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Abstract—Hepatic dimethylnitrosamine (DMN) demethylase activity in male C57BL/6 mice, assayed
with 1 or 5mM DMN and expressed per g liver, increased after i.p. treatment with Aroclor 1254
[polychlorinated biphenyls (PCBS), 500 mg/kg, 96 hr before assay|, compared with parallel oil-injected
controls. This increase was of statistical significance when either the postmitochondrial supernatant
fraction (sup) or isolated microsomes were assayed. The induction appeared larger with 5 mM DMN
as substrate (about 180 per cent) than with 1 mM DMN (about 65 per cent). PCBs also induced sup
DMN (5mM) demethylase activity in (C57BL/6 X BALB/c)F1 and Swiss—Webster mice. 3-Methyl-
cholanthrene exposure (80 mg/kg, 48 hr) resulted in a small but significant increase in sup hepatic DMN
(5 mM) demethylase activity in C57BL/6 and Fi mice. Isolated microsomes from C57BL/6 livers exhibited
only 40-60 per cent of the DMN (1 or 5 mM) demethylase activity present in the corresponding sup;
such preparations may not give an accurate indication of in vivo activity. Inclusion of the lipid layer
with the sup resulted in a significant increase in DMN (5 mM) demethylase activity in Aroclor-induced,
but not in control, C57BL/6 mouse livers. The number of cells per unit area of liver, determined
microscopically after treatment of C57BL/6 mice with PCBs, decreased slightly (15 per cent) but
significantly compared with controls. Thus, enzyme activity per g liver represents a conservative
approximation of activity per cell, which is the parameter that should be measured for demonstration
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of induction or repression and for evaluation of potential toxic or carcinogenic effects.

The carcinogen dimethylnitrosamine (DMN) is
sometimes found in foods, air and smoke [1]. It is
also widely used in studies of carcinogen-target cell
interaction. The biological effects of DMN are
believed to be caused by reactive intermediates
formed during metabolism [2]. Evidence is still being
gathered as to the nature of the enzymes and inter-
mediates involved in the metabolism and biological
action of DMN [3-35]. It is nevertheless clear that
DMN undergoes oxidative demethylation by the
mixed-function oxygenase system of the endoplasmic
reticulum and that formaldehyde is a major metab-
olic product [2]. Release of formaldehyde, which is
easily quantified colorimetrically by the Nash reac-
tion [36], has served as a measure of DMN demethyl-
ase activity.

Polycyclic hydrocarbons, polychlorinated biphen-
yls (PCBs) and other compounds, which normally
cause an increase in microsomal mixed-function
oxygenase enzymes, were found also to induce DMN
demethylase in rat, mouse, hamster and guinea pig
liver when 25-100 mM DMN was used as substrate
in the assay [5, 12, 15, 20, 24, 32]. However, when
2-4 mM DMN was used as substrate, pretreatment
with these xenobiotics resulted in an apparent repres-
sion of DMN demethylase activity in rat and hamster
liver microsomes [4, 5,24, 34]. No change in this
activity was observed in the liver microsomes of
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Swiss—-Webster mice treated with PCBs [6], but in
a subsequent study these same investigators reported
repression by PCBs of hepatic DMN demethylase
activity in both Swiss—Webster and various inbred
mice [5]. Sipes et al. [32] found that liver microsomal
DMN demethylase in C57BL/6 mice, assayed with
1 mM DMN, was repressed by pretreatment with
PCBs but induced by acetone.

