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ABSTRACT

Thirty-six wild-caught woodchucks (Marmota monax) were charac

terized according to sex, weight, trapping locality, liver pathology, and
serum or hepatic markers of woodchuck hepatitis virus. Liver subcellular
fractions were assayed for microsomal cytochromes P-450, aryl hydro

carbon hydroxylase, glutathione, cytosolic enzymes involved in its metab
olism (glutathione S-transferase, glutathione peroxidase, and glutathione
reducÃase), in the hexose monophosphate shunt (glucose 6-phosphate
dehydrogenase and 6-phosphogluconate dehydrogenase), NADH- and
NADPH-dependent diaphorases, and DT diaphorase. Moreover, liver

postmitochondrial fractions were assayed for their ability to activate
procarcinogens (i.e., a tryptophan pyrolysate product, aflatoxin B,, 2-
aminofluorene, and fra/w-7,8-dihydrobenzo(fl)pyrene| to mutagenic me
tabolites in the Ames reversion test and to decrease the activity of direct-
acting mutagens (i.e., 4-nitroquinoline /V-oxide, 2-methoxy-6-chloro-9-[3-
(2-chloroethyl)aminopropylamino]acridine â€¢2HC1, and sodium dichro-

ntate|. A considerable interindividual variability in metabolism was ob
served among the examined woodchucks. Some of the investigated pa
rameters were more elevated in virus carriers, especially in those suffering
from chronic active hepatitis, but only a few of the recorded differences
(i.e., oxidized glutathione reducÃase and NADPH-dependent diaphorase)

were statistically significant. The comparison of the monitored activities
in woodchucks and in other rodent species (rat and mouse) led to the
conclusion that the liver metabolism of mutagens and carcinogens in
woodchucks is more oriented in the sense of activation, while detoxifi
cation mechanisms are more efficient in rats and mice.

INTRODUCTION

The close association between persistent infection with hep
atitis B virus (HBV),3 or other hepadna viruses, and primary

hepatocellular carcinoma is widely established and supported
by several lines of evidence (1-4).

Members of this virus family possess some properties which
are typical for oncogenic viruses, such as the mode of genome
replication (5) and the ability of their viral DNA to covalently
integrate with the genome of liver cancer cells in both humans
and woodchucks (4). However, integration of the virus may not
be an absolute prerequisite for cell transformation (6). There
fore, a possible synergism between the virus and chemical
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carcinogens has been also suspected (7-9). Another major step
in the development of hepatocellular carcinoma is likely to be
represented by liver postnecrotic cirrhosis (1), also because
regeneration of hepatocytes, resulting either from necrotic
agents or from partial hepatectomy, is recognized as an efficient
promoting factor in hepatocarcinogenesis (10). However, liver
cancer is not constantly preceded by liver cirrhosis in humans
(11), and in woodchucks it is associated with hepatic inflam
mation leading to hyperplastic nodules rather than to cirrhosis
(12).

Since metabolic mechanisms, oriented in the sense of either
activation or deactivation, are well known to play a crucial role
in chemical carcinogenesis, we implemented studies in order to
check whether alterations in the metabolism of mutagens and
carcinogens, possibly occurring in viral hepatitis, may contrib
ute to explain the relationship between infection with hepadna
viruses and liver cancer. In a first study (13), performed with
pools of liver biopsy samples obtained from 129 patients, we
demonstrated a significantly enhanced activation to mutagenic
metabolites of a tryptophan pyrolysate product (Trp-P-2), a
hepatocarcinogen commonly present in broiled food (14), in
chronic HBV carriers, irrespective of histolÃ³gica! diagnosis.
Conversely, only marginal effects could be detected in the case
of the mycotoxin aflatoxin BI, which is one of the most likely
chemical candidates for cocarcinogenesis with HBV (8, 15).

