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An Investigation of the Metabolism
of N-Nitrosodimethylamine and N-Nitrosomethylaniline
by Horseradish Peroxidase in vitro
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Abstract. The demethylation of carcinogenic N-nitrosodimethylamine (NDMA)
and N-mtiosomethylamline (NMA) 1s catalyzed by hoiseradish peroxidase in the
presence of hydiogen peroxide NMA 1s a better substrate for peroxidase than
NDMA The K, values ate 074 and 312 mmol/l for NMA and NDMA, 1e-
spectively The oxidation of NDMA and NMA 1s mhibited by 1adical tiapping
agents (mtrosobenzene, glutathione, ascorbate, NADH) This indicates the 1ad-
ical mechanism for the peioxidase-mediated oxidation of both N-nitiosamines
The wn witro metabolism of NMA using peioxidase was ivestigated 1 detail
Beside formaldehyde, the metabolites formed from NMA by peroxidase include
antline, p-anunophenol and phenol Phenol formation presumably arose fiom N-
demethylation of NMA via a benzenediazonium ion (BDI) intermediate while ani-
line and p-aminophenol fiom denitiosation of this carcinogen The 1esults are dis-
cussed fiom the pownt of view of the 10le of peroxidases in the metabolism of
N-mtiosamines
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Introduction

N-Nitiosamines arc a unique group of chemicals with a broad organ and species
specificity of the toxic and/or caicinogenic effects Tumois can be produced n
neaily all organs, depending on the route of admmnistration and the structure of
the nitiosamine (Preussmann and Stewards 1984, Preussmann and Wiessler 1987)
The metabolism of these chemicals has, hence, been subject of extensive imnvestiga-
tions Microsomal cytochromes P450 (P450) are supposed to be the main enzyme
systems paiticipating in N-nitrosamine metabolism (Tu and Yang 1983, Dipple et
al 1987, Preussmann and Wiessler 1987, Yang et al 1990, Shu and Hollenberg
1996, Stiborovd et al 1996 a,b) Nevertheless, the involvement of other specific
enzyme systems for mitrosamine metabolism (such as peroxidases) cannot be ex-
cluded 1 the tissues (or cells), which are not rich in P450s (Sivarajah et al 1982,
Dipple et al 1987, Preussmann and Wiessler 1987, Schuller et al 1990, Stiborova
et al 1992 a,b)

Peroxidases (such as prostaglandin H synthase and/or non-specific peroxi
dases) are present at significant concentrations in several tissues (1 e urinary blad-
der, kidney, lung) (Dipple et al 1987, Preussmann and Wiessler 1987, O'Brien
1988, Schuller et al 1990) The involvement of these enzymes 1n the activation of
some N-mitiosamines has been suggested (Schuller et al 1990), based on indirect wn
vwo studies with inhibitors of one peroxidase, prostaglandin H synthase Aspirin
and mndomethacin inhibited efficiently the metabolism of N-nitrosodiethylamine in
alveolar type II lung cells which are 11¢h 1n prostaglandin H synthase (Falzon et al
1986) Furtheirmore, n hamsters injected with these mmhibitors prior to administra-
tion of 1adholabelled N-nitiosodiethylamine a pronounced decrease n alkylation of
macromolecules of pulmonary cells was demounstrated, while inhibitors of P450 did
not affect the level of alkylation (Hegedus et al 1987, Schuller et al 1990)

We have found that carcinogenic N-mtrosomethylaniline (NMA) 1s oxidized n
vitro by hoiseradish peroxidase to ultimate carcinogens which bind to DNA and
transfer RNA (tRNA) (Stiborova et al 1992 a,b) However, a detailed study of
the oxidation of this compound and/or other N-nitrosamines by peroxidase 1s still
missing

Here, we 1eport the 1esults of an n wmitro study of the metabolism of two
carciogenic N mitiosamines, namely, symmetric N-nmitrosodimethylamine (NDMA)
and asymmetric N-mtiosomethylanihne (NMA) by horseradish peroxidase The
kinetics and the mechanism of the peroxidase-mediated oxidation of both nitrosa-
mines were studied in details
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Materials and Methods

