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Previous work showed that incidence of chemically-induced

tumors in fish increased with environmental temperature

(Hendricks et al., 1984; Kyono-Hamaguchi, 1984). The present

study assessed genotoxicity as a mechanism to explain such

results. Rainbow trout (2 g) were acclimated to 10 or 18°C

for one month, then immersed in 0.1 ppm [3H]aflatoxin Bl (AFB1)

solutions for 30 min at their respective acclimation

temperatures, or at 14°C. The total radioactivity in liver

immediately after immersions was 50% higher for 18 than 10°C

acclimated and exposed fish. Conversely, adduction of

[3H]AFB1 to hepatic DNA of 10°C acclimated fish was higher

than for 18°C fish after exposure. A similar DNA adduction

result as above was observed after varying [3H]AFB1 immersion

concentrations to achieve similar hepatic [3H]AFB1

equivalents. After acute shifts in temperature (10 to 14°C,



or 18 to 14°C), no differences were found in hepatic [3H]AFB1

equivalents. However, adduction of [3H)AFB1 to hepatic DNA

was higher for 10 than 18°C acclimated fish 1 day after

exposures at 14°C. This was probably explained by effects of

temperature acclimation on the status of the membrane-bound

cytochrome P-450 system, affecting its competition with a

detoxifying cytosolic enzyme. After [3H]AFB1 immersions at

respective acclimation temperatures, or acute temperature

shifts to 14°C, DNA adducts were less persistent in fish

maintained for 21 days at 18 than 10°C. Our data demonstrated

temperature-modulated AFB1 genotoxicity occurred via three

mechanisms: hepatic disposition, and formation and

persistence of DNA adducts.
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Temperature Modulated Aflatoxin B1 Hepatic Disposition, and

Formation and Persistence of DNA Adducts in Rainbow Trout

Introduction

Temperature influences incidence of chemically-induced
tumors in fish (Hendricks et al., 1984; Kyono-Hamaguchi,
1984), with warmer temperatures being associated with higher

cancer incidence. The mechanisms for temperature-modulated
chemical carcinogenesis in fish, however, have not been
described in detail. Liver is a major site of the

tumorigenesis in rainbow trout following exposure to many
chemical carcinogens including aflatoxin B1 (AFB1)and

benzo[a]pyrene (Bailey and Hendricks, 1988). The

carcinogenicity of these and many other agents is linked to
their metabolism and subsequent binding of reactive
metabolites to DNA (Scribner, 1985; Silber and Loeb, 1985).

More specifically, AFB1 genotoxicity is associated with AFB1-

8,9- epoxide binding with DNA to form the principal covalent
product

8,9-dihydro-8-(N7-guany)-9-hydroxyaflatoxin B1 in

rainbow trout (Croy et al., 1980) and rodents (Croy and Wogan,
1981) .

To better understand temperature's role in fish

carcinogenesis, we have employed warm or cold temperature

acclimation of rainbow trout. Over a month-long temperature

acclimation period, biochemical adaptations occur which allow



2

physiological processes to continue at similar rates at the

new temperature; that is, an "ideal temperature compensation"

occurs (Precht, 1958). Supporting this hypothesis, hepatic

microsomes from cold and warm acclimated fish exhibit similar

monooxygenase activities when assayed at their respective

acclimation temperatures (Blanck et al., 1989; Koivusaari et
al., 1981). Adaptive change in membrane lipid composition,

termed "homeoviscous adaptation" (Sinensky, 1974), helps
explain this result. In fish acclimated to cold relative to

warm water, a higher proportion of unsaturated and long-chain

fatty acids are incorporated in membranes (Hazel, 1979; 1984).

Thus, membrane fluidity is maintained and membrane-bound
enzyme activities are similar at different acclimation

temperatures.

When cold acclimated fish experience acute temperature

increase, a temperature-induced phase transition may occur
such that membranes become more fluid than at the acclimation

temperature. Greater membrane fluidity may enhance

accessibility to active sites, and higher activity of

membrane-bound enzymes may result. To the contrary, when warm

acclimated fish experience an acute temperature decrease,

membranes may become more rigid, and lower microsomal enzyme

activities may result. Indeed, when assayed in vitro at a

common, intermediate temperature, microsomes from cold

acclimated fish exhibit much higher activity than those from

warm acclimated fish (Egaas and Varanasi, 1982; Carpenter et
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al., 1990). Furthermore, acute temperature changes modulated
in vivo benzo(a)pyrene metabolism in rainbow trout in a manner

consistent with the above arguments (Curtis et al., 1990).

