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ABSTRACT:

In a study of the metabolism, disposition, and hepatotoxicity of the

environmental carcinogen N-nitrosodimethylamine (NDMA), as a

function of dose in the drinking water and of concomitant adminis-

tration of ethanol, outbred Swiss mice were given NDMA for 1-4

weeks at levels of 50-0.5 ppm, with or without 10, 20, or 30% ethanol.
NDMA, assayed in blood, liver, kidney, lung, and brain by thermal

energy analysis after methylene chloride extraction, was detectable

(>0.5 ppb) in tissues of the mice after all doses of NDMA. The 0.5-
ppm dose yielded tissue levels of NDMA (1-4 ppb) near the detection

limit of 0.5 ppb; this was also found to be the minimal concentration

causing significant numbers of lung tumors in strain A mice after

treatment for 16-18 weeks. Co-administration of ethanol caused an

increase in blood and tissue levels of NDMA at all levels of both

chemicals, often by a factor of 10 or more. Ethanol also partially

alleviated the morphological hepatotoxic eftects of NDMA at 50 ppm

(centrilobular hemorrhage and necrosis). These results are consist-
ent with competitive inhibition of metabolic activation of NDMA by

ethanol. Ten per cent ethanol did not induce liver NDMA demethylase

activity significantly and did not prevent loss of this activity from the

livers of mice receiving 5-50 ppm NDMA. Thus, inhibition, rather than
induction, of NDMA metabolism was the predominant effect of

ethanol, with increased levels of NDMA in blood and other tissues
as a consequence.

The potent carcinogen NDMA’ is present in a variety of
human contact sources ( 1 ). Furthermore, low levels of NDMA,
usually in the 0. l-l-ppb range, have been reported in human
blood and urine (2-8). Since the meaning ofthese human blood

NDMA levels for cancer risk is of interest, we have measured
amounts of NDMA in blood and other tissues of mice exposed
chronically to various concentrations of NDMA in drinking
water or liquid diet, and correlated these values with incidence

oftumors in the lung.

A second objective of the study was examination of the effect
of chronic co-administration of ethanol on tissue levels and
hepatotoxicity of chronic NDMA, of concern because of the

occurrence of NDMA in some alcoholic beverages ( 1 ), frequent

concomitant exposure ofhumans to nitrosamine-containing cig-

arette smoke along with ethanol, etc. Studies in rodents of the

biological interactions of ethanol and NDMA, as related to

carcinogenicity and toxicity, have revealed that this and other

alcohols have complex effects on the metabolism, pharmacoki-
netics, and biological effectiveness of NDMA and other nitrosa-

mines. When present simultaneously with NDMA, ethanol in-

hibits its metabolism by oxidative pathways, in vito (9, 10), in

perfused liver ( I 1 ), in intact liver cells in vitro ( 12), in liver slices
(1 3), and in cell-free preparations of microsomes (14, 15). The
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I Abbreviation used is: NOMA, N-nitrosodimethylamine.

inhibition is competitive in nature (14, 15). Conversely, chronic

treatment ofanimals with ethanol results in induction ofthe low
K,,, form of NDMA demethylase (14-16). With regard to the

biological consequences of these effects of ethanol, liver cells or

microsomes from rats pretreated with ethanol were more effec-

tive than controls in catalyzing mutagenesis or DNA damage by

nitrosamines in vitro ( I 7-20), but similar effects were not seen
in vivo (19, 2 1). Pretreatment of rats with isopropanol 24 hr

before NDMA led to potentiation ofhepatotoxicity (22), whereas

rats given ethanol in a liquid diet for 3 weeks before NDMA

experienced a reduction in hepatotoxicity compared to controls

(23). Effects on neoplasia are similarly complex. Ethanol given

simultaneously with N-nitrosodiethylamine or N-nitrosomor-

pholine caused an increase in number and size of preneoplastic

liver foci (24), but ethanol given simultaneously with various

nitrosamines reduced the numbers ofliver tumors (25-28), some-

times with a concomitant increase in tumors of distal targets

such as esophagus (26) or nose (28). Ethanol administered with

N-nitrosonornicotine to rats resulted in fewer esophageal but
more nasal cavity tumors than in rats given the carcinogen alone

(29).

