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Ahstraet-t”CjDicthylnitrosamine ([“CIDEN) and I”C1,Y-nitrosopiperidine ~~‘~C~NP~Pj hind cova- 
lentiy to calf thymus DNA in an irt I&> incubation system containing rat liver microsomc~. The reaction 
is NADPH-dependent. Pretreatment of the animals with phcnoharhital (PB) enchances the hinding of 
both DEN and NPiP to DNA. whereas the binding of DEN to DNA decreases after 3-methylcholanthrene 
pretreatment. The PB effect, as observed from the binding of DEN to DNA. is more pronounced in 
young rats than in the older animals. Addition of cytosol to the incubation system enhances the binding 
of DEN 3. to J-fold and the binding of NPiP 2- to &fold. Addition of mitochondria to the incubation 
system increases the binding of (“CIDEN only slighty. hut increases the binding of NPiP more than 5- 
foid. Addition ot’ rnit(~ch~~ildri~l has no effect on the bindine of I”‘(lldimcthvl~~itrilsamine ~~‘~C~~MN~, 
Mitoch~~ndria alone markedly catalyze the binding of NPif; to bNi. Addi& ctf hen~yl~;~in~. whi& 
is a substrate of mitoehondrial monoamine oxidase as well as an inhibitor of DMN-demethylase. inhihits 
the binding of NPiP catalyzed by microsomes and microsomes plus mitochondria. 

In addition to DMN ,i some higher i~itrusam~ncs and 
their precursors are present in many processed foods 
[l/, tobacco and its smoke [Z]. agricultural chemicals 
and cosmetics 131. as well as in urban air 141 and 
drinking water [S]. The salient biological effects of 
nitrosamines (carcinogenicity, mutagenicity and tox- 
icity) have been well established [6,7]. 

It is generally accepted that both the dialkyl and 
cyclic nitrosamines require metabolic activation by 
micros(~mal mixed-f~inction oxidases [X, 91 to display 
their carcinogenic or mutagenic activities. The crit- 
ical initial step in the activation has been hypoth- 
esized to be an enzymatic hydroxyiation at the cy- 
carbon atom [6]_ although hydroxylation at carbon 
atoms other than the a-position is possible [1%13]. 

The overall process results in de~~lkylation (or open- 
ing of the ring) and formation of an alkylating inter- 
mediate which is presumably responsible for their 
biological activities 114, 151. Evidence for the for- 
mation of an alkylating intermediate was first pro- 
vided by Magee and Farber [ 161 who demonstrated 
the methylation of nucleic acid and protein in the 
carcinogenesis target tissues of DMN. Alk~l~~tion of 

DNA and RNA in rat tissues by other dialkyl and 
cyclic nitrosamines has also been reported 
[lO. I I, 17, 181. However, Lijinskyetal. [19, 20] have 

recently failed to detect alkylation in DNA of rats 

treated with several cyclic nitrosamines and reported 
that the positive results in their earlier studies on 
alkyi~~tion of RNA were produced by contalninants. 

*Present address (for reprint requests): TS-792. Oncol- 
ogy Branch. Health Review Division. Enviranmental Pro- 
tection Agency. Washington D.C. 20460. U.S.A. 

? Abbreviattons used ate: DMN. dimethylnitrosamine: 
DEN, diethylnitrosaminc: NPiP, iv-nitrosopiperidine; PB. 
phen(~barhit~~l: and S-MC. 3-methylcholonthrene. 

Moreover. the degree of alkyiation by some nitro- 
samines appears not to correlate with their carcin- 
ogenic activity [l&22]. The chemical nature of the 
alkyiating intermediates is unclear and remains to 
be elucidated. 

Binding of polycyclic hydrocarbons and other car- 
cinogenic compounds to exogenous DNA has largely 
been studied using irl ~titvo incubation systems 12% 
251. However, in v&o studies on a nitrosamine have 
been reported only recently by Chin and Bosman 
[XI] and by Grilli ef nl. 1271, showing microsome- 
mediated methylation of exogenously added DNA 
by DMN. In the present report. irr vitro systems 
were used to study the binding of [‘“C]DEN and 
[“C]NPiP, a higher dialkyl and cyclic nitr(~sam~n~, 
respectively. to exogenous DNA. 

