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SUMMARY: Chronic ethanol consumption causes a DNA repair deficiency. 
This was demonstrated in Sprague-Dawley rats injected with 14C-labeled 
dimethylnitrosamine after being pair-fed isocaloric, ethanol, or 
carbohydrate control diets for 4 weeks. Hepatic DNA was isolated from rats 
killed at intervals over a 36 hour period after administration of the 
nitrosamine and concentrations of alkylated guanine derivatives were 
measured. While N7-methylguanine was lost at equivalent rates from the DNA 
of both diet groups, 06methylguanine, a promutagenic lesion, persisted at 
higher levels for longer periods of time in the DNA from the alcohol-fed 
animals. © 1988 Academic Press, Inc. 

Chronic alcohol consumption is associated with an increased risk of 

cancers in humans (for example, see 1-8). At present, it is not known how 

ethanol causes increased cancers, but it is generally assumed that ethanol 

per se is not a carcinogen and, therefore, ethanol effects need be 

explained in terms of its modifying the effects of other carcinogens. 

Ethanol is known to induce the enzymes of the microsomal P-450 cytochrome 

system (9) that metabolize and activate carcinogens into reactive 

intermediates (i0,ii). It has been assumed, therefore, that ethanol would 

increase the intermediates that react with DNA and thereby cause an 

increase in the putative mutagenic/carcinogenic lesions. 

In order to determine if ethanol would cause an increase in mutagenic/ 

carcinogenic lesions, we used dimethylnitrosamine (DMN), a potent 

hepatocarcinogen that alkylates DNA (12-14). The DNA base guanine is the 
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main target of alkylation and N7-methylguanine (7meG) is the major product 

of this alkylation induced by DMN (15,16). However while 7meG has normal 
6 base pairing properties and is not mutagenic, 0 methylguanine (06meG), 

a minor alkylated product formed at levels of 1 to 10% of 7meG, mispairs 

(17,18) and the formation and persistence of this base has been correlated 

with the mutagenic and carcinogenic properties of DMN (19-24). We wanted 

to determine the effect of ethanol on the formation and persistence of 

these DNA lesions resulting from treating experimental rats with DMN. 

MATERLa.LS AND METHODS 

Chemicals. Radioactively labeled di-14C-methylnitrosamine (14C-D~) 
was purchased from Amersham Radiochemicals; it was diluted with unlabeled 
DMN purchased from Aldrich Chemicals. Small quantities of the 
radiochemical were obtained for treating animals and it was properly 
sealed, stored, and handled only when used; all instructions of the 
Radiation Control and Safety Division were adhered to for use and disposal 
of the radioactive material. Aquasol NEF934 used for radioactivity 
counting was purchased from New England Nuclear. 

All other chemicals were purchased from Sigma Chemical Company. 

Animals and their treatment. Male Sprague-Dawley rats weighing 
125-150 gram were obtained from the animal facility maintained at the 
Veterans Administration Medical Center in Bronx, New York. The 
experimental rats were pair-fed nutritionally adequate, isocaloric liquid 
diet; part of carbohydrates of the control diet was substituted with 
ethanol for ethanol-consuming rats such that ethanol constituted 36% of the 
total caloric intake (25,26). The rats were fed control or isocaloric 
ethanol diet for four weeks. After an overnight fast, the animals were 
injected i.p. with a single dose of 14C-D~ in 0.9% (w/v) NaCI at the 
rate of 1.5 mg (3.70 mCi/mmol)/kg, i0 mg (0.62 mCi/mmol)/kg and 25 mg 
(0.25 mCi/mmol)/kg body weight (using 14C-DMN, 12 mCi/mmol which had been 
diluted with unlabeled Db~$). The animals were killed at different time 
intervals over a 36 hr period and during this time they were provided with 
an adequate amount of carbohydrate control diet. 