All results reviewed above are consistent with the
hypothesis that temperature-induced phase transitions of

membrane lipid biophysical states can affect cytochrome P-450

activities in fish. Microsomal monooxygenases metabolize many

precarcinogens (including AFB1) to ultimate carcinogens (Croy
et al., 1980; Scribner, 1985; Silber and Loeb, 1985). In the

case of AFB1 a major detoxication pathway is formation of
aflatoxicol by a cytosolic enzyme (Schoenhard et al., 1976).
The soluble enzyme may respond to temperature changes in a

different manner than membrane-bound cytochrome P-450s.

Temperature acclimation-dependent modification of membranes in

fish combined with acute temperature changes could influence

bioactivation and, thus, modulate genotoxicity without
xenobiotic pretreatment. The primary objective of the present

study is investigation of temperature-modulated AFB1

genotoxicity as a mechanism for temperature effects on

hepatocarcinogenesis in rainbow trout. Therefore, fish are of
a size and age commonly used for initiation with chemical
carcinogens in rainbow trout tumor studies (Bailey and
Hendricks, 1988).
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Materials and Methods

Animals

Shasta strain rainbow trout (Oncorhynchus mvkiss) were
provided by the Marine and Freshwater Biomedical Center core
facility at Oregon State University. These fish weighed

approximately 2 g and were acclimated at either 10 or 18°C for

one month and fed Oregon Test Diet (Sinnhuber et al., 1977).

Rations were adjusted to maintain similar growth rates between

acclimation groups (Kemp and Curtis, 1987). During the
experiments, fish were held in flow-through tanks and kept
under a 12 hr light-dark cycle. The fish were not fed for 48

hr before ( 3H)AFB1 exposure.

Chemicals

Uniformly labeled [4.1)AFB1 (24 mmol/mCi in methanol) was
purchased from Moravek Biochemicals, Inc. (Brea, CA.) and
purity verified by TLC on silica gel G with

benzene:acetone:ethylacetate (55:15:30) and by radioscanning.
Unlabelled AFB1 (Sigma Chemical, Co., St. Louis, MO, or

Aldrich Chemical Co., Milwaukee, WI) stock solutions were
prepared by injection of methylene chloride into a sealed vial

of crystals and transferring the resultant solutions to
volumetric flasks. The solution concentrations were
determined by making an approximately 2-4 ppm solution in
ethanol, reading the absorbance at 362 nm, and calculating
with an extinction coefficient of 21,800. Purity of

unlabelled AFB1 was verified by TLC as described above and by
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scanning spectrophotometry from 220-440 nm (Rodricks et al.,
1970). Working [3H]AFB1 solutions were prepared in ethanol

while removing methanol and methylene chloride by rotary
evaporation. The ethanol concentration of exposure solutions

was 0.1%.

Hepatic Accumulation of AFB1

The effects of time and temperature on total [3H]AFB1

equivalents in rainbow trout liver were determined by

immersing fish fry in 0.07 ppm [3H]AFB1 solution for 30 min at

their acclimation temperatures (10 or 18°C) or an intermediate

temperature (14°C). The fish were then maintained in

uncontaminated water at their respective exposure temperatures
for an additional 0.25, 1, 4 and 24 hr. Six fish were killed

after each interval from each temperature and two groups of
three livers were pooled. The total [3H]AFB1 equivalent

residues were quantified by liquid scintillation counting
(LSC) after base digestion and decolorization (Carpenter and
Curtis, 1989). Half-life of elimination was calculated for a

one-compartment, first order model as described by O'Flaherty

(1981) .

Adduction of AFB1 to Hepatic DNA

Immersions were also conducted for all temperature
regimens with 0.1 ppm [3H]AFB1 for 30 min. After these
immersions 9 to 18 fish from each regimen were immediately
killed and groups of 3 livers were pooled (3 to 6 individual
samples per regimen) and homogenized at 4°C as described
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below. The remaining animals were transferred to

uncontaminated water for one day in tanks maintained at their

exposure temperature and equipped with submersed charcoal
filters. After one day fish were returned to their

acclimation temperature for an additional 2 or 20 days (Table
1). After each interval, 9 to 18 fish from each group were
killed and groups of 3 livers were extracted to determine the

concentrations of [3H]AFB1-derived DNA adducts. In the next

experiment, the [3H]AFB1 concentrations of immersion solutions

were varied between 0.08 and 0.12 mg/1 so that equivalent

target organ (liver) residual 3H was observed in 10 and 18°C-

acclimated and exposed fish. Here, 10°C fish were immersed in
0.12 ppm and 18°C fish were immersed in 0.08 ppm [3H]AFB1 for
30 min. Livers were taken from nine fish and pooled in three

groups of three immediately after immersions and target organ
[3H]AFB1 was characterized as described below. Fish were held
as described above for 1, 3 or 21 days and liver
concentrations of [3H]AFB1-derived DNA adducts were
determined.