No studies have been reported on the short-term toxic effects

ofethanol given continuously and simultaneously with NDMA,

even though this is presumably an exposure mode commonly

encountered by the human. Under these conditions, both induc-

tion and competitive inhibition of NDMA demethylase would

be possible, and either action could influence the activation and/

or detoxification of the chemical. The nature of the biological
phenomena resolving from this complexity of possibilities re-

quired empirical determination. In the experiments reported

here, we inquired as to whether co-treatment with ethanol during
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TABLE 1

Lung lumorigenesis in strain .4 mice b.i’ 500 ppb NDMA

Forestomach
Average No.

Treatment Tumor Bearers! ofTumors Papillomas:
Expt. Diet Time Total Tumor Bearers!Treatment

(±SD) Total

weeks

1: A/i mice Purina 5002 12 NDMA 8/49 0.16 ± 0.37 7/49
Control 8/50 0. 16 ± 0.37 7/50

14 NDMA 14/50 0.28 ± 0.45 12/50

Control 8/49 0. 18 ± 0.44 8/49

16 NDMA 23/50” 0.48 ± 054h 10/50

Control l0/50� 0.22 ± 0.46h 9/50

2: A/iCr mice Purina 5002 18 NDMA 27/99a 0.33 ± 0.61 NCC

Control 18/100” 0.20 ± 0.45 NC

Purina 5015 18 NDMA 33/l00� 0.43 ± 0.70h NC
Control 17/ l00� 0. 18 ± 0.4 1h NC

(1 Significant differences between NDMA-treated and control mice, p < 0.01. x2 test.
I, Significant difference. p < 0.05 or better. Student�s t test.

( NC. not counted.

TABLE 2

Ef/ects ()/50 pJ)lfl NDit’I.l in the drinking water: water consumption. bodt’ weights, NDAIA demet/iviase. and pathological c/lange

Pathological Change
Exposure Average Water Average Body NDMA (average score)

Treatment
Time Consumption Weight Demethylase

Gross Histological

�i’(’(’kS Fill g now! C1120/,ng
protein/20 nun

1 None 3.6 ± 0.6 (4)U 26.2 ± 1.7 (l0)� NDh 0 ND
10% EtOH 4.5 ± 0.4 (4) 26.8 ± 1.9 (10) ND 0 ND

50 ppm NDMA 2.4 ± 0.1 (4) 23.4 ± 1.9 (20) 1.0 ± 0.7 (6)’ 0.8 3.0

NDMA + EtOH 2.6 ± 0.3 (4) 22.4 ± 2.4 (20) 2.0 ± 1 .0 (6) 0 0

2 None 4.0 ± 0.3 (4) 26.8 ± 1.5 (10) ND 0 0

10% EtOH 4.0 ± 0.8 (4) 25.9 ± 1.9 (10) ND 0 0

50 ppm NDMA 2.3 ± 0.6 (4) 24.6 ± 2.3 (20)” 1.8 ± 0.7 (6) 2.2 2.0
NDMA + EtOH I .9 ± 0.4 (4) 20. 1 ± 2.3 (70)d 1.6 ± 0.8 (6) 0.2 1.7

4 None 4.9 ± 1.7 (4) 27.9 ± 1.7 (10) ND 0 0
10% EtOH 2.9 ± 0.3 (4) 28.6 ± 1.7 (10) ND 0 0
50 ppm NDMA 2.5 ± 0.6 (4) 24.6 ± 2.3 (10)” 0.9 ± 0.6 (6)’ 2.0 2.1
NDMA + EtOH 1.8 ± 0.3 (4) 22.4 ± 2.0 (10)” 0.5 ± 0.4 (6)’ 0 1.1

. (1 All values are ± standard deviation. Numbers in parentheses are numbers of determinations.

