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Male F-344 rats were given eH]aßatoxin B1 (AFB1) in the 
drinking water at three exposure Ievels (0.02, 0.6, 20 J,Lgll, 
resulting in average dose Ievels of 2.2, 73, 2110 nglkg per 
day). After 4, 6 and 8 weeks, DNA was ~ted frorn the livers 
and analyzed for aßatoxin- DNA adducts. Tbe Ievel of DNA 
adducts did not increase significantly after 4 weeks, indicating 
that a steady-state for adduct formation and removal had 
nearly been reached. At 8 weeks, the adduct Ievels were 0.91, 
32 and 850 nucleotide-aßatoxin adducts per to' nucleotides, 
i.e. clearly proportional to the dose. At the high dose Ievel, 
a near SO% tumor incidence would be expected in a 2-year 
bioassay with F -344 rats while the low dose used is within 
the range of estlmated human dietary exposures to aßatoxin 
in W estem countries. The proportionality seen between 
exposure and steady-state DNA adduct Ievel is discussed with 
respect to a linear extrapolation of the tumor risk to low dose. 

Introduction 

Covalent binding to DNA is an activity common to a large 
number of chernical carcinogens (I). With the use of radiolabeled 
carcinogen, DNA adducts are detectable at dose Ievels that are 
much lower than those required for a statistically significant 
increase in tumor incidence in an animal bioassay for carcino­
genicity. The shape of the dose- response curve for DNA adduct 
formation is therefore considered useful information for a 
biologically based risk extrapolation (2). 

Aflatoxins comprise a group of fungal metabolites of which 
aflatoxin B1 (AFB 1 *) is among the most potent carcinogens 
found in food (3). A relationship between mycotoxin exposure 
and human liver cancer incidence is suggested by dose-dependent 
correlations of exposure to atlatoxins and cancer incidence rates 
in some areas of Africa and Asia (4). While doses of up to 
220 ng/kg body wt/day have been reported in these countries, 
daily exposure to atlatoxin in the USA is estimated to be between 
0.25 ng/kg (5) and 3 ng/kg (6). 

The mechanism of action of AFB1 involves enzyrnatic 
oxidation to an epoxide and subsequent covalent binding to DNA, 
predominantly at the nitrogen-7 of guanine (7 ,8). The rates of 
the processes that govem formation and removal of carcinogen­
DNA adducts, e.g. diffusion, chemical and enzymatic reactions, 
are expected to be proportional to the concentration in the low 
dose range. Proportionality between exposure dose and DNA 
adduct Ievel has indeed been reported with single doses of AFB 1 
(9). With chronic exposure, the level of DNA adduct is a result 
of continuous formation and removal, and it is the steady-state 
DNA darnage reached after some time that probably detennines 

•Abbrevfations: AFB1, aflatoAin 8 1• 
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the lifetime risk of cancer. The data available sofarare derived 
from AFB1 dose Ievels that would significantly increase tumor 
incidence (10-12). They do not proviele infonnation for low-dose 
risk extrapolation. In thls report, the dose- response relationship 
for the steady-state Ievel of DNA adducts reached in rat liver 
DNA at Ievels of human exposure to AFB 1 is analysed. 

Materials and methods 

Marerials 

[ 3H]AFB 1 (1 mCilml in elhanol) was from Moravek Biochenucals, City of 
Industry, CA. The radtochernical purity was detennined by TLC on silica-gel 
plates developed with chlorofonn/acetone, 9: I. Unlabeled AFB1 was from Senn 
Chemicals, Dielsdorf, Switterland. Male F-344 rats [CDF(F-344)/CriBRJ were 
from Charles R.tver W1ga, Sulzfeld, FRG. 

The radiochemical purity of [3HJAFB 1 d.ecreased from > 98% to 70% within 
1 week at room temperaturein the presence of water. Therefore, the application 
solutions uscd for eAperirrents I and n were kept at 4°C and were freshly prepared 
after 5 days. For experiment m, the dnnking water was replaced twice weekly. 