Each DNA sample analyzed consisted of three pooled livers
with a combined weight of approximately 100 mg. Each sample

was homogenized in 1.5 ml of DNA buffer (0.1 M sodium
chloride, 50 mM sodium-4-aminosalicylate, pH 7.2). The

homogenates were vortexed in 1.5 ml lysis buffer (2% sodium

dodecyl-sulphate, 2% sodium chloride, 12% sodium-4-

aminosalicylate, 12% 2-butanol) on a rotary shaker for 1 hr
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TABLE 1. Manipulations of temperature used for AFB1 -DNA
binding bioassay in rainbow trout.

TEMPERATURE REGIMEN (°C)

Groups 10-10 10-14 18-14 18-18

Acclimation 30 days 10 10 18 18

Exposure 0.5 hour 10 14 14 18

Rearing 1 day 10 14 14 18

Rearing 20 days 10 10 18 18
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and then shaken for another hour with 1.5 ml 4% isoamyl

alcohol/96% chloroform (IAC) and 1.5 ml of phenol, which was
presaturated with an equal volume of 1 M Tris and phenol

saturation solution (300 mM sodium chloride, 100 mM Tris, pH
8.0). After centrifugation at 3000 g for 15 min, the upper
aqueous layers were transferred to a new tube and extracted

twice with equal volumes of IAC. DNA was precipitated with
0.4 ml of 5 M sodium perchlorate and 3 volumes of cold
ethanol. The precipitates were redissolved in 1.5 ml of DNA
buffer for 24 hr. The nucleic acids were digested with 100 Al

RNase (RNase A, 50 mg/ml, Sigma R-5000; RNase 5000 units/ml,

Sigma R-8251) at 37°C for 1 hr, and then RNA and proteins were
removed by adding 10 Al of proteinase k ( 20 mg/ml) and
incubating for another 2 hr at 37°C. The nucleic acid
mixtures were then extracted with Tris saturated phenol and
IAC. After centrifugation, the aqueous upper layers were
transferred to clean centrifuge tubes and extracted three
times with IAC alone. Finally, the DNA was isolated by
precipitation with sodium perchlorate and cold ethanol as
mentioned above. The concentration of DNA was determined by
the Burton (1956) method. Briefly, DNA was redissolved in
distilled water and hydrolyzed by heating for 20 min in 1 M
perchloric acid at 70 °C. The hydrolyzed DNA samples and
standards were incubated at 30°C in the dark for 18 hr with
0.5 M perchloric acid and Burton reagent (diphenylamine,
glacial acetic acid, concentrated sulfuric acid, 1.6%
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acetaldehyde: 1.5/100/1.5/0.5, w/v/v/v), then quantified by

measuring the UV absorption at 595 nm. The [3H]AFB1-DNA

adducts were determined by LSC, using ProtosolR tissue
solubilizer and AquasolR as scintillant. Results were
expressed as nmol of [3]flAFB1 per g of DNA.

Analysis of AFB1 Metabolites

Livers removed immediately after immersions at 0.1 ppm

were homogenized in 0.8 ml of distilled water and then
vortexed for 3 min after addition of 2 ml of ethanol. Total
hepatic [3HJAFB1 equivalents were determined by LSC of
duplicate 0.1 ml aliquot of homogenate. The remaining
homogenate then was vortexed for 3 min after addition of 3 ml
of hexane and centrifuged at 8000 g for 5 min. The hexane
layer was aspirated, found to contain less than 1% of total
OHJAFB1 and discarded. The aqueous layer was adjusted to 10%

methanol and applied to a C18 Sep PakR (Waters Associates,
Inc., Milford, MA.) column with a syringe. The columns were
rinsed with 15 ml of 10% methanol in 20 mM potassium acetate
buffer followed with 10 ml of 95% methanol in this buffer.
The 95% methanol eluent was evaporated to 0.3 ml and separated
by reverse phase HPLC on a jBondapak Cui column with 10 mM
potassium acetate (pH 5.0) acetonitrile-methanol-
tetrahydrofuran (57:16:22:3) at 1 ml/min. An Applied
Biosystems (Ramsey, NJ) Model 757 u.v. detector monitored
flow off the column at 345 nm. Thirty-drop fractions were
collected for determination of radioactivity by LSC. Known
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standards for AFB1, aflatoxicol and aflatoxin M1 served for
metabolite identification. Recovery of radioactivity

throughout the analysis was 86%.

