 to 4 mM, indicating an apparent compet
itive-inhibition by these compounds of the A"m/ form of

NDMAd. Acetone was included as a comparison because its
potent inhibition of NDMAd activity was previously observed
(6). A marked inhibition (70%) of NDMAd activity at 4 HIM
NDMA by 1% acetone (135 IHM),K, = 0.44 mM,5 was compa

rable to the result previously reported (6). Glycerol (K, = 53
HIM), which was shown to be a competitive inhibitor in the
present study, did not appreciably inhibit NDMAd activity at
4 mM NDMA, which is consistent with the previous observation
(9). Likewise, ethylene glycol (KÂ¡= 20 HIM)significantly inhib
ited NDMAd activity only at low NDMA concentrations (0.1
and 1.0 HIM);such inhibition was not previously observed at 4
mM NDMA (9). DTT was studied because of its structural
similarity to glycerol and its possible presence in the reconsti
tuted NDMAd system. DTT (1 HIM)inhibited NDMAd activity
by 40-60%. The concentration of DTT that may be present in
the reconstituted system is much lower (<0.01 mM); therefore,
its inhibitory effect on P-450ac may be negligible. In our pre
vious study, ethanol was shown to be a very potent inhibitor of
microsomal NDMAd with a Aj value of 0.31 mM. In the present
study, mercaptoethanol (KÂ¡= 0.02 HIM) was shown to be the
most potent inhibitor of the Kml form of NDMAd among the
tested compounds. DMSO (K, = 0.39 HIM), one of the most
commonly used solvents in the studies of metabolism and
activation of nitrosamines, showed a marked inhibition at the
commonly used concentration 1.0%. Although the metabolism
of DMSO by P-450LM3Â»(which has been characterized to be
similar to the Kml form of NDMAd) was reported (17), no
metabolism of DMSO at 1% (141 mM) was observed in the
present study (no significant amount of HCHO was detected).
DMF (A"Â¡= 0.09 HIM) which was also a potent inhibitor was,

however, metabolized appreciably by microsomes (0.9 nmol
HCHO/min/mg protein). Ethyl acetate (K{= 0.22 mM) inhib
ited NDMAd activity at a similar degree to acetone and DMSO.
Benzene (KÂ¡= 0.03 IHM),which was reported to induce a rabbit
P-450 isozyme identical to P-450LM3a(30), was a very potent
inhibitor of the Kml form of NDMAd. In contrast, hexane
inhibited NDMAd activity much less than did benzene, and the
inhibition appeared to be noncompetitive.

DISCUSSION

Although there have been reports describing the existence of
an NDMA metabolizing enzyme in the mitochondria and cy-
tosol (31-33), our previous study demonstrated clearly that
microsomes were the predominant source of NDMAd (34). In
addition, microsomes were shown to be responsible for the
metabolic activation of NDMA to a genotoxic metabolite, and
a high positive correlation was observed between the metabo
lism and activation of NDMA by microsomes (7, 34, 35).
Furthermore, purified P-450.c (which is responsible for the K^I
form of NDMAd) was very effective for the metabolism of
NDMA and its activation to a mutagen for Chinese hamster
V79 cells (35). The addition of cytosol (postmicrosomal super
natant) did not increase the microsomal NDMAd activity or
decrease the Km value of this enzyme. In a comparative study
of NDMA metabolism using S9 and microsomes, similar Km
and Fmaxvalues were observed, ruling out a possible effect of
cytosolic proteins on the Kmvalue of NDMAd (7).

In the present study, using a colorimetrie method, a slightly
lower Kml value (50 /IM) was observed with an NADPH-gen-
erating system consisting of glucose-6-phosphate/glucose-6-
phosphate dehydrogenase than values (60-80 Â¿IM)reported

