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INTRODUCTION 

Investigation of the oxidative enzymes of tumor tis­

sues is a comparatively recent development in the field of scien­

tific research, and is the result of the application of the ex­

panding field of enzyme chemistry to the perplexing problems of 

tumor metabolism. Tumor growth is unique among pathological 

conditions (Boyd, 1938). It is not contagious , and there is 

every reason to beleive that it is not due to a specific infec­

tious agent (Voegtlin, 1942). Clinical experience, ana animal 

experimentation have clearly shown that tumors are the result of 

the transformation of normal body cells into malignant cells. 

As normal cells undergo transformation, there is an alteration 

of the normal cellular metabolism (Orr and Stickland, 1941). 

There may be a change in one or more of the enzymes or enzyme 

systems of the cell. Normal emzymic catalysis follows definite 

patterns. We wish to discover whether there is alteration of 

these patterns in neoplasia. 
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As early as 1903, Rogers suggested tbat malignaDcy was 

due to a derangement of carbohydrate metabolism. Of all the food­

stuffs, it is carbohydrate which is used the most for the energe­

tics of cell activities. Not only does this system provide energy, 

but pyruvate, an intermediary subst~nce produced during the meta-
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bolism of food, is the hub toward which converge carbohydrate, 

fats, and proteins in their catabolic and anabolic reactions. 

(Barron, 1943) Carboµydrate metabolism is accomplished by 

means of a series of oxidation-reduction systems interlinked be­

tween the carbohydrate and molecular oxygen. Some of these sys­

tems are electroactive, some sluggish, and some enzymatic-slug­

gish, but almost all depend upon one or more enzymes or co­

enzymes for the activity of the system. Intensive work has been 

done on some of these enzymes, and recent investigations of their 

role in tumor respiration and glycolysis have-made them suitable 

for such a study as this. 

In 1923, Warburg announced his epic discovery of a 

qualitative difference in metabolism between normal and tumor 

tissues. His results showed ,in part, that tumor metabolism was 

was characterized by a high rate of glycolysis which was only 

partially supressed by oxygen. He believed that tumor tissue had 

suffered some damage to respiration, and he inspired a number of 

studies of individual respiration mechanisms in tumor tissue. 

.These studies, although benefitting by Warburg's great technical 

contributions, encountered tremendous difficulties in their ef­

forts to obtain valid results. One special difficulty almost 

halted investigation of tumor enzymes; t his was the lack of suit­

able material. (Voegtlin, 1937) 

2 



A new era in t umor study was initiated with the develop­

ment of inbred strains of r ats and mice, in which tumors, either 

spontaneous or induced, could be transplanted and propagated from 

one generation to the next. This made avail ~ble much more tumor 

tissue than heretofore, of fc1.irly constant character, and fre­

quently composed almost entirely of tumor tissue in contrast to 

the primary tumor. Several types of tumors have· been developed, 

and of these, the hepatomas, either spontaneous or induced, have 

proved admirably suited to enzyme investigations. (Greenstein, 

1942) .Among tissues, the liver is richly endowed with enzymes. 

It rapidly regenerated when partially resected, thus furnishing 

a rapidly growing, homologous tissue for comparison with the he­

patomas. It is also available in adequate quantities from the 

fetus. All of these qualities make the hepatoma and its homo­

logues excellent material for investigation. 

There are raany valuable comparisons to be drawn between 

tumor materials and adult tissues widely separated from them em-

bryologically. (Burk, 1942) However, suitable criteria for 

ascertaining significant differences between normal and tumor me­

tabolism are lacking, and until they are developed, the studies 

of most value will b.e those which furnish comparisons between 

tumors and tissues as closely homologous as possible. (Berenblum, 

Chain and Heatley, 1940) In tumors which develop in laboratory 

animals, the prim&ry tumor, as well as tumors derived from it, is 
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available for histologic study to determine the tissue and site 

of origin. (White, Dalton and Edwards, 1942) Frequently, gene­

tically identical materi~l is available for study as a control 

tissue, which is, actually, the tissue of origin . (Edwards, Dalton 

and Andervont, 1942) • 

Tumor cells have not infrequently been compared to em­

bryonic cells, primarily because both show rapi d growth character­

istics. Enzymatic study may fucther elucidate this comparison. 

Yet it must be noted that enzymes in the embryo play a double role. 

Not only do they participate in the elaboration of growth substan­

ces and energy production, but these catalysts also cause the 

differentiation of cells during embryological development (Mathews, 

1936). Fetal growth depends upon the appearance of a series of 

catalJ·sts at particular points in the body of the organism, and 
at a particular time in relation to development. These catalysts 

may either accelerate or retard certain chemical processes, and 

so promote regional differentiation and progressive ontogenetic 

growth. Thus, enzymes, under the influence of the genes, become 

the real agents of heredity. This embryologic role of enzymes is 

suggestive of the existence of an enzyme-altering mechanism which 

might accidentally be thrown into play to produce neoplasia. 

Such a suggestion is pure speculation, as are perhaps 
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all attempts to reconcile and integrate the diverse factors in 

the etiology of tumors (see Eggers, 19.32). Yet one is tempted 
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to speculate that when the pathological physiology of neoplasia 

is lrnown, it will be found to be an altered enzyme system ( see 

Potter, 194.3). It is not difficult to imagine the alteration of 

a delicately balanced enzyme system by the assults of radiation 

(Crabtree, 19.32), irritation, and trauma. The metabolized break­

down products of some CEiiL'Cinogenic chemicals have been shown to 

have an inhibitory action on certain enzymatic reactions (Kensler, 

1942; Potter, 1942; Kensler and Rhoads, 1943) • .And perhaps a 

breakdo~~ or weakening of the growth-controlling hormone system 

may allow the escape of cells into neoplasia. Hov:ever, the fact 

remains that no enzyme system peculiar to tumor has thus far been 

denionstrated (Hogeboom and Adams, 1942), nor has any definite and 

peculiar characteristic of tumor metabolism been proved (Elliott, 

1942). 

With this pess:imistic outlook, we set out to report 

the alterations of some axidative enzymes of tumor tissues as 

compared to their tissues of origin, and from these comparisons 

we will draw such conclusions as are possible concerning_ tumor 

metabolism. 



HISTORICAL REVIEW 

Van den Corput in 1883 made the suggestion that cancer 

mi5ht be the result of im~airment of the oxidative metabolism. 

In 1897, Buchner published his classical study of alcoholic fer­

mentation by cell-free yeast juice, and thus initiated the modern 

study of the respiratory enzymes. Rogers, in 1903, suggested 

that malignancy was due to a derangement of carbohydrate metabo­

lism rather than of the protein metabolism being stressed at that 

time. 

Buxton, in 1903, set out to test systematically the 

enzymes of tumor tissues. Enzyme activity was ingeniously demon­

strated by the preparation of agar plates with indicators and re­

agents on which were placed small portions of ground, glycerinated 

twnors. The size of the ring of enzymatic activity afforded a 

crude estimation of the quantitative result. Of thirty malignant 

tumors tested, he found that most contained an amylase,and a li­

pase-like enzyme (butyrase) which converted butyne into butyric 

acid and glycerine. In a considerable number, proteolytic enzymes 

were found. In many, there was a milk-coagulating enzyme, and 

catalase and peroxidase were invariably present. 

Harden and MacFadyen were spurred, evidently by Buxton's 

report, to publish in 1903 a preliminary report of their investi-
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gations of tumor enzyme activity. Without giving details of their 

methods, they reported that they had found in tumor tissues, (chief­

ly cancers of the breast), "an invertase, a maltase, an amylase, 

proteolytic enzymes acting in acid and alkaline solutions, traces 

of a lipase, and possibly a peroxidase." 

detect a lactase. 

They were unable to 

Buxton and Schaffer made a second report in 1905, en­

larging upon the report of Buxton's earlier work. They had made 

further studies of tumors, and had attempted to study normal and 

embryonic tissues, but were handicapped by the lack of adequate 

material. They reported that tumors contained enzymes identical 

in action with those found in normal adult and embryonic tissues. 

They noted wide variation in the amount of enzyme activity of 

various tissues, but this did not seem to be related to the char­

acter or malignancy of the tissue. In the course of their inves­

tigation, they observed the fact that tumor cells often assume, 

at least partially, the function of the cells which they replace. 

Cramer (1908) studied the gaseous exchange o£. tumor­

bearing rats, and reported that he was unable to detect any essen­

tial difference between the tumor-bearing rats and the control 

rats, either as regards the absolute amounts of oxygen and car­

bon dioxide involved, or the respiratory quotient. 
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Chisholm (1910) made similar studies on mice, and ca.me to the 

same conclusion regarding tumor-bearing mice that Cramer had 

made on rats. 

Blumenthal and Brahn (1910) found less catalase in 

cancerous livers than normal, especially in the cancerous nodules. 