Chemacals

Chemicals were obtaned from the following sources NADH, horseradish perox-
1dase, glutathione and nitrosobenzene from Boehringer, Germany, benzenediazo-
nium hexafluorophosphate from Aldiich, USA, NDMA and NMA were synthesized
as described previously (Druckrey et al 1967), all other chemicals were reagent
grade or higher

Analytical methods

Kinetic analyses were carried out using the non-linear least-square method de-
sciibed previously (Cleland 1983)

The assay mixture for the demethylation of NDMA and NMA contained (per
1 ml) 50 mmol/] potassium phosphate buffer (pH 8 0), 200 pg horseradish perox-
idase (EC 11117 ), 003-3 mmol/l NMA dissolved in dimethylsulfoxide or 0 03-6
mmol/l NDMA dissolved in distilled water The mixtures were wncubated for 10
mun at 37°C The reaction was terminated by addition of 500 ul 20% trichloroacetic
acidd The amount of formaldehyde formed was measured as described by Nash
(1953) Alternatively, after 10 min incubation (37°C) 0 5 ml aliquots of the mixtures
wetre reacted with 2,4-dinitrophenylhydrazine in oi1thophosphoric acid The 2,4-
dinitrophenylhydrazone formed from formaldehyde raised from NMA and NDMA
was detexmined by HPLC as descuibed by Janzowsk: et al (1982)

The mcubation mixtuies containing one of the mitiosamines studied (NMA)
were applied to a C18 SepPalk cartridge to quantify the products formed from NMA
m the peroxidase system The cartridge was washed with 0 1 mmol/l NaOH and
the products were eluted with 50% methanol in water The products weire sepa-
1ated by HPLC on a Separon SGX C18 column with a linear gradient of methanol
i water (20-70% (v/v) methanol fiom 0 to 12 min, 70-100% methanol from 12
to 16 min) Absorbance of the eluent was monitored at 250 nm Reaction prod-
ucts were 1dentified by comparison of their retention times with those of authentic
standards (aniline, phenol, p-amimophenol) The quantities were calculated by peak
ateas 1elating to exteinal standards Recoveries of products were around 80% after
10 min incubation m the piesence of peroxidase without hydiogen peiroxide, except
the recovery of phenol (1t was around 60%) The recovery of phenol when benzene-
diazonmum hexafluorophosphate was added to the incubation mixture containing
peroxidase but without hydrogen peroxide was about 20% after 10 min incubation

NADH oxidation was measured 1n a final volume of 2 ml containing 50 mmol/]
potassium phosphate buffer pH 8 0,0 1 mmol/1NADH, 0-114 umol/l hydiogen per-
oxide, 0-5 g hoiseradish peroxidase, and 0-1 5 mmol/l NDMA o1 NMA Reactions
were staited by addition of the respective nitrosamine, and the disappearance of
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NADH with time was followed at 340 nm using a Beckmann D-62 spectrophotome
ter

Values given 1n Figures 1 3 are averages of thiee paiallel experiments

Results

Peroxidase n the presence of hiydrogen peroxide oxidizes carcinogenic N nitiosami-
nes NDMA and NMA The formation of foomaldehy de illustiating N-demethvlation
of these carcinogens was proven (Table 1) No activity was obseived when any of
the component was omitted from the reaction mixture (Table 1)

Table 1. Dcmethylation of NDMA and NMA by peroxidase

Incubation conditions Rate® of demethylation of
NDMA NMA
0 3 mmol/] 3 0 mmol/l 0 3 mmol/} 3 0 mmol/l
C'omplete system 0010+0001 02060030 0195+£0020 06300070
H,O0: 0 0 0 0
peroxidase 0 0 0 0

Experimental conditions are described in Materials and Methods Valucs given are aver
ages and standard deviations of three parallel expcriments
‘nmol HCHO/mun per ninol peroxidase

The 1ate of demethylation 15 dependent on pH N-demethylation of NMA and
NDMA showed an optimumn 1 shghtly alkaline pH (8 0 8 5) (Fig 1)