I, ND. not done.

( Significantly different from value in untreated mice, 2.4 ± 1.0 (N = 7), p < 0.05, t test.

‘I Values with and without ethanol significantly different. p < 0.0 1. t test.

exposure of mice to a low but tumorigenic dose of NDMA in
the drinking water, or to a high, hepatotoxic dose of this agent,
would influence expression of hepatotoxicity or levels of NDMA
demethylase in the liver and, concomitantly, circulating levels of

NDMA in the blood and in organs distal to the liver.

Materials and Methods

Lung Tumorigenesis Assay. Male strain A/J mice from the Jackson
Laboratory, Bar Harbor. ME (experiment 1) or A/JCr from the Animal
Production area of the Frederick Cancer Research Facility (experiment
2) were housed in plastic cages with hardwood shavings as bedding at 24
± 2#{176}C.40-60% humidity, and with a I 2-hr fluorescent light/dark cycle.
Solutions of 500 ppb NDMA (Aldrich Chemical Co.) were diluted daily
in distilled water from a stock solution of 10 ppm NDMA: the latter was
kept at 4C in the dark and prepared monthly. The drinking water

solutions of NDMA were contained in amber bottles. All bottles and
sipper tubes were rinsed with distilled water before use. Control animals
received distilled water. The concentration ofthe chemical was confirmed

by chemical analysis (extraction with methylene chloride followed by

measurement by gas chromatography).

In experiment I. the mice were fed Purina Certified Rodent Chow

(#5002). Treatment was started at 4 weeks of age and continued for 12.

14, or 16 weeks. For experiment 2. two diets were formulated by the

Ralston Purina Company to be of defined composition with regard to
essential nutrients, so that these could be reproducibly manufactured if

desired. One of these was similar to Chow 5002, as used in experiment

1. The other was similar to Purina Mouse Chow 5015, a high fat, low

fiber diet. Treatment was started at 4 weeks of age and continued for 18
weeks. Lungs and stomachs were fixed in Bouin’s solution and were

examined under a dissecting microscope for tumors. Lungs were exam-

med grossly and after hand-sectioning into 1-mm slices. Any questionable

lesions were subjected to histological verification (7-�zm sections, hema-

toxylin and eosin staining). Statistical analyses included the x2 test for

differences in percentages of tumor-bearing mice and the two-tailed

Student’s t test for differences in average number of tumors per mouse.
Subchronic Exposure of Mice. Outhred Swiss Cr:NIH(s) specific path-

ogen-free mice were obtained from Animal Production, National Cancer

lnstitute-Frederick Cancer Research Facility. Frederick. MD. Female
mice were used except where specified in the tables. They were housed

in polycarbonate cages with wire inserts and fed NIH autoclavable diet
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31. Environmental conditions included a temperature of 25 ± 2’C.

humidity ofSO ± l0�. and 12 changes ofroom air/hr. Fluorescent lights

were automatically timed at 12 hr on/12 hr off. Treatment was started

when the mice were 5 weeks of age. Drinking water was shielded from

room lighting with aluminum foil and was changed and measured twice

weekly. NDMA (Sigma Chemical Co.) and ethanol (95%. U. S. Industrial

Chemicals) were diluted with deionized water.

At kill. blood was collected after decapitation into cryotubes contain-

ing a few crystals ofascorhic acid and 50 units ofammonium heparin.