On the basis of these findings, the existence of two
DMN demethylase isoenzymes responding differ-
ently to xenobiotics was postulated [5]. It must be
noted, however, that most of the experiments cited
above were carried out with isolated microsomes.
Separation of microsomes from the supernatant frac-
tion of liver results in a lowering of oxidative activity
toward some substrates [37-40], including DMN
[21,22]. Use of microsomes for studies in which
quantitative comparisons are to be made thus seems
questionable. Furthermore, in the studies cited
above, activity was, in most cases, expressed per mg
microsomal protein, a quantity which sometimes
increased after treatment with xenobiotics. It has
been argued that this mode of expression is necessary
to demonstrate changes in the specific composition
of the endoplasmic reticulum [4,5]. However,
changes in enzyme activity expressed on a per gen-
ome or per cell basis are also of interest, since
induction and repression are believed by all experts
to reflect changes in genome expression through
alterations in rates of enzyme protein synthesis [41-
45]. McLean and Day [46] pointed out that a decrease
in product formation per mg microsomal protein
does not necessarily reflect a “true fall in enzyme
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activity”. This fact was also recognized by Hutton
et al. {47}, who expressed their DMN demethylase
assay data on a per mg DNA basis.

In the study reported here, we have investigated
whether expression of enzyme activity per gram tis-
sue is a reasonable approximation of activity per
cell, and have measured DMN demethylase activity
in hepatic postmitochondrial supernatant fractions
and isolated microsomes from control and PCB-
treated mice. We have concluded that DMN
demethylase. even when assayed with [ or SmM
substrate, is inducible by PCBs. Repression did not
occur under the conditions we emploved.

MATERIALS AND METHODS

Animals. C57TBL/6, BALB/c (Jackson Laborato-
ries, Bar Harbor, ME) and Swiss~Webster (Camm
Research Institute, Wayne, NJ) mice, 2 to 4-months-
old, were housed with hardwood shavings as bedding
at 25 £ 2° under a 14/10 br fluorescent light/dark
cycle and were fed Purina Mouse Chow.
(C57BL/6 x BALB/c)F, mice were bred in our col-
ony. Male mice were injected i.p. and killed non-
fasted by decapitation for assay between 9:00 and
10:00 a.m.

Chemicals. Organic chemicals and their sources
were: NADP, glucose-6-phosphate, nicotinic acid,
glucose-6-phosphate  dehydrogenase {Type XII).
3-methylcholanthrene and bovine serum albumin
from the Sigma Chemical Co. (St. Louis, MO};
nicotinamide from the Eastman Kodak Co. (Roch-
ester. NY): semicarbazide-HCl from the Sigma
Chemical Co. or the Aldrich Chemical Co. (Mil-
waukee, WI): and DMN from the Schuchardt Co.,
Munich, F.R.G. Aroclor 1254 was provided by Mr.
William Papageorge of the Monsanto Co., St. Louis.

MO.

Preparation of tissue fractions. Livers were per-
fused through the hepatic vein with cold 0.1 M
potassium phosphate buffer, pH 7.3, according to
the procedure of Rao and Vesselinovitch [48]. Whole
individual mouse livers were used for 20% (w/v)
homogenates in phosphate buffer, prepared by ten
strokes of a glass-Teflon homogenizer. Postmito-
chondrial supernatant fractions were obtained by
centrifugation at 9000 g for 30 min at 4°. The layer
of lipoidal material accumulating at the top of the
centrifuge tube was included with the supernatant
fraction in some experiments, as indicated. Micro-
somes were centrifuged from the post mitochondrial
supernatant fraction at 100,000 g for 60 min. The
surface of the microsomal pellet was washed once
and microsomes from 1 g liver were resuspended in
1 ml phosphate buffer by five strokes of a glass—
Teflon homogenizer.