Isolation of hepatic DNA. Livers of treated animals were excised, 
homogenized, and their DNA isolated by phenol extraction according to the 
procedure of Margison and Kleihues (20). Contaminating RNAs were removed 
by digestion with a combination of pancreatic and T1 ribonucleases 
(0.2 mg/ml of each). Following this, DNA was precipitated with 
ethoxyethanol, air dried, and resuspended in 2 ml of water. The final 
concentration of the DNA preparations ranged from 2-3 mg/ml and RNA 
contamination was estimated at less than 0.2% of the total DNA as 
determined by residual counts of 32p-labeled RNA added as a marker to 
sample liver homogenates. 

Determination of methylated and unmethylated DNA bases. The 
concentrations of 06meg and 7meg relative to guanine were determined as 
described by Montesano et al. (27). In essence, the DNA samples were 
hydrolyzed with 0.i M HCI at 37°C for 16 h and the liberated purines were 
separated by chromatography on Sephadex G-10 columns. One hundred forty 
fractions of 5 ml each were collected and the concentrations of guanine and 
adenine in each sample were determined by absorbance at 160 nm. Ten ml of 
Aquasol NEF934 then was added to each sample and the concentrations of 7meg 
and 06meg were determined by radioactivity counting in a Beckman LS9000 
scintillation counter. Sufficient DNA was used to produce at least i00 cpm 
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above background in the 06meG peak. The elution positions of the 
isolated bases from the Sephadex columns were verified by reference to 
known standards. The ratio of adenine to guanine in the hydrolyzates was 

1.4 and corresponded to that expected for rat DNA. 

RESULTS 

Hepatic DNA was isolated from Sprague Dawley rats that were 

administered ethanol for four weeks, treated with a single dose of DMN at 

the rate of 1.5 mg, i0 mg and 25 mg/kg and killed at various intervals 

after DMN administration. The hepatic DNA was then subjected to 

chromatographic separation on Sephadex G-10 as described above. The data 

on the levels of methylated guanines 7meG and 06meG, expressed as moles 

relative to guanine are presented in Fig. i. Since 7meG is the major 

alkylation product of the reaction of D~,~ with DNA, the levels of 7meg 

correspond to total alkylation of DNA. The results (panels A, C and E) 

indicate that at the higher doses of 25 mg/kg and i0 mg/kg DNA was 

maximally alkylated by 12 hr after D~ administration, whereas at the 

1.5 mg/kg dose maximum alkylation had occurred by 4 hr. However, the data 

do not indicate any consistent or significant differences in the initial or 

maximal 7meG levels in DNA obtained from ethanol consuming animals when 

compared to their controls. Following the maximal alkylation, a loss in 

7meG levels is observed at subsequent time points: the loss of 7meg in the 

two diet groups also does not appear significantly different. 

The levels of 06meg as moles relative to guanine are shown in panels 

B, D and F of Fig. i. Conforming to the data for 7meG, the higher doses of 

25 mg/kg and i0 mg/kg produced maximum 06meg levels at 12 hr while with 

the 1.5 mg/kg dose maximum 06meg levels were observed by 4 hr. Here 

again, there were no consistent differences in the initial or maximum 

levels of 06meG achieved in the DNA from ethanol-consuming versus 

control-diet rats. However, whereas subsequent to maximum alkylation there 

was no significant difference in the level of 7meG from the two diet groups 

as discussed above, consistently larger amounts of 06meG persisted in DNA 

from the rats that consumed ethanol. With the 1.5 mg/kg DMN dose there was 

no detectable loss of 06meG from DNA of the ethanol-diet animals over the 

36 hr observation period, while about 80% of the initial 06meg had been 

removed from DNA of the control rats by this time. At the i0 mg/kg and 

25 mg/kg DMN doses, the levels of 06meG persisting at 12 hr in DNA of 

ethanol-diet animals were about 1.5 to 2 times that of the controls and 

these differences were still evident at 36 hr. In contrast to 06meG, 

7meG was lost at approximately the same rate from DNA of both diet groups 

(panels A, C and E). 

