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ABSTRACT

Hepatic cancers from mice and rats demonstrate decreased levels of 6-
aminolevulinic acid synthase, the rate-limiting enzyme in the heme syn
thetic pathway, and increased heme oxygenase, the heme-catabolizing
enzyme. These findings suggest that diminution of P-450, />,,and catatase
in these lesions may result from a heme supply that is limited by
decreased heme synthesis and increased heme catabolism. Heme synthe
sis was measured in mouse liver tumors (Mil) and adjacent tumor-free
lobes (BKG) by administering the radiolabeled heme precursors "Lr( I,
and 12-"<'lulu-iiu/ and subsequently extracting the heme for determination

of specific activity. Despite reduced Â¿-aminolevulinicacid synthase activ
ity in MLT, both tissues incorporated ^-"Clglycine into heme at similar

rates. At early time points, heme extracted from MLT contained less
"Fe than that from BKC. This was attributed to the findings that MLT
took up "T r at a slower rate than BKG and had larger iron stores than

BKG. The amount of heme per milligram of protein was also similar in
both tissues. These findings militate against the hypothesis that dimin
ished hemoprotein levels in MLT result from limited availability of heme.
It is probable, therefore, that decreased hemoprotein levels in hepatic
tumors are linked to a general program of dedifferentiation associated
with the cancer phenotype. Diminution of hemoprotein in MLT may
result in a relatively increased intracellular heme pool. Â¿-Aminolevulinic
acid synthase and heme oxygenase are, respectively, negatively and
positively regulated by heme. Thus, their alteration in MLT may be due
to the regulatory influences of the heme pool.

INTRODUCTION

Hepatic tumors from rats and MLTs' demonstrate significant
diminution of several hemoproteins. Among these are the cy-
tochromes P-450 and A5,catalase, and tryptophan dioxygenase
(1-3). In previous studies of mouse and rat hepatic tumors, we
found that ALAS, the rate-limiting enzyme in the heme biosyn-
thetic pathway, was reduced by one half. In contrast, the heme-
catabolizing enzyme, HO, was increased 2-fold (1, 2). Either of
these enzymic changes could lead to a decline of intracellular
heme levels. Several genes coding for hemoproteins in Saccha-
romyces cerevisiae have been demonstrated to be regulated by
heme (4, 5). More recently, the genes for mammalian P-450
and catalase have been shown to be positively regulated by heme
(6-8). Thus, we hypothesized that decreased hemoprotein levels
in hepatic cancers reflect diminution of the intracellular heme
pool and that hemoprotein decline results from aberrant heme
metabolism.

In the study we report here, the rate of heme synthesis in
MLT and BKG, a tumor-free lobe from the same animal, was
determined using mice bearing spontaneous MLT. Each mouse
was given injections of radiolabeled heme precursors, "Fed,
and [2-'4C]glycine, and the amounts of 55Fe and I4C incorpo

rated into heme were determined after extraction from BKG
and MLT. We found no indication of aberrant heme synthesis
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in MLT. Further, despite reduced levels of hemoprotein, the
ratio of heme to protein in MLT was somewhat higher than in
BKG.

MATERIALS AND METHODS

Chemicals. Coproporphyrin I was obtained from Sigma (St. Louis,
MO). ["Fe]Ferric chloride, 2 mCiA/g, was obtained from ICN Radi-
ochemicals (Irvine, CA), and [2-'JC]glycine, 41 mCi/mmol, was ob

tained from Amersham Corp. (Arlington Heights, IL).
Animals. Male C3H/HeN mice were obtained from the Animal

Program of the Division of Cancer Treatment, National Cancer Insti
tute; maintained in a temperature-, humidity-, and light-controlled
room: and allowed free access to water and Purina Rodent Laboratory
Chow (Pearland Feed Co., Pearland. TX). Starting at 1 yr of age, each
mouse was bled monthly, and its circulating level of rt-fetoprotein was
determined by radioimmunoassay (9). Values of 1 jig/ml or higher were
invariably associated with sufficient liver tumor mass for analysis (1).