DMN demethylase assay. Although it would have
been desirable to carry out the assays with postmi-
tochondrial supernatant fractions and isolated micro-
somes under identical conditions, this was not pos-
sible, since the composition of the supernatant
fraction, as a complex cellular extract, was not
definable, and since the unusually high concentration
of phosphate buffer required for maximal activity
with isolated microsomes resulted in the formation
of a precipitate in the Nash reaction when the post-
mitochondrial supernatant fraction was used. For
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the assays presented in Table 4, using the supernatant
fraction. a 2-m! reaction mixture in 0.1 M potassium
phosphate buffer (pH 7.3) contained 0.5 umole
NADP, 10 umoles glucose-6-phosphate, 10 pmoles
MgCl., 14 umoles nicotinamide. 20 pmoles semicar-
bazide-HCl and 5 mM DMN. For supernatant trac-
tion assays presented in Tables 2 and 3. where micro-
somal and supernatant fraction activities were
directly compared. the concentration of phosphate
buffer was elevated to 0.15 M and 8 umoles nicotinic
acid were substituted for the nicotinamide. These
changes, intended to give a closer approximation to
the microsomal incubation mixture, resulted in a
slight increase in supernatant fraction activity. For
the assay with microsomes, the reaction mixture,
identical to that employed by Venkatesan er al. [34].
contained 0.8 umole NADP. 4 umoles MgCl.,
8 pmoles nicotinic acid. 15 pmoles semicarbazide—~
HCl, 8 umoles glucose-6-phosphate. 0.8 units glu-
cose-6-phosphate dehydrogenase, 0.6 mmole phos-
phate buffer (pH 7.3), 1 or 5mM DMN, and 1.15%
KCl to bring the volume to 2 ml. Systematic variation
of the concentrations of individual reactants in both
the supernatant fraction and microsomal assavs
indicated that reaction rates were optimized in both
cases.

The reactions were started by the addition of
supernatant fraction or microsomal suspension. The
amount of enzyme source and the time of incubation
were chosen to ensure linearity of reaction with time
and protein concentration: 0.25 or 0.5 ml of liver
supernatant fractions and 0.1 ml of microsome sus-
pension for 30 min. The incubations were carried
out at 37° with shaking at 90 strokes/min, in an
atmosphere of air. The reactions were terminated
by addition of 1.5 m! of cold 2.5% Zn(l:, followed
by 0.5 ml of cold 0.5 N NaOH. The precipitate was
removed by centrifugation (2200 r.p.m.. 20 min),
and the supernatant fraction was mixed with an equal
volume of Nash reagent [36]. After incubation in a
water bath at 58° for 12 min, the color was measured
at 413 nm. Formaldehyde standards were included
with each colorimetric determination. All assays
were carried out in duplicate. Formaldehyde added
to the reaction mixture in the absence of DMN was
recovered in yields of 93 £ 0.6 per cent (three deter-
minations), and experimental values were corrected
accordingly. The blanks used for determination of
background absorbancy consisted of all reaction
components except the NADPH-generating system,
incubated for the same period as the experimental
samples. Protein content was estimated by the
method of Lowry er al. [49] with bovine serum
albumin as the standard.

In one series of determinations, 800 g (10 min)
supernatant fractions were derived from 10% hom-
ogenates. The reaction flasks contained 5 mM DMN,
0.1 M phosphate buffer, and the other ingredients
used for assaying the 9000 g supernatant fraction
including nicotinic acid. Reaction rates were pro-
portional to time and protein concentration when
0.2-ml aliquots of the 800 g supernatant fraction were
incubated for 30 min.

Nuclei counts. Three C57BL/6 mice were injected
i.p. with Aroclor 1254 {500 mg/kg) or olive oil. After
96 hr, four pieces were cut at random from each liver
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and fixed in Bouin’s solution. Histological slides were
made of 7 um sections and stained with hematoxylin
and eosin. Photomicrographs were made at a mag-
nification of 350 times, and counts were taken of the
number of hepatocyte nuclei in a field of 0.150 mm®.
The counts from all treated or control liver sections
were averaged.

Statistical analysis. Control and experimental
animals were always assayed in parallel with equal
numbers of animals in each group. Day-to-day vari-
ation was greater than variation among triplicate
animals assayed on a given day, as has been often
observed for microsomal enzyme activities [S0].
Nevertheless, the differences between treated and
control mice, when observed, were consistent from
day to day. We, therefore, applied the F-test for
significance of difference between treated and con-
trol mice, using ‘within treatment, within day’ as the
measure of variation [51]. Experiments involving
data gathered on a single day were analyzed by
Student’s r-test.