9A, values for the inhibitors were estimated using the data of the lowest

inhibitor concentration presented in Table 2.
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previously (5-7). This decrease in the Kmvalue is believed to be
due to the elimination of inhibitors such as glycerol that may
be present in the isocitrate dehydrogenase preparations used
previously. The Kml value was slightly lower than 50 fiM when
assayed by a radiometrie method. This difference, however,
may be attributable to different assay techniques. The kinetic
parameters obtained with these two assay methods were com
parable using either control or acetone-induced microsomes.
These results strongly support our postulation that the Kml
form of microsomal NDMAd, which has a Km value of 40-50
UM and is inducible 2- to 5-fold by acetone and other inducers,
is the major enzyme for the metabolism and activation of
NDMA. We believe that the low Kmvalues (10-20 ^M) observed
for NDMA metabolism in perfused liver, liver slices, and iso
lated liver cells (11-13) are due to P-450ac, the P-450 isozyme
responsible for Kml (40-50 P.M)of microsomal NDMAd. The
differences in the Km values obtained in different systems may
be due to an underestimation of the Km values in some studies
(11-13) or an overestimation of the Km values in studies with
microsomes. The possibility that cell integrity may play a role
in determining the Kmvalue remains to be explored.

In the present study, the competitive inhibition of NDMAd
by glycerol was clearly demonstrated. This result explains in
part the reason why P-450ac in the reconstituted system exhib
ited higher Km values for NDMA metabolism than in micro
somes (10, 14, 15), because purified P-450ac and NADPH-P-

450 reducÃaseare usually stored in buffer solutions containing
20% glycerol. On the other hand, the inhibitory effect of DTT
on NDMAd appears to be insignificant because its amount
(<0.01 HIM) in the reconstitution is negligible. Commercially
available NADP and NADPH preparations may contain a small
amount of acetone or ethanol. Because of the low concentration
(0.4 mM) of NADP used in our NDMAd assay system, the
effect of acetone contamination on NDMAd activity appears to
be insignificant. Such an inhibitory effect, however, may become
appreciable when a high concentration (1-2 HIM)of NADP or
NADPH is used in the assay mixture.

In many metabolism studies in which aldehydes are the
product, semicarbazide (1-10 mM) has been commonly added
to the assay system to trap the aldehydes (20-29). It was
reported that in the presence of semicarbazide, HCHO forma
tion was higher than in its absence (20). However, our present
data show a significant inhibition of NDMAd activity by the
addition of semicarbazide as low as 1 mM to the assay system.
This inhibition was due mainly to the action of competitive
inhibition by semicarbazide. The reasons for such contradictory
observations are not known, but most probably are due to the
assay conditions. In the present study, acetone-induced micro
somes in which the Kml form is the predominant form of
NDMAd were used for the inhibition studies. It is possible that
semicarbazide inhibits the Kml form more severely than the
NDMAd existing in other types of microsomes or S9. The
inhibition by semicarbazide was not readily appreciable when
high NDMA concentrations were used in the assay. Semicar
bazide may also selectively inhibit reactions catalyzed by P-
450ac. The activity of benzphetamine demethylase was not
inhibited by 1 mM semicarbazide when assayed with 0.01-1
mM benzphetamine (data not shown). The inhibitory effect of
semicarbazide should thus be taken into consideration when
the metabolism of NDMA by P-450 is studied, in particular,
by P-450ac.

The effect of many common organic solvents on the in vitro
microsomal P-450-dependent metabolism of many substrates
has been a subject of many studies (9, 17, 24, 36-39). In the

present study, DMSO inhibited NDMAd activity at its com
monly used concentration (1%) in studies of metabolism and
mut agenesis. The NDMAd activity was also inhibited at a much
lower DMSO concentration (0.2%). The inhibition is not lim
ited to the Kml form of NDMAd. Kaul and Novak (16) reported
that DMSO was a competitive inhibitor of Â¡midu/oleinduced
microsomal NDMAd with a high Km value (0.37 HIM) which
seems to correspond to our Kmll (5-7). Because of its compet
itive nature, the inhibition is more pronounced in experiments
with low NDMA concentrations. Although DMSO, acetone,
and other solvents are potent inhibitors of the metabolism of
NDMA, they may not be effective for inhibiting the metabolism
of other substrates (24, 36, 38). In the metabolism of N-
nitrosamines, preliminary results indicate that these solvents
had similar inhibitory effects on the metabolism of W-nitroso-
ethylmethylamine or N-nitrosodiethylamine; but their actions
toward the metabolism of other yV-nitrosamines appeared to be
quite different. Such actions, especially on the enzymes that
metabolize these nitrosamines in nonhepatic target organs,
deserve more investigation.
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