Drew in 1920 studied the power of normal and tumor 

tissue to reduce a dilute solution of methylene blue. There were 

large differences in reducing power between the different tissues, 

and lesser differences between the various tumor tissues, yet all 

the tumor tissues were much less powerful in reducing methylene 

blue solution. 

Russell and Gye (1920) measured the oxygen consumption 

of normal and cancerous tissues of the mouse in vitro. They 

found that mQst tumor tissues consumed less oxygen than normal 

mouse tissues, but considerably more than embryonic tissue. They 

concluded that more oxygen is used by tumors v1hich are more higp-

ly differentiated histologically. Russell and Woglom (1920) 

continued these experiments, and determined in addition the rate 

of production of carbon dioxide, which al lowed them to compute 

respiratory quotients for normal mouse t i ssues and tumor tissue. 

8 



They drew the tentative conclusion that the more rapidly growing, 

undifferentiated tumors drew their energy from carbohydrates, 

while the more slowly growing differentiated tumors consumed fats. 

They pointed out as the exception to this statement a glycogen­

rich, slowly-growing tumor, which gave the highest average respir­

atory quotient. This seemed to be due to the excessive amount 

of carbohydrate present. 

Braunstein, in 1921, reported that he had autolyzed 

tumor tissue with sugar solution in an incubator, and found thirty 

to forty per cent decrease in the sugar content. He ran control 

experiments on normal muscle, heart, liver, and a non+-malignant 

fibromyoma and observed no change in the sugar content. Mauriac, 

Bonnard, and Servantie in 1923 described experiments in which 

they placed tumor and normal tissues in a solution containing 

sugar and salt for twenty-four hours, and estimated the sugar 

consumption titrimetrically. They concluded that tumors rich 

in cells consumed more sugar than those poor in cells, and that 

tumors in general did not consume more sugar than normal tissues. 

In 1923, Professor Otto ~arburg and his co-workers 

first announced their discovery that whereas slices of a number 

of normal tissues produced lactic acid from glucose or glycogen 

rapidly~ the absence of oxygen, (anaerobic glycolysis), cancer 
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tissue slides showed an unusual ability to continue production 

of lactic acid from glucose in the presence of oxygen (aerobic 

glycolysis). This change occured without the interaction of 

oxygen, and resulted in the liberation of an appreciable amount 

of energy. It was therefore probable that this was not a chance 

property of the cancer cells, but that it had some real signifi­

cance in relation to the life and growth of the tumor. In his 

early studies, Warburg happened to study tumors which showed 

very low oxygen up-take rates; he therefore concluded that in 

cancer tissue, the respiratory mechanism was impaired, and that 

glycolysis took its place as a means for producing energy. This 

gave it the property of growing under conditions where normal 

cells, not posessing this extra function, would die. Bierich, 

(Bierich and Rosenbohm, 1924) taking a different view of the 

process, held that the production of lactic acid enabled tumor 

tissue to attack and invade normal connective tissue, and that 

the resulting breakdown products of these tissues supply the 

material for the gro~th of the cancer cells. Later, Warburg (11) 1) 

observed that the oxygen up-take rate of most tumor tissue under 

good conditions is not usually lower than that of many normal 

tissues. 

Warburg concluded that since the respiration rate of 

cancer tissue might be normal, while rapid aerobic glycolysis 

continued, there must be something wrong with the type of res-
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piration in the tumors. Some sort of damage to the respiratory 

mechanism must have occured in the production of tumor cells 

which caused a loss of efficiency of respiration in supressing 

glycolysis. High anaerobic glycolysis appeared to be a general 

property of growing or multiplying tissues, since it was found 

in embryonic tissue and testis, but in these normal tissues, 

glycolysis was largely abolished when respiration occured, that 

is, in the presence of oxygen (Pasteur effect). Warburg there­

fore concluded that interference with the respiration of growing 

cells was, from the standpoint of the physiology of metabolism, 

the cause of tumors. When the respiration of a growing cell was 

disturbed, either the cell died, or a tumor cell resulted. 

To Warburg goes much of the credit for the development 

of a systematic attack on the problem of tumor metabolism. He 

found appropriate experimental methods for his studies, then 

systematically utilized a variety of tissues, reporting data on 

many samples of each tissue under different conditions. These 

self-evident approaches and methods were lacking in most of the 

previous work in this field. Warburg pioneered the field of 

tumor metabolism in the measurement of quantities. He developed 

sensitive monometric methods for the measurement of respiration 

and glycolysis in small p.i.e.ces of isolated tissues which are to­

day valuable additions to the technical resources of the cancer 
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laboratory. He was the first to show a qualitative difference 

in metabolism between normal and tumor tissues (Orr and Stickland, 

1941). Warburg 's interpretations and conclusions have been modi­

fied by later workers, but his approach to the subject may serve 

as a model, because of his intelligent use of the best available 

material, and the employment of appropriate experimental condi­

tions. 

Fleish in 1924 showed tumors to be l acking in succinic 

oxidase. 

Voegtlin, Johnson and Dyer (1925) used the Clark series 

of oxidation-reduction indicators to compare the reducing power 

of slices of normal rat tissues with those from some ~ell-knovm 

tra.nsplantable rE.t tumors. They concluded that these tumors do 

not exhibit a diminished reducing power. 

Blerich, Rosenbohm and Kalle (1927) found that cyto­

chrome apparently occured in malignant tissues in proportion to 

cell density. 

Lewis and Gossman (1928-1929) found lovT tumor catalase 

activity. 
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Dickens a...~d Simers (1930) advanced the idea that 

whereas under aerobic conditions, the oxidation of the trioses 

in normal tissues proceeds by way of pyruvic acid to carbon 

dioxide and water, the malignant tumors produce lactic instead 

of pyruvic acid. They also suggested that in place of Warburg 1 s 

descriptive phrase, "damage to respiration", the expression, 

"inability (of tumors) to bring about normal oxidation of car­

bohydrates" be used. 

Lewis, Barron and Gardner (1931) found undiminished 

reducing power in rat tumors and rabbit carcinoma; however, the 

Rous sarcoma, rabbit myxoma, and some non-malignant growths pro­

duced by viruses showed a low reducing power. 

Cori and Warburg (Cori, 1931) confirmed v;arburg' s ob­

servation of increased lactic acid production by tumor tissue 

by demonstrating high aerobic lactic acid production by tumors 

in situ. 

Vietorisz (1932) found rat, mouse and fowl tumors to 

be deficient in succinoxidase as compared with other tissues. 

Barron (1~32) found succinoxidase in rat tumors, but 

not in Rous sarcoma or the infective myxoma of the rabbit. 
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Elliott and Baker (1935) reported on the influence of 

oxidation-reduction indicators on the respiration and glycolysis 

of normal and tumor tissue. They observed that the effect varies 

with the indicator concentration, high concentrations causing res­

piratory inhibition, lower concentrations, stimulation. This con~ 

firmed res~lts obtained with pyocyanine by Friedheim (1934) and 

with dinitrocresol by Dodds and Greville (1934). 

Voegtlin, Fitch, Kahler, Johnson and Thompson (1935) 

reported a striking decrease in the pH of the tumor as measured 

by the capillary glass electrode, when f asting, tumor-bearing 

animals were given intraperitoneo.l injections of glucose , fructose 

and maltose . The drop is due to the production of lactic acid. 

This indicates that the buffer capacity of these tumors can be 

overcome by glycolysis, even in vivo. 

Boyland and Boyland (1935) discovered that although the 

Jensen sarcoma contained large amounts of coenzymes I and II, 

these were rapidly inactivated after excision or destruction of 

the tissue. 

Scharles, Baker and Salter (1935)reported lactic acid 

production from hexose-diphosphate in extracts of sarcoma 180. 
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Elliott, Benoy and Baker (1935) found the succinic 

oxidase system inactive in slices of certain tumors. Euler, 

Adler and G&ither (1937) reported that succinic dehydrogenase 

in tumor tissue is variable, but on the whole, its activity is 

less than that of normal tissue. They stated that the amounts 

of cozymase and flavin enzymes in the Jensen sarcoma are insuf­

ficient for full activation. 

Banga (1936) found that certain tumors were scarcely 

able to reduce added oxalacetate; this, and the lack of succinic 

dehydrogenase , indicated impaired catalysis by the mechanism pos­

tulated by Szent-Gy8rgyi (1937). 

Elliott and Grieg (1938) described the s~ccinic de­

hydrogenase and cytochrome ox;i.dase activities of various tissues. 

They showed that most tumor suspensions tested were low in suc­

cinic dehydrogenase and cytochrome cytochrome-o~ase systems. 

Masayana and Yokoyama (1939) found the cocarboxylase 

in rat tumors to be decreased. 

Stotz (1939) observed little difference between the 

cytochrome oxidase activities of rat tumor R-256 and of spontan­

eous rat tumor, and the cytochrome oxidase activity of normal 
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tissues that he studied. 

