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According to a recent proposal (Kovacic, 1959), cancer may originate in the
action of an agent, derived from either an artificial carcinogen or a spontaneous
process, which directly or indirectly generates hydrogen peroxide in abnormally
high concentration. Since this concept is applicable to a wide variety of carcinogens, it presents a broadly unified picture of the initiation phase of carcinogenesis.
Plausible routes leading to high levels of peroxide were discussed in the preceding
publication. The present report is concerned with the possible mode of action
of hydrogen peroxide in its assigned role as the actual carcinogenic agent in the
cases previously described.
There are three principal lines of evidence which buttress the proposition that
hydrogen peroxide plays a key role in at least certain types of carcinogenesis.
1. Glass and Plaine (1953) made the very significant discovery that hydrogen
peroxide produces melanotic tumors in Drosophila melanogaster (Plaine and
Glass, 1955; Plaine, 1955a, 1955b).
2. Hydrogen peroxide is reported to be anti-carcinogenic (Hollcroft and
Lorenz, 1952; Makino and Tanaka, 1955; Worrall, 1956; Holman, 1957; Sugiura,
1958).
3. Hydrogen peroxide possesses mutagenic properties (Demerec, 1953;
Plaine, 1955a; for other references see Schumb, Satterfield and Wentworth, 1955a).
Since many carcinogens, such as ionizing radiation, nitrogen mustards and
epoxides, possess mutagenic and cancer-inhibiting properties, these same characteristics in the case of hydrogen peroxide can be taken as additional evidence to
strengthen the hypothesis.
It is worthy of mention that inorganic and organic hypochlorites, which are
chemically similar to hydrogen peroxide, both enhance and inhibit tumor growth
(Laszlo, Burk and Wight, 1959). The free radical decomposition of hypochlorites
is discussed by Walling (1957).
In the present context, it is reasonable to assume that the cancer cell properties
of low catalase content (Greenstein, 1954a) and high peroxide concentration
(Rondoni and Cudkowicz, 1953) represent a continuation of the conditions which
are critical for establishment of the malignancy.
With these concepts in mind, let us now consider the possible action of hydrogen peroxide in its effecting the transformation of a normal cell to a cancerous one,
once the peroxide is present in abnormally high concentration. Existing evidence
will be presented to support the contention that hydrogen peroxide, in the form
of derived radicals, induces cancer by forming a template of simpler structure.
Cell Morphology and Histology
The idea of a common, or quite similar, mode of origin (Haddow, 1946-1947;
Walpole et al., 1954) is consistent with the rather close resemblance between
cancer cells regardless of the method of their generation. As Greenstein (1954b)
pointed out ". . . tumors resemble each other more than they do normal tissues,
or more than normal tissues resemble each other. . . . " A large number of investigators have noted that a wide variety of carcinogens induces a similar sequence
of histological changes during the conversion of a normal cell to a malignant one
fThis paper was presented in part at the Ohio Academy of Science meeting in Columbus,
Ohio, on April 17, 1959.
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(Rhoads, 1946; Farber, 1956; Haddow, 1957; Korpassy, 1959). Furthermore,
Duryee et al., (1960) remarked on the striking similarity between human and
amphibian neoplasms.
Energy Considerations

The evidence indicates quite conclusively that the cancer cell is at a lower,
more favorable energy level than the normal cell. For one thing, it has a simpler,
more primitive structure; i.e., the tumor cell is less differentiated. Also, the rate
of growth is faster; it can grow at the expense of the normal cell. It is clear,
however, that the normal cell does not revert spontaneously to the more favorable
energy level — apparently an energy barrier must be overcome (Schrodinger,
1944; Haddow, 1946-1947). Hydrogen peroxide possesses a high energy content
(Schumb, Satterfield and Wentworth, 1955b), probably sufficient to provide the
necessary energy of activation.
The foregoing considerations point to a gain in entropy when a normal cell
is converted to a cancerous one (Rondoni, 1955; Flory, 1953). A more favorable
entropy level for the template might be achieved in various ways, all of which
would result in a simplification of structure: depolymerization; reduction in the
degree of cross-linking; decrease in the number of strands comprising the helices;
reduction in inter-chain forces, e.g., hydrogen bonding; or selective destruction of
those nucleic acids concerned with specialized functions.