Although the conclusion drawn was suggestive, that study
was limited by the poor availability of human liver tissue.
Therefore, we deemed it of interest to investigate the metabo
lism of mutagens and carcinogens also in a suitable animal
model, i.e., the woodchuck or groundhog (Marmota monax).
WHV has morphological, structural, antigenic, and biological
similarities to HBV (5, 16, 17), and hepatocellular carcinoma
appears to develop in most of all chronically infected animals
after 2-4 years (18). In the present study we investigated the
metabolic ability of liver preparations from 36 woodchucks to
activate or deactivate known mutagens and carcinogens, as well
as a variety of biochemical parameters relevant to the biotrans
formation of xenobiotics, in relationship with natural WHV
infection and with other possible variability factors. Since thus
far no information is available on these metabolic aspects, we
also compared metabolic data in woodchucks with those ob
tained in other rodent species which are commonly used in the
laboratory, i.e., the rat and the mouse.

MATERIALS AND METHODS

Animals. Thirty-six wild woodchucks of various sexes and weights
were caught in different localities and states, as indicated in Table 1.
The animals were trapped from March to October in 1983 and 1984.
Most of the trapping was in August (Table 1).

Five adult, male Swiss albino mice and 10 adult, male Sprague-
Dawley rats were purchased from Merini (Reggio Emilia, Italy). One-
half of the rats were pretreated, 5 days before killing, with a single i.p.
injection of the polychlorinated biphenyl Aroclor 1254 (Monsanto
Chemical Co., St. Louis, MO) in corn oil (500 mg/kg body weight).

Assay of WHV and HBV Markers. WHsAg and anti-WHs were
assayed in serum of woodchucks by means of agar-gel immunodiffusion,
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Table 1 Characteristics of the woodchucks examined
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' A, University of Delaware grounds, DE; B, Sassafras, DE; C, Sharpsburg, MD; D, Bedford, VA; E, Campbell, VA; F, Lynchburg, VA; G, Fox Chase Farm, PA;

H, Reading, PA; I, New Holton. PA.
* NT, not tested or not reported; NSL, no significant lesion; MC, minimal changes; PLA, pyogenic liver abscess with focal necrosis on surface; WCVH, WC viral

hepatitis; CAH, chronic active hepatitis; PHC, primary hepatic carcinoma.
' Positivity at RIA (positive/negative): +, >2.1; Â±,1.5-2.1; -, <1.5.
' Negative by using monoclonal anti-HBs.

using purified WHsAg and woodchuck sera positive for WHsAg or
anti-WHs as reactants. In addition, serum WHV markers were assayed
for cross-reactivity by means of solid-phase RIA using commercially
available kits, i.e., Ausab for anti-WHs, Corah for anti-WHc, and
HBeRIA for WHeAg and anti-WHe (Abbott Laboratories, North Chi
cago, IL). Moreover, the cross-reactivity with HBsAg was checked in
liver SI2 fractions (Abbott; Ausria II). A RIA using monoclonal anti-
HBs (Antibody to Hepatitis B Surface Antigen I25I; Centocor, Inc.,
MÃ¤hern, PA) was also used with the last 5 samples (Samples 32-36).
Positivity at RIA was indicated by the ratio between radioactivity of
samples and radioactivity of negative controls. A ratio greater than 2.1
was considered as positive, between 1.5 and 2.1 as borderline, and lower
than 1.5 as negative.

Preparation of Liver Subcellular Fractions. Woodchucks were anes
thetized with ketamine-Rompun and exsanguinated. The blood was
collected for assaying serum WHV and HBV markers. Livers were
aseptic-ally removed and washed in 10 mM Tris 0.15 M KO. pH 7.4.

Portions were used for histopathology. Homogenates were prepared,
depending on samples, either from fresh liver or from thawed liver,
previously stored at -70"C for a maximum of 6 months. Comparative

assays provided evidence that these different procedures do not signif
icantly affect the parameters investigated. In the case of the animal
affected by primary hepatic carcinoma (Sample 32), the homogenate
was prepared from the cancer tissue. Minced liver was homogenized in
50 IHM Tris-0.25 M sucrose, pH 7.4 (3 ml/g of wet tissue), using a
Potter-Elvehjem apparatus with a Teflon pestle. Homogenates were
centrifuged twice at 12,000 x g for 20 min. The supernal ants (SI 2 or
post mitochondria! fractions) were harvested and the pellets were dis
carded. In the case of Samples 18-36, an aliquot of each SI2 fraction