Statistics

The time-course data for hepatic [41]AFB1 disposition and
[3H]AFB1 -DNA adduct concentrations for the fish from different

temperature regimens were compared by two-way analysis of
variance (ANOVA) followed by point comparison using the Tukey
test. Comparisons of two means were made by the t-test.

Results were expressed as means ± SE.
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Results

Hepatic Accumulation of AFB1

This experiment employed four temperature regimens:

acclimation and exposure at 10°C, acclimation and exposure at

18°C, acclimation at 10°C with acute temperature shift to 14°C
for exposure, and acclimation at 18°C with acute temperature-

shift to 14°C for exposure (Table 1). These groups hence will

be described respectively as 10-10°C, 18-18°C, 10-14°C, and
18-14°C.

Exposure temperature significantly affected total [31-1]AFB1

equivalents in rainbow trout liver during the first 4 hr after

30 min immersions in 0.07 mg[311]AFB1/1 (Fig. 1). For fish
exposed at their respective acclimation temperatures and to
the same (0.07 ppm [3H]AFB1) concentration, hepatic

concentrations were significantly higher for 18-18°C than 10-
10°C fish at 0.25, 1 and 4 hr after immersions (p=0.0003,
0.0009 and 0.0016 respectively). For acute temperature

shifted fish, 18-14°C fish had higher hepatic concentrations
of total [3]flAFB

1 equivalents 0.25 hr after immersion than 10-
14°C fish (p=0.0025).

Total hepatic [3]flAFB1 equivalents declined to similar

concentrations in all temperature regimens after 24 hr. The
half-life of elimination for total [3H]AFB1 equivalents was
about twice as long in the liver from 10°C acclimated and
exposed fish than other groups (Table 2). Half-lifes
calculated from mean liver concentrations at 1, 4 and 24 hr
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Figure 1. Effect of time and temperature on hepatic
disposition of total (41]AFB1 equivalents in rainbow trout
after immersion exposures. Both 10 or 18°C acclimated rainbow
trout fry were immersed in 0.07 ppm [3H]AFB1 solution for 30
min at their respective acclimation temperatures or an
intermediate temperature (14°C). Fish were transferred to
clean water and then maintained at their respective exposure
temperatures for an additional 0.25, 1, 4 and 24 hr. Resultsare means ± SEM for n=6 individual fish. One asterisk
indicates a significant difference between 10-14°C and 18-14°C
at 0.25 hr after exposure. Two asterisks indicate significant
differences between 10-10°C and 18-18°C at various times.
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TABLE 2. Effect of temperature on biological half-life of
total [3H]AFB1 equivalent in rainbow trout after
immersion exposures.

Temp. (°C) 18-18 18-14 10-14 10-10

B 0.0357 0.0395 0.0309 0.0151

R-squared(%) 97.67 99.88 98.42 90.64

Halflife (hr) 18.6 18.1 22.0 43.2

Results are for 12 groups of 6 pooled livers.

Equation: Y=exp(a+bX) & log(Y)=a+bX
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after immersions were : 10-10°C, 43 hr; 10-14°C, 22 hr; 18-

14°C, 18 hr; 18-18°C, 19 hr (respective correlation

coefficients for regressions which yielded slope estimates

were 0.91, 0.98, 1.00, and 0.98).

Adduction of AFB1 to Hepatic DNA

Hepatic concentrations of total [3H]AFB1 equivalents

immediately after a 30 min immersion in 0.1 ppm were

significantly (50%) higher in 18-18°C fish than 10-10°C fish

(Fig. 2, inset). Despite this, hepatic concentrations of

[3H]AFB1 DNA adducts were significantly higher 1 day after

immersions in 0.1 ppm [3H]AFB1 in 10 than 18°C acclimated fish

(p=0.0038, Fig. 2). In addition, higher concentrations of

hepatic [3H] AFB1-DNA adducts were observed in 10 than 18°C

acclimated fish after varying [3H]AFB1 exposure concentrations

to 0.12 and 0.08 ppm, respectively to achieve equivalent

target organ concentrations immediately after immersions (Fig.

3) .

There were no significant differences in hepatic

concentrations of total [3H]AFB1 equivalents for 10-14°C and

18-14° fish immediately after immersion (Fig. 4, inset).

However, the concentration of hepatic [3H]AFB1 DNA adducts was

2-fold higher 1 day after immersion for 10-14°C than 18-14°C

fish (p=0.022). Hepatic [3H]AFB1 adducts appeared somewhat

more persistent in 10°C than 18°C fish exposed at their

respective acclimation temperatures (Fig. 2) or at 14°C (Fig.