Tissue Preparation. Following cervical dislocation, the livers were
perfused in situ via the portal vein with cold 0.25 M sucrose:0.02 M
Tris, pH 7.4, containing 10 units of heparin/ml to remove the blood.
Tumors with extensively vascularized capsules often had high residual
blood levels and were discarded. After being freed from surrounding
liver, the tumors were sectioned and examined to verify the absence of
necrosis or pools of blood. The tissues were homogenized in 4 volumes
of 0.15 M Nad.

Heme Extraction. Heme was extracted from 200-fil aliquots of tissue
homogenates by vigorous mixing with 5.0 ml of ethyl acetate:glacial
acetic acid (4:1, v/v). Two additional extractions were done with 2.5
ml of the same reagent, and the extracts were pooled. The extracts were
washed twice with water and once with 1.5 N HC1 (10).

Heme Determinations. The heme and porphyrin contents of the tissue
homogenates and extracts were quantitated fluorometrically by the
method of Morrison (11). Aliquots of material were added to saturated
oxalic acid and allowed to stand at room temperature or heated at 90Â°C

for 40 min before the fluorescence was measured at 662 nm or during
excitation at 407 nm. Coproporphyrin was used to generate standard
curves.

Iron Determinations. The iron content of the tissue homogenates was
determined colorimetrically with the iron reagent bathophenanthroline
disulfonic acid after the samples were hydrolyzed in 6 N overnight,
evaporated to dryness, and dissolved in water (12).

RESULTS

A preliminary experiment to determine the time course of
label incorporation into heme was performed using tumor-free
mice. The mice were given injections of 50 pC'i of "FeCI., and
[2-'4C]glycine i.p. and killed 1, 6. and 20 h afterward, and the

heme was extracted from the liver homogenates. The data are
shown in Table 1. Heme extracted from the livers of mice killed
at 20 h contained more 55Fe than did heme from the livers of

mice killed at the earlier time points. In contrast, incorporation
of I4C into heme was greatest at 6 h. By 20 h, the I4C content

of extractable heme was 40% of that seen at 6 h. It has been
reported that some species of P-450 have half-lives as short as
4 h (13). Thus, these data suggested that maximum incorpora
tion of I4C into heme probably occurred before 20 h, and by 20
h, some I4C label was lost through heme degradation. Because

iron released by heme oxidation is retained by the liver and can
be utilized for heme synthesis, relatively high levels of "Fe
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Table I Radiolabel in heme extracted from homogenates of normal mouse liver
prepared I, 6, and 20 h after i.p. injection of^FeCI, and f2-'4C/gfycine

Six mice were given injections i.p. of 50 Â¿iCiof "Fed, and [2-'4C]glycine. Two
mice were killed at each of the above intervals. Heme was extracted from the liver
homogenates. and the heme and isotope contents of the extracts were determined.

dpm/nmol ofhemeTime

(h)1

6
20"Fe123

Â±8Â°

584 Â±63
1276Â± 100,4C474

Â±29
1687 Â±197
991Â±69â€¢

Mean Â±SD.

Table 2 Specific activity of heme extract from homogenates of BKG and MLT
after 6 h of labeling and amount ofradiolabel in homogenates prior to extraction

Means, standard deviations, and probabilities were calculated from the paired
t statistic.

Extract (dpm/nmol of
heme)

Homogenate (dpm/mg of
protein)

Animal123TissueBKG

MLTBKG

MLTBKGMLT"Fe699

598626202659

366,4C1,3442.2722,227

1.6251,777

1.844"Fe52,428

27.15934.02132.34759.670

38.276UC31,32132,03731.35332.77733.80531.993

273 Â±163" -664 Â±1.157 16.122 Â±12.660 -109 Â±1.701
P < 0.05 NS* NS NS

Â°Mean Â±SD of the sample differences.
* NS, not significant (/>> 0.05).

incorporation into heme may be expected to persist for several
hours despite declining 14Clevels.

On the basis of the preliminary results, the 6-h time point
was chosen to compare the incorporation of iron and glycine
into heme by MLT and BKG. The data in Table 2 were obtained
from 3 mice given injections of "FeCl.i and [2-'4C]glycine and,

upon sacrifice, found to bear tumors meeting the criteria de
scribed in "Materials and Methods." Heme extracted from
BKG and MLT had a similar I4C content. In contrast, heme
from BKG contained 70% more 55Fethan did heme from MLT.