DNA binding in rot liver 

E.xperimenl I. DNA repmr. [3H]AFB1 (batch with a sp. act. of 8 Cilmmol, 
rad1ochenucal purity > 98%) was diluted with distilled water to a cherrucal 
concentration of 100 ng/2 mJ. Rats (wt range 221-264 g) were given 2 mJ/kg 
by oral gavage (100 nglkg) once or 10 tunes at daüy intervals. Groups of two 
rats were killed 24 h, 3, 7 or II days aftc:r the last administratJon and DNA was 
isolated from thc livers accordmg to Sagelsdorff er ai. (13) The sp. act. of the 
DNA was detennined by spectrophotometry (1 mglml = 20 A260 nm> and liquid 
scinUIIation coontutg. Enzymatic hydrolysis of the DNA to the 3'-nucleotides 
and separation of the atlatoxin-nucleotide adducts from nonnal nucleotides by 
reverse-phase HPLC in a phosphate buffer-methanol gntdient was perfonned 
accordmg to Sagelsdorff er a/. (14). 

Expmmenr II: DNA adduct Ievel as a function of oral dose. cJH]AFB1 (batch 
8 Cilmmol) was administered by oral gavage (once or 10 limes at daily intervals) 
at SIX dose Ievels, spanning five orders of magnitude from I nglkg to 100 ~g. 
The body wts of lhe rats ranged between 182 and 220 g. Apphcation solutions 
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r.g. 1. Aflatoxin-DNA adduct Ievels in the liver of male F-344 rat.s, at 
various tirnes aftcr oral gavage of s single dose or of 10 daily doscs of 
100 nglkg tritiated AFB1. Semi-Iog plot. Two rats per group; one symbol 
shown when individual difference is smaller than the symbol sJ.Ze. 
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for dose Ievels I, 10 and 100 nglkg were prepared by appropriatc diluuon of 
the stock solullon WJth disulled water (see expenment n. For dose Ievels I, 10 
and 100 l'glkg. unlabeled AFB1 in ethanol was used instead of water. Previous 
experiments have shown tha1 the DNA-binding potency of AFB 1 is not affected 
by pretreaunent for 10 days at 4% (w/v) ethanol in the dnnking water or by 
simultaneous oral adnunistration of up to 4 glkg ethanol (15). DNA was isolated 
from the livers 24 h after the last dose and analysed for adducts as descn"bed above. 

Experi~nl /11. DNA odduct k~l after chronic aposure in the drinlcing waJer. 
[3H)AFB1 (batch 20 Ci/mmol) was administered in the drinking water for 4, 
6 and 8 weeks at three dose Ievels to groups of three animals. The dnnking 
water contained 2840 d.p.m./ml as AFB 1 at alt dose Ievels. The chemical 
concentrauons of AFB 1 (20 ng/1, 600 ng/1 and 20 p.g/1) were adjusted by 
appropriate addition of unlabeled AFB1 to the intermcxliate and the h1gh dose 
Ievels. The arumal wts ranged between 113 and 159 g (mean = 135 g) at the 
beginning of thc dosing and were 210-264 (mean = 245 g), 246-29S (mean 
= 273 g) and 279-305 (mean = 294 g) at 28, 43 and 56 days respe.ctively. 
Thc weight gain was not different bctween the groups. The individual dose was 
caJculated on the basJS of t.hc water consumption (range 16-22 ml/rat/day) and 
was averaged over the entire treatment period. Averaged over alt animals m the 
56 day group, dose Ievels of 2.2. 73, 2110 nglkg/day resulted. At the end of 
thc exposure period the animals were killed and liver DNA was analysed as 
described above (experiment 1). 

Results 

DNA radioactivity 
Nucleotide analyses showed that the nonnal nucleotides were not 
radiolabeled. All radioactivity eluted without detectable optical 
density, nearly all of it at elution times known for the lipophilic 
aflatoxin -nucleotide adducts (16). The sp. act. of the DNA 
sarnples was therefore converted to adduct Ievels on the basis 
of the sp. act. of the [3H]AFB 1 used and of an average mol. wt 
of 309 daltons for a DNA nucleotide. 

