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foci increased approximately 3-fold when these animals then
received TCDD (Groups 5 and 6) or phenobarbital (Group 7)
for the next 7 months. Most significant was the production of
well-differentiated hepatocellular carcinomas in the high-dose
TCDD-DEN-treated animals (Groups 5 and 6), whereas no
neoplasms were observed in animals that received only DEN
(Group 1) or only TCDD (Groups 2 and 3). Rats subjected to
partial hepatectomy alone showed no foci (data not shown).

As can be seen from Table 1, the number of enzyme-altered
foci per cu cm liver in animals of Group 5 was significantly
higher than that for those in Group 6. We do not feel that this
indicates that the lower dose of TCDD (equivalent to 0.01 ug/
kg/day) is more effective in promoting liver tumors than the
higher dose (0.1 ug/kg/day) but rather that the larger foci
which occurred after 7 months on the higher dose of TCDD
were the result of fusion of several of the foci, thus accounting
for a lower total number in livers of animals on the higher dose
for the same period of time. A comparable but somewhat lower
number of foci than induced with the higher dose of TCDD was
produced by the feeding of 0.05% phenobarbital following
DEN-partial hepatectomy at the dose used in these experiments
(Group 7). Thus, TCDD administration is similar to the promot-
ing effect of phenobarbital in increasing the number of enzyme-
altered foci but does not show any effect of dose on the number
of foci produced in the ranges used in this study. Almost twice
the number of enzyme-altered foci were produced by TCDD
(0.01 ug/kg/day) as were produced by phenobarbital (0.05%
in diet), but the total molar dose of the former was approxi-
mately 1 million times less.

While both dose levels of TCDD resulted in the same number
of enzyme-altered foci, the higher dose level caused a marked
increase in the total number of cells or volume occupied by the
enzyme-altered foci in the livers of animals in Groups 5 and 6
(Table 1). This result is consistent with the concept that the
promoting action of TCDD enhances the growth of the cells in
the foci, which is reflected by a greater proportion of foci
exhibiting phenotypes of ATPase and glucose-6-phosphatase
deficiency combined with the presence of y-glutamyl transpep-
tidase. Pugh and Goldfarb (27) have earlier shown that such a
phenotype is characteristic of foci exhibiting the largest number
of cells in DNA synthesis.

It was evident from observation of the transparent overlays
for the 3 enzymes that many of the foci as well as the larger
carcinomas exhibited heterogenous phenotypes of altered en-
zyme activities. The use of serial sections and composites of
the transparent overlays for the enzymes allowed us to quan-
titate the number of enzyme-altered foci of each of the 7
possible phenotypes. Table 2 presents these results. The par-
tially hepatectomized animals receiving DEN only (Group 1) or
the TCDD only (Groups 2 and 3) exhibited a greater percentage
of their foci as a single enzyme alteration when compared to
the PH plus DEN plus TCDD animals (Groups 5 and 6). The
percentage of foci exhibiting alterations in all 3 enzymes was
3- to 7-fold higher in the DEN-TCDD-treated animals than in
the other groups.

DISCUSSION

In the present study, we have found that enzyme-altered foci
induced in rat liver by partial hepatectomy and DEN were
greatly increased in number, total volume, and phenotypic
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heterogeneity by the administration of TCDD. A significant
incidence of hepatocellular carcinomas (5 of 7) was observed
in the DEN-treated rats which were given the high dose of
TCDD (1.4 pg/kg biweekly), but no carcinomas were seen in
the rats treated only with DEN (O of 4) in confirmation of
previous results (21, 34). The rats and the TCDD dosage
regimen used in this study were chosen to resemble closely
the conditions in the 2-year feeding study by Kociba et al. (15).
The rats in the present study, initiated with DEN and then given
TCDD, developed a much higher incidence of liver cancer in a
much shorter time period (28 weeks) than did those maintained
on a diet of TCDD for 104 weeks in the study by Kociba et al.

In the absence of convincing evidence that TCDD is a mu-
tagen or that it covalently binds to DNA to any appreciable
extent and in light of the present results that TCDD enhances
DEN-initiated hepatic carcinoma, it seems a reasonable hy-
pothesis that all the tumors associated with the chronic admin-
istration of TCDD arise from its promoting activity of cells
already ‘‘initiated’’ by exposure to the environment.

Boutwell (4) has suggested that promoting agents act to alter
gene expression, and studies of one of the best known pro-
moting agents in skin, tetradecanoyl phorbol ester, have re-
peatedly demonstrated its relative metabolic inertness and lack
of covalent interaction with DNA. In conformity with this con-
cept, TCDD has been shown to bind reversibly to a specific
cytosol receptor, and the ligand-receptor complex initiates the
coordinate expression of a number of genes (25).

The characteristic toxic responses of TCDD have recently
been shown to be mediated through the cytosol receptor (24),
and it is possible that its action as a promoter of hepatocellular
carcinogenesis may also be mediated by its stereospecific
binding to the receptor and the coordinated gene expression
that ensues. The extreme effectiveness of this compound in its
promoting action suggests that the relative strength of other
promoting agents in the liver and probably other organs will
vary by many orders of magnitude just as can be seen in the
potency of chemical carcinogens (16). Furthermore, such an
effective promoting agent might well be expected to be able to
promote cells initiated by ambient environmental conditions
such as diet, background radiation, or other factors (Table 1,
Groups 2, 3, and 4), giving its effects the semblance of a
complete carcinogen.
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