4). From 1 to 21 days after exposure, the average concentration
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Figure 2. [3H]AFB1 hepatic disposition and DNA adduction in
rainbow trout exposed to 0.1 ppm AFB1 for 30 min at their
respective acclimation temperatures (10 or 18°C). Total
[3H]AFB1 hepatic disposition was determined immediately after
immersion while DNA adduction was measured after 1, 3, or 21
days. Results are means ± SEM for three groups and three
pooled livers, except at three days where results are for six
groups of 3 pooled livers. Asterisks indicate significant
differences between temperature regimens at particular times
after exposure.
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Figure 3. [3H]AFB1 hepatic disposition and DNA adduction in10 or 18°C acclimated rainbow trout exposed to either 0.12 or0.08 ppm AFB1 respectively at their acclimation temperaturesfor 30 min. Total [3H]AFB1 disposition was determinedimmediately after immersion while DNA adduction was measuredafter 1, 3, 7 or 21 days. Results are means ± SEM for threegroups of three pooled livers. Asterisks indicate significantdifferences between temperature regimens at particular timesafter exposure.
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Figure 4. [3H]AFB1 hepatic disposition and DNA covalentbinding in 10 or 18°C acclimated rainbow trout exposed at 14°C
to 0.1 ppm [31.1]AFB1 for 30 min. Fish were maintained at 14°Cfor 24 hr after immersion and then returned to theiracclimation temperature. Total [31-1]AFB1 disposition wasdetermined immediately after immersion while DNA adduction was
measured after 1, 3, or 21 days. Results are means ± SEM forfive groups of three pooled livers. Asterisks indicatesignificant differences between temperature regimens atparticular times after exposure.
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concentration of adducts decreased 15 ± 4% when all data for

all 10°C acclimated fish were pooled. The pooled average for

adduct loss in 18°C-acclimated fish was 30 ± 10% after 21
days. Because all exposure groups were held at their

acclimation temperatures for at least 20 of 21 days after

exposure, pooling data for this comparison was deemed

appropriate.

Analysis of Hepatic AFB1 Metabolites

HPLC analysis of liver extracts prepared immediately

after exposure to [3H]AFB1 indicated unreacted parent [3H]AFB1

constituted about 70% of total radioactivity at all

temperatures (Table 3). There were no significant differences

in concentrations of aflatoxicol or AFM1 extracted from livers

of fish between temperature regimens. There were no

significant peaks other than those which co-eluted with AFB1,

AFM1 and aflatoxicol standards. No AFM1 or aflatoxicol

occurred in chromatographic profiles of liver homogenates from

untreated fish to which [3H]AFB1 was added in vitro (data not

shown).
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TABLE 3. Effect of temperature on in vivo hepatic [3H]AFB1
metabolism in rainbow trout immediately afterimmersion in 0.1 ppm [3H]AFB1 for 30 min.

TEMPERATURE REGIMEN (°C)

10-10 10-14 18-14 18-18

AFB
1
% 71.7±9.4 76.0±8.9 65.6±3.5 66.3±8.8

AFM
1
% 24.1±8.9 18.9±8.6 28.9±5.0 29.9±7.3

AFL% 4.2±1.9 4.9±2.9 5.4±2.4 3.7±2.3

Results are means ± SD of the percentage of total recovered[3H]AFB1 equivalents found in three HPLC peaks for threegroups of three pooled livers. Details for the assay werepresented in the text. Extraction efficiency of [ 5H]AFB1added to liver homogenates of untreated trout was 92%.Recovery of total radioactivity from the "clean-up" column was95%.
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Discussion

Hepatic AFB1 Disposition

The liver burden of total [3H]AFB1 equivalents up to 4 hr after

immersions increased with increased exposure temperature

(Figs. 1-3). This may be partially explained by increased

hepatic blood flow (Kemp and Curtis, 1987) and ventilation

associated with higher oxygen demand at warmer temperatures

leading to greater gill uptake and distribution of [3H]AFB1 to

liver. Temperature acclimation per se may have influenced

hepatic AFB1 disposition as indicated by higher hepatic

concentrations of [3H]AFB1 in livers of 18-14°C than 10-14°C

fish 0.25 hr after 0.07 ppm immersions (Fig. 1). However, we
concluded that acclimation was not a major factor in

disposition because hepatic concentrations were not

significantly different immediately after 0.1 ppm immersions

(Fig. 4, inset).