Fujita, Hata, Numata and Ajusaka (1939) reported a 

low tumor cytochrome content. Stotz (1939) and DuBois and 

Potter (1942) found low cytochrome c content in a number of 

cancer tissues. 

Breusch (1939) found that tumors were low in succinic 

dehydrogenase activity. 

Craig, Bassett and Salter (1941) reported succin­

oxidase and cytochrome oxidase determinations of slices of homo­

logous normal and tumor tissues. Both groups demonstrated dimi­

nished activities of these enzymes in tumor tissues. 

Orr and Stickland (1941), by the use of chemically 

induced liver tumors, showed that liver cells manifested a sudden 

change in the type of their metabolism when they became neoplastic. 

Kensler, Dexter, and Rhoads (1942) reported that induced 

rat hepatomas were very low in coenzyme I. 

Albaum and Potter (1943) found the inhibiting effects 

of necrotic tissue on succinoxidase and cytochrome oxidase acti-
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vities to be marked, but to be absent from healthy tumor tissue. 

Schneider and Potter (1943) suggest that the weakest 

link in the oxidative mechanism of tumor tissue lies some~bere 

between pyruvic acid and succinic acid. The succinoxidase system 

is not the limiting factor in the oxidative mechanism of tumors. 

To Greenstein and co-workers (1941-1942-1943) we are 

indebted for extensive research into the enzy.mes and other com­

ponents of tumor tissues. From this laboratory has come the most 

extensive information to date concerning many phases of enzy.me 

activity, not only of tumors, but of tumor-bearing animals and 

normal control animals. 
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II TECHNICAL PROBLEMS 

Two types of difficulties have plagued those who have 

studied the relative enzymatic activity of nor.mal and tumor 

tissues. The first of these is the lack of adequate material 

suitable for study. Not only has it been difficult to get enough 

tumor tissue which 1s in a healthy, growing, and uncontaminated 

condition, but also there has been a lack of comparable normal 

control tissues for the tumors studied (Greenstein, Jenrette, 

Mider and White, 1941). In order to obtain good results, both 

tumoz·s and control tissues must be found in histological units 

large enough for relatively pure slices and emulsions to be made. 

They must be free from extraneous material such as stroma, leu­

kocytic infiltration, and islands of foreign tissue. They should 

not be damaged by necrosis or post-mortem degeneration. 

The transplantation of growing neoplastic tissue in 

strains of inbred rats and mice now affords an excellent method 

of obtaining satisfactory material under controlled conditions. 

The rat strains were developed in Japan, and Iikubo was the first 

to successfully accomplish transfer of a rat hepatoma (Shear, 

1937). The mouse strains were developed in this country, and 

tumors have been subjected to intensive study, especially by 
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workers under Voegtlin at the National Institute for Cancer. 

Because of the two species of animals studied, we are enabled 

to compare the tissues and tumors by species, as well as by the 

different strains of animals. 

Inbred strains of laboratory animals have been develop­

ed by brother-and-sister matings through at least twenty gene­

rations. This prolonged inbreeding has produced strains in which 

all animals may be regarded as identical twins. The establish­

ment and use of such strains, besides making available large 

amounts of healthy tumor tissue, has markedly reduced the number 

of v~riables encountered in the study of experimental cancer 

(Andervont, 1942). 

Each tumor is derived from normal tissues, and the be­

havior of the tumor is mainly determined by the properties of 

the tissue of origin{ Ewing, 1940). It becomes -essential that 

the histogenesis of the tumor be known, if possible. Unfortunate­

ly, some of the most-studied tumors have a doubtful -or unknown 

histogenesis. Biologists have now made available tumors in 

which the primary tum.or was studied clinically,- histologically, 

metabolically, and in situ at post mortem. Then this is accom­

plished by thorough histologic and metabolic studies of the sub­

sequent generations of transplanted tumor, and similar studies 
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of the tissue from which the tumor originated, we have a very 

complete picture of that tumor. 

The selection of tumors of the liver for experimental 

study has proved to be a fortunate choice. While pr~nary hepa­

tomas are rare in man, they are not uncommon in some strains of 

laboratory animals. They not only arise spontaneously, but also 

can be induced by a variety of carcinogenic chemicals administer­

ed at distant sites. As has already been pointed out, liver tis­

sue is plentiful in both adult and fetus, although fetal liver 

contains large amounts of hematopoetic elements which may alter 

metabolism. Furthermore, the liver is rich in enzymes, especial­

ly those engaged in carbohydrate metabolism. 

The second major difficulty of the study lies in the 

complicated problems which arise in the development of an ade­

quate technique for enzyme investigations. · The study of indivi­

dual enzyme systems necessitates, in many cases, disruption of 

the cell structure, which, of itself, introduces a number of com­

plications. The living cell is a heterogeneous system in which 

the various proteins taking part in enzymatic reactions are sepa­

rated from each other by semi-permeable membranes, and the whole 

separated from the environment by another semi-permeable membrane 

(Barron, 1943). This organization is responsible for the stabi-
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lity of certain enzyme systems, including that which accomplishes 

tumor glycolysis. Any destruction of tissue by freezing, grind-

ing, etc., rapidly abolishes tumor glycolysis, apparently by the 

destruction of coenzymes I and II (Euler and Schlenk, 1938). 

Activity similar to that of tumors can be restored by addition 

of considerable quantities of adenylic acid and co~ymase (Boy­

land and Boyland, 1935). 

Alterations are not limited to destruction of adenine 

compounds and nucleotides, but with the archetecture ruined, pro­

teins may be unfolded or precipitated. Some reactions possible 

21 

only at the surface of the membranes may be diminished, or may 

disappear altogether. Others, which do not normally take place 

because of interposition of these membranes or other steric hin­

drances, will appear, especially those coupled oxidation-reductions 

which might take place in carbohydrate breakdown. In general, res­

piratory enzymes are inactivated,while cathepsins become very ac­

tive when cell structure is disrupted. 

The rate of reaction of isolated enzyme systems is ex­

tremely high when compared to the rate of respiration in living 

cells. In the higher animals, these reactions are not only govern­

ed by the usual physic-chemical factors controlling the rate of 

reaction, the distribution of enzymes in heterogeneous systems, 



and the interposition of interfaces, but also are controlled by 

a specific regulating device, the hormonal system. This system 

appears to exert its influence by enzymatic inhibition, which is 

regulated by the interaction of the hormones. For example, in­

sulin, which has a marked effect on the blood sugar level and 

on the combustion of carbohydrate, does not appear in the series 

of reactions from carbohydrate to molecular oxygen. It may act 

through modification of the rate at which glucose penetrates the 

cell, but this is, as yet, unproved. Adrenalin increases the 

the rate of phosphorolysis of glycogen in muscle, but in the iso­

lated enzyme system, it has no effect (Cori, 1940). The cortico­

sterones of the adrenal cortex, and the hormones of the hypophysis 

are also parts of the regulating mechanism. Together, they tend 

to maintain a regulated flow of energy, thus increasing the ef­

ficiency of the body chemical activities, but they add to the 

problems of the investigator. For-example, it has been shown 

that diabetic tissue in vitro gradually regains its ability to 

oxidize carbohydrate (Shorr, 1942). A complete restoration takes 

place in four hours at 41 degrees Centigrade, in ten hours at 

37.5 degrees Centigrade. This change, which appears to be a re­

lease phenomenon, can be checked by the use of other than in­

organic phosphate buffers, one of which is beta-glycerophosphate. 

As a result of this release, metabolism toward the end of an 

experimental run may be very different in type from that at the 
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start of the experiment. 

The ion1c composition and concentration of the medium 

in which tissue respires are known to exert profount effects 

upon the extent of respiration. For example, w~en 20 micrograms 

of calcium, as calcium chloride, were added to 20 milligrams of 

homogenized heart tissue in the presence of 3 x 10-8 mole of 

cytochrome c, an increase of two hundred per cent in the activity 

of the succinox.idase activity was observed (Axelrod, 1942). 

Axelrod believes the presence of a dissociable complex involving 

-
calcium is indicated. The addition of aluminum ions overcomes 

the effect of dilution on tissues (Potter, 1942). Chlorides 

inhibit the succinoxidase system, so these are omitted from 

Potter's media. When studying intracellular components, buffers 

based on extracellular fluids such as Ringer's or serum may not 

give optimum results. 

Many investigations have been made using Warburg's 

tissue-slice technique. However, where Warburg sliced his tis­

sues by hand with a wet razor blade, investigators now use expen­

sive microtomes. Warburg, (1923) devised a formula based on the 

laws of diffusion of gases to give the limiting thickness of 

tissue slices. The general tendency, since then, has been to 

make the slices as thin as possible. HistolQgic and metabolic 
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studies have revealed this to be poor technique. The thicker the 

slice, the smaller is the ratio of damaged cells to undamag~d 

cells. Thicker slices frequently have.a higher rate of respir­

ation than thin ones (Shorr, 1942), and it may be that there are 

mechanisms for maintaining oxygen pressure other than the gradient 

st up cw the tension in the solution, such as oxygen-carrying, 

iron-containing compounds of the tissues. However, it is not 

the unrespiring cells but the damaged cells which are more like­

ly to invalidate results. 