DNA repair 

The rate of removal of DNA adducts was investigated in 
order to define appropriate periods of exposure to reach near 
steady-state conditions for the Ievel of DNA adducts. Figure 1 
shows a semi-log plot of the Ievel of DNA adducts measured 
in the liverat 1, 3, 7 and 11 days after one singleoral dose of 
100 ng/kg tritiated AFB1 to male F-344 rats (I X p.o.), and 
after the last of 10 oral doses given at daily intervals (IOX p.o.). 
The loss of DNA adducts was faster initially. Later, the adducts 
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Flg. 2. Aflatoxin-DNA adduct Ievels in male F-344 rat liver, as a functJon 
of dose (x-axis) and after different periods of exposu're (different curves) to 
[ 3H]AFB1• Double-log plot. Solid lines connecting thrcc and more points 
are linear regress10ns. DW, admimstration in the drinking watcr. Standard 
deviations seen only 1f !arger than the symbol size. 
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disappeared only slowly, with a half-life of 2-3 weeks. Under 
the assumption that all processes follow first-order kinetics and 
following general phannacokinetic principles, a theoretical value 
of 93.75% of the limiting (steady-st.ate) adduct value would have 
to be reached after four elimination half-Jives. On the basis of 
the repair rates determined above, a near steady-state Ievel of 
DNA adducts is therefore expected to be reached within -8 
weeks. 

Nucleotide analyses were consistent with reports in the 
Iiterature (16, 17): the initially formed, late-eluting adduct 
(putatively assigned tobe the AFB 1-guanyl-7 adduct) disappears 
relatively rapidly, by repair and by chemical modifications; 
opening of the imidazole ring of guanine results in adducts that 
appear to be more refractory to DNA repair (16, 17). 

DNA adduct Ievels as a function of dose anti period of exposure 

The Ievels of DNA adducts are shown in Figure 2 as a function 
of dose (x-axis). The different curves illustrate that DNA adducts 
accumulate with increasing periods of exposure, I x - IOx 
...... 28 days ...... 43 days ...... 56 days of treatment. The increase 
is no Ionger significant, however, between 28 and 43 days or 
between 43 and 56 days. This indicates that near steady-state had 
been reached, as predicted on the basis of the half-Iives of 
the adducts. At 8 weeks, the adduct levels averaged 0.91 ± 0.19, 
32 ± 4 and 850 ± II aflatoxin-nucleotide adducts/1~ 
nucleotides, at the three dose levels-2.2, 73, 2110 ng/kg/day. 

The accumulation of adducts with time was substantial: 24 h 
after a 10-day treatment, the adduct Ievel was 6 times higher than 
24 h after a single administration. After 56 days of continuous 
exposure, the adduct Ievel was 16 times the single-dose value. 

The Ievel of DNA adducts was proportional to dose under all 
treatment conditions. At 8 weeks, for instance, the adduct Ievels 
were in a ratio of 1:35:934, while the dose Ievels were in 
I :33:959. Proportionality is also illustrated in the double-log plot 
of Figure 2 by the slope of 1.0 for all regression lines. Two 
high-dose data points did not follow this rule: (i) after I 0 oral 
doses of 100 J.tg/kg/day, the DNA adduct Ievel was no Ionger 
proportional to the dose. This could be due to a saturation of 
the enzymatic activation of AFB 1 at this highest dose Ievel. (ii) 
The value seen with the 28 day high~ose treatment is also 
too low. This result was due to one animal that showed an 
unexplained Iow adduct value. 

Discussion 

Our data show that the Ievel of aflatoxin- DNA adducts in rat 
liver is proportional to dose under all exposure conditions used. 
The investigated dose range covered five orders of magnitude 
and included both tumorigenic dose Ievels and Ievels of dietary 
human exposure . 