RESULTS

Change in the amount of DMN demethylase per
cell is a relevant parameter in the assessment of the
effect of other xenobiotics on the cellular actions of
DMN. In order to ascertain whether activity
expressed, for convenience, on a per mg liver basis
provides an accurate indication of changes in activity
per cell, we determined the effect of Aroclor treat-
ment on the number of cells per unit area of liver.
The livers of PCB-treated mice had slightly, but
significantly, fewer nuclei per 0.15 mm? area than
control livers (Table 1), with very little variation
among triplicate animals. Aroclor-caused changes
in enzyme activity, therefore, would be somewhat
less when expressed per mg liver than when
expressed per cell, and the per mg liver mode of
data presentation gives a conservative estimation of
inductive effects.

DMN demethylase activity in the livers of Aroclor-
treated and control C57BL/6 mice was assayed with
5mM (Table 2) and 1 mM (Table 3) DMN. With
both concentrations of substrate, the isolated micro-

Table 1. Effect of treatment with Aroclor 1254 on hepatic
nuclei count in mice

Treatment Mean No. nuclei * S.D.
group* per 0.15 mm=+t
A 214 = 75(12)8
C 251 £ 20(10)

* Animals were injected i.p. with Aroclor 1254 (A,
500 mg/kg) or olive oil (C) 96 hr before being killed.

1 Adult C57BL/6 male mice (three treated and three
control) were used. Four pieces taken at random from each
liver were fixed in Bouin's solution and 7 um sections
prepared (H & E staining). Photographs were made of
0.15 mm? areas and the number of hepatocyte nuclei was
counted.

} Significantly lower than control value (P < 0.001, Stu-
dent’s t-test).

§ Number of counts made.
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somes from livers of control and treated mice had
40-60 per cent less DMN demethylase activity, com-
pared with that measured in the postmitochondrial
supernatant fractions of the same livers. The lower
activity in the isolated microsomes was not due to
the difference in assay reagents, since use of the
supernatant fraction assay reagents with isolated
microsomes resulted in a large decrease in activity
(data not shown). A concentration of 0.3 M phos-
phate buffer was found to be required for maximal
activity in the microsomes.

In the assays employing 5 mM DMN as substrate
(Table 2), Aroclor treatment resulted in a 3-fold
increase in DMN demethylase activity in the post-
mitochondrial supernatant fractions and in the
microsomes, when expressed per 100 mg liver. The
activity was also significantly greater after PCB treat-
ment when expressed per mg microsomal protein,
but, because of the Aroclor-induced increase in
microsomal protein, the difference between control
and experimental mice was less than this difference
when results were expressed per 100 mg liver.

With 1 mM DMN as substrate (Table 3), Aroclor
induction of DMN demethylase was also demon-
strated, when activity was expressed per 100 mg liver.
The apparent per cent increase was less than that
observed with 5 mM DMN, and there was no dif-
ference between control- and Aroclor-treated liver
activities in either supernatant fractions or micro-
somes, when expressed per mg microsomal protein.

The study of the effects of xenobiotics on hepatic
supernatant DMN demethylase assayed with 5 mM
DMN was extended to several other strains and to
another commonly used inducer, 3-methylcholan-
threne (Table 4). The enzyme was induced by the
PCBs in the livers of (C57BL/6 X BALB/c)F, and
Swiss~Webster mice, as expressed per 100 mg liver
OT per mg supernatant protein. Activities calculated
per mg microsomal protein were not significantly
different in control and treated mice. 3-Methyl-
cholanthrene treatment resulted in increased DMN
demethylase in the livers of the Fi hybrids and
increased activity per mg supernatant protein in the
livers of the C57BL/6 mice, but affected only liver
weight in the Swiss—~Webster mice.