The greater relative persistence of 06meg in DNA of the ethanol-fed 

animals is shown more clearly when plotted as the ratio of 06meG relative 
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Figure i. Time course of the formation and loss of 7-methylguanine and 
06-methylguanlne from hepatic DNA of rats which had been 
maintained on an ethanol-containing ( • ) or control diet ( O ). 
The animals were injected at 0 hr with 14C-labeled 
dimethylnitrosamine at doses of 25 mg/kg (A,B); i0 mg/kg (C,D), 
and 1.5 mg/kg (E,F). The purlnes were liberated from isolated 
DNA by acid hydrolysis and separated by chromatography on 
Sephandex G-10 columns. The concentrations of the alkylated 
bases were calculated from the initial specific activities of the 
DMN and the guanine concentrations were determined 
spectrophotometrically (27). Each point represents a pair of 
animals. 

to 7meG for DNAs from the two groups of rats. The results, as depicted in 

Fig. 2, show that the ratio of 06meG to 7meG increased from approximately 

1 to 3-4 times that level in alcohol-fed animals compared to their controls 

during 4 to 36 hr post DMN treatment. 

It should be noted that because of the expensive nature of these 

experiments, primarily due to the cost of the 14C-labeled DMN and the 

need for using pair-fed animals, only two animals were used for each of the 
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Figure 2. Relative persistence of 06meG in hepatic DNA of alcohol-fed and 
control diet rats. The data are derived from the results 
presented in Fig. i. DMN doses: 1.5 mg/kg (0); i0 mg/kg 
(•); and 25 mg/kg (•). 

time points shown in Fig. i. However, the absence of the expected 

enhancing effect of ethanol on the initial levels of DNA alkylation was 

confirmed in an experiment in which four pairs of animals were treated with 

DMN at a dose of 1.5 mg/kg. The results presented in Table I show that the 

DNA alkylation levels observed in the alcohol-fed and control animals were 

not significantly different from each other. These results also are 

consistent with those reported by Schwarz et al. (28) who showed that 

pretreatment with ethanol (20% w/v) administered for two weeks in drinking 

water had no effect on DMN-induced alkylation measured 4 hr after DMN 

administration over a dose range of 0.25 mg/kg to 25 mg/kg. Furthermore, 

in our experiments the same general trend was observed for 7meg or 06meg 

TABLE i. 

Methylation of hepatic DNA by 14C-DMN (3.7mCi/mmol) 
administered at a dose of 1.5 mg/kg to rats which had been 
pair-fed for 4 weeks with either an ethanol-containing (36% of 
total calories) or control diet. The animals were killed 4 hr 
post administration of the DMN, the hepatic DNA was isolated as 
described in the text and its 14C counts were read in a 
seintilltion counter. Differences in the two treatments are not 
significantly different as determined by paired T-test (p 0.02). 

14C Counts, dpm/mg of DNA 

Alcohol Diet Control Diet 

748 681 
619 691 
509 682 
609 607 

Mean 

621 665 
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levels at the three different dose levels and the constancy of the 

differences at subsequent time intervals lend support to the conclusion 

that 06meg persisted at higher levels with ethanol administration. 

Additional confirmation of this observation has been provided in subsequent 

studies from this laboratory (42,43) that are discussed in the next section. 

DISCUSSION 

Ethanol is known to cause a proliferation of endoplasmic reticulum 

(29,30) and to induce enzymes of the P-450 cytochrome system that are 

involved in the metabolism of a variety of carcinogens including 

nitrosamines (i0,ii). An increased metabolism of mitrosamines should lead 

to an increased formation of reactive intermediates and this is expected to 

increase DNA alkylation. However, contrary to this expectation the level 

of DNA alkylation was found not to be significantly different from their 

controls with chronic ethanol consumption. These observations are 

supported by the results of Schwarz et al. (28), discussed above, that did 

not find a significant difference in the DNA alkylation that could be 

ascribed to ethanol intake. 