Because hepatic cancers have been demonstrated to have re
duced iron uptake (14, 15), the total amount of "Fe and I4C in

homogenates of both tissues was determined. The amount of
I4Cper milligram of protein was identical in homogenates from
both tissues, but the amount of "Fe in homogenates of BKG

was about 50% higher than that in homogenates of MLT. Thus,
the higher "Fe content of heme from BKG could be attributed
to the greater "Fe content of that tissue.

To determine if incorporation of "Fe into heme by MLT

could be increased by extending the labeling period, a second
experiment was done in which 3 mice were given injections of
the isotope mixture 20 h before heme extraction. The results
are shown in Table 3. Again, the 14Ccontent of heme extracted

from the two tissues was similar. In contrast to the previous
results, after 20 h of labeling, the heme from MLT contained
about 25% more "Fe than heme from BKG. This difference

was not statistically significant, however. Also, the mean differ
ence in the total "Fe content of the BKG and MLT homoge

nates was much smaller after 20 h of labeling than after 6 h of
labeling, 3,000 dpm versus 16,000 dpm.

These results indicated that BKG and MLT synthesized heme
at comparable rates, but differed with respect to iron uptake.
However, the data from the 6-h labeling studies suggested that
MLT had an iron pool sufficient to allow normal heme synthe
sis despite slower uptake of "Fe. These results were surprising

because MLTs have been reported to be deficient in iron uptake

Table 3 Specific activity of heme extract from homogenates of BKG and MLT
after 20 h of labeling and amount ofradiolabel in homogenates prior

to extraction
Standard derivations and probability were calculated from the paired t statistic.

Extract (dpm/nmol of
heme)Animal123TissueBKG

MLTBKG

MLTBKGMLT"Fe627

1,072558

497819944-

170Â±256"NS*MC-2.043

1.8401.350

1.2401,413

1,812-29

Â±324NSHomogenate

(dpm/mg of
protein)"Fe84.952

96.50333,174

18,26545,160

39.3303.062+

13,445NS,4C37,474

39,75226.82424,17224,224

19,4021,732Â±

3,638NS

" Mean Â±SD of the sample differences.
* NS, not significant (/>> 0.05).

Table 4 Total iron and heme in homogenates prepared from perfused BKG
and MLT

Probability was calculated from the / statistic for two means. Livers of tumor-
bearing mice were perfused in situ. Homogenates of BKG and MLT were assayed
for iron. heme, and protein.

TissueBKGMLT/jg
of iron/mg of

protein1.81
Â±0.36Â°(7)*

2.60 Â±0.56(6)P

< 0.01nmol

of heme/mg
ofprotein3.76

Â±1.53(20)
4.19Â±1.82(18)P

< 0.0001
" Mean Â±SD.
* Numbers in parentheses, number of samples assayed.

(15). Indeed, we had reasoned that this phenomenon could be
a contributing factor in hemoprotein decline during hepatocar-
cinogenesis. We therefore quantitated total iron in the homog
enates of these samples. Our finding, shown in Table 4, was
that MLT homogenates contained 44% more iron per milli
gram of protein than did BKG homogenates.

Throughout these studies and during previous studies, we
compiled data on the heme content of BKG and MLT homog
enates prepared from perfused livers. These data, also shown
in Table 4, indicate that MLT contained 10% more heme per
milligram of protein than did BKG.

DISCUSSION

Our previous studies with mice bearing spontaneous MLT
have indicated that Phase I and II drug-metabolizing enzyme
levels in tumor-free hepatic lobes were indistinguishable from
those seen in livers of control mice (16). The MLT, however,
demonstrated enzyme alterations very similar to those generally
seen in chemically induced rat hepatic cancers (1-4, 17). Be
cause normal liver and tumor can be obtained from the same
animal, we deemed the MLT model ideal for testing our infer
ence that, due to reduced levels of ALAS, hepatic cancers have
a limited capacity for heme synthesis.