MATERIALS AND METHODS 

Chemiculs. [“CJDMN (sp. act. 26 mCi/mmole), 
[ethyl-l-“CjDEN (sp. act. 13.5 mCi/mmole) and 
[2,6-%]NPiP (sp. act. 18.5 mCi/mmole) were pur- 
chased from New England Nuclear (Boston. MA); 

their radiochenlical purity was greater than 97 per 
cent. All labeled nitrosamines were stored at -20” 
in the dark. Unlabeled DMN was obtained from the 
Aldrich Chemical Co. (Milwaukee. WI): unlabeled 
DEN was from Eastman (Rochester, NY), calf thy- 
mus DNA, ribonucleas~ A and benzylamine from 
Sigma (St. Louis, MO) and pronase from Cal- 
Biochem (San Diego, CA). All chemicals were 
reagent grade. 

Trearmrnr of‘unimals. Male Sprague-Dawley rats 
(Holtzman, Madison, WI) weighing 12%1XOg or 
235-280 g were used. They were fed Purina labora- 
tory chow and water ad lib. PB was dissolved in 
0.9% saline and injected i.p. at 80 mgikg body wt 
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daily for four con\ccutive tla!s. the l.~\t injection 

preceding sacrifice h!, 2-1 hr. C‘clntrol+ recei\.ecl onl> 
saline. The injection volume \v;ts 5 m.kg bc)d\ \\t. 

3-MC at 10 kgikp body \\I was administcrcd~ in ;I 

single i.p. injection in corn oil 2-1 hr prior to \acrilice. 

(‘ontrots were given only corn oil. The injection 
volutTle was IO ml/kg hOLi\~ wt. 

I’rt~prirrilior~ of ,,ric,ro.so,l;c,s. The rat\ \\ crc decq~- 
itated and the liter\ \\crc quickl\~ remo\~cd and 

weighed. Li\et- htmogen;tte\ (50’; l n:v) \\t’rc pre- 

pared in ice-cold (I.25 M suct-1~x~4. I M sdum pho5- 

phate buffer (pl 1 7.3) with ;I class-tellon horn- 

clgenirer. Nuclei at~d mitochond~a wre tremovcd 
by two consecutive centrifugations at lS.~lOOg f01 

10 min. The I”‘st-mitochon~lri~tl supcrnatant fluid 

was then centrifuged in ;I Spinco ultt-acentrifuge at 

105.000f: for 60 tiiin to sediment the mitt-~wniit”\. 
The resultant supernatant Huid WI> dcsign;ttetl ;I> 

cytosol. The tnicrosomal pellet \1;;1s zuspendecl in ice- 

cold SO mM sodium phosphate buffer (pl I 7.4). All- 
quo& were taken for the protein determittations 
following the method of Lowr! c’t trl. I%]. ,A11 stcph 

in the kolation of microsomes WI~C carried out at 
l-4”. 

Prr~parrrtior7 (!I’~lii/oc,/lorlt/ritr. Mitochrontlri;i were 

isolated xcording to the method of Wu c’f cl/. 1741 

with some rnodilic~rtioils. Liver homogenates (30’; , 
w/v) were prcpat-cd in ice-cold 0.25 M srtcrokQ). 1 M 

sodium phosphate buffer (pfi 7.1) with a +a -tellon 

homogenizer. The homogenate ux centrituped 
twice at XOOg for IO min to remove the nuclei and 

cell debris. The supernatant fuid \\;I\ then centri- 

fuged twice at 12.000 g to seditnent the iiiito~h(~iidri;1. 