was gauze filtered and further centrifuged at 105,000 x g for 1 h. The
supernatant (SI 05 or c\ toso lie fraction) was harvested and the pellet
(microsomal fraction) was washed once and resuspended in 50 HIM
Tris-0.1 mM EDTA, pH 7.4, supplemented with 20% glycerol (0.5 ml/
g of original tissue). All the liver subcellular fractions were divided into
small aliquots and immediately frozen at -70"(". Samples, packed in

dry ice, were shipped by air from Philadelphia to Genoa laboratories
and immediately transferred at â€”70Â°C.Three different shipments were

made: in October 1983 (Samples 1-17); in November 1984 (Samples
18-27); and in July 1985 (Samples 28-36).

Subcellular fractions of livers pooled from mice or rats (either
untreated or Aroclor treated) were directly prepared in the Genoa
laboratories as described for woodchucks.

Assay of Enzyme Activities and Other Biochemical Parameters. The
protein concentration was determined according to the protein-dye
method of Bradford (19).

The concentration and the spectral properties of eyloch romes I" 450

in liver microsomes were determined by the classical method of Omura
and Sato (20), evaluating CO binding to cytochrome reduced with
dithionite.

AHH was measured in liver SI2 fractions as described by Sabadie et
al. (21), by evaluating the conversion of benzo(a)pyrene into fluorescent
phenol metabolites. 3-HO-B(a)P was used as a standard. AHH activity
was expressed as pmol 3-HO-B(a)P formed per min and per mg protein.

GSH was fluorometrically detected in S105 fractions according to
the method of Hissin and Hilf (22). The cytosolic enzyme activities
were measured as follows: GSH 5-transferase (EC 2.5.1.18) according
to the method of Habig et al. (23), using I-eh loro-2.4-din itroben/ene

as a substrate; GSH peroxidase (EC 1.11.1.9) according to the method
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Table 2 Evaluation of metabolic parameters in liver subcellular preparation of woodchucks (either uninfected or WHV-infected), Sprague-Dawley rats (either untreated
or Aroclor-pretreated), and Swiss albino mice (untreated)

Values are means Â±SD of triplicate determinations for rats and mice (on samples pooled from 5 animals) or of the individual data reported in Figs. 1-3 for
woodchucks.