The carcass was placed on ice and the livers. kidneys. lungs. and brains

were quickly removed to cryotubes. The tissues were frozen in liquid

nitrogen and stored at -20’C until analyzed. In some experiments
sections of liver were fixed in l0c� formalin for histopathology. Portions

of liver to be analyzed for content of NDMA demethylase activity were

stored at -80’C prior to analysis.
Gross pathology was estimated semiquantitatively at kill by scoring

on the basis of 0-3 [0 = normal: 1 = focal change in liver appearance

and/or slight peritoneal fluid: 2 = general liver change (pits. yellowing.

or darkening) and/or moderate peritoneal fluid: 3 = pronounced change
in liver morphology and extensive peritoneal fluid]. Similarly. histopath-

ological change was estimated semiquantitatively on a basis ofO-4 (0 =

normal or minimal focal change: 1 = minimal centrilobular hemorrhage:

2 = mild centrilobular hemorrhage: 3 = moderate centrilobular hemor-

rhage with focal necrosis: 4 = moderate centrilobular hemorrhage with
massive necrosis).

In order to assess the effects of ethanol on tissue levels of NDMA
under conditions ofcontrolled nutrition, Lieber-DeCarli Liquidiets were

employed (BioServ. Inc.. Frenchtown. NJ). Weanling female mice were

allowed to become accustomed to the diet for 5 weeks. until their weights

stabilized. The mice were then divided into two groups and those of one
group were offered diet with gradually increasing amounts of ethanol.
according to the instructions of the supplier. The mice accepted the
ethanol-containing diet only poorly. After an additional 6 weeks of
attempted accommodation to the diet. it was decided to carry out the

experiment with two-thirds of the recommended ethanol level (4.3% of
the diet. 24% of total calories). NDMA was included in both ethanol
and control diets at 10 ppm. and the mice were pair-fed for 2 weeks so
that mice were given NDMA-control diet in amounts equal to that

consumed by the mice given NDMA-ethanol diet.

Estimation of Tissue Content of NDMA. The amount of NDMA in

the samples of blood and other organs (pooled from 5-10 mice) was
estimated by methylene chloride extraction-thermal energy analysis as

described previously (30). The limit of detection of NDMA by this

procedure was 0.5-I ppb, depending on the amount ofstarting material.
Water blanks and tissues from control mice were repeatedly assayed and

did not contain measurable levels of NDMA (<0.5 ppb).

Assay of NDMA N-Demethylase. N-Demethylase activity toward

NDMA was measured using 9000g supernatants prepared from homog-

enates of samples of frozen liver as described previously (3 1 ). The
incubation mixture contained 0.5 �imol ofNADP. 10 Mmol ofglucose 6-

phosphate. 10 Mmol of MgCI2. 8 Mmol of nicotinic acid. 20 Mmol of

semicarbazide hydrochloride. 0.2 mM NDMA. and supernatant from 50
mg ofliver in a total of2 ml of0.l M potassium phosphate buffer. pH

7.3. Blanks contained all reagents except the NADPH-generating system
(NADP. glucose 6-phosphate, and nicotinic acid). After incubation for

20 mm. the reaction was stopped by addition of 1.5 ml of cold 2.5%
ZnCI2 and 0.5 ml of 0.5 N NaOH. After centrifugation, formaldehyde
was determined by the Nash reaction (32). The amount of protein was

estimated by the method of Lowry et at. (33). Under these conditions.

rate of formation of formaldehyde was linear with time and amount of

supernatant protein.

Results

Tumorigenesis by 500 ppb NDMA. These experiments were
designed to test whether a significant increase in lung tumors
could be reproducibly obtained after exposure of male strain A

mice to 500 ppb NDMA in the drinking water for 16-I 8 weeks

as previously reported (34). The results presented in table 1

answer this question affirmatively: in three separate trials involv-
ing strain A mice from different sources and fed widely differing

TABLE 3

( OfllL’?lt of NJJtl.l in tis.sl a’s of ,nict’ s�it’c’,i 50 pjn�i N1)%f.1 ivit/l or wit/lola ethanol

Exposure Time Treatment
NDMA Content

Blood Liver Kidney Lung Brain

it(,(,/..S p1)/u

I NDMA

NDMA+EtOH
30

64

4

7

21

54

27

51

27

66

2 NDMA

NDMA + EtOH

12

175

4

45

7

203

4

171

6

204

4 NDMA

NDMA + EtOH

65

218

6

72

51

64

38

444

32

182
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.
Expt.

la(males)

NDMA
Treatment

P1)1)1

5

5

Ethanol

30%

Average Water
.