At times, muscle fibers can be teased out intact for 

metabolic studies. This is an excellent technique. The other 

method is that utilizing minced tissue. Some of the sources of 

error in this method have been previously mentioned. In addition, 

in machines such as the Latapie mincer, there is incomplete dis­

integration of some cells so that the investigators are working 

with with a mixture of disintegrated and intact cells. The 

homogenizing apparatus described by Potter (1942) accomplishes 

a complete and uniform disintegration of the cells. The latter 

shows a lower rate of respiration indicating the absence of in­

tact cells. 

Further complicating factors arise between the time of 

removal of the tissue and the time the test is run. Lactic acid 
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accumulates in the tissue. This can be minimized by vigorous 

oxygenation of the solution containing the tissue until such a 

time as the test starts. Also, the phosphorylating mechanism is 

destroyed, and must be replaced before tests can be made. 

Investigators are justified in working with broken 

cell suspensions and cell extracts because it is the only way 

that intracellular enzymes can be studied. They must be isolat­

ed, their equilibrium constants and kinetics determined, their 

distribution in tissues established, their interactions studied, 

and the interaction of the intracellular and extracellular fluids 

determined. But finally, the worker must turn to the intact ani­

mal with the task of verifying the fact that these enzymatic re­

actions do occur in living cells as they do in solutions. 
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III CARBOHYDRATE OXIDATION 

A complete discussion of the oxidation of carbohy­

drate in tissue is beyond the scope of this paper. Hovrever, it 

does not seem amiss to sketch the primary characteristics of this 

oxia.a.tion, in order to provide a common basis for discussion of 

enzymatic activity. There are many theories and schemes of car­

bohydrate oxidation. These schemes are made up of a series of 

intermediate compounds and may underta.lce to show the enzyme in­

volved in the specific reaction and type of reaction. Schemes 

of reactions receive credence when it can be demonstrated that 

a cell or tissue has the ability to perform certain of those re­

actions, even though under experimental, and, therefore, unphysio­

logical conditions. This is following Hopkins' (1913) contention 

that, in general, a tissue is able to deal only Vfith what is 

customary to it. To go a step farther, we may adduce that the 

greater the ability of a tissue to perform a reaction, the great­

er is the probability that that reaction lies on the main pathway 

of tissue metabolism. It is well to remember that this flimsy 

formulation is as near as we can come to "proof" of any particular 

scheme in this very controversial field. 

The first phase of carbohydrate metabolism is the con­

version of glucose (or glycogen or starch) to pyruvate. This 
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proceeds through a series of phosphorylations, either with or 

without the presence of oxygen. This chain of reactions has been 

unraveled by the combined work of many investigators, especially 

those in the laboratories of Meyerhof, Embden, Parnas, and Cori. 

There are eight steps in the cycle from glucose to pyruvate, all 

of which are reversible but the last, which is the dephosphory­

lation of phosphopyruvic acid by adenylic acid to pyruvate. The 

enzymes of this system are specific metallo-(usually magnesium) 

proteins, (Barron, 1943), and most are combined with adenylic 

acid or its polyphosphates. This phase involves the anaerobic 

or fermentative phase of carbohydrate breakdovm, and is not our 

primary concern. 

In tissue in which oxygen is present, pyruvate under­

goes oxidation. It is, therefore, considered the intermediary 

which divides the anaerobic phase of carbohydrate breakdown from 

the aerobic phase. This is a remarkable substance, for no inter­

mediary product--0f the metabolism of foodstuff posesses the re­

activity of pyruvate. Seventeen different pathways of its meta­

bolism are known to exist in living cells (Barron, 1942). In the 

absence of oxygen, part of the pyruvate formed by the breakdo,m 

of carbohydrate is reduced by dihydrophosphopyridine neucleotide 

to lactate, part to alcohol or alanine, and part may be used in 

transaminations or dismutations. The int erconversion of protein 
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and carbohydrate may occur through the link of pyruvate and the 

simple amino acids. Fats seem to be related through the aceto­

acetic acid link to pyruvate. The synthesis of carbohydrate from 

fats seems not improbable, since Weil-Malherbe (1938) reported 

the .synthesis of carbohydrate by the kidney incubated with aceto­

acetate. 

Buchanan, Hastings, and Nesbett (1942), through the use 
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of radioactive carbon, showed that glycogen synthesis in the liver 

occured by way of pyruvate condensation. While it is not improbable 

that other mechanisms may exist, it is interesting to note that by 

this means, the organism circumvents the irreversible dephosphory­

lation of phosphopyruvic acid to accomplish synthesis of glycogen. 

While stressing the importance of pyruvate, we must not 

f ail to notice that oxidative pathways exist which do not include 

pyruvate. Barron (1943) comments that there is now incontrovert­

ible evidence against the view that carbohydrate utilization starts 

only after its anaerobic breakdown to pyruvate. Harrison (1932) 

found an enzyme system for the direct oxidation of glucose in 

liver tissue. Dickens (1938) reported on the direct oxidation of 

hexose monophosphate, an intermediate product. 

The aerobic phase of carbohydrate metabolism embraces 
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the series of reactions from pyruvate to molecular oxygen. The 

first attempt to formulate a scheme of carbohydrate oxidation was 

drawn up bx -Thunberg (1920) and Knoop (1923). Toeniessen and 

Brinkmann (1930) found this scheme unsatisfactory, and offered 

their modification of the scheme. Szent-Gy8rgyi and his team 

(1936-1937) offered an entirely new explanation for the presence 

in nruscle of powerful enzymes catalyzing the oxidation of the 

four-carbon dicarboxylic acids. He suggested that the main func­

tion of malate, fumarate, and oxaloacetate in muscle was a.s cata­

lytic hydrogen carriers between carbohydrate and cytochrome. 

This is represented by the following highly simplified diagram 

(after Elliott, 1942) in which heavy arrows i noicate transfers 

of hydrogen atoms (or electrons) from one system to the next: 

Donators Oxalacetate Fumarate Reduced Cytochrome 

i -214 t t ~ { j ~ t t ~Oxygen 
Oxidized Donators Malate Succinate Oxidized Cytochrome 

According to this theory, hydrogen from tissue donators reduces 

oxalacetate to rnalate; the malate is reoxidized to oxalacetate, 

and the hydrogen is transfered to fumarate, which repeats the 

process. This theory has proved to be very attractive, and has 

been incorporated in some way into nearly all of the succeeding 

schemes. Krebs (Krebs and Johnson, 1937) presented the "citric 

acid cycle", which has been the center of much controversy. 
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Later, a. tricarboxylic acid cycle was presented (Krebs, 1943). 

No attempt will be made to examine critically these schemes. 

According to the Szent-Gy8rgyi theory, pyruvate is 

oxidized through a seri es of sluggish oxidation-reduction systems. 

These are systems depending upon collision, or upon more active 

intermediary catalysts for electron transfer. Systems of nega­

tive oxidation-reduction potential are oxidized here by systems 

of more positive potential through the mediation of flavoproteins. 

To this, Krebs' addition of citric acid provided a path for the 

gradual withdrav,l of electrons and of carbon dioxide molecules 

for the complete brectkdown of pyruvate. 
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From this sketch it will be seen that a series of oxi­

dation-reduction systems, some of them sluggish or enzymatic­

sluggish, and some electroactive, are interspersed between the 

carbohydrate and molecular oxygen, releasing energy not in a rush, 

but by a smooth and gradual flo'\7 of electrons. The pathways which 

the metabolism can truce are numerous, but are designed to meet a 

vari ety of conditions within the cell. For example, the fate of 

pyruvate depends upon the oxygen tension, the concentration of 

the reacting substances, the concentrations of phosphates and 

other electrolytes, the prosthetic groups of the activating pro­

teins, and the presence of regulating hormones which control the 



speed of reactions, - leaving aside the influence of foreign 

agents. All these determine the orientation and the rate of 

metabolism of pyruvate and hence, of carbohydrate. 

31 



IV OXIDATIVE ENZl'MES 

We have selected oxidative enzymes from the literature 

which have been the object of controlled study. A brief note is 

made of the composition, if kno~n, the type of reaction of which 

it is the catalyst, the discoverer of the enzyme, outstanding in­

vestigators, and findings as to activity in tumor tissue. 