ParameterBiochemical

parametersGSHGSH

5-transferaseGSSG
reducÃaseGSH
peroxidaseG6P-dehydrogenase6PG-dehydrogenaseNADH

diaphoraseNADPH
diaphoraseDT

diaphorase(NAOH)DT
diaphorase(NADPH)Cytochromes

P-450Cytochromes
P-450AHHActivation

ofpromutagensB(a)P-diol2AFTrp-P-2AFB,Deactivation

of direct-actingmutagens4NQOICR

191Sodium
dichromateUnitnmol/mg

proteinmIU/mg
proteinmIU/mg
proteinmil' rugproteinmIU/mg

proteinmIU/mg
proteinmIU/mg
proteinmIU/mg
proteinmil

nigproteinmil
nigproteinPeak

(nm)nmol/mg
proteinpmol/min/mg

proteinRME/mg

proteinRME/mg
proteinRME/mg
proteinRME/mg
proteinRME/mg

proteinRME/mg
proteinRME/mg

proteinWHV-12.0

Â±1.0124.4
Â±42.96.1

Â±1.432.2
Â±15.64.9
Â±3.45.8
Â±2.69.9
Â±2.34.2
Â±1.11.2

Â±0.51.1
Â±0.4450.7

Â±0.80.9
Â±0.45.2
Â±2.42.3

Â±1.618.3
Â±18.04.7
Â±5.73.1
Â±2.58.6

Â±1.52.2
Â±1.92.1
Â±0.5WoodchucksWHV+14.6

Â±3.6143.7
Â±46.88.3
Â±1.8*37.7

Â±13.77.7
Â±2.97.2
Â±1.99.8
Â±1.15.6
Â±l.r1.2

Â±0.41.2
Â±0.7450.4

Â±0.40.8
Â±0.25.4

Â±2.22.3

Â±1.514.3
Â±12.44.2
Â±3.92.6
Â±2.59.7

Â±2.32.5
Â±1.72.0
Â±0.5RatsAll13.3

Â±3.3132.5
Â±44.46.8

Â±2.134.5
Â±14.76.1
Â±3.46.4
Â±2.49.8
Â±1.94.8
Â±1.31.2

Â±0.51.1
Â±0.5450.6

Â±0.60.8
Â±0.35.3
Â±2.32.3

Â±1.616.2
Â±15.34.5
Â±4.82.9
Â±2.59.2

Â±2.02.4
Â±1.82.1
Â±0.5Untreated38.9

Â±7.3684.5
Â±137.717.0

Â±2.4160.4
Â±4.26.1

Â±0.912.9
Â±1.7151.1
Â±12.3135.3
Â±16.1NTNT450.2

Â±0.20.8
Â±0.17.2

Â±1.61.0

Â±0.367.3
Â±3.91.8

Â±0.32.1
Â±0.214.1

Â±2.11.7
Â±0.22.7

Â±0.4AroclorNT"NT31.6

Â±4.3156.6
Â±24.715.2

+2.528.8
Â±2.1724.3

Â±88.7699.2
Â±61.0NTNT449.3

Â±0.32.3
Â±0.227.3
Â±0.32.6

Â±0.4138.4Â±
12.0123.9

Â±11.62.5
Â±0.414.9

Â±1.3144.1
Â±9.83.7

Â±0.3MiceUntreated13.3

Â±4.3762.3
Â±40.120.5
Â±1.9533.3
Â±46.85.6

Â±1.17.5
Â±0.680.5
Â±9.331.2

Â±4.8NTNTNTNT5.8

Â±1.1NTNTNTNTNTNTNT

" NT, not tested; RME, relative metabolic efficiency (see text).
* Significantly higher (P <0.01 ), compared to WHV-.
e Significantly higher (P <0.05), compared to WHV-.

of Beutler (24); GSSG reducÃase(EC 1.6.4.2) according to the method
of Veiga Salles and Ochoa (25); G6PD (EC 1.1.1.49) and 6PGD (EC
1.1.1.43) according to the method of Rudack et al. (26); diaphorase
activities, using either NADH or NADPH as electron donors and 2,4-
dichlorophenolindophenol as electron acceptor, and their dicoumarol-
inhibitable activity, i.e., DT diaphorase or NAD(P)H-quinone oxido-
reductase (EC 1.6.99.2), according to the method of Ernster et al. (27).
All the enzyme activities were expressed as milliunits/mg protein.

Metabolic Activation or Deactivation of Mutagens. Test compounds
included 4 promutagens, [i.e., Al-'K, (Sigma Chemical Co., St. Louis,

MO); 2AF (Ega-Chemie KG, Steinheim/Albuch, Federal Republic of
Germany); B(a)P-diol (gift from Dr. D. S. Longfellow, National Cancer
Institute, Bethesda, MD); and Trp-P-2 (gift from Dr. T. Sugimura,
National Cancer Center, Tokyo, Japan)] and 3 direct-acting mutagens
[i.e., 4-nitroquinoline .V-oxidc (gift from Dr. D. S. Longfellow, National
Cancer Institute, Bethesda, MD); ICR 191 (Polysciences Inc., Warring-
ton, PA); and sodium dichromate (Na2Cr2O7-2H2O) (Merck-Schu-
chardt, Munich, Federal Republic of Germany). Af-'B,. 2AF, and B(a)P-

diol were dissolved in dimethyl sulfoxide, and all the remaining com
pounds were dissolved in distilled water.

The efficiency of liver SI2 fractions from all individual woodchucks
(and of those pooled from mice and rats) in activating promutagens or
in detoxifying direct-acting mutagens was investigated in the Ames
reversion test (28). Based on our previous experience in these kinds of
studies and on the indications of preliminary assays with woodchuck
preparations, the following doses and his' S. typhimurium tester strains

were used with each compound: AFBi, 0.5 Â¿tg/plate,strain TA100;
2AF, 5 Mg/P'ate, strain TA98; B(a)P-diol, 1 ^g/plate, strain TA100;
Trp-P-2, 0.05 >ig/plate, strain TA98; 4NQO, 0.5 jig/plate, strain
TA 100; ICR 191, 2.5 ^g/plate, strain TA 1537; sodium dichromate, 35
Mg/plate, strain TA 100.