HPLC analysis (Table 3) of liver extracted immediately
after immersion confirmed that total hepatic [3H]AFB1

concentrations at this time were reasonable estimates of

target organ dose in various temperature regimens. This

allowed us to design exposures in which temperature-dependent
differences in [3H]AFB1 DNA adduction were more readily

explained by intrahepatic events. Incidence of AFB1-induced

liver cancer and formation of AFB1 DNA adducts were dose-
dependent in rainbow trout (Bailey et al., 1988; Hendricks et
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al., 1984; Sinnhuber et al., 1977). Our experiments on

temperature-modulated hepatic AFB1 disposition identified

temperature/exposure concentration regimens which yielded

similar target organ doses. At similar target organ doses,

temperature-modulated DNA adduction was more directly related

to rates of competing bioactivation/detoxication pathways for

AFB1.

While hepatic elimination rates for total [3H]AFB1

equivalents appeared higher at warmer temperatures,

interpretation was complicated by differences in initial
tissue concentrations (Fig. 1). Our data did not

unequivocally demonstrate increased hepatic elimination of
[3H]AFB1 with temperature, but the literature suggested

xenobiotic excretion was influenced by temperature in fish.

Biological half-lifes of pentachlorophenol, hexachlorobenzene

and mirex in rainbow trout were reduced at warm relative to
cool temperatures (Niimi and Palazzo, 1985). Biliary

excretion of benzo[a]pyrene metabolites was significantly

higher in 18 than 10°C acclimated and exposed rainbow trout

(Curtis et al., 1990).

AFL Formation Shifts DNA Adduction

In fish exposed at their respective acclimation

temperatures, temperature modulated the formation of hepatic

[3H]AFB1 DNA adducts by at least two mechanisms. The first of

these was disposition to the target organ, as described above.

The second was probably related to the formation and adduction
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of AFB1's genotoxic 8, 9-epoxide metabolite. An in vitro

characterization of rainbow trout AFB1 metabolism (Williams

and Buhler, 1984) showed that cytochrome P-450 isozyme LM-2

almost exclusively catalyzed this epoxide's formation.

However, immunoquantitation revealed no differences in hepatic

microsomal cytochrome P-450 LM-2 content for 10 and 18°C-

acclimated rainbow trout (Carpenter et al., 1990). Perhaps

temperature modulation of [3H]AFB1 DNA adduction was regulated

by increased activity of a competing detoxication reaction.

Conversion of AFB1 to aflatoxicol by a cytosolic dehydrogenase

was identified as the first step in a major detoxication

pathway in rainbow trout (Schoenhard et al., 1976). AFL, the

most toxic and carcinogenic of AFB1 metabolites, is formed by
the cytosolic enzyme NADPH-dependent 17-hydroxy-steroid

dehydrogenase (Cambell and Hayes, 1976). Since AFL can be
oxidized to yield AFB1 by NADP-dependent microsomal

dehydrogenase and further actived to form a reactive

metabolite and other metabolites to initiate cytotoxicity and

carcinogenicity, it has been proposed to provide an

intracellular reservoir for AFB1 (Patterson, 1974). For these

reasons, reduction of AFB1 to AFL is questionable

detoxification step. However, modulation of AFL formation may

evidently shift the amount of 8,9-epoxide and DNA adduction.

If equivalent concentrations of the same cytosolic isozyme
existed in both 10 and 18°C acclimated fish, increased

activity of this soluble enzyme system with temperature would



23

be expected. A resent study in this lab demonstrated that in

vitro biotransformation of AFB1 to AFL catalyzed by cytosolic

enzymes was modulated by incubation temperature. The

transformation of AFB1 to AFL was significantly higher in 18°C

than 10°C. This result may explain the decreased

concentrations of [3H] AFB1 DNA adducts at warmer temperature.

Lack of concurrent stimulation of membrane-bound cytochrome P-

450 LM-2 (or other microsomal pathways for that matter) was

explained by "ideal temperature compensation" (Precht, 1958),

the mechanism for which was "homeoviscous adaptation"

(Sinensky, 1974).

Temperature Effects on DNA Adduction

Increased [3H]AFB1 DNA adduction after acute temperature

increase (10-14°C) as opposed to acute temperature decrease

(18-14°C) (Fig. 4) was due to increased AFB1 bioactivation

(cytochrome P-450 LM-2 mediated). Both in vivo (Curtis et

al., 1990) and in vitro (Carpenter et al., 1990) metabolism of

benzo[a]pyrene was higher for 10 than 18°C-acclimated rainbow

trout when exposed at 14°C. Further, covalent binding of

benzol[a]pyrene to calf thymus DNA was much higher in 29°C

incubations of 10,000 g supernatents from 7 than 16°C-

acclimated rainbow trout (Egaas and Varanasi, 1982). Our

interpretation of the temperature shift experiments was that

differences in phase transition temperatures for microsomal

lipids from 10 and 18°C-acclimated fish were important in

modulating AFB1 8,9 epoxide formation at 14°C. The higher
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degree of liver membrane phospholipid unsaturation for cold

acclimated rainbow trout was previously established (Hazel

1979; 1984).