Foimaldehyde formation was measured m the reaction medium which con
tained peroaidase hydrogen peroxide and vailous NDMA o1 NMA concentiations
The 1eactions followed the Michaehs-Menten kinetics (Fig 24) NMA 15 a better
substiate of peroxidase than NDMA TUnder the conditions used, the maximal ve-
locity (Vinax) of the 1eaction with NMA 15 appiox two times higher than that with
NDMA (Fig 2B, Table 2) The value of the appatent Michaelis constant (A ,,) for
the formaldehyde formation fiom NMA 15 smaller than that for the formaldehyde
formation fiom NDMA (Table 2)

Because N-demethylation of NDMA to foimaldehyde was detected 1n the per-
oxidase system, this enzyme catalyzes the oxidation of NDMA similarly to P450,
producing formaldehyde and methyldiazonium 1on (Kioegei-Koepke et al 1981,
Yang et al 1990 Stiboiova et al 1996b)

Mote complicated reactions of NMA oxidation were geneiated by the P450-
dependent system (Scheper et al 1991, Stiboiova et al 1996a) Theirefore, special
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Figure 1. The effect of pH on peronidase mcdiated N-demethylation of YDA\ (@) and

NMA (0) Ihe expenimental conditions are desciibed 1n Materials and Methods except
that 50 mmol/l potassium phosphate buffers pIl 23 9 0 wete used

emphasis was laid on the 1dentification and quantitation of not only formaldehyde
but also of other NMA metabolites formed by peroxidase

The products of NMA conversion generated by the peroxidase system wele sep-
atated by HPLC The metabolites weie 1dentified by compaiison of theu i1ctention
times with those of authentic standaids The unchanged NMA 15 not detected here
as 1t remains bound to the SepPak cartuidge Beside formaldehyde the metabo-
lites formed fiom NMA by peroxadase included anithne and p-aminophenol (Fig 3)
Phenol which 15 the representative metabolite for the oxidative bioactivation path-
way via the mtermediary BDI formation, was also determined and the ylelds weie
cortected for the about 20% 1ecovery of phenol from BDI mn the presence of peroxi-
dase This compound 1epresents the main metabolite with about 20% m relation to
the NMA concentiation (3 mmol/l) within 10 min under the conditions used (Ta-
ble 3) Aniline which 1s formed by the denitiosation 1eactions and p-aminophenol
(1ts hydrovvlation metabolite) ate mino products (Table 3) Based on the products
formed we can postulate that peroxidase catalyses both N-demethylation 1eaction
(leading to the formation of formaldehyde and BDI) and demtiosation (Fig 4)

The conversion of NDMA and NMA 1s trongly inlubited by NADH, ascotbate
glutathione and nitiosobensene, which are known to be 1adical scavengers (O'Buien
1988) (Table 4) The<e findings indicate that 1adical mechamsms are mvolved m
the reac tions
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Figure 2. Kinetic curves for NDMA (@) and NMA (0) demethylation by horscradish per-
oxidase (A) (B) Reciprocal plots of the data from panel A For experimental conditions,
see Materials and Methods

Table 2. Kinetics of NDMA and NMA oxidation by peroxidase

Substrate Km Vinax

{mmol/1) (nmol/min per nmol peroxidase)
NDMA 312+£0030 045 £ 0040
NMA 07440008 08+0080

Experimental conditions are described 1n Materials and Methods Values shown are aver-
ages and standard deviations of thiee parallel experiments

We studied the mechamsm of inhibition of NMA oxidation by ascorbate and
NADH
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Figure 3. HPLC separation of products formed
by  horseradish  peroxidase Experimental
conditions are described 1n the text The peak
numbers refer to the following metabolites (1)
solvent front, (2) p-aminophenol, (3) phenol, (4) 34
aniline The dotted line indicates the HPLC chro-
matogram of the control sample (without hydro
gen peroxide)
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Table 3. In vitro metabolism of NMA by the peroxidase system

Metabolite Yields (%)*
p-Aminophenol 290 020
Phenol 20 00°+£ 175
Amline 147 £ 013

Experimental conditions are described 1in Materials and Methods Values represent means
and standard deviations of three experiments