Succinic dehydrogenase is a flavin enzyme, and along 

with cytochrome oxidase and cytochrome c, catalyzes the succin ... 

ooxidase system. Succinic acid is oxidized to fumaric acid by 

the catalytic removal of two atoms of hydrogen from each mole of 

succinate. The electrons from this hydrogen are trctnsferred to 

oxidized cytochrome c via succinic dehydrogenase, and from the 

reduced cytochrome c to molecular oxygen (Schneider and Potter, 

1943). Elliott and Grieg, (1937) made an extensive survey of 

the distribution of the enzyme, which is widely scattered through 

many tissues. Breusch (1937) and Craig, Bassett and Salter(l941) 

have reported that its activity in tumor tissues is invariably 

low. Schneider and Potter (1943), as a result of their investi­

gations, concluded that liver tumors had only about one-fourth 

the succinic dehydrogenase activity of normal liver. 
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Cytochrome oxidase has been identified by its spectrum 

as a hemin-containing compound. It seems to be related to a 

number of enzymes, none of which have been isolated. It may be 

a copper protein (Keilin and Mann, 1938). Shack (1943) found 

the ratio of cytochrome oxidase of normal liver to hepatoma was 

about four or five; to regenerating liver, one; to fetal liver, 

two and five tenths, and to liver of tumor bearing animals, one 

and one tenth. A variety of other tumors posessed low cytochrome 

oxidase activities of the sarne order of magnitude as hepatoma. 

Cytochrome c appears to be quantitavely the most im­

porta.nt of the iron-containing respiration catalysts. It was 

first isolated by Theorell,in 1936. Theorell postulated thio-

ether bonds between hemin and the runino acids of the protein, 

but the actual structure is yet to be worked out. DuBois 

and Potter, in 1942, reported that liver tumors produced by feed­

ing butter yellow contained about one-fifth as much cytochrome c 

as normal liver. 

Catalase is a widely-distributed, iron-containing 

enzyme, whose function in the cell is not known. It is identi-

fied by its rapid action in releasing oxygen from hydrogen per­

oxide. The prosthetic group of the enzyme is protoferriheme IX 
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(Stern, 19J6). Catalase activity in rat hepatomas is tremendously 



reduced from that of normal liver. In mouse hepatomas, it is also 

much less than normal (Greenstein, 1942). Dialysis of -the ex­

tracts of liver tissues showed absence of a readily dissociable 

inhibitor (Greenstein, 1943). Activity was sho~~ to vary some­

what with the strain of animals studied. Lymphoma showed balf 

the activity of normal lymph nodes. 

Xanthine oxidase, which was isolated in a purified 

state by Ball, (1939) catalyzes the oxidation of the purines, par­

ticularly xanthine, the aldehydes, and diphosphopyridine neucleo­

tide (Ball and Ramsdell, 1939) by oxygen. Its prosthetic group 
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is alloxazine adenine dinucleotide, with perhaps other groups as 

yet unknown. It was once known as Schardinger's enzyme, and was 

first identified in milk by Morgan, Stewart and Hopkins, in 1922. 

Xanthine oxidase showed greatly diminished activity in all hepa­

tomas studied, with one exception, which showed normal activity. 

This drop may be partially correlated with a lowered flavin content 

of tumor tissue, (Kahler and Davis, 1940,and Robertson and Kahler, 

1942), but the drop is greater than can be accounted for by that 

reasoning. The activity in spontaneous mammary tumors in mice 

is gre&ter than that in stilbesterol-induced, hyperplastic breast 

(Greenstein, Jenrette and White, 1941). 



d- Amino acid oxidase is another flavin enzyme. Krebs 

in 19)5 identified both d-and 1-a.mino acid oxidases. Warburg and 

Christian (1938) isolated the. d-amino acid oxidase and found that 

its prosthetic group was a dinucleotide made up of riboflavin phos­

phate and adenylic acid. It oxidizes most of the d-amino acids, 

except d-glutamic acid (Krebs, 1935), splitting them into alpha­

keto acids and ammonia. It is highly reactive vrith molecular 

oxygen. This enzyme is also reduced in activity in hepatomas, 

and to a greater extent than xanthine oxidase. Shack (1943) sug­

gested that this may be due to a deficiency in the protein com­

ponent as well as the flavin prosthetic group. Shack (1943) re­

ported the ratio of d-amino acid oxidase activity of rat liver 

to hepatoma 31 as about ten, to regenerating liver as one and two­

tenths, to fetal liver as seven, and to liver of rats bearing 

tumor as about one and five-tenths. Neither mouse liver nor 

mouse hepatomas exhibited measurable d-amino acid oxidase activity. 

The comparitive activity ef the enzymes is presented in 

chart form following Greenstein (1943) with additions from sub­

sequent literature. In the chart, the v~lue for the activity of 

each enzyme in normal adult liver, irrespective of species or 

strain, is arbitraily set at 100. The corresponding values of the 

enzymes in other control tissues and hepatomas are then given on 

the comparitive basis, and will be less or greater than 100, de-

pending on the activity of the enzyme. 
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HELATIVE ACTIVITY OF OXIDATIVE ENZYMES 
IN HEPATOMAS , FETAL AND REGENERATING LIVER 

Rat Heoatomas induced with Mouse Hepatomas 
Garbon 

p-dimethylamino- Aminoazotoluene tetra 
azobenzene induced in Spontaneous Chloride 

induced 
I C CJH CJH A A 

Transplanted Primary i,iice Mice Mice Mice Mice Mice 

Catalase 0.1 18 .3 4 11 .36 

Xanthine 
dehydrogenasE 50 100 26 28 50 60 

; 

d-.Amino acid 
oxidase 12 

Cytochrome 32 25 
oxidase 28 3.3 .3.3 .3.3 .3:3 .3.3 .3.3 

Cytochrome c 22 

Succinic 
dehyd.rogenasE 24 28 14 

Fetal Liver 

Rabbit Rat 

10 

0 

12 

.33 

Regenerating 
Rat 

Liver 

100 

50 

91 

100 

\,J 
0-



LYMPHOMA AND NORM.AL LYMPH NODES 

ENZYME LYMPHOMA 

Catalase 50 

Xanthine dehydrogenase 960 

MAMMARY Tlli>AORS AND BREAST TISSUE 

. ENZYME 

Catalase 

Xanthine dehydrogenase 

SPONTANEOUS 
MA.1.ir.UillY Tll.iORS 

100 

150 

(Control tissue: Hyperplastic breast induced by stibestrol) 

RHABD0MY0SARC0MA 

ENZYME 

Succinic oxidase 

RHABD0MY0SARC0MA 
(transplanted twnor) 

17 
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DISCUSSION 

It is apparent from the chart that, with the exception 

of xanthine oxidase, all oxidative enzymes are equal or reduced 

in amount in tumor tissue. Many show only one-third to one-fourth 

the activity in tumor tissue as in normal tissue, and in one case, 

catalase activity is reduced to one-thousandth of its activity in 

normal tissue. Such low values suggest a greatly decreased acti­

vity of the oxidative mechanism. But most malignant tumors show 
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a moderately high respiration rate (Elliott, 1942), an intermediate 

r.espiratory quotient (Burk, 1942), and a high sustained aerobic 

and anaerobic glycolysis. Perhaps the most striking characteristic 

of tumor metabolism is the accumulation of lactic acid in the pre­

sence of oxygen, with the implied defect in the mechanism which 

controls glycolysis and which gives us the Pasteur effect. The 

demonstration of the deficiency of succinic dehydrogenase, cyto­

chrome oxidase, &nd cytochrome c provides a basis for lactate ac­

cumulation, since the succinoxidase system is an integral part of 

the norm&l oxidative mechanism. A decrease in the activity of this 

system would necessarily result in a decreased activity of the 

whole cycle, since the reaction r&.te of the cycle is governed by 

the slowest system in the cycle. If the tissue oxidation is re­

stricted, then the tumor would show low respiratory quotients. 



Schneider and Potter (1943) found that these values were low, but 

no lower than some normal tissues such as lung, s:pleen, and skele­

tal muscle. 

Deutsch and Raper (1938) suggested that certain active 

tissues such as heart, liver and kidney,possess iarge amounts of 

oxidative enz~ 1nes to meet the ve.riation in the activity of the 

tissue in vivo. Tumors, on the other hand , have been considered 

as having but one function, that of steady, continuous growth. 

F'or that reason, tumors have no need for the amounts of oxidative 

enzymes found in normal tissues. This is in contrast to the sur­

mise by Euler, ilJalrnberg, GUnther and N.ystrom (1936) that a defi­

ciency in cytochrome oxidase, cytochrome c, and possibly catalase 

v,as the cause of the abnormal metabolism in tumor tissue. 

Potter (1942) suggested that the grovrth .1:,rocess outpaces 

the synthesis of the oxidative enzymes so that the latter become 

diluted as compared with their concentration in normal tissues . 