The mitochondrial pellets \vere ~;tshed twice 131 
homogenizing in 0.25 M xucrose-0. I hl sodium pho\- 

phate buffer (pl f 7.4) and then centrifuged. The 
final pellets were \uspcnded in 50 mM sodium phos- 

phate buffer (pI I 7.4) and alicluots were taken tot- 

the protein determination5 follo\ring the tncthod ol 

Lowry et al. [%I. 
In Ctr0 hirltli,l,q to /IAll. ‘Ihis \$;tb \tudicti tallow 

ing an adaptation of the method of Gelhoin [231 and 

Woo rr cd. 1301. The complete system contained. in 

a total volume of 3.0 ml. the following components: 
50 mM sodium phosphate buffer (pF1 7.1). IO0 mM 
sodium EDTA. 3 mg calf thvmu\ IINA. micro\omc\ 

equivalent to 4.3-5.0 mg ot mtcrosotii;il protLLtt1 1 .I11 
NADPF-I-generating zyxtcm (.?I3 mhl ~IucY~~~~-c~- 
phosphate. 0.3.3 mM NADP ;111d I unlt $IICO\C-cr- 
phosphate dehg’drogena~e) and 0. I5 m\l 1 “(‘ll)nl\ 
(sp. act. 6.5 mCi!mmole) or 0.15 mM I”(‘1l)F.N (,p 
act. 9.0 tn(_i/mmole) or 0. I3 mR1 1 “C‘JNPIP (\p J~.I 

IX.8 tiiCi~mtnole). To examine Iht’ dcpcnd~n~ C’ (lit 

NADPH of the “<‘-binding tc> DNA. the irtcub;ltt~~t~ 
mixture minus the NADPI I-gcnc>t-attttg ,\\tC’ttt u ,I\ 

used. In sonic t’speritnc.tit\. ~~lo~rl (al,l,l’c)\rrn.~t~~j\ 

20 tng protein) or mitochondt-i;t (al,l,tll~irtt~ltc,I\ 

3.0 mg protein) M’;I\ indudcd III the tn~~ubatt0n IIII\- 

ture together with micro\omc\. In one Q%I’IC‘\ .lt 

experiments onlv mitochotttiri;t \+c‘rc u\cd. 111 IICII <II 

microsomea. When bcnryl;tminc~ \+‘,I\ u~d. the C~l~~tm 

centration was I .O mM. Iticitl~;itioii \\.I\ ~;ii-tic~I ,j111 
at 37” for 00 ITIIII with \hakittg undc‘r \uIdttc? IiFht 

Some requirements of the irr vitro I~ttidit~g c>t “( 
labeled DEN and NPiP to esogenou~ calf th\. mu\ 

DNA in the presence ot rat lker micro\omt’\ ;Irc 

shown in Table I The data indicate that both l)I;N 

and NPiP become hound to calf thynu\ DNA tn the 
in vitro incubation 4vstetii. It ~houlcl he noted th;rf 

the levels of binding.c)f DFN and clt Nf’tP yi\c%n in 
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Table 2. Effects of phenobarbital and 3-methvlcholanthrene pretreatment on the hepatic microsome- 
catalyzed binding of [ ‘JCldiethylnitrosaminc to DNA* 

Pretreatment 

Without cytosol 

pmoles/mg DNA? Percent 

Controls 
PB$ 

3-MC4 
Controll/ 
PBI’ 

3.5 -t (I.-1 (X) I I IO 
7. I k 0.‘) (4) 203 

2. I i (I.-! (3) h 1 
5.4 + 0.1 (J) 100 

25.0 i 7.4 (3) 461 

With qto\ol 

pmoles!mg DNAt Percent Cytoaol effecti 

IS.0 ? 2.5 (-I) IO0 4.4 
31 .Y k 4.5 (-I) 705 4.5 

3.7 -+ 0.7 (4) 23 1.7 
17.Y k 1.6 (‘I) IO0 3.3 
79.5 -t IO.6 (-1) 444 3.2 

* Rats were pretreated with saline or corn oil (control). PB or 3-MC according to the schedule described 
in Materials and Methods. The complete system (see legend to Tahlc 1) containing 0.15 mM [“C]DEN 
(sp. act. 0.0 mCi/mmole). with or without the addition of cvtosol. was used. Incuha~ion wab carried out 
at 37” for 60 min. The procedures for isolation and purification of DNA are referred to in Materials and 

Methods. 
‘i Values represent means t S.E.: numbers in parentheses refer to the number of determinations. 
$ Ratio of in vitro binding in the presence ol’ cytosol and in the ahsence of qtosol. 
5 Rats weighing 235-280.. 
Ij Rats weighing 120-180 g. 

this table cannot be compared because the specific 
activities of the two compounds used are different 
(their binding levels are given as pmolesimg DNA 
in Tables 2 and 3). The binding reaction is dependent 
on NADPH. since in the absence of the NADPH- 
generating system the radioactivity is not signiti- 
cantly different from background. The requirement 
of NADPH is consistent with the involvement of a 
microsomal mixed-function oxidase system. tiow- 
ever. this does not rule out the possibility that other 
oxidase(s) may be involved. 