For the performance of mutagenicity assays, a NADPH-generating
system (S9 mix) (28), incorporating each one of the liver SI 2 fractions
(or their buffer as a control), was mixed with test compounds and
bacteria and processed according to the standard plate incorporation
test (28). In the case of the direct-acting mutagens, the compounds and
the metabolic systems were preincubated at 37*C for l h prior to mixing

with bacteria and top agar.
Mutagenicity assays were preliminarily performed both at an equiv

alent volume of SI2 fraction (i.e., 50, 25, or 12.5 n\/pli\ie) and at an
equivalent SI2 protein concentration (i.e., 1 or 0.5 mg/plate). -For
definitive assays, it was decided to test all rodent liver SI2 fractions at
1 mg protein per plate, with all mutagens.

The efficiency of each liver S12 fraction in activating AFBi and Trp-
P-2 and, on a more limited scale, in metabolizing the other test
mutagens was evaluated just after arrival of each shipment. However,
the data presented under "Results" derived from comparative experi

ments carried out with all samples after delivery of the last shipment.
This was justified by the finding that the results obtained on the same
samples (Samples 1-17) after a 2-year interval (i.e., in November 1983
and in October 1985) were in good agreement, as confirmed by statis
tical analysis using Student's t test for two dependent groups (t = 1.16

for AFBi and 0.43 for Trp-P-2, i.e., far away from significance thresh
olds).

An index expressing the relative metabolic efficiency of test samples
was calculated as follows. For each promutagen, the mean number of
revenants observed in the presence of each S12 fraction was divided by
the mean number of revenants observed with the same compound but
in the absence of SI2 fractions. The inverse calculation was made for
direct-acting mutagens; i.e., the mean number of revenants observed in
the absence of SI2 fraction was divided by the mean number of
revenants observed in the presence of each S12 fraction. By using this
procedure, the relative metabolic efficiency in the mutagenicity test
system is scored by a scale of values, where 1 indicates no activation or
deactivation. The higher the number, the higher is the metabolic effi
ciency for both activatable and deactivatable mutagens.

Statistical Analysis. The results of all biochemical and mutagenicity
parameters are expressed as mean values of duplicate or triplicate
determinations, which often were preceded by preliminary assays and/
or followed by confirmatory assays. SD values were also calculated for
each sample and parameter, but they are not drawn in Figs. 1-3 for the
sake of visual clarity. In Table 2, SD values of woodchuck data refer to
the interindividual variability within this animal species, whereas the
SD values calculated for mice or rats, either untreated or Aroclor
pretreated, reflect the accuracy of 3 separate assays on samples pooled
within each group. For this reason, the results recorded in these 3
rodent species were not compared by means of statistical analysis, also
because it was of interest to point out interspaces differences only in
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the order of magnitude of the phenomena investigated.
The results obtained by examining the SI 2 fractions of all 36 wood-

chucks (mutagenicity assays and AHH determination) and the cytosolic
and microsomal fractions of the last 19 woodchucks (all the remaining
biochemical parameters) were analyzed in order to detect possible
sources of variability. To this purpose, animals were divided into two
groups according to possible variability factors, and the differences
recorded between the mean values of each experimental parameter were
analyzed by Student's t test. Variability factors included the sex of

animals and the occurrence of natural WHY infection and, within
WHV-infected animals, positivity for serum HBeAg and histolÃ³gica!
diagnosis of acute hepatitis or of chronic active hepatitis. About the
trapping place, it was possible to compare mutagenicity and AHH data
for the woodchucks caught in Localities B and C. Plotting mutagenicity
data, as related to weight, suggested a division of animals into 2 groups,
i.e., over and below 9 pounds. Finally, the excessive clustering of
samples during the summer season precluded any statistical analysis of
data, as related to the trapping period.