Role of Nucleic A cid

There is widespread agreement that nucleoproteins play an important role
in the hereditary process, as well as in general cellular organization and function.
Therefore, in connection with the hypothesis of template simplification, it is
logical to focus primary attention on these vital cellular constituents. A number
of investigators (e.g., Haddow, 1951; Levan, 1956; Hellstrom, 1959) have observed
changes in chromosomal structure on application of carcinogens or in the transformation of normal to cancerous tissue. Recently, infectious DNA (deoxyribonucleic acid) was isolated (DiMayorca et al., 1959) from polyoma virus derived
from leukemic mice (Stewart, Eddy and Borgese, 1958) and shown to be cancer
inducing. Previously, Hays et al., (1957) and also Latarjet et al., (1958) reported
cancer induction on injection of nucleic acid obtained from leukemic mice. Although the precise structural changes have not yet been elucidated, the evidence
indicates that the DNA's from normal cells and from the corresponding cancer
cells differ in certain of their properties (Polli and Semenza, 1955a, 1955b, 1956;
Villa et al., 1955; Polli, 1957; Polli and Shooter, 1958; Polli et al,. 1959; SloanKettering Report, 1957-1959; DiMayorca et al., 1960). It might well be that a
relatively small alternation in the DNA " . . . would lead to enormous differences
in the functional elements synthesized at this locus" (Greenstein, 1954c).
Conflicting reports exist in the literature concerning the effect of hydrogen
peroxide on nucleic acid. In some cases a marked depolymerization was noted,
whereas in others there was essentially no change (Taylor, Greenstein and Hollaender, 1948; Krejci, Sweeny and Hambleton, 1949; Butler and Conway, 1950;
Conway and Butler, 1952; Yamafuji, Hiramaya and Miyata, 1956). Butler and
Conway (1950) suggested that the difference in behavior may be due to the
presence in the sensitive samples of catalysts capable of converting hydrogen
peroxide to active radicals.
Various workers (Scholes, Stein and Weiss, 1949; Butler and Smith, 1950;
Butler and Conway, 1950) have demonstrated that the degrading action of
hydrogen peroxide is greatly enhanced by the addition of ferrous ions, even for
preparations of nucleic acid insenstitive to hydrogen peroxide alone (Conway
and Butler, 1952). Many investigators (e.g., Sparrow and Rosenfeld, 1946;
Taylor, Greenstein and Hollaender, 1948; Scholes, Stein and Weiss, 1949) have
reported the degrading action of ionizing radiation on nucleic acid. It is interest-
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ing that the decrease in viscosity continues even after termination of irradiation
(Taylor, Greenstein and Hollaender, 1948). The degradation has been attributed
(Weiss, 1952; Conway, 1954) to attack by radicals derived from peroxides,
hydrolysis of labile phosphate esters, and loss of hydrogen bonding. In 1950
Dickey advanced the hypothesis that the fundamental biological effect of irradiation is a free-radical promoted, depolymerization of deoxyribosenucleic acid.
Similarly, drastic reductions in the viscosity of DNA mixed with hydrogen peroxide
were obtained on short exposure to ultraviolet light (Butler and Smith, 1950;
Smith and Butler, 1951). With irradiation alone, depolymerization also occurs,
but the rate is considerably less than that in the presence of the peroxide (Hollaender, Greenstein and Jenrette, 1941). Butler and Conway (1953) studied the
degrading action of hydrogen peroxide irradiated with ultraviolet light on DNA
and simple model compounds. Evidence was obtained for the following modes of
reaction: cleavage of the phosphate-sugar link, fission of the bond between
sugar and base, and oxidation of the sugar and base moieties.
The depolymerizing action of hydrogen peroxide in the various systems has
been attributed by Butler and coworkers to intermediate formation of the highly
reactive hydroxyl and hydroperoxyl radicals.
If carcinogenesis involves template simplification, the hydroxyl radical may
be only one of a number of reagents, including other radicals (Park, 1947
1950; Jensen, 1950; Butler, 1950, Greenstein, 1954d; Hirsch, 1956), capable of
effecting this transformation. As an additional example, on the basis of a decrease in solution viscosity, nitrogen mustard appears to degrade nucleic acid
(Butler et al., 1952; Greenstein, 1954d).