Consumption

in//niouice/dat

3.8±0.7

4.7 ± 1.1

Average Body
.

Weight

g

25.4± 1.9

20.1 ± 2.7

NDMA Content

BlOOd

1

22

Liver

0.6

<0.5

Kidney

pph

<0.5

25

Lung

<0.5

20

Brain

<0.5

18

lb (females) 5

5 30%

4.2 ± 0.7

4.7±0.4

19.2 ± 1.5

17.6± 1.7

4

26

<0.5

2

<0.5

25

<0.5

29

0.7

19

2 (females) 5
10%

20%

3.9 ± 0.7

4.5± 1.1

4.2± 1.5

5.4 ± 1.2

20.5 ± 2.1

20.5± 1.9

20.7±4.3

22.5 ± 2.0

0.6,2h

4,12h

<05,2h

3.2h

<0.5

3

<0�5

4

2

13

<0.5

2

<0.5

5

4

4

<0.5

11

1

2
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Fl;. 2. Liverfro,n a �nouse that had received 50 ppm and 10% (‘(hanoI

in 1/ic drinking uiaterfor I uveek, utit/i iiorinal appearame.

H & E. x 100.

diets, exposure to 500 ppb NDMA resulted in significant in-
creases in incidences of lung tumors compared with controls. In

experiment 1 it was found that 16 weeks of exposure was the
minimum time required for a significant difference to be mani-

fested. The strain A mice obtained from the Frederick Cancer
Research Facility Animal Production Area, experiment 2, exhib-
ited somewhat fewer tumors after NDMA treatment than did
those in experiment 1 . In spite of the large differences in diet
composition for the two groups in experiment 2, resulting in

those given the 5002 diet weighing on average 19% less and

drinking 34% more than those given the 501 5 diet (both differ-

ences significant; data not shown), the diet composition did not

significantly affect the incidences of lung tumors in the control
or NDMA-treated mice.

Forestomach papillomas were counted in experiment 1 as a

possibly useful indicator of tumorigenesis. The incidences of

these tumors were not treatment related (table 1).
Effects of Subchronic Administration of 50 ppm NDMA with

and without Ethanol. In order to test whether exposure to a high,
hepatotoxic dose of NDMA would result in measurable tissue
levels of NDMA, and whether this level might be influenced by

the simultaneous presence of ethanol, mice were given 50 ppm
NDMA with or without 10% ethanol for 1 , 2, or 4 weeks. The

NDMA was clearly hepatotoxic, as expected, giving clear gross
and histopathological signs of centrilobular liver damage and

leading to a decline in liver NDMA N-demethylase activity

between 1 and 4 weeks of exposure (table 2, fig. 1). NDMA was

measurable in blood and all organ samples (table 3). Inclusion
of 10% ethanol alone in the drinking water had no effect on
water consumption, body weight, or liver histopathology (table

2). However, the ethanol significantly affected the interactions
of NDMA with liver. The mice who received ethanol along with
the NDMA experienced noticeably less liver damage, as indicated

by both gross appearance and histopathology, especially after 1

or 4 weeks (figs. I and 2). Furthermore, the amounts of NDMA

recovered from blood and organs were consistently greater, by

factors of 2-40, in the mice given ethanol as well, at all three
time points (table 3).