Persistence of DNA Adducts

The half-life of hepatic [3H]AFB1 DNA adducts was 3-4

weeks at 12-14°C in rainbow trout (Bailey et al., 1988; Goeger

et al., 1986). Our data at 18°C were generally consistent

with this. There was a reduction in persistence of [3H]AFB1

DNA adducts at 18°C compared to 10°C (Figs. 2-4). This

occurred in cases where exposures were at respective

acclimation temperatures or an intermediate temperature

(14°C). Exposure temperature probably did little to influence

adduct persistence (as opposed to formation) because fish were

maintained at their exposure temperatures for 1 day and their

acclimation temperatures for at least 20 days of the 21-day

time-course.

Possible mechanisms for [3H]AFB1 DNA adduct loss includes

tritium exchange, spontaneous depurination, DNA repair

synthesis and cell turnover. The literature suggested very

little of the [3H]AFB1 lost from DNA from 1 to 21 days after

exposure was attributable to tritium exchange. Other

researchers showed approximately 20% tritium exchange from

[3H]AFB1 in the first 12 hr after in vivo treatment of rainbow

trout, but negligible additional loss over the subsequent 21

days (Bailey et al., 1988). Spontaneous depurination,

however, was a likely a non-enzymatic mechanism for loss of
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[3H)AFB1 from DNA from 1 to 21 days after exposure. When

purified [3H]AFB1- adducted DNA was incubated at 14°C for 21

days, 18% loss of radiolabelled substance was attributed to

this mechanism (Bailey et al., 1988). On a simple

thermodynamic basis, spontaneous depurination probably was

higher at 18°C than 10°C in our in vivo experiment. The rate

of DNA repair synthesis had been shown to increase more than

two-fold from 15 to 25°C in isolated rainbow trout liver cells

(Miller et al., 1989). In our experiments, it was likely that

both increased spontaneous depurination and enzymatic repair

contributed to reduced persistence of [3H]AFB1 DNA adducts at

18°C relative to 10°C. However, as previously shown (Bailey

et al., 1988; Kensler et al., 1986), persistence of DNA

adducts was of arguable significance in AFB1-induced

hepatocarcinogenesis. In both rainbow trout (Bailey et al.,

1988) and rats (Kensler et al., 1986) the concentration of

hepatic AFB1 DNA adducts days after exposure correlated much

better with tumor response than the concentration of adducts

which persisted for weeks. This result indicated cautious

interpretation of our results on adduct persistence. Finally,

one might speculate increased hepatocyte turnover with

temperature but we know of no published evidence for this.

DNA Adduction and Tumor Incidence

Previous work showed chemically-induced tumor incidence

increased with exposure temperature in fish (Hendricks et al.,

1984; Kyono-Hamaguchi, 1984), although carcinogen disposition
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or DNA adduction was not determined in these studies. Our

results strongly suggested both target organ dose and the

extent of adduction at measured tissue concentration were

important mechanistic considerations in understanding

modulation of chemical carcinogenesis by temperature shift

(Figs. 1 and 4). While temperature acclimation followed by

acute temperature shift clearly modulated initiation events,

temperature may also act as a modulator of tumor promotion

and/or progression in fish. Kyono-Hamaguchi (1984) provided

evidence that tumor progression was stimulated at warmer

temperatures. Medaka exposed to diethylnitrosamine at 22° and

then reared at 22°C exhibited 100% incidence of large liver

tumors, while those exposed at 22°C and reared at 6°C had

fewer, smaller tumors. In the case of AFB1, tumor incidence

increased with temperature in rainbow trout acclimated,

exposed and reared at the same temperature (Curtis et al.

unpublished results). This was not predicted by the

genotoxicity results presented here (Fig. 2 and 3). Taken

together the evidence in the present study clearly indicated

the importance of promotion/progression events in temperature-

modulated chemical carcinogenesis in fish.
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Appendix A

in vitro AFB1 -DNA Binding and Biotransformation of AFB1 to AFL

Aflatoxin B1 is a metabolically activated

hepatocarcinogen. The critical target for initiation of

carcinogenesis by AFB1 and its metabolites is believed to be

DNA. The amount of hepatic DNA binding of AFB1 correlates very

well with the development of hepatic tumors in rainbow trout

(Dashwood et al., 1989), which suggests that the binding of

chemical carcinogens to DNA in vitro is a short-term predictor

of hepatic carcinogenic response (Bailey et al 1982).