“Based on added NMA (3 mmol/l)
®Corrected for 20% recovery of phenol from peroxidase

Low formaldehyde production was detected when 10 mmol/l ascorbate was
present 1n the incubation mixture Two possibilities of the mechanism of ascorbate
mhibition of NMA conversion could be suggested Ascorbate may be the substrate
of peroxidase, and 1t may compete with NMA, or 1t may react with the 1eactive
metabolites of NMA Ascorbate 1s practically not converted by peroxidase as 1ts
substiate (measured at 265 nin) under the conditions used 1n the experiments with
the peroxidase system alone (AA/min = 0 05), but a rapid oxidation occuried 1n
the presence of 50 pmol/l NMA (AA4/mmn = 096) Ascorbate 1s therefore not a
peroxidase substrate but reduces the 1adicals formed from NMA back to NMA

Similarly, fiee 1adical(s) from NMA act as catalyst in the oxadation of NADH
by H;0 and peroxidase In the absence of NMA 1 the reaction mixture, the oxida-
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Figure 4. Pioposcd metabolic scheme of NMA 1n the perovidase system The metabolites
m the parentheses wete not detected

tion of NADH by the peroidase system was neghgible (0 002 nmol NADH/min pet
nmol peronidase) the same was tiue for the system with this compound but with-
out H,0, {0 003 nmol NADH/mun per nmol peronidase) However, m the complete
system (perosidase H,O,, NADH, NMA) 7 6 nmol NADH/nmun per nmol perox
idase was oxidized Hence the minbition of the peroxidase-mediated oxadation of
NMA 15 caused by 1eduction of the 1eactive mtermediates by NADH the latter
getting stmultaneously oxadised

We suggest that a sumlar mechanism 1s also operating for the glutathione
mnlibition Neither glutathione 1s a substrate for peroxidase under the conditions
used (Subrahmanyam et al 1987 O’Biien 1988) but 1t 1educes the 1adicals formed
from NMA back to the patent compound as 1t has been desciibed earlier for several
other substrates of peroxidase (O Biien 1988 Eling et al 1990)

Discussion

In the present work we have shown the kinetic characteristics of oxidation of two
caramozenic nitrosamines by peroxnidase NDMA as a carcuiogen causing tumors
of the Iiver and NNA as an agent with cancerogenic potential for esophageal
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Table 4. The effect of radical scavengers on the demethvlation of NDMA and NMA

Compound Rate of N-demethylation of

NDMA NMA

(nmol HCHO/min per nmol peroxidase)

None 0 206 + 0 030 06304007
Ascorbate
05 mnlol/l 01000012 (48 5) 0310£0033 (49 2)
10 mmol/l 0021 0002 (10 2) 0060 £ 0007 (95)
Glutathione
05 nnnol/l 0089 =+ 0 010 (43 2) 0350 4 0 038 (55 5)
1 0 mmol/] 00190002 (92) 0 068 £ 0 007 (10 8)
NADH
05 mmol/l 0123+£0015 (59 7) 0410+ 0040 (65 1)
1 0 mmol/] 0024+0002 (116) 00720007 (11 1)
Nit1osobenzene
10 lnmol/] 01410012 (68 1) 0420+0038 (66 7)

Experimental conditions are described in Materials and Methods Values represent means
and standard deviations of three experiments The figures in the parentheses are percent-
age values relative to contiols

