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of the relative catalase activity of blood-free tissues of
rabbits and rats indicated that heart contained 2 to 4% of
the catalase activity of liver or kidney. The author concluded
that an enhanced production of O, and H,0, and the
relatively low catalase content of heart tissue may be factors
in the cardiotoxicity induced by Adriamycin chemotherapy.

Bachur et al. (6) have extended these measurements and
proposed a unifying theory behind their mechanisms of
action. They have found that highly active, quinone-con-
taining anticancer drugs, Adriamycin, daunorubicin, car-
minomycin, rubidazone, nogalamycin, aclacinomycin A,
and steffimycin (benzanthraquinones); mitomycin C and
streptonigrin (N-heterocyclic quinones); and lapachol (na-
phthaquinone) interact with mammalian microsomes and
function as free radical carriers. These quinone drugs
augmented the flow of electrons from NADPH to molecular
oxygen. This reaction was catalyzed by microsomal protein
and produced a free radical intermediate form of the drugs
as determined by electron spin resonance spectroscopy.
Several nonquinone anticancer agents were tested and
were found to be inactive in this system. Since quinone
anticancer drugs are associated with chromosomal damage
that appears to be dependent on metabolic activation of
these drugs, Bachur et al. proposed that intracellular acti-
vation of these drugs to a free radical state is primary to
their cytotoxic activity. As free radicals, these drugs, be-
cause of their high affinity and selective binding to nucleic
acids, have the potential to be "site-specific free radicals”
that bind to DNA or RNA and either react directly or
generate oxygen-dependent free radicals such as O,* or
-OH to cause the damage associated with their cytotoxic
actions.

Thus, a wide number of anticancer drugs seem to involve
0O, in their mode of action. The differential toxicity of O,
to tumor cells as compared to normal cells may be brought
about by the lack of Mn SOD in tumor cells. This, perhaps
coupled with increased O, production in tumor cells, can
easily explain the differential toxicity.

One novel way of using this difference in SOD activity
between normal and malignant cells has been proposed by
Lin et al. (54). They propose to inhibit Cu-Zn SOD with DDC.
Since normal cells still have Mn SOD, they should survive
this treatment, whereas tumor cells, having only Cu-Zn
SOD, would not. Lin et al. have done preliminary experi-
ments with normal Chinese hamster cells (DON). The cyto-
cidal effect of DDC on DON cells was dependent on the
DDC concentration and exposure time. After 8 to 10 days of
incubation with 10-°* M DDC, no change in DON cell survival
was noted; however, incubation with 10-4 M DDC showed
marked toxicity. When DDC-treated cells were irradiated,
they did not survive as well as did cells treated with
radiation or DDC alone. The combined effects of hyperther-
mia and DDC were dramatic. Cells treated for 8 min at 43°
with 104 m DDC or for 10 min at 47° with 10~ m DDC
showed significant decrease in survival. These results sug-
gested that DDC, which acts on Cu-Zn SOD, may be a
powerful sensitization agent in tumor therapy.

Models for Cancer

If the loss of Mn SOD is important in cancer, this fact
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must: (a) explain and be consistent with previous observa-
tions about cancer; and (b) serve as the basis for new
predictions. This model of cancer has the particular beauty
of being able to reconcile new concepts of the origin of
cancer with some of the older theories. In particular, it is
possible to unify Warburg's hypothesis about the cause of
cancer with modern theory that says that changes in DNA
or its expression are the causative agents. Warburg (97)
believed that cancer originated from the irreversible injury
of respiration. This injury resulted in replacement of respi-
ration energy by ‘‘fermentation energy” (glycolysis). This
theory has largely been discredited in modern times, mainly
because experiments have implied that cancer is caused by
changes in DNA (62). The DNA theory has been given added
force in recent years with the finding that most activated
carcinogens are indeed mutagens (63). The 2 theories can
now easily be reconciled if one realizes that the gene for
Mn SOD is thought to be located in the nuclear genome
(99). Thus, a defect in DNA or its expression could easily
lead to a loss of Mn SOD which could in turn lead to
mitochondrial damage from oxygen-derived radicals. The
mitochondrial damage then could lead to increased use of
glycolysis for energy. This theory does not necessarily
explain the origin of cancer, but it does explain many of the
observed properties of the cancer cell.