RESULTS

WHY and HBV Markers (Table 1). One-half of the 36
woodchucks examined had serum and/or hepatocellular mark
ers of current WHY infection. In fact, the liver SI2 fractions
from 18 animals displayed a cross-reactivity with HBsAg at
RIA, which was no longer detectable when monoclonal anti-
HBs was used. The serum samples of the same animals were
positive for WHsAg and for cross-reactivity with HBV markers,
with one exception (Sample 8), which, however, was borderline
for anti-WHc. On the whole, of the 18 WHY carriers, 11 were
also positive for anti-WHc, 5 for WHeAg, and 2 for anti-WHe.
The majority of noncarrier animals had serological evidence
for a past hepatitis infection, as shown by the high prevalence
of anti-WHs (12 of 18, i.e., the 67%), using immunodiffusion
with positive WHsAg serum and/or purified WHsAg.

Liver Histopathology (Table 1). Seventeen of the 18 WHV-
infected woodchucks were subjected to liver histopathology.
Four of them had no significant lesion and one had minimal
changes, whereas 3 exhibited a histolÃ³gica! picture of clear or
suspected acute viral hepatitis, 8 of chronic active hepatitis, and
1 of primary hepatocellular carcinoma. All the 12 uninfected
animals subjected to liver pathology had no significant lesion,
with the exception of a pyogenic liver abscess in one case.

Cytochromes P-450 (Fig. 1; Table 2). Both the Soret peak and
the concentration of cytochromes P-450 were very similar in
woodchucks and in untreated rats. Pretreatment of rats with
Aroclor 1254 resulted in a slight shift to the left of the Soret
peak and in a marked (almost 3-fold) and statistically significant
(P< 0.001) rise in concentration. In woodchucks, cytochromes
P-450 were not affected by sex, by WHY infection, or by liver
histolÃ³gica! changes. Note, however, that the total amount of
microsomal protein was significantly increased (P < 0.05) in
male animals.

Metabolism of Glutathione (Fig. 1; Table 2). The concentra
tion of hepatic GSH was similar in woodchucks and mice and
considerably higher in rats. The activity of cytosolic enzymes
involved in glutathione metabolism, i.e., GSSG reducÃase,GSH
peroxidase, and GSH 5-transferase, was markedly lower in
woodchucks than in untreated rats or even more to mice. In
rats, Aroclor 1254 enhanced GSSG reducÃase,while it did not
affect GSH peroxidase to a significant extent. In woodchucks,
none of these biochemical parameters was influenced by histo-
pathological changes, whereas glutathione S-transferase was
found to be significantly higher (P < 0.05) in females and
GSSG reducÃasein WHY carriers.
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Fig. 1. Concentration of microsomal cytochromes P-450 and of cytosolic

GSH and enzymes involved in GSH metabolism in the liver of uninfected and
WHV-infected woodchucks. NT, not tested.

Hexose Monophosphate Shunt (Fig. 2; Table 2). G6PD levels
were similar in the liver cytosol of the 3 rodent species. 6PGD
levels in woodchucks were slightly lower than in mice and about
2-fold lower than in rats. Both enzymes were more than doubled
following induction with Aroclor 1254 in rats. WHV infection
produced an evident increase in both G6PD and 6PGD, but
not to a significant extent. Also, sex and liver histology had no
significant influence on these parameters.

Diaphorase Activities (Fig. 2; Table 2). The levels of both
NADH- and NADPH-dependent diaphorases were of a consid

erably lower order of magnitude in woodchucks, as compared
to mice and especially to rats, which were further stimulated
(approximately 5-fold) by Aroclor 1254. NADPH-dependent
diaphorase was significantly enhanced (P < 0.05) in WHV-
infected animals. In contrast, the concentrations of DT diaph
orase, both using NADH and NADPH as electron donors, were
almost overlapping in uninfected and in infected animals. Di-
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aphorases in woodchucks were not affected by sex or by liver
histology.