The level of DNA alkylation observed at any particular point in time is 

the result of two competing processes; the amount of reactive alkylated 

intermediates formed and the extent of their reaction with DNA, and loss or 

removal of such bases through the action of DNA repair enzymes. The effect 

of ethanol on reaction of alkylated intermediates with DNA is not known. 

However, while ethanol consumption was without an effect on DNA alkylation, 

interestingly enough, it did affect the rate of loss of alkylated species 

differently. Thus, although the levels of 7meg at subsequent time 

intervals were not significantly different in the two diet groups, we were 

surprised to find that consistently larger amounts of 06meg persisted 

with ethanol intake. This surprise was due to the fact that a number of 

studies have shown that 0-alkylated bases including 06meg and 

04methylthymine are important DNA lesions that are involved in initiating 

mutagenesis and carcinogenesis (for example, see 19-24, 31-33). An 

increased persistence of 06meG could, therefore, explain the increased 

incidence of cancers that are associated with chronic alcohol consumption. 

Experimental support for an increased mutagenicity consequent upon ethanol 

intake is provided by the observation that when microsomes from ethanol 

pretreated rats are used in the Ames bioassays, the mutagenicity of DMN is 

significantly increased (34,35). Furthermore, notwithstanding some 

contradictory reports, a number of studies have shown that there was an 

increase in chemically induced cancers with ethanol administration in 

experimental animals (for example, see 36-40). 
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The lack of ethanol effect on loss of 7meG implies that ethanol may not 

interfere with the repair process that is normally employed for the removal 

of 7meG from DNA. On the other hand, the persistence of 06meG lesions 

indicates that ethanol interferes with the normal repair of such 

promutagenic/carcinogenic lesions. 

A preliminary report of the above results was presented at the 

Conference of American Association for Cancer Research in 1981 (41). 

Further studies from this laboratory have upheld the above conclusions. 

Farinati et al. (42) observed that 71% of 06meG persisted 36 hr after 

i.p. administration of 0.62 mCi/mmol of 14C-DMN. Furthermore, the effect 

was specific for 06meg since the removal of DNA adducts induced by 

acetylaminofluorene, which are repaired by an excision pathway, was 

unaffected. This and another study by Garro et al. (43) measured the 

levels of 06meG repair enzyme (06meG transferase) and results obtained 

showed that indeed the levels of 06meg transferase were depressed by 

chronic ethanol consumption. Feeding of the ethanol-containing 

Lieber-DeCarli diet (36% of total caloric intake given as ethanol) for 4 

weeks reduced the transferase activity by about 40% relative to controls. 

However, it is not clear whether it is ethanol or its metabolites such as 

acetaldehyde that cause the depression and whether it is synthesis or 

activity of the transferase enzyme that is inhibited. 

It may be pointed out that in contrast to our results, Belinsky et al. 

(44) observed that ethanol pretreatment for 3 weeks did not affect the 

persistence of 06meG determined until 72 hr after administration of 

4mg/kg of D~. However, in their study the experimental rats were 

maintained on a diet of low caloric intake and also administered a lesser 

amount of ethanol compared to ours; for this reason it is difficult to 

attribute the lack of ethanol effect to any one factor but a low 

noninduclng dose of ethanol or a caloric or nutritional deficiency may have 

contributed to the observed effect in that study. 

On the other hand, a study by Kouros et al. (45) showed that even at 4 

hr after treatment with an esophageal specific carcinogen, 

methylbenzylnitrosamine, prior administration of ethanol for 3-4 weeks 

significantly enhanced DNA methylation in the rat esophagus. This 

observation implies that the effect of ethanol on formation and persistence 

of 06meg may be more clearly evident in a tissue such as esophagus which 

is more closely associated with alcohol-related cancers (46,47) and where 

the DNA repair may not be as efficient as in the liver. 
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