Subchronic Administration of Low Doses of NDMA with and
without Ethanol. In male and female mice given 5 ppm NDMA

in the drinking water for 2 weeks, low levels (1-4 ppb) of NDMA
were detected in the blood samples and in one sample each of

liver and brain (table 4). Co-treatment with 30% ethanol resulted

in a dramatic increase in amounts of the NDMA in blood and

organs, to about 20 ppb in most cases; livers, especially of the
treated males, were the only exception to this pattern. Similar

results were obtained in experiment 2 (table 4) when 10% ethanol
was used. In this case the amounts of NDMA appearing in the

blood and tissues of the mice co-treated with ethanol were less
than after 30% ethanol, indicating dose dependency of the effect
of ethanol. In experiment 3 of this series, a dose of 0.5 ppm
NDMA was given with or without 20% ethanol. In the absence

of ethanol, NDMA was detected at low levels in half of the
samples analyzed. When ethanol was present, all samples con-
tamed NDMA at a rather uniform concentration of about 2-4
ppb.

TABLE 4

3 (females)

5

0.5
_____________________ 0.5

(1 Values are ± standard deviation.
h Duplicate samples were analyzed.
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TABLE 5

Tissue levels ofNDMA in mice pa ir-fed liquid diet coma ining NDM A with or without ethanol

Treatment
No. of
Mice

Average Body
WeightS

g

Average Amount
Consumed�

mi/mouse/day

NDMA Content

Blood Liver Kidney

ppb

Lung Brain

10 ppm NDMA 20 19.4 ± 2.2 5.4 ± 1.2 <1 <1 2 <1 <1

IOppmNDMA+4% 14 19.8± 1.5 5.4± 1.2 5 16 12 7 10

ethanol

a Average at end of 2-week exposure period. Values are ± standard deviation.

TABLE 6

NDMA demethylase activity in livers ofmice given various
concentrations ofNDMA in the drinking waler with or without 10%

ethanol

NDMA
Concentration

Ethanol
(10%)

Water
Consumption”

Average
��Jy Weight

nmol of
Formaldehyde!
mg of Protein!

20 mm

ppm mi/mouse/day g

0 -

+

4.3 .

6.3
20.0± 18h

18.5 ± 1.8
3.1 ± l.6b(N=5)

3.9 ± 1.5 (N= 5)

1 -

+

6.0
5.5

18.6 ± 2.2
20.1 ± 1.1

4. 1 ± 0.8 (N = 4)

4.4 ± 1.8 (N= 5)

5 -

+

5.7

4.3

20.5 ± 1.4
18.3± 1.6

1.3 ± 1.1 (N= 4)

1.1 ±0.5�(N=4)

20 -

+

4.3

4.0
20.9± 1.4

20.8± 1.5

3.8±0.7(N=4)

3.3±0.7(N=5)

50 -

+

3.0
2.7

22.0±2.2

19.9 ± 0.8
1.7± l.0(N=4)

0.8 ± #{216}7C(N = 4)

U Average amount consumed per mouse for the 4 days prior to kill.
h Values are ± standard deviation.
C Significantly less than the value for mice given ethanol only, p <

0.0 1 . Student’s t test.

Effects of Ethanol on NDMA Tissue Levels in Mice Pair-Fed
a Liquid Diet. In order to ascertain whether the effects of ethanol
in the drinking water might be due to nutritional differences
between these mice and those not receiving ethanol, two groups

of mice were pair-fed a liquid diet containing 10 ppm NDMA
with or without 4% ethanol. Inclusion of ethanol resulted in the
appearance ofsignificant levels of NDMA in all tissues sampled,
whereas, in the absence ofethanol, NDMA was detected at a low
level only in kidney (table 5).

NDMA Demethylase Activity in Livers of Mice Given Various

Doses of NDMA with or without Ethanol. The results presented
in table 2 suggested that 10% ethanol in the drinking water had
little inductive effect on NDMA demethylase activity in the
presence of 50 ppm NDMA, and that chronic treatment with
this high dose of NDMA resulted in a loss of enzyme activity.
These findings were confirmed in the more detailed experiment
presented in table 6. Treatment with 10% ethanol alone for 2
weeks resulted in only a small, insignificant increase in NDMA

demethylase activity, compared with controls. Levels of enzyme

activity decreased in the mice given 5 or 50 ppm NDMA,
significantly so in those receiving ethanol also. Lack of a similar
decrease in those given 20 ppm NDMA may have been related
in part to reduction in water consumption at the higher doses of
chemical (an average of 4.3 ml/day compared with 5.7 ml/day
for the mice given 5 ppm NDMA).