He points out the importance of the dilution effect on diffusible 

substances such as cytochrome oxidase. These depend both on the 

density of reactants in the tissue, and upon the concentration of 

the enzyme itself. Robertson and Kahler (1942) reported a mark­

ed decrease of total solids in all tumors studied , with a corres­

ponding increase in the w1:.ter content of the tumors, which may 
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throw some light on this theory. 

Schneider and Potter (1943) concluded that deficiencies 

in the components of the succinoxidase system v:ere not sufficient 

to account for the low respiratory quotient in tumors. Further 

evidence is furnished by Elliott and Grieg (1937), who found that 

succinic acid did not accumulate in tumor slices that were oxidi­

zing pyruvates. It seerns probable that the weakest link in the 

oxidative chain l ies somewhere between succinic acid and pyruvic 

acid. Additional investigations are being made of this system, 

and especially of certain flavin enzymes which may act as inter­

mediary carriers (Bernheim, 1942). 
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The meaning of the decreased amounts of oxidative en­

zymes which have not as yet been placed in the respiratory scheme 

is no longer more clear than those of the succinoxidase enzymes. 

Respiration through d-amino acid oxidase is quantitatively not 

very important for either rat liver or hepatoma, representing only 

about one-thirtieth of the total respiration of the liver. As to 

its qualitative significance, very little can be said, since its 

substrates, the d-amino acids , do not appear in the diet. Its 

absence in mouse liver and hepatoma is puzzling. Catalase pre­

sents another problem, since hydrogen peroxide is lacking from 

many tissues in which this enzyme is found. 



The increased activity of xanthine dehydrogenase in 

some instances, 1•hich is contrary to the behavior of the other 

oxidative enzymes, may in some way be linked to the behavior of 

the proteolytic enzymes. When a tissue is subjected to •autolysis, 

the respiratory enzymes are soon inactivated, while the hydrolytic 

agents attacking carbohydrates and proteins continue undiminished 

in their activity, and may even be activated (Bodanski, 193$). 
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This characteristic is heightened in the necrotic portions of tu­

mors. There is increasing evidence that it is also a character­

istic of healthy tumor tissue. Albaum and Potter (1943) found 

that oxidative enzymes in extracts of healthy tissues were inhi­

bited by extracts of tumor tissues. Maver, Mider, Johnson, and 

Thompson (1941) found increased catheptic activity in tumor tissue. 

Euler and Schlenk (193$) found that there was rapid destruction 

or at least, inactivation, of phosphorylating enzymes in tumor 

tissue. 

This rapid destruction of respiratory enzymes by the 

proteolytic enzymes in tumor tissue has been ignored by many in­

vestigators. For this reason, many of the results, as publish­

ed, are to be received with much scepticism. For example, Green­

stein (1941), one of the foremost workers in the field, has allow­

ed his suspensions of tumor tissue to stand for eighteen hours 

at five degrees Centigrade to achieve equilibrium. While acti-
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vity is certainly low at this temperature, the combined assaults 

of grinding, chilling, and heightened catheptic activity of tumor 

tissue may give results far below those of normal tissues subject­

ed to similar assaults. This is a difficult criticism to evaluate, 

but it is certain that more valid results will be obtained by re­

placement of the enzymes which can at times be demonstrated in the 

tissues, but which are lacking, or greatly reduced, in tissue pre­

parations (Boyland and Boyland, 1935 . , Schneider and Potter, 1943). 

Maver, Mider, Johnson and Thompson (1941) suggest two 

possibilities to account for the increased activity of proteolytic 

enzymes. One is that other altered metabolic systems, such as the 

carbohydrate mechanism, may provide a tissue medium which stimu­

lates mora rapid synthesis. The other possibility is that a de­

finite qualitative change occurs in the specific activity of the 

cathepsin, with the formation of chemically-different proteins. 

If there is a real deficiency in oxidative enzymes in 

tumor tissues, and., a s a consequence, there is an increase in gly­

colysis, with t he formation of lactic acid, it still remains to 

be determined whether this is an inherent characteristic of tumor 

metabolism, or merely a manifestation of extensive and unusually 

rapid gro~th. Burk (1942) suggests that if it could be found 

that certain growing tissues do not exhibit marked glycolysis, 
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then it might well be said that the glycolysis of tumors has a 

more specific and characteristic significance for tumor metabo­

lism. He points out that in neither embryonic liver, regenerat­

ing liver, (in which gro~th may increase fifty to one hundred per 

cent in twenty-four hours) nor in adult liver, is there a note­

worthy glycolysis, in contrast to the various malignant hepatomas. 

He concludes that the production of lactic acid in hepatic tumors, 

or tumors genera.:!.ly, is not necessarily an expression of the re­

quirements of growth. He suggests that malignant tumors possess 

glycolysis not because of growth, but because glycolysis is better 

correlated with the more primitive organization and lesser differ­

entiation involved. 

Recent observations show that the pronounced anaerobic 

metabolism of malignant growths is not an isolated phenomenon. 

Many tissues, through environmental conditions such as insufficient 

circulation, are forced to rely in part on an anaerobic source of 

energy. A study of the early blastomere reveals that it may be in 

a state of partial anaerobiosis (Philips, 1941). This condition is 

probably associated with the r~pidly increasing size of the embryo 

during early periods of growth before the circulatory system can 

function as an adequate oxygenating mechanism. The relatively poor 

vascularization of many tumors is evidence that this may apply to 

malignant growths. After consideration of the evidence, Lipmann 
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(1942) concludes that the high capacity for anaerobic metabolism 

in malignant, growing tissues should be attributed to their part­

ly anaerobic state of life rather than to an unlikely special 

growth function of glycolysis._ From this we can infer that lack 

of development of oxidative enzymes is to be attributed not to any 

derangement of functioning systems, but simply to a shortage of 

oxygen. 

Many explanations have been offered for phenomena re­

lated to the oxidative enzymes of tumors. Only time and continued 

investigation will show which of the ob6ervations and conclusions 

are correct. For the present, we_ are like the blind men of India 

who disagreed as to whether the elephant was snake-like, tree-like, 

wall-like, or rope-like, and were able to cite "experiments" to 

prove their contentions. Our conclusions may prove to be as far 

removed as theirs from the real nature of things, but one thing 

we know: "There is little doubt that we are faced not with one 

elephant , but with the jungle itself. 11 (Schneider, 1939) 



BIBLIOGRAPHY 

Albaum, H.D., and Potter, V.R.: Biocatalysts in Cancer Tissue. 
II Inhibition of the Succinoxidase System by Tumor Extracts. 
Ca. Res. 3: 303 (1943) 

Andervont, H.B.: 
Minn. Med . 25: 

Inbred Aninals and their Use in Cancer Studies. 
697 (1942) 

.Axelrod, A.E.: The Stimulatory Effect of Calcium upon the Suc­
cinoxidase Activity of Rat Tissues. In: A Symposium on Respira­
tory Enzymes. Madison , Uni. of Wisc. Press , 1942. 

Ball, E.G.: Xanthine Oxidase: Purification and Properties. 
J. Biol. Chem. 128: 51 (1939) 

Ball, E.G., and Ramsdell, P.A. : The Catalytic Action of Milk 
Flavoprotein in the Oxidation of Reduced Pyridine Nucleotide. 
J. Biol. Chem. 131: 767 (1939) 

Banga, I.: Ober Oxidation der FumaxsMure und Reduction der Oxal­
essi gs~ure <lurch zerkleinertes Muskelgev1ebe. z. Physio.Chem. 
244: 130 (1936) Cited by Elliott, 1942. 

B&.rron, E.S.G.: Comparison of the Reducing Power of some Typi­
cal Transplantable Tumors and of Tumors Produced by Filterable 
Viruses. J. Exp. Med . 55: 829 (1932) 

Barron, E.S.G.: Pathways of Carbohydr&te Metabolism. In: A 
Symposium on Respiratory Enzymes. Madison , Uni. of Wisc . Press, 
1942. 

Barron, E.S.G.: Mechanisms of Carbohydrate Metabolism. An 
Essay on Comparitive Biochemistry. In: Nord, F.F., and V!erkman , 
C.H.: Advances in Enzymology. N.Y. Interscience,. 1943. 



Berenblum, I., Chain, E., &no Heatley, N.G.: Metabolism of 
Normal and ~eoplastic Skin Epithelium; Evidence Against Theory 
that Aerobic Glycolysis Associated with Low R.Q. is Feature of 
Disturbed Metabolism Indicative of Tumor-Growth. Am. J. Cancer. 
38: 367 (1940) 

Bernheim, F.: Tissue Metabolism in Vitro and in Vivo. In: A 
Symposium on Respiratory Enzymes. Madison, Uni. of Wisc. Press, 
1942. 

Bierich, R., and Rosenbohm, A.: Untersuchungen ~ber die Bio­
chemie der Krebsbildung. Biochem. Ztschr. 152: 193 (1924) 
Cited by Dickens, 1931. 