Administration of PB and 3-MC‘ is well known to 

Addition of cytosol to the complete incubation 
system markedly enchanced the binding of 
[“CIDEN. and to a lesser extent the binding of 
[“C]NPiP, to DNA. Addition of mitochondria to 
the complete system increased only slightly the bind- 
ing of [‘+‘C]DEN to DNA. However, the binding of 
[“‘C]NPiP to DNA was greatly increased, which is 
consistent with the presence of various oxidizing 
enzymes in mitochondria. including certain cyto- 
chrome P-45Wdependent mixed-function oxidase(s) 
[33,34]. On the other hand, mitochondria did not 
increase the binding of (“CIDMN to DNA; 
expressed as dis./min/mg DNA, the radioactivity was 
1333 rt 50 with the complete system in the absence 
of mitochondria and 1320 t 67 with mitochondria. 

induce many. and repress some, hepatic microsomal 
mixed-function oxidases [35, 361. The effect of pre- 

The in \Gfro binding of [“C]NPiP to DNA in the 

treatment of rats with PB and 3-MC on the binding 
of [%Z]DEN to DNA is presented in Table 2. The 
table shows that in older rats PB pretreatment dou- 
bled the binding of [“‘CIDEN: on the other hand, 
3-MC pretreatment reduced the binding values. 
Although cytosol only slightly enhanced the binding 
in the 3-MC-pretreated system. the binding was 
increased 4.4-fold in the control system and 4.Sfold 
in the phenobarbital-pretreated system due to the 
inclusion of cytosol. The table also shows that the 
effect of PB on the binding of DEN to DNA was 
more pronounced when young adult (120-180 g), 
rather than older rats (235-280 g), were used. The 
binding levels were 461 and 444 per cent compared 
to 203 and 205 per cent (Table 2) of the controls as 
observed in the absence and in the presence of 
cytosol respectively. Thus, the results obtained in 
this study parallel the finding that induction by PB 
of several microsomal enzymes was the highest in 
33-day-old rats weighing 100-120 g [37]. The highest 
binding of [‘*C]DEN to DNA was observed in these 
PB-pretreated animals with the inclusion of cytosol. 
since the binding was increased 3.2-fold in this 
system. 

Table 3. Effects of phenobarbital prctreatmcnt on the hcpatic microsome-cat~~lyzed hindlng of [ “C]N- 
nitrosopiperidine to DNA ’ 

Pretreatment 
Without cytosol 

pmolesimg DNA: Percent 

With cytosol 

pmolesimg DNAt Percent Cjtoso1 effect?; 

Control 
PB 

2.7 2 0.2 (4) IO0 8.7 i 1.0 (-I) IO0 3.2 
4.Y k 0.7 (3) 1x1 IO. I i 7.5 (3) II5 2.1 

* Rats (IZO-18Og) were injected i.p. with O.Yr’ c saline (control) or I’B (X0 mgikg body wt) for four 
consecutive days prior to sacrifice. Microsomes were isolated from rat livers as described under Materials 
and Methods. The complete system (see legend to Tahle I) containing 0.15 mM (“C]NPiP (sp. act. 
1X.8 mCi/mmole). with or without the addition of cvtosol. was used. Incubation was carried out at 37” 
for hOrnin. The procedures for isolation and purikcation of DNA are referred to in Materials and 
Methods. 

t Values represent means -+ S.E.: numbers in parentheses refer to the numher of determinations. 
$ Ratio of in virro binding in the presence of cymsol and in the absence of cytosol. 
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untreated control system was 2.7 pmolesimg DNA 
(Table 3). Cytosol was also effective. although to a 

lesser extent than with DEN’. in enhancing the bind- 
ing of NPiP to DNA; binding was increased 3.2-fold 

in the control system and 2. l-fold in the PB-prc- 

treated system. Binding of j”C]NPiP was only 

slightly enhanced bv pretreatment with PB; the val- 

ues were If5 :tnd lil per cent of the controls in the 

presence and in the rthsence of cytosol, respectiveiy. 