AHH Activity (Fig. 3; Table 2). AHH activity was similar in
SI2 fractions of woodchucks and mice and slightly higher in
rats, where the enzyme inducer stimulated an almost 4-fold
increase. In woodchucks, AHH was not affected by sex, weight,
or WHV infection, irrespective of positivity for HBeAg. In the
3 WHV-positive cases diagnosed as acute hepatitis, there was
an increase in AHH activity [7.0 Â±1.8 (SD) versus5.2 Â±1.9 in

6
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Fig. 3. AHH activity and ability of liver S12 fractions, from both uninfected
WHV-infected woodchucks, to activate promutagens or to decrease the mutagen-
icity of direct-acting mutagens in the Ames reversion test. See "Materials and
Methods" for the definition and rationale of the "relative metabolic efficiency"

index. SD, sodium dichromate. NT, not tested.

the 15 cases with no significant hepatic lesion], which ap
proached the significance threshold. AHH activity was also
clearly yet not significantly increased in the 8 cases of chronic
active hepatitis (6.2 Â±2.1).

Metabolic Activation of Promutagens (Fig. 3; Table 2). Rat
liver SI2 fractions were considerably more efficient than the
corresponding woodchuck preparations in activating 2AF to
mutagenic metabolites. The situation was reversed for AFBi
and especially for B(a)P-diol and Trp-P-2. The metabolic acti
vation was stimulated in rats by Aroclor 1254, with borderline
effects in the case of AFB, and dramatic effects in the case of
Trp-P-2. In woodchucks, WHV infection had no significant
influence in these assays, although the stimulation in B(a)P-
diol activation recorded in HBeAg-positive animals approached
the 95% significance level. A significant sex difference (P <
0.001) occurred in the case of AFBi, which was more efficiently
activated in female woodchucks. As far as liver histology is
concerned, no variation was detected in acute WHV hepatitis,
whereas in chronic active hepatitis the observed increases in the
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metabolism of B(a)P-diol (3.1 Â±1.9 versus 2.0 Â±1.3 of normal
liver) and especially of Trp-P-2 (6.2 Â±5.1 versus 3.9 Â±4.1), due
to the high SD values, were not statistically significant. Finally,
the weight and the trapping locality of woodchucks had no
significant effect on these parameters.

Metabolic Deactivation of Direct-acting Mutagens (Fig. 3;
Table 2). The loss of mutagenicity of 4NQO, ICR 191, and
sodium dichromate was of a similar order of magnitude in
woodchucks and in rats. Pretreatment of rats with Aroclor 1254
enhanced the metabolism of ICR 191 and sodium dichromate,
but apparently not of 4NQO. Note, however, that, as also
observed in other studies (29), a sharp stimulation of 4NQO
metabolism by this enzyme inducer could be detected by low
ering the concentrations of liver SI2 preparations in the test
system. The metabolic efficiency was not influenced by sex and
weight of woodchucks or by infection with WHY, irrespective
of positivity for HBeAg. The trapping locality did not signifi
cantly affect the relative metabolic efficiency, although in the
case of ICR 191 this parameter was 2.5 Â± 1.5 for the 8
woodchucks caught in Sassafras, DE, as compared with a figure
of 1.6 Â±0.2 for the 5 woodchucks caught in Sharpsburg, MD.
Detoxification of ICR 191 was significantly enhanced (P <
0.05) in animals with the diagnosis of chronic active hepatitis.

DISCUSSION

The findings of this study provide evidence for the existence
of appreciable quantitative differences in the hepatic metabo
lism of mutagens and carcinogens in woodchucks, as compared
to rats and mice. Obviously, these differences should be consid
ered as only indicative, since a marked intraspecies dishomo-
geneity may result from both interstrain and interindividual
variations (30), as also shown by the data obtained in wood-