Bierich, R~, Rosenbohm,
11
A., and Kalle, K.: Untersuchungen l.iber 

das Zustandekomen der Bosartigen Geschwulste; IV. tiber den Gehalt ,, 
von Normalen und Krebsgeweben an Milchsaure, Cytochrom und 
Glutathion. Ztschr. Physiol. Chem. 164: 207 (1927) Cited 
by Boyland, 1934. 

Blumenthal, F., and Brahn, B.: Die Katalasewirkung in normaler 
und in carcinomat8ser Leber. Ztschr. Krebsforsch. ~: 436 (1910) 
Cited by Eggers, 1932. 

Bodanski, M.: Introduction to Physiological Chemistry. N.Y., 
John ~iley and Sons, 1938. 

Boyd, W.: Pathology. Philadelphia, Lea and Febiger, 1938. 

Boyland, E.: 
Biochem. 3: 

The Biochemistry of Malignant Tissue. 
400 (19.34) 

Ann. Rev. 

Boyland, E., and Boyland, M.E.: 
of Hexodiphosphate. Biochem. J. 

VII. The Action of Tumor Extracts 
29: 1910 (19.35) 

Braunstein, A.: Wratschebnaje obosrenije. 
Tr. in the Dtsch. med. Wochenscbr. No. 27 
Warburg, 1923. 

No. 7( 291 (1921) 
(1923) Cited by 



Breusch, F.L.: Die qu~ntitativen Verhgltnisse von Fumarase und 
Succinodehyrlrase in verschiedenen Geweben. Biochem. Ztschr. 
295: 101 (1937) Cited by Schneider and Potter, 1943. 

Breusch, F.L.: The Fate of Oxaloacetic- Acid in Different Organs. 
Biochem. J. 33: 1757 (1939) 

Buchanan, J.M.; Hastings, A.B., and Nesbett, F.B.: Glycogen 
Formation from Pyruvate in vitro in the Presence of Carbon Dio­
xide. J. Biol. Chem. 145: 715 (1942) 

" Buchner, E.: Alkoholische Gahrung ohne Hefezellen. Ber. d. 
Deutsch. chem. Ges. BdXX..X 1: 119 (1897) 

Burk, D.: . On the Specificity of Glycolysis in Malignant Liver 
Tumors as Compared with Homologous, Adult, or Growing Liver 
Tissues. In: A Symposium on Res~iratory Enzymes. Madison , 
Uni. of Tlisc. Press, 1942. 

Buxton, B.H.: Enzymes in Tumors. I. 
(1903) 

J. of Med . Res. 4:356 

Buxton, B.H., and Shaffer, P.: Enzymes in Tumors II. J. of 
Med . Res. 8: 543 (1904/05) 

Cannan, R.K.: The Metabolism of Tumors. Ca. Rev. 2:287 (1927) 

Chisholm, R.A.: The Respiratory Exchange of Mice Bearing Trans­
planted Carcinoma. J. Path. and Bact. 15: 192 (1910/11) 

Cori, C.F.: Mammalian Carbohydrate Metabolism. Physiol. Rev. 
11: 143 (1931) 

Cori, C.F.: Symposium on Carbohydrate Metabolism; Glycogen 
Breakdown and Synthesis in Animal Tissues. Endocrinology. 
26: 285 (1940) 



Crabtree, H.G.: Effects of Radium Irradiation on Succinoxidase 
Extracted from Muscle . Sci. Rept. Imp. Cancer Res. Fund. 
10: 71 (1932) 

Craig, F.N., Bassett, A.M., and Salter, W.T.: Artificial Benign­
ancy of Neoplasm. IV. Observations on the Oxidative Behavior of 
Tumors, Artificially Benign Tumors, and Homologous Normal Tumors. 
Ca. Res . 1: 869 (1941) 

Cramer, W.: The Gaseous Met abolism in Rats Inoculated with 
Malignant New Growths III. Sci. Rept. Imp. Cancer Res. Fund. 
p. 427 (1908) 

Deutsch, W., and Raper, W.: The Respiration and Met abolism of 
Submaxillary Gland Tissue of the Cat. J. Physiol. 92: 439 
(1938) 

Dickens, F., and Simers, F.: The Metabolism of Normal and Tumor 
Tissue; II. The Respiratory Quotient and the Relationship of 
Respiration to Glycolysis. Biochem. J. 24: 1301_ (1930) 

Dickens, F.: 
Rev. 6: 57 

Cancer as Problem in Tissue Metabolism. 
(1931) 

Cancer 

Dickens, F.: Olridation of Phosphohexonate and Pentose Phosphoric 
Acid by Yeast Enzymes. Biochem. J. 32: 1626 (1938) 

Dodds, E.C., and Greville, G.D.: Effect of a Dinitrophenol on 
398 (1934) Tumor Metabolism. LanceL. 1: 

Dodds, E.C., and Dickens, F.: 
Tissue. Ann. Rev. Biochem. 

The Biochemistry of Malignant 
9: 423 (1940) 

Drew, A.H.: The Comparitive Oxygen Avidity of Normal and 
Malignant Cells Measured by their Reducing Po~ers on Methylene 
Blue. Brit. J. Exp. Path. 1: 115 (1920) 



DuBois, K.P., and Potter, V.R.: 
I. Cytochrome c. Ca. Res. 2: 

Biocatalysts in Cancer Tissue. 
290 (1942) 

Edwards, J.E., Dalton, A.J., and Andervont, H.B.: Pathology of 
Transplantable Spontaneous Hepatoma in a C3H Mouse. J. Nat. 
Cancer Inst. 2: 555 (1942) 

Eggers, H.E.: The Etiology of Cancer. Reprinted from the 
Archives of Pathology. Chicago, A.M.A., 1932 

Elliott, K.A.C., Benoy, N.P., and Baker, Z.: The Metabolism of 
Lactic and Pyruvic Acids in Normal and Tumor Tissues; II. Rat 
Kidney and Trcillsplantable Tumors. Biochen. J. 29: 1937 
(1935) 

Elliott, K.A.C., and Baker, Z.: The Respiratory Quotients of 
Normal and Tumor Tissue. Biochem. J. 29: 2433 (1935) 

Elliott, K.A.C., and Greig, M.E.: The Metabolsim of Lactic and 
Pyruvic Acids in Normal and Tumor Tissues; IV. The Formation of 
Succinate. Biochem. J. 31: 1021 (1937) 

Elliott, K.A.C., and Greig, M.E.: The Distribution of the 
Succinic Oxidase System in Animal Tissues. Biochem. J. 
32: 1407 (1938) 

Elliott, K.A.C.: Characteristics of Tumor Respiration. In: A 
Symposium on Respiratory Enzymes. Madison, Dni. of Wisc. Press, 
1942. 

Elliott, K.A.C.: The Possible Role of Intermediary Metabolites 
as Hydrogen Carriers. In: A Symposium on Respiratory Enzymes. 
Madison, Uni. of V!isc. Press, 1942. 

Euler, H.v., Malmberg, M., Gimther, G., and Nystrom, H.: 
Arkiv. Kemi. Mineral. Geol. B l2: 30 (1936) Cited by 
Dodds and Dickens, 1940. 



Euler, H.v., Adler, E., anti G&ther, G.: Vergleichende 
Studien ~ber Dehydrasesysteme in Muskel und Jensen-Sarkom 
der Ratte. Ztschr. Physiol. Chem. 247: 65 (1937) 
Cited by Dodds and Dickens, 1940. 

Euler, H.v., and S~hlenk, F.: Arkiv. Kemi. Mineral. Geol. 
B 12, No. 49 (1938) Cited by Dodds and Dickens, 1940. 

Ewing, J.: Neopl~stic Diseases. Philadelphia, W.B. Saunders 
Co., 1940. 

Fleish, A.: Some Oxidation Processes of Normal and Cancer 
Tissues. Biochem. J. 18: 294 (1924) 

Friedheim, E.A.H.: The Effect of Pyocyanine on the Respiration 
of some Normal Tissues and Tumors. Biochen. J. 28: 173 
(1934) 

Fujita, A., Hata, T., Numata, I., and Ajusaka, M.: fiber die 
Bestimmung von Cytochrom c in Geweben. Biochen. Ztschr. 
301: 376 (1939) Cited by Dodds and Dickens, 1940. 

Greenstein, J.P., Jenrette, w.v., and White, J.: 
Activity of Xanthine Dehydrogenase, Catalase and 
Normal and Cancerous Hepatic Tissues of the Rat. 
Cancer Inst. 2:17 (1941) 

The Relative 
Anylase in 
J. Nat. 