and/or lung tissue were chosen for the study Hoiseradish peroxidase was used
as a model, because this peroxidase has been shown to be a suitable system to
mimic the metabolism of some caicimogens (1 e benzidine, 2-naphthylamine, N N-
dimethvl-4-aminoazobenzenc, etc ) catalyzed by mammahan peroxidases (Meunier
1987, Yamasoe et al 1988 Ehng et al 1990, Stiborovd et al 1992 ¢) Moieover,
out preliminary tesults with mammalian peroxidase, lactoperoxidase, have illus-
trated that NDMA and NMA are oxidized by this peroxidase i a sumilar way as by
hoiseradish peroxidase (Stiborovd et al 1996 ¢) Likewise, NMA was found to be N-
demethylated to formaldehyde by another mammalian peroxidase, prostaglandin H
synthase (Sivaiajah et al 1982) However, the experiments with horseradish perox-
idasc as & model cannot be generalized Prostaglandin H synthase and hotseradish
peroxidase are mechamstically similar yet differences do exist (Eling et al 1990)
NMA activation by peioxidase has alieady been descuibed in our previous
papeis (Stiborova et al 1992 a.b) We have found that the 1eactive intermediates (ot
products) which ate formed during the oxadation of NMA by hotseradish peroxidase
are bound to nucleic acids (DNA and tRNA) n witro (Stiborovd et al 1992 a.b)
However, the kinetics of this 1eaction was not studied and other products formed
during the reactions catalyzed by horseradish peroxidase (Stiboiova et al 1992 a,b)
o1 by prostaglandin H synthase (Sivarajah et al 1982) wete not determined
Formaldehyde was foimed fiom both nitrosamines, N-demethylation 1s, hence
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the 1eaction catalyzed by peroxidase N-demethylation secondary to a C hydro
xylation reaction (catalyzed by P450s) 1s supposed to be an important activation
pathway for many mtiosamines (Dipple et al 1987) It leads to the formation of
highly reactive clectrophilic inteimediates (alkyl o1 aryldiazonium ions) which ate
capable of reacting with cellular nucleophiles (Kioeger koepke et al 1981 Dipple
et al 1987 Koepke et al 1990) There 1s also evidence for the formation of nitrite
during the metabolism of nitrosamunes (Lor et al 1982 Yang et al 1990 Schepe:
¢t al 1991 Stiborova et al 1996a) It may iepresent a detoxication pathway for
nitiosamines

The kinetic data indicate that NMA 1s a better substrate for peroxidase than
NDMA The oxidation of this carcinogen was, therefore, studied 1n moie detail Pe1
oxidase catalyzes both NMA activation (1esulting in the formation of the ultimate
carcinogenic BDI) and 1ts mac tivation by demitiosation (Fig 4)

From a compaison of the kinetic data obtained for NDMA and NMA oxida
tion by P450 1s0ensymes and horseradish peroxidase, we can postulate that both
nitiosamines are oxidized by P450 more efficiently than by peroxidase Particularly
P450 2B1 and P450 2E1 very effectively activate NMA and NDMA 1espectively
(Yang et al 1985, 1990, Stiboiova et al 1996 a,b) The V ,.x values obtained
for NDMA and NMA oxidation by peroxidase are approx seven and four times
smaller than those obtained for theu oxidation by P450, respectively P450 1soen
zymes (P450 2E1 and P450 2B1) might hence be 1esponsible for the metabolism
of both nitrosamines also in vwo

The products of NMA oxadation catalyzed by peroxidase are the same as
those catalyszed by P450 2B1 (Stibotova et al 1996 a, present paper) The yields
of mmdividual products are, however different Phenol as the product of the N
demethylation 1eaction 1s formed preferentially to products formed by demtiosation
(Table 3, Fig 4) .

Although some of the products formed fiom NMA (and/o1 NDMA) under
the activity of peroxidase are identical with those formed by P450, the mech
anisms with respect to the two ensymes are different N-dealhylation of several
substrates by peroxidases 1s known to be different fiom the N dealkylation mech-
anism suggested for P450 (Lasker et al 1981, Sivaiajah et al 1982, Guengeiich
1990) N Demethylation catalyzed by peroxidases results in the formation of free
radical cation and munium cation by sequential one electron oxidations, the latter
being hydrolysed to formaldehyde and demethylated amine (Gniffin and Ting 1978
Sivarajah et al 1982, Guengerich 1990) This mechanisin has however, not been
confirmed for N demethylation of NMA and NDMA as yet Nevertheless, we found
that their oxidation by peroxidase 1s inhibited by compounds which also act as radi-
cal scavengers Free radicals are, therefore, formed during the demethylation of both
nitrosamines Hence, we suggest that the radical mechamsm of N-demethylation
catalyzed by peiroxidase (postulated for other enzyme substrates) also occuried
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for NDMA and NMA Further experiments are, however, needed to confirm this
suggestion
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