The high dose Ievel used in the drinking water experiment 
(2.1 J.tglkg/day) would have resulted in a significant increase in 
liver tumors in male F-344 rats. A 50 p.p.b. AFB 1 diet for 1 
year (approxirnate daily dose 2.5 1-'g/kg) gave rise to a 40% 
incidence of hepatocellular carcinoma within 2 years (18). It is 
tempting, therefore, to re1ate the Ievel of the steady-state DNA 
darnage to a tumor incidence observed after long-tenn treatment, 
and to investigate the question of whether the data can be 
extrapolated to other species. The 56 day cumulative DNA 
darnage at this dose Ievel was 850 adducts/1 rf nucleotides in rat 
liver DNA. Dashwood and c<rworkers (19) have found in the 
trout that an adduct Ievel of I 040/109 nucleotides after 2 weeks 
resulted in a 50% liver tumor incidence within I year. In humans, 
preliminary data on DNA adduct Ievels arealso available. In liver 



samples from patients undergoing surgery for liver cancer in 
Taiwan, aflatoxin-DNA adducts were detennined with immuno­
log_ical techniques. Adduct Ievels in the range 1200-1700 per 
)(/' nucleotides were found in normal liver tissue (20). These 
values are of the same order as those seen in rats and trout at 
high tumor risk. Eventually, comparisons between experimental 
and human data can be made on the basis of adduct data. 

Proportionality between exposure dose and DNA adduct 
Ievels has been shown here but the question remains whether 
proportionality also holds between DNA darnage and tumor 
incidence. This hypothesis cannot be answered experimentally 
in the low dose range. In the high dose range, the correlation 
of hepatic tumor incidence in the trout with the Ievel of 
aftatoxin-DNA adducts does not appear to deviate from linearity 
(21). The combined data therefore support the idea that a linear 
extrapolation of the tumor risk to low dose is appropriate for 
the induction of Ii ver tu mors by AFB 1• 

Acknowledgement 

This invesugatJon was supported by the Swiss Cancer League 

References 
I. Lutz, W .K. ( 1979) ln vivo covalent binding of organic chenucals to DNA as 

a quanntative 1ndkator in the process of chenucal carcl..llOgenesis. Mlllat. Rn., 
65, 289-356. 

2. Lutz,W K (1990) Dose-response relationship and low dose extrapolation 
in chemical carcmogenesis. CarciMg~nes1s, 11, 1243-1247. 

3. Groopman,J.D., Cain,L.G. and Kensler,T W. (1988) Aflatoxin exposure in 
human populations: measurements and relationship to cancer. CRC Crit. Rrv. 
To.:acol., 19, 113-145. 

4. Peers,F.G. and Lmseli,C.A. (1977) D1etary aflatoXlßS and human pnmary 
liver cancer. Ann. Nurr. Aliment, 31, 1005-1017. 

5. D1chter,C.R. (1984) Risk esumates of hver cancer due to atlatoxin exposure 
from peanuts and peanut products. Food Ch~m Toxicol., 22, 431-437. 

6. Park,D L. and Sto1off,L. (1989) Aflatoxin contro1-how a regulatory agency 
managed nsk from an unav01dable natural toxicant in food and feed. R~gul. 
Toxico/ Pharmaco/., 9, 109-130. 

7. Martrn,C.N. and Gamer,R.C. (1977) Aflatoxm B1-<>xide generatcd by 
chemical or enzymte oxidation of aflatoxm BI causes guamne subsututJon 
m nucleic acids. Natur~. 267, 863-865. 

8. Lm,J.K., Miller,J A. and M11ler,E.C. (1977) 2,3-Dihydro-2-(guan-7-yl)-
3-hydroxy-aflatoxin BI, a major acid hydrolyslS product of aflatoxin B 1-DNA 
or -ribosomal RNA adducts formed rn hepatic microsome-rneruated reactions 
and in rat 1iver in vlvo. Canc~r R~s., 37, 4430-4438. 