Discussion

In a previous investigation it was found that exposure of male
strain A mice from the Jackson Laboratories to 500 ppb NDMA

for 16 weeks resulted in lung tumors in 44%, compared with 8%
of controls; increases in lung tumor incidence with lower doses
of NDMA were not of statistical significance (34). The findings
of the present study are in good agreement: 500 ppb NDMA for
16 weeks yielded lung tumors in 48% of the mice from Jackson
Laboratories. The results further showed that a significant effect

of 500 ppb NDMA can be demonstrated with a different sub-

strain of A mice and with different diets. Thus, 500 ppb NDMA

may be the lowest level that gives an easily measurable tumori-

genic effect in adult strain A mouse lung, but it does so repro-

ducibly. It is of considerable interest that this was also a mini-

mally effective concentration, in our subchronic trials, in giving

rise to detectable levels of NDMA in mouse blood and other

organs. In mice given 500 ppb NDMA for 2 weeks, about half
of the tissue sample assayed had measurable NDMA, in the low

ppb range. Although great caution must be employed in extrap-
olating from mice to man, these results suggest consideration of
the possibility that humans with blood levels of 0. 1-1 ppb
NDMA may be at risk of tumor initiation in genetically sensitive
peripheral target organs.

At 500 ppb and at all higher doses, inclusion of ethanol in the

drinking water led to consistent increases in the amounts of
NDMA in the blood and other organs. Although there was

quantitative variation, as might be expected in an experiment
where the chemical dose was received in the drinking water, the

differences in NDMA levels with and without ethanol were in
many casesofconsiderable magnitude. The obvious explanation

for this effect of ethanol is competitive inhibition of the metab-
olism of NDMA, as reported by other workers (9-15). This
inhibition, causing a reduction in the rate of formation of cyto-

toxic metabolites, probably also accounts for the alleviation of
morphologically apparent hepatotoxic effects of NDMA as well.

The ethanol did not, however, prevent the loss in NDMA de-

methylase activity caused by the higher doses of NDMA but, in
fact, seemed to contribute to this loss. Although ethanol is an
inducer of NDMA demethylase activity in rats after administra-

tion in drinking water (14, 18), at most, only a small inductive

effect was seen in our Swiss mice. Inhibition of NDMA metab-

olism was clearly the dominant action.
In studies employing ethanol in the drinking water, the argu-

ment may be raised that the observed effects are due to nutri-
tional imbalance secondary to ethanol consumption, rather than
the chemical itself; pair-feeding of liquid diets is thus recom-
mended (35). In our experiments the Lieber-DeCarli diet, for-

mulated for rats, was not very successful. Consumption by the
mice was poor, especially after addition ofethanol. Nevertheless,

the experiment confirmed that the observed effects ofethanol on
blood and organ content of NDMA were due directly to the
ethanol and not to nutritional differences, since both groups
consumed the same amount of nutritionally equivalent diet.
Other workers have similarly found that administration of
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ethanol in the drinking water is a sound experimental approach

(36).

In sum, chronic co-treatment of mice with ethanol, along with
NDMA, resulted in a lowering ofone hepatotoxic effect ofa high

dose of NDMA, centrilobular necrosis, but enhancement of
another effect, destruction of NDMA demethylase activity. At
all doses the ethanol resulted in marked increases in circulating
levels of NDMA. The contribution ofthis effect to tumorigenesis

by low doses of NDMA in peripheral target organs will be an
interesting subject for future experiments.
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