As mentioned earlier, this model for cancer is useful only
if it leads to new predictions about cancer. In particular,
this model would predict 3 important things: Prediction 1,
loss of Mn SOD (or increased levels of O,7) should occur in
all cancer cells; Prediction 2, loss of Mn SOD in normal
cells should cause these cells to appear transformed in at
least some ways or make the cells more susceptible to
transformation; Prediction 3, addition of SOD to tumor cells
or a reduction in O,* flux should cause them to reacquire at
least part of the normal cell phenotype.

With regard to Prediction 1, only the assay of a large
number of tumors will show the generality of the loss of Mn
SOD. The present evidence for generality has already been
summarized. As has already been pointed out, it is probably
the increase in net levels of O, which is important, not the
loss of Mn SOD. Thus, cancer may result even without
complete loss of Mn SOD if O,~ levels are high. This may be
what occurs in neuroblastoma.

Prediction 2 involves studying the consequences of a loss
of Mn SOD in normal cells. If the loss of Mn SOD is an
important feature of cancer, then loss of the enzyme from
normal cells should either produce characteristics of tumor
cells or make the cell more susceptible to malignant trans-
formation. There are already several lines of indirect evi-
dence to indicate that this is true. Mitochondrial and cyto-
plasmic SOD activities have been determined in blood
platelets, RBC, polymorphonuclear leukocytes, and lym-
phocytes from trisomy 21 patients (26, 89). The cytoplasmic
enzyme showed an increase of 50% in these cells as
compared to normal controls. This is not surprising, inas-
much as the gene which codes for this protein is located on
Chromosome 21 (61). Hence, a direct gene-dosage effect is
indicated. What is surprising is that the mitochondrial SOD
is decreased by one-third in trisomy 21 patients. The gene
for this enzyme is located on Chromosome 6 (61). This
suggests the possibility of regulation of the activity of
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mitochondrial SOD by cytosol SOD and/or superoxide ions.
In any case, these observations may be significant because
trisomy 21 patients have a 10 to 30% increased probability
of developing acute leukemia. Hence, in this case, decrease
in Mn SOD activity may be associated with the acquisition
of the cancerous phenotype.

The Dubin-Johnson-Sprinz syndrome is another inherited
disease which shows a deficiency of Mn SOD (76). This
syndrome is an inherited form of conjugated hyperbilirubin-
anemia in which there is a progressive accumulation of
both lipofuscin and melanin in the hepatocytes. Edwards
(25) has noted an unusually high incidence of cancer in the
Dubin-Johnson-Sprinz syndrome.

The SOD model for cancer would lastly predict that
addition of SOD activity to tumor cells would enable them
to reacquire at least some of the characteristics of normal
cells (such as growth control). One cannot expect that the
addition of SOD to tumor cells would enable the tumor cell
to become completely normal, because some of the dam-
age sustained by these cells is likely to be irreversible. This
prediction is at present difficult to test for lack of a com-
pound with SOD activity that can penetrate into the cell.
Native SOD, either of the Cu-Zn or Mn form, does not enter
the cell due to its large molecular weight (77). For this
reason, it was not expected that SOD itself would affect
tumor growth. However, preliminary experiments in our
laboratory have shown that a single i.v. or i.m. injection of
Cu-Zn SOD markedly increased the life span of animals
carrying Ehrlich ascites tumor cells or Sarcoma 180 tumor
cells in solid form.'® This effect must be due to scavenging
of superoxide outside the cell. This O, may be produced
from reactions inside the tumor cell since superoxide is
highly diffusible, but it may also come from neutrophils and
other blood elements outside the tumor cell (46). In any
case, in order to test the above hypothesis further, it will be
necessary to use low-molecular-weight compounds with
SOD activity. Such compounds have been synthesized.
Many copper coordination compounds have SOD activity
(22). Some of these copper coordination compounds have
already been shown to have antitumor activity (1, 15, 32).
One of the main problems with these compounds to date
has been their lack of solubility and difficulty in entering
the tumor. These compounds, as well as adding SOD to
liposomes, hold promise for cancer therapy in the future.

Prospects

Evidence has been presented for a relationship between
SOD and cancer. Knowledge of this relationship may enable
the clinician to find better treatments for cancer. Much
work remains to be done on this subject. In particular, this
review has not touched on the whole area of carcinogene-
sis. One of the major questions to be answered is what
causes the loss of Mn SOD.
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