chucks.
The spectral properties and the concentration of cytochromes

P-450 were virtually overlapping in liver microsomes of wood-

chucks and rats, and the activity of AHH, a typical cytochrome
P-450-dependent mixed function oxidase, was also of the same
order of magnitude in the three rodent species. In contrast,
most cytosolic enzyme activities, mainly involved in detoxifi
cation of xenobiotics, were considerably lower in woodchucks
than in mice and/or in rats. In rats, almost all the monitored
parameters were further stimulated by Aroclor 1254, which
confirms the inducibility of these metabolic pathways. Com
pared to mice, rats displayed a lower activity of GSH peroxidase
which, at an equivalent activity of GSSG reductase, may have
accounted for the observed higher levels of hepatocellular GSH
in rats. The interplay of individual enzyme activities was re
flected in the overall effect of SI2 fractions, either from wood-
chucks or from rats, on the mutagenicity of several compounds
of different chemical classes. In fact, presumably due to a lower
efficiency of detoxification mechanisms, three promutagens,
/.e., the proximal metabolite of a polycyclic aromatic hydrocar
bon [i.e., B(a)P-diol], a heterocyclic amine (i.e., Trp-P-2), and
a heterocyclic compound (i.e., AFB,), were more mutagenic in
the presence of woodchuck liver preparations. Conversely, the
situation was reversed for an aromatic amine (i.e., 2AF). On
the other hand, woodchuck liver was somewhat more efficient
in detoxifying the antitumor compound ICR 191, but rat liver
reduced the mutagenicity of 4NQO and of a hexavalent chro
mium salt (i.e., sodium dichromate) to a greater extent. Note
that DT diaphorase has been shown to be involved in the
metabolic loss of activity of both these mutagens (29, 31, 32).
Thus, on the whole, with inevitable exceptions attributable to

the diversity and complexity of the underlying biotransforma-
tion mechanisms, woodchuck liver appears to be more effective
in activating promutagens and rat liver seems more effective in
deactivating direct-acting mutagens.

The main objective of this study was to assess whether WHV
infection may have some influence on the liver metabolism of
mutagens and carcinogens. In this light, it is noteworthy that
almost all the biochemical parameters investigated were more
elevated in WHV-positive than in WHV-negative animals.
However, only for two parameters (GSSG reductase and
NADPH-dependent diaphorase) were the observed differences
statistically significant. Also, there was no significant influence
on the metabolic activation of promutagens, although some
indications emerged when subgroups of virus-infected wood-
chucks were considered. For instance, there were evident (yet
not statistically significant) increases in AHH activity in wood-
chucks suffering from histologically documented liver damage,
as well as in the metabolic activation of Trp-P-2 and B(a)P-diol
in WHV carriers positive for serum HBeAg and in those with
a histological diagnosis of chronic active hepatitis. In the latter
group, a significantly enhanced detoxification in ICR 191 was
also recorded. These data are consistent with the significant
stimulation in the metabolism of the widespread hepatocarcin-
ogen Trp-P-2, which we previously detected in chronic HBV
patients (13).

The most impressive finding of all the analyses performed
with woodchuck liver preparations was the striking interindi
vidual variability, leading to high SD values and thereby pre
cluding the detection of possible significant data. Such a phe
nomenon should presumably be ascribed to the circumstance
that the animals were wild-caught and therefore exposed to
hardly predictable exogenous stimuli. Apart from the WHV-
associated immunological and histological picture, none of the
other possible sources of variability, related to the available
information on woodchucks, influenced the results in a system
atic and convincing way. For instance, isolated significant dif
ferences related to 3 parameters could be attributed to sex, and
heavier animals were clearly less active in metabolizing muta
gens, but again the high interindividual variability hampered
the demonstration of significant changes. The comparison of
two trapping localities did not show any important peculiarity,
and no analysis could be made of the trapping period, due to
clustering of cases during the summer season. Unfortunately,
no evaluation could be made about an important source of
variability, i.e., dietary conditions, which were totally unknown.

In conclusion, infection with WHV has some consequences
on the hepatic metabolism of mutagens and carcinogens, but
such a condition does not represent the major reason of varia
bility of the results obtained. Therefore, metabolic factors do
not appear to play a key role in the association between WHV
infection and primary hepatocellular carcinoma. However, the
importance of the contribution of these factors in the overall
problem of hepatitis-related hepatocarcinogenesis warrants a
further assessment under more standardized and homogeneous
conditions, e.g., in captive and artificially infected animals, thus
minimizing the involvement of other confounding variability
factors.
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