Another variable examined was the inclusion of
the top lipid layer with the supernatant fraction. The
effects of this material were of interest in the light
of possible loss of enzymatic activity due to lipid
peroxidation. Inclusion of the lipid resulted in sig-
nificantly higher DMN demethylase activity (per
100 mg liver or per mg supernatant protein) in
Aroclor-treated, but not control, C57BL/6 livers
(Table 4).

In order to rule out the possibility that the differ-
ence between DMN demethylase activities in the
9000 g supernatant fractions of control vs treated
mice was due to greater loss of microsomes from the
control supernatant fraction during centrifugation,
assays were carried out with supernatant fraction
after centrifugation at 800g, which would be
expected to remove little microsomal material. DMN
(5 mM) demethylase activity in the 800 g supernatant
fractions from livers of Aroclor-treated C57BL/6
mice was 269.7 £ 49.5 (N = 3) nmoles formalde-
hyde/100 mg liver/30 min, compared with 99.8 + 27.5
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(N = 3} for controls (P < 0.001). These values are
similar to those listed in Table 2.

DISCUSSION

The results of our experiments lead to the con-
clusion that DMN demethylase, assayed with 1 or
5mM DMN, is induced in mouse livers by Aroclor
1254. This conclusion is at variance with that of
several other investigators who have reported either
repression by or no effect of PCBs on mouse tiver
DMN demethylase, assayed with 1-10 mM DMN
[S.6,32, 34]. There are at least two reasons for this
discrepancy: (1) most of these experiments were
done with isolated microsomes, and (2} results were
usually expressed in terms of amount of product per
mg microsomal protein.

Limitations of isolated microsomes for DMN
demethylase assay. Although isolated microsomes
represent a purified source of endoplasmic reticulum
enzymes. some of these enzymes, including DMN
demethylase. experience a large reduction in appar-
ent activity upon separation from the cytosol
[21,22,38]. Since the endoplasmic reticulum is
ordinarily in contact with the cytosol, the activity in
isolated microsomes must be regarded as abnormally
low, and not a true measure of in vivo activity. There
are several possible reasons for the lower apparent
activity in the microsomes, including destruction or
denaturation of the enzyme, alteration of the active
site, absence of an essential soluble cofactor, and/or
reduced effective substrate concentration due to
nonspecific binding on the microsomes. There is
considerable evidence [52-56] that reduced enzy-
matic activity in isolated microsomes is due, in part,
to lipid peroxidation. The soluble fraction may con-
tain substances that inhibit, and/or provide alter-
native substrates for, lipid peroxidation. The fact
that in our experiments inclusion of the lipid layer
of the supernatant fraction resulted in higher DMN
demethylase activity in induced preparations sug-
gests that this supernatant fraction component may
spare microsomal lipids by providing alternative sub-
strates for peroxidation.

Sipes ef al. [32], measuring DMN demethylase in
isolated microsomes from control and Aroclor 1254-
treated C57BL/6 male mice, observed that Aroclor
treatment reduced activity with | mM DMN and had
no effect with 10 mM DMN; activity was expressed
per mg microsomal protein. In our experiments
involving Aroclor treatment of the same type of
mouse, we found that DMN demethylase (per mg
microsomal protein) in isolated microsomes from
Aroclor-treated mouse liver did not change with
1 mM DMN and increased significantly with 5 mM
DMN, compared with controls. This discrepancy
may be due to the use of Tris buffer by Sipes er al.
Hutton et al. {47} have confirmed our observation
that DMN demethylase activity is higher when
assayed with phosphate buffer than Tris buffer.