Considerable increitsc in the binding of / ‘“C‘]NPi$ 

to DNA was noted when mitochondria were included 

together with microsomes in either the control or 

PB-prctreatcd system (Table 4); the increase 

observed WIS never less than 5- to &fold. Data not 

included in the table show that mitochondria alone, 

in the ;tbsence of microsomes. catalyze the binding 
of NPiP to the extent of .3.5 ? 0.1 pmolesimg DNA. 

Thus, the combined effect of microsomcs and mito- 
chondria appc;irs to bc synergistic. Amine oxidase 

has recently been suggested bv Lake C/ u/. 138. _iYl 
to bc involved in the ,~,ct~~b~~l~snl of another nitro- 

s:tmine, DMN. irr t+t~, in ~~iditit~n to the nlicr(~s(~nl~ll 

cytochrome P-ADO-~lependent rn~x~d-functi(?il oxi- 

dase system. Most of the amine oxidase activity of 

rat liver, however, is loc:tted in the mitochondrial 
fraction /30]. Thus. in order to investigate if the 

combined effect of microsomes and mitochondria 
may be attributed to the presence of mitochondrial 
monoamine oxidasc. the binding of NPiP MXS also 

studied with the inclusion of benzylamine. ;I typical 

monoamine oxidase substrate. The data in Table -i 
indicate that addition of benzylamine to the system 

containing microsomes and mltochondria produces 

3Y and 35 per ct’nt inhibition of binding in the control 

system and the PB-~~rctre~lte~~ system. respectively. 
As the table \hows. the binding catalyzed by micro- 

somcs alone is also inhibited by bcnzykrmine ( 19 per 

cent in the control system and 35 per cent in the PB- 

pretroated system. respectively). This show\ cscel- 

lent consistency with the observation” that henzy- 
lamine is a very potent inhibitor of DMN-demethyl- 

ase and of microsome-catalyzed irl t?rro binding of 
DMN to DNA (despite the absence of mono;unine 

oxidase activitv in the microsomes). and these effects 

are concentration dependent. 

Since nuclei arc involved in the metabolic acti- 

vation of polycyclic hydrocarbons (41, 4.21. their 
potential role ‘in the activation of DEN and NPiP 
has been studied. This was carried out by rnc~~s~lri~i~ 

the it? t+rrn binding of [“C]DEN nnd [‘“c’]NPiP to 

various nucitw components (DNA, RNA. histone. 

non-histone proteins, ;md soluble proteins). Pre- 

liminary results ( 0. Y. Lai et 01.. unpublished obscr- 
vations). obtained by using essentially the method 
by Vaught and Bresnick 1251. show no evidence for 
nucleus-catolIvzr[t covalent binding of DEN and 
NPiP to any of the nuclear fractions. 
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the microsomal enzyme systems mediating the bind- 
ing of lJC-containing segments from DEN and NPiP 
require NADPH. This is consistent with the requirc- 
ment of NADPH for the mixed-function oxidase- 
catalyzed dealkylation of DMN 1431 and DEN [44], 
and for binding of DMN to DNA.* Consistent with 
the cu-hydroxylation of dialkvlnitrosamines. the pro- 
duction of reactive intermedlate from NPiP probably 
involves initial oxidation at the carbon (Y to the 
nitroso group [45]. 

Addition of cytosol brings about a 3.3. to 4.4.fold 
increase in the binding of DEN and a 3.2-fold 
increase in the binding of NPiP. This parallels the 
effect of cytosol on the irr vitro binding of “C-r,?ethyl 
from DMN to DNA*. The effect of cytosol was not 
enhanced by PB. These observations are also in 
accord with reports that the cytosol stimulates var- 
ious microsomal N-demethylation reactions [e.g. 
Refs. 46-481 and that the stimulatory Factor in the 
cytosol is not inducible by PB [4Y). 