9. Appleton,B.S., Goetduus,M.P. and Campbei1,T.C (1982) Lmear dose­
response curve for the hepatic macromolecular bindmg of aflatoXlll BI in rats 
at very low exposures. Cancer Rn., 42, 3659-3662. 

10. Wi1d,C P, Gamer,R.C., Montesano,R. and Tursi,F. (1986) Aflatoxin BI 
bmdmg to plasma albumin and hver DNA upon chromc adnunistration to 
rats. Carcinog~nesis, 7, 853-858 

I I. Kens1er,T W., Egner,P.A., Davidson,N E, Roebuck,B.D., Piku1,A. and 
Groopman,J D ( 1986) Modulation of aflatoxin metabolism, aflatoxin­
N7-guanine formation, and hepatic tumorigenesis in rats fed ethoxyquin: rote 
of induction of glutath1one s-transferase. Cancer Res., 46, 3924-3931. 

12. Dashwood,R.H., A.rbogast,D.N., Foog,A.T .• Pereira,C., Hendricks).D. and 
Bailey,G.S. (1989) Quantitative interrelationship betwcc:n aflatoxm BI 
carcinogen dose, indole-3-carbinol anticarcinogen dose, target organ DNA 
a.dductJon and final tumor response. CarciMg~nesis, 10, 175-181 

13. Sagelsdorff,P., Lutz,W.K. and Schlatter,C. (1983) The relevance of covalent 
binding to mousc liver DNA to the carcinogenic action of hexachlorocycl()­
hexane asorners. Carcinog~si.J. 4, 1267-1273. 

14. Sagelsdorff,P., Lutz,W.K. and Schlatter,C. (1988) DNA methylation in rat 
1iver by daminozjde, I, 1-dimethylhydraz.ine, and dimethylmtrosanune. 
Fundam.. Appl. Toxicol., II, n3 -730. 

15. Marinovich,M. and Lutz,W.K. (1985) Covalent binding of aflatoxin BI to 
liver DNA in rats pretreatcd with ethanol. Experimrio, 41, 1338-1340 

16. Essigmann,J.M., Croy,R.G., Benneu,R.A. and Wogan,G.N. (1982) Metabolie 
activation of aßatoxin BI : pattems of DN A adduct formation, removal, and 
excretJOn m relation to carcinogenesis. Drug Melab. R~v., 13, 581-602. 

17. Heruog,P.J., Smith,J.R.L. and Gamer,R.C. (1982) Characterization ofthe 
mtidazole ring-opened fonns of trons-8,9-dihydro-8-(7-guanyl)-9-hydroxy 
aflatoxin BI. CarciMg~sis, 3, 723-725. 

Dose-response relatiomhip for AFB1 - DNA adducts 

18. Nixon,J.E., Hendncks,J.D., Paw1owski,N.E., Loveland,P.M. and 
Sinnhuber,R.O. (1981) Carcinogerucity of aflatoxicol in Fischer 344 rats. 
J. Natl. Cancer lnsr., 66, 1159-1163. 

19. Dashwood,R.H., Arboga:sl,D.N., Fong,A.T., Hemricks).D. and Bailey,G.S. 
(1988) Mechanisrns of antJ-can:inogenesis by indole-3-carbinol: detailed in 
vivo DNA binding dose -response studies after dietary admirustration with 
aflatoxin BI. CarciMg~. 9, 427-432. 

20. Hsieh,L.L., Hsu,S.W., Chen,D.S. and Santclla,R.M. (1988) Immunological 
detection of aßatoxin BI - DNA adducts formed in vivo. Canctr Res., 48, 
6328-6331. 

21. Bechtei,D.H. (1989) Mo1ecular dosimetry of hepatic aßatoxin BI-DNA 
adducts. linear correlation with hepatic cancer risk. Regui. Toxicol. 
Pharmacol., 10, 73-81. 

Reui\WJ on May 17, 1990; ~ on &ptmrbtr 5, 1990; accqJ~edon &ptnnber 
6, /990 

2135 