The primary phase I metabolite of AFB1 is AFL in

isolated hepatocytes of trout(Bailey et al 1982). AFL is also

the major in vitro metabolite after incubation of AFB1 with

trout liver cytosol (Loveland et al 1977). AFL is slightly

less toxic and carcinogenic than AFB1 and is converted back to

AFB1 by NADP-dependent microsomal dehydrogenases. For this

reason, the reduction of AFB1 to AFL is not considered

complete detoxification, but also storage of the toxin to

produce chronic toxic effects. Glucuronidation of AFL produces

a detoxication product readily excreted in bile. Studies with

anticarcinogens (BNF and PCB) demonstrated that the mechanism

of action for the anticarcinogenesis involved increased rate

of formation of the detoxification product AFM1 (P-450 1A1

mediated), decreased formation of AFL (cytosolic enzyme

mediated), and decreased DNA adduction (Bailey et al 1987).

Temperature modulated AFB1 genotoxicity (Zhang et al
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1992) may involve modulation of AFB1 metabolic pathways. The

primary objectives of the present study are to compare

temperature-modulation of (1) in vitro binding of AFB1 to DNA

catalyzed by hepatic microsomes and (2) biotransformation of

AFB
1
to AFL by hepatic cytosol from 10 and 18 °C acclimated

rainbow trout.
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Figure 1. Effect of temperature on Tris buffer pH. Tris
buffers (0.2 M) were adjusted to 7.2 and at 14 °C and the
tested at 8, 14 and 20°C respectively. Results indicates a
decrease in pH value with an increase in temperature.
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Figure 2. Effect of pH on in vitro AFB1 DNA binding. Calf-
thymus DNA was incubated with [3]H]AF131, NADPH and rainbow trout
microsomal protein at different pHs of Tris buffer at 14 °C
for 30 min with shaking. Results indicates that in vitro AFB1-
DNA binding increases with the increase of pH.
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Figure 3. Effect of microsome concentration and incubation
time on in vitro AFB1 -DNA binding. Calf-thymus DNA was
incubated at 14 °C and pH 7.2 for 30 or 60 min with [3H)AFB1,
NADPH and microsomal protein ( 0.125, 0.25, 0.5 and 1.0 mg/ml
) from 14 °C acclimated rainbow trout.
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Figure 4. Arrhenius plots of in vitro AFB1-DNA binding by
rainbow trout hepatic microsomes. The incubation mixture (2
ml) for the binding of AFB1 to DNA contained 0.35 mg
microsomal protein/ml from 10 or 18 °C acclimated fish, 45 mM
Tris-C1 (pH 7.2 at 14 °C), 1 mM NADPH, 1 mg calf-thymus
DNA/ml, and 0.01 mM [3H]AFB

1
(21.22 mCi/mmol). The incubation

mixtures were shaken at 6, 8, 10, 12, 14, 16, 18, 20, and 22
°C in the dark. The reactions were terminated after 30 min.
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Figure 5. Arrhenius plots of in vitro AFB1 -DNA binding by
rainbow trout hepatic microsomes treated with a-naphthoflavone
(ANF). The incubation mixture (2 ml) for the binding of AFB1
to DNA contained 0.35 mg microsomal protein/ml from 10 or 18
°C acclimated fish, 45 mM Tris-Cl (pH 7.2 at each incubation
temperature), 1 mM NADPH, 1 mg calf-thymus DNA/ml, 0.5 mM ANF
and 0.01 mM [3H]AFB1 (21.22 mCi/mmol). The incubation mixtures
were shaken at 6, 8, 10, 12, 14, 16, 18, 20, and 22 °C in the
dark. The reactions were terminated after 30 min.
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Figure 6. Effect of rainbow trout microsomal and cytosolic
enzymes on in vitro metabolism of aflatoxin B1. Incubation
consisted of phosphate buffer (50 mM, pH 7.4), 1 mM NADPH,
MgCl2 (5 mM), KC1 (60 mM), microsomes or cytosol (4 mg
protein/ml) from 14°C acclimated fish and [3H]AFB1 (1 nM,
10.22 mCi/mmol). The mixtures (2 ml) were incubated at 18°C
with shaking for 60 min in the dark.
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Figure 7. Effect of temperature on in vitro biotransformation
of AFB, to AFL catalyzed by cytosolic enzymes. Incubation
consisted of phosphate buffer (50 mM, pH 7.4), 1 mM NADPH,
MgC12 (5 mM), KC1 (60 mM), cytosol (4 mg protein/ml) from 10°C
or 18 °C acclimated fish and [31flAFB1 (0.5 nM, 10.22
mCi/mmol). The mixtures (4 ml) were incubated at 10, 14 and
18°C with shaking for 60 min in the dark.