Effects of X-MC and PB on binding. The 
enhancement by PB pretreatment of the binding of 
[“C]DEN, and its inhibition by 3-MC pretreatment. 
are in excellent agreement with the respective 
increase and decrease of DEN-deethylase activity 
following these pretreatments [44]. The increased 
binding of DEN and NPiP following PB pretreatment 
is also consistent with the increased mutagenicity of 
the two nitrosamines following PB pretreatment 
[50, 511. Moreover, the PB effect on binding cor- 
relates with its effect on the carcinogenic activity of 
DEN. Pitot cr rrl. [S2] have shown that a 
single < 30 mgikg dose of DEN induces hepatic 
tumors in rats only if the DEN administration is 
followed by PB administration. Pretreatment with 
PB enhances drug metabolism by inducing cyto- 
chrome P-450 and NADPH-cytochrome c reductase 
[3S, 531. The identity of NADPH-cytochrome c 
reductase with NADPH-cytochrome P-450 reductase 
has been demonstrated [53.55]. 

The greater effect of PB on the binding of DEN, 
when younger rats (12(&180 g) rather than older rats 
(235-280 g) were used. parallels the observations of 
others that the PB induction of mixed-function 
oxidases is the highest in Sday-old rats weighing 
lOO_120g [37]. The age-dependence of DMN- 
demethylase activity has also been documented [%I. 

Possible participation of rmmoumine miduse. The 
observations that addition of mitochondria stimu- 
lates the microsome-catalyzed binding of DEN and 
NPiP and, furthermore, that mitochondria alone can 
catalyze the binding of NPiP. support the possibility 
that these nitrosamines may be metabolized. at least 
in part, by enzymes unrelated to cytochrome P-450- 
requiring mixed-function oxidases. The mitochon- 
drial stimulation of binding is nil with DMN. small 
(1.4-fold from data in Table 1) with DEN, but con- 
siderable (4.3. to 5.6fold from data in Tables 1 and 
4) with NPiP; thus, the mitochondrial enhancement 
of binding appears to be a function of the alkyl chain 
length of the nitrosamine. The binding of NPiP is 

* D. Y. Lai. S. C. Myers. Y.-T. Woo. E. J. Greene. M. 
A. Friedman. M. F. Argus and J. C. Arcos. Chrm.-Eiol. 
Interact.. in press. 

reduced by benzylamine. a typical substrate of mito- 
chondrial monoamine oxidase. 

Lake et ul. (38,3Y] suggested that an amine-oxi- 
dase resembling monoamine oxidase may be 
involved in the metabolism of DMN. Although DMN 
does not appear to be a substrate for either micro- 
somal amine-oxidase (from different sources) or 
mitochondria [57,“]. the present results suggest that 
amine-oxidase pathway(s) possibly play a role in the 
metabolism of higher nitrosamines. Distinct enzymic 
forms of monoamine oxidase display striking differ- 
ences in their relative activities between different 
animal species and between different organs of the 
same species [%I. If I,ater investigations would estab- 
lish that monoamine oxidase participates in the 
metabolism of NPiP, this could provide an expla- 
nation for the organotropic properties of this 
carcinogen. 

The possibility also exists that other mitochondrial 
enzyme systems are involved in the degradation of 
NPiP. Cytochrome P-450 present in adrenal mito- 
chondria has been shown to hydroxylate many ster- 
oid compounds [33.34] and a mitochondrial cyto- 
chrome P-450 may also be involved in the metabolism 
of cyclic nitrosaiines. The synergistic mitochondrial 
effect on NPiP binding may also bc attributed to the 
presence of NADH in mitochondria. since it has 
been reported [41. 5Y] that NADH increases the 
activity of cytochrome P-450 in the presence of a 
saturating concentration of NADPH. The synergism 
by NADH of NADPH-supported mixed-function 
oxidation has been reported by others [60, 611, The 
reason for the stimulation by NADH is unclear. It 
has been suggested that NADH protects NADPH 
from inactivation by NADPM-pyrophosphatase. or 
NADH-dependent flavoproteins may compete with 
NADPH-cytochrome c’ reductase for the reduction 
of endogenous substrates. such as cytochrome hi 

Pll. 
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