Role of Protein

It is not known with certainty whether or not protein is a crucial part of the
template structure. If protein is intimately concerned, then similar considerations might be applied, in relation to simplification of the template, as were discussed in the case of nucleic acid. An attractive possibility would involve oxidative cleavage of disulfide crosslinks in the protein portion of the cell. Normally
these crosslinks, which are part of the cystine structure, can be reversibly cleaved
to cysteine residues. A reasonable oxidative route in the cancerous condition
which may be of increased importance is the conversion to cysteinesulfinic acid
and cysteic acid moieties. The significant point is the irreversible cleavage of
crosslinks which are important in determining cell characteristics. A mass of
evidence indicates that cancer protein has undergone changes of this or similar
nature. Mason (1958) theorized that the associated protein exerts a protective
action on nucleic acid, and that this effect is lost during carcinogenesis. In addition, interference by the carcinogen with normal association of nucleic acid with
protein has been suggested (Haddow, 1957")
If protein does not constitute a vital part of the template, then the transformations discussed in the following sections can be considered a secondary consequence
of cancer induction. In any case the experimental data provide additional support for the hydrogen peroxide hypothesis although it is recognized that other
interpretations are possible.
Sulfur-containing constituents.—Many investigators have proposed that the
sulfur-containing functional groups of cellular protein are concerned in some
manner with the carcinogenic process. Shapiro and Eldjarn (1955a) previously
suggested the irreversible oxidation of vital disulfide linkages as an important step
in the mechanism of radiation damage (also see Eyring and Bowers, 1952) and,
moreover, demonstrated (1955b) the conversion of cystamine to 2-aminoethanesulfinic acid and taurine by treatment with hydrogen peroxide. As a closer
analogy, the oxidation in vitro with hydrogen peroxide of cystine to cysteic acid
has been reported by Schoberl (1933).
Previously, statements concerning the amino acid composition of normal and
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cancerous tissue have in most instances stressed their similarity. However, certain well-established differences in amino acid content may perhaps result from
the high level of hydrogen peroxide which is deemed important in carcinogenesis,
and which is reported (Rondoni and Cudkowicz, 1953) to exist in cancer cells.
In a significant investigation, Greenstein and Leuthardt (1944) determined the
cystine and cysteine content of extractable proteins derived from normal and
neoplastic rat tissues. Although the analyses for total sulfur were essentially
identical in the two cases, marked differences were noted in cystine, as well as
cysteine, content. The values for the cancer transplants were as much as 40 to
50 percent below those for normal adult liver. In related work (Roberts et al.,
1949), there were indications of a slight decrease in the level of cystine on conversion of normal skin to carcinoma.
A considerable amount of evidence from a number of laboratories points to a
reduction in the sulfhydryl content of various protein constituents in the cancerous
condition. From a study involving enzyme systems, Rondoni and Barbieri
(1950) found that carcinogenic polynuclear compounds, such as benzpyrene and
dibenzanthracene, inhibited the autolytic function of proteolytic enzymes, whereas
noncarcinogenic hydrocarbons were without effect. The activity of these enzymes
is intimately related to the presence of free sulfhydryl groups. Barron and coworkers (1949) have reported a number of interesting findings in this area of
research. They demonstrated that this same type of enzyme, after inactivation
by irradiation, could be reactivated to varying degrees by treatment with reducing
agents. However, as the radiation dose was increased the destruction became
increasingly irreversible. The latter result was interpreted by Shapiro and Eld jam
(1955a) on the basis of irreversible oxidation of the mercaptan groups beyond the
disulfide state.
It is well established that a drop in serum sulfhydryl content occurs with the
onset of neoplasia. For example, this effect has been observed for irradiation
with x-rays and also for administration of nitrogen mustards (Shacter and
Shimkin, 1950). Likewise, Wood and Kraynak (1953) noted a significant decline
in the serum or plasma sulfhydryl content which persisted for a considerable time
after intravenous injection of colloidal benzpyrene. Although it is known that
cancer serum contains a subnormal amount of albumin, Schoenbach and his colleagues (1950) found that the decreased sulfhydryl levels still pertained even after
correction for the reduction in albumin.
In an analysis for glutathione involving a comparison with normal rat liver,
Greenstein (1942) reported a 24 percent lower content for the transplanted rat
hepatoma, and Kinosita (1938) a value 11 percent less in the case of the primary
hapatoma. In another investigation, evidence was obtained (Rondoni and
Boretti, 1947) for a decrease in the SH-content of water-soluble liver protein after
intravenous injection of benzpyrene.