Mode of expression of enzyme activiry. A second
source of confusion in interpretation of the effects

* L. M. Anderson, unpublished observation.

w2916

1381

of xenobiotic inducers relates to the mode of expres-
sion of enzyme activity. A significant increase in
microsomal protein content of mouse liver occurs
after treatment with inducers such as Aroclor 1254
[5.8.47]. Therefore, presentation of activity on a
per mg microsomal protein basis may not give an
accurate indication of changes in the absolute
amount in the cell of the particular enzyme protein
in question, which is what induction and repression
are presumed to entail [41-45]. Expression of activity
per mg microsomal protein, furthermore. does not
show changes in amounts or concentrations of
enzyme products in the cell, an important parameter
in analysis of toxic andfor carcinogenic effects.
Enzyme activity should be expressed on a per cell
basts, if induction or repression is to be demonstrated
conclusively, and if the cellular significance of
changes in enzyme activity is to be appreciated.
Changes in activity per mg microsomal protein are
also of interest in certain contexts and perhaps should
be given a special terminology. such as ‘specific
increase’ and “specific reduction’.

We have demonstrated that expression of enzyme
activity per g tissue is a conservative representation
of activity per cell. Treatment of mice with Aroclor
1254 resulted in a slight but significant reduction in
the number of cells per unit area of liver. A com-
parable decrease in DNA content per g occurs in the
livers of Sprague-Dawley male rats 96 hr after treat-
ment with 500 mg/kg Aroclor 1254.% Probably the
liver cells grow farger after PCB treatment, as veeurs
after exposure to phenobarbital [37]. Thus. induced
activity expressed on a per cell basis would be even
greater than that calculated per g liver,

Hutton et al. [47] reported no change in DNA per
g liver in mice following Aroclor 1254 treatment;
their practice of pooling data from eight inducible
and noninducible strains may have obscured a small
but significant effect such as we have observed. These
workers detected no inductive or repressive effect
of Aroclor 1254 on DMN demethylase per mg DNA
in C57BL/6 mouse liver; they emploved the post-
mitochondrial supernatant fraction and 1 mM DMN
as substrate. Their experiments were done with
female mice, which might be less responsive to
inducers than males. It might also be noted that their
mouse livers were frozen at —70° before use: frozen
storage has been shown to result in a greater loss of
DMN demethylase activity from Aroclor-induced
microsomes than from control preparations [38].

In conclusion. investigators should consider care-
fully the type of tissue preparation used for assay of
DMN demethylase and perhaps other microsomal
enzymes, in the light of the lowered activity in iso-
lated microsomes. The mode of expression of the
results should also be thoughtfully chosen. depend-
ing on the purpose of the experiment. Where changes
in the composition of the endoplasmic reticulum are
of primary interest. enzyme activity should be
expressed per mg microsomal protein, Where the
results arc relevant to toxicity or carcinogenicity,
data should be expressed per cell. per g DNA. or
per g tissue. Our findings. analvzed in accordance
with these considerations. indicate induction. not
repression, of DMN demethylase in mouse liver by
PCBs. even when assaved with a low concentration
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of DMN. Data relevant to the effect of inducers on
the carcinogenicity of DMN (e.g. Refs. 7. 8 and 39).
mutagenicity (e.g. Refs. 12 and 15) and toxicity (e.g.
Refs. 20 and 33) should be evaluated with these
considerations in mind.

The inductive effect of Aroclor in our experiments
was greater when the DMN demethylase was assayed
with 5 mM, compared with 1 mM. substrate. While
this difference may reflect the operation of two
isoenzymes of DMN demethylase of differing indu-
cibility, as postulated by Arcos er al. [S]. other
explanations are possible. Induced microsomal prep-
arations might be differentially sensitive. compared
to controls, to loss of activity in a process influenced
by substrate concentration, for example. lipid per-
oxidation. Lipid peroxidation. which increases in
liver after phencbarbital treatment [60,61]. is
reduced by substrates for NADPH-dependent oxi-
dation [62. 63]. The proposed isoenzymes of DMN
demethylase must be isolated for their existence to
be demonstrated conclusively.
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