Contrary to expectation, heme extracted from MLT and
BKG contained similar amounts of [2-'4C]glycine. These results
suggest that both tissues contained [2-'4C]glycine pools of sim
ilar size and were equally proficient in synthesis of 5-aminole-
vulinate and, ultimately, protoporphyrin IX. However, heme
extracted from MLT 6 h after injection of label contained less
"Fe than that from BKG. Because MLTs have been reported

to resist iron loading, we inferred that their iron pools would
be small. Thus, the initial finding that MLT synthesized heme
as well as BKG, but did so using less "Fe, seemed paradoxical.
When the labeling time was increased to 2 h, the "Fe content
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of heme was similar in both tissues. These results suggest that the effects of heme on these enzymes may play a significant
"Fe uptake by MLT is less rapid. This and the subsequent

findings that MLT had greater iron stores than BKG appear
sufficient to explain the lower 55Fe/'4C ratio in heme extracted

from MLT at 6 h.
Although we made no allowances for possible differences in

the rate of heme turnover, two findings indicate that heme
synthesis in MLT is essentially normal: (a) heme extracted
from BKG and MLT contained identical quantities of the
radiolabeled precursor [2-MC]glycine; and (b) homogenates of

MLT and BKG contained similar amounts of heme per milli
gram of protein. These results may appear inconsistent with
the finding that ALAS, the rate-limiting enzyme in the heme
synthetic pathway (24), is reduced by 50% in MLT (1). Possibly
ALAS is not rate limiting in mammalian systems. We previ
ously reported a study in which the effects of tin-protoporphyrin
on xenobiotic metabolizing enzymes were examined in rat liver.
Heme synthesis increased 400% in the livers of the tin-proto-
porphyrin-treated rats even though ALAS activity had increased
by only 20% (18). (The ALAS data were not included in our
report of that study.) Also, Schoenfeld et al. (19), who have
studied heme biosynthesis in lymphocytes from patients with
lymphoma and chronic lymphocytic leukemia, suggested that
ALAS may not be rate limiting in human lymphoid cells. On
the other hand, it has been estimated that 70% of the heme
synthesized by normal hepatocytes is utilized for P-450 (13).
Considering the paucity of microsomal cytochromes in MLT,
down regulation of ALAS to levels that are 50% of normal
should, perhaps, be expected.

Because the induction of hepatic HO can be effected by
numerous agents and invariably results in diminution of P-450
(20-23), we hypothesized that the increased HO demonstrated
by MLT was also a contributing factor in hemoprotein decline.
Contrary to expectation, the amount of heme per milligram of
protein was found to be somewhat higher in MLT than in BKG.
Thus, the hypothesis that increased levels of HO in MLT result
in the depletion of intercellular heme is untenable. In view of
diminished hemoprotein levels, it seems probable that a greater
portion of heme in MLT resides in a free-heme pool. Both
ALAS and HO are regulated by heme, ALAS negatively, and
HO positively (24-26). Thus, alteration of ALAS and HO
activities in MLT may be attributable to the regulatory affect
of the heme pool.

In toto, our findings do not support the notion that hemopro
tein decline in MLT results from aberrant regulation of ALAS
or HO. More probable, the alteration of ALAS and HO in
MLT is indicative of a competent regulatory mechanism re
sponding to reduced heme requirements associated with he
moprotein decline. Large amounts of P-450, such as those found
in liver, are peculiar to few tissues. Thus, diminution of some
of these species likely represents loss of tissue-specific function
during carcinogenesis. A similar decline is noted in hepatocytes
after growth in a tissue culture environment and may also
represent dedifferentiation (27, 28).

If, as we have suggested, the free-heme pool in MLT is
inordinately large, the excess heme possibly accounts for certain
phenotypic features of cancers. Heme has been shown to protect
erythroleukemia cells from the cytotoxic effects of anthracy-
clines (29) and perhaps is implicated in other mechanisms of
drug resistance. Some glutathione S-transferases lose catalytic
activity in the presence of heme (30). Increased expression of
5-transferases by cancers may therefore be a compensatory
response to the inhibitory effects of heme. Heme has also been
reported to inhibit DNA ligase and polymerases (31-33). Thus,

role in the phenotypic alteration that results from initiation of
the program of cell cancerization.
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