A number of the investigators cited have interpreted these results on the
basis of destruction of sulfhydryl groups by oxidation, or, more commonly, by
combination with the carcinogen.
Also pertinent to this discussion is the work of Ghosh and Lardy (1952) entailing alkali-treatment of acetone powders derived from various tissues. They
reported that such treatment yielded elemental sulfur in considerably greater
amount from tumorous as compared with normal tissue, and, on this basis, suggested a structure difference in the sulfur-containing proteins derived from the
two sources. It is interesting that thiolsulfonic esters, products formed by partial
oxidation of disulfides with hydrogen peroxide, are considered to yield sulfur as an
intermediate product from their interaction with potassium sulflde (Connor, 1948).
Molecular weight.—The occurrence of an irreversible oxidative cleavage of
disulfide crosslinks would result in a decrease in the average molecular weight of
the protein. Attack by hydrogen peroxide at other protein bonds also appears
possible (Schumb, Satterfield and Wentworth, 1955c). It is well established that
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the concentration in blood of proteinlike materials, which are not precipitated by
heat or protein precipitants, increases in the blood of cancer patients (Winzler
and Smyth, 1948). This condition is presumably caused by a rise in the level of
low molecular weight proteins, proteoses or polypeptides (Greenstein, 1954e).
Excess hydrogen peroxide present in the body would also be expected to
degrade other constituents, e.g., carbohydrate (Schumb, Satterfield and Wentworth, 1955d).
Coagulation.—The concept of a lower degree of crosslinking in cancer protein
is consistent with the observation of Rondoni (1941), and also of Bassi and BernelliZazzera (1954), that soluble cancer protein is more difficult to coagulate than
corresponding normal protein. The same salt-soluble protein fraction was investigated for cancerous, normal and regenerating liver. There was a regular
decrease in the ease of precipitation by heat with continued intake of p-dimethylaminoazobenzene, with a change in the opposite direction occurring in the
case of regenerating liver. Furthermore, various investigators (Huggins, Cleveland and Jensen, 1950; Glass, Boyd and Dworecki, 1951) have reported that
blood serum from a tumor-bearing host is more difficult to coagulate as compared
with normal serum. In this connection, it is significant that Huggins and Jensen
(1949) cite a definite correlation between the presence of sulfhydryl groups and
turbidity formation.
Electrophoresis.—High concentrations of hydrogen peroxide would be expected
to form acidic products, or products of increased polarity, not only from protein,
but also from other body constituents, e.g., carboxylic acids from carbohydrates.
There is general agreement among various investigators that soluble tumor protein possesses an electrophoretic pattern characterized by an increase in the
proportion of faster-migrating components and a decrease in slower-moving ones,
as compared with the corresponding normal protein (Sorof and Cohen, 1951;
Eldredge and Luck, 1952; Hoffman and Schechtman, 1952; also see Ambrose,
James and Lowick; 1956; Straumfjord and Hummel, 1959). This finding was
interpreted by Sorof and Cohen (1951) as indicating a lower average isoelectric
point for the soluble cancer protein. In addition, one of the components present
in increased amounts was found to be a mucoprotein having an isoelectric point
lower than pH 4 (Petermann and Hogness, 1948; Mehl, Golden and Winzler,
1949). It is very interesting that the acid protein gives a test reaction with toluidine
blue similar to that characteristic of high molecular weight sulfuric acid esters
(Petermann and Hogness, 1948).
Both an increase m polarity and a decrease in the molecular weight of cancer
protein could account for the observed results in the electrophoresis experiments.
Related Considerations

Mutation.—Since many cancer-producing compounds are also mutagenic, it
appears reasonable to classify carcinogenesis as an example of a mutation process
in light of the concepts discussed. In many cases, both types of change may well
proceed by a similar process: intermediary formation of hydrogen peroxide in
high concentration. On this common basis, carcinogenesis would be regarded
as producing a mutation characterized by a greater degree of dislocation.
Summary
It is believed that cancer may originate in the action of an agent which directly
or indirectly generates hydrogen peroxide in abnormally high concentration. The
subsequent stage is considered to be the formation of a template of simpler structure. Existing evidence is presented to support the proposed mode of action of
hydrogen peroxide.
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