Greenstein, J.P., Jenrette, W.V., Mider, G.B., and Andervont, H.B.: 
The Relative Enzymatic Activity of Certain Mouse Tumors and 
Normal Control Tissues. J. Nat. Cancer Inst. 2: 293 (1941) 

Greenstein, J.P., Edwards, J.E., Anaervont, H.B., and White,J.: 
Comparitive Enzymatic Activity of Transplanted Hepatomas and 
of Normal Regeneration and Fetal Liver. J. Nat. Cancer Inst. 
3: 7 (1942) 



Greenstein, J.P.: Trunor Enzymology. J. Nat . Cancer Inst. 
3: 419 (1943) 

Greenstein, J.P.: Recent Progress in Tumor Enzymology. In: 
Nord, F.F., &nd V.erkman, C.H.: Advances in Enzymology. 
N.Y. , Interscience, 1943. 

~Fd~u A. (1001) MacFadyen , A.: Enzymes in Tumors. Lancet. 

Harrison, D.C.: The Product of the Oxidation of Glucose by 
Glucose Dehydrogenase. Biochem. J. ~6: 1295 (1932) 

Hogeboom, George H., and Adams , Mark H.: Mammalian Tyrosinase 
and Dopa Oxiaase. J. Biol. Chem. 145: 273 (1942) 

Rogness, T.R.: The Flavoproteins. In: A Symposium on Res­
piratory Enzymes. Madison, Uni. of Wisc. Press, 1942. 

Holmes, B.E.: 
Rev. Biochem. 

The Biochemistry of Malignant Disease. 
4: 469 (1935) · 

Ann. 

Hopkins, F.G.: Report of the Eighty-Third Meeting of the British 
Association. 652: (1913) 
Cited by Krebs, 1943. 

Kahler, H., and Davis, E.F.: Riboflavin Determinations on 
Normal Liver and Liver Tumors. Proc . Soc. Exper. Biol. and 
Med . 44: 604 (1940) 

Keilin, D., and Mann, T.: Polyphenol Oxidase. Purification , 
Nature and Properties. Proc. Roy. Soc. (London) B 125: 187 
(1938) 

Kensler , C.J.: The Effects of Certain Diamines on Enzyme Systems, 
Correlated with the Carcinogenicity of the Parent Azo Dyes. In: 
A Symposium on Respiratory Enzymes. Madison, Uni. of Wisc. Press, 
1942. 



Kensler, C.J., Dexter, s.o., and Rhoads, C.P.: Inhibition of 
Diphosphopyradine Nucleotide System by Split Products of Di­
methylaminoazobenzene. Ca. Res. 2: l (1942) 

Kensler, C.J., and Rhoads, C.P.: The Inhibition of Liver 
Oxydatives by Split Products of p-Dimethylaminoazobenzene. 
Ca. Res. 3: 134 (1943) 

Knoop, F.: Wie werden unsere HauptnRhrstoffe im Organismus 
verbrannt und Wechselseitig ineinander tbergef~hrt. 
Klin. Wochschr. 2: 60 (1923) Cited by Krebs, 1943. 

Krebs, H.A.: Metabolism of Amino Acids; III. Deamination of 
Amino Acids. Biochem. J. 29: 1620 (1935) 

Krebs, H.A., and Johnson, ~.A.: Role of Citric Acid in Inter­
mediate Metabolism in Animal Tissues. Enzymologia. 4: 148 
(1937) 

Krebs, H.A.: The Inte~mediary Stages in the Biological Oxi­
dation of C&rbohydr&te. In: Nord, F.F., and V1erkman, C.H.: 
Advances in Enzymology. N.Y., Interscience, 1943. 

Lewis, M.R., and Cossma.n, H.: The Catalase of McJ.ignant Tissue. 
Am. J. Physio. 87: 584 (1928/29) 

Lewis, M.R., Barron, E.S.G., and Gardner, R.E.: A Comparison 
of the Reducing Power of Cancer Tumors and Tumors Produced by 
Filterable Viruses. Proc. Soc. Exp. Biol. and Med. 28: 684 · 
(1931) 

Lipmann, 
Enzymes. 

F. : Pasteur Effect. In: A Symposium on Respiratory 
Madison, Uni. of Wisc. Press, 1942. 

Masayana, T., and Yokoyama, T.: Biochemisches Studium liber das 
Krebsgewebe der Leber. Gann 33: 214 (1939) Cited by 
Greenstein, 1943. 



Mathews , A.P.: Principles of Biochemistry. Baltimore, 
William Wood and Co., 1936. 

Mauriac , P., Bonnard, A. , and Servantie, L.: Recherche sur 
le Pouvoir Glycolytique in vitro des Lumeurs. C.R. Soc. de 
Biologie. 88: 706 (1923) Cited by ~arburg, 1923. 

Maver , M.E., Mider, G.B., Johnson, J.M. , and Thompson, J.W. : 
The Comparitive Proteinase and Peptidase Activity of Rat 
Hepatoma and Normal and Regenerating Rat Liver. J. Nat . 
Cancer Inst. 2: 277 (1941) 

Morgan, E.J., Stewart, C.P., and Hopkins, F.G. : Proc. Roy. 
Soc. (london), b 94: 109 (1922) Cited by Rogness, 1942. 

Orr, J.V:., and Stickland, L. H:_ The Metabolism of Rat Liver 
During Carcinogenesis by Butter Yellow. Biochem. J. 35: 479 
(1941) 

Philips. F.S.: Oxygen Consumption of the Early Chick Embryo 
at Various Stages of Develop~ent. J. Exp. Zoology 86: 257 
(1941) 

Potter, V.R.: Inhibition of Mphydral Containing Enzymes by 
Split Proaucts or p-d~nethylaminoazobenzene. Ca. Res . 2:688 
(1942) 

Potter, V.R.: The Homogenized Tissue Technique; The Dilution 
Effect and Ion Effects. In: A Symposium on Respiratory En­
zymes, Madison , Uni. of Wisc. Press, 1942. 

Potter, V.R. : Biocatalysts in Cancer Tissue ; IV. An Enzyme 
Virus Theory Regarding Carcinogenesis. Ca. Res. 3: 358 
(1943) 

Robertson, W. v. B., and Kahler, H.: Riboflavin Content of 
Tumor Tissue. J. N&t. Cancer Inst. 2: 595 (1942) 



Rogers, J.: A Chemical Hypothesis for_ the Ideology of Cancer. 
Ann. Surg. 38: 2SO (1903) 

Russell, B.R.G., and Gye, r.E.: The Oxygen Consumption of 
Normal and Cancerous Mouse Tissues in vitro. Brit. J. Exp. 
Path. 1: 175 (1920) 

Russell, B.R.G.,and ~oglom, W.H~: The Respiratory Exchange of 
Surviving Mouse Tissues~ Normal and Neoplastic. Brit. J . Exp. 
Path. 1: 244 (1920J 

Scharles, F .H., Baker, M.D., and Salter, W. T. :' The Glycolysis 
of various Substances by Extracts of Sarcoma and of Muscle. 
Am. J. of Ca. 25: 122 (1935) 

Schneider, H.A.: Hydrogen Transport Systems. In: Respiratory 
Enzymes. Minneapolis, Burgess, 1939. 

Schneider, W.C., and Potter, V.R.: Biocatalysts in Cancer 
Tissue; III. Succinic Dehydrogenase and Cytochrome Oxidase. 
Ca. Res. 3: 353 (1943) 

• 
Shack, J.: Cytochrome Oxidase and d-Amino Acid Oxidase in 
Tumor Tissue. J. Nat. Cancer Inst. 3: 389 (1943) 

Shear, M.J. : Studies in Carcinogenesis. Development of Liver 
Tumors in Pure Strain Mice Following Injectior1 of 2-arnino, 
5-azotoluene. Am. J. Cancer. 29: 269 (1937) 

Shorr, E.: Factors Affecting the Preparation of Tissue for 
Metabolic Studies. In: A symposium on Respiratory Enzymes, 
Madison , Uni. of Wisc. Press, 1942. 

Stern, K.G.: The Constitution of the Prosthetic Group of Cata­
lase. J. Biol. Chem. 112: 661 (1936) 

Stotz, E.: The Estimation and Distrubution of Cytochrome Oxi­
dase and Cytochrome c in Rat Tissues. J. Biochem. 131:555 (1939) 



Szent-Gy8rgyi, A.: 
of its Cat&lysts. 

Studies on Biological Oxidation and Some 
N.Y., Stechert, 1937. 

Theorell, H.: Die physiologische heoxidation des reduzierten 
gelben Ferments. Biochem. Ztscbr. 288: 317 (1936) Cited 
by Hogness, 1942. 

Thunberg, T.: Zur Kenntnis des intermediMren Stoffwechsels 
und der dabei wirksamen Enzyme. Skand. Arch. Physiol. 
40: 1 (1920) Cited by Krebs, 1943. 

Toeniessen, E., and Brinkmann, E.: fiber den oxidatinen Abbau 
der Kohlehydrate im S!ugetiermuskel, inbesondere llber die Bil­
dung von BernsteinsRure aus BrenztraubensMure. Ztschr. 
Physiol. Chem. 187: 137 (1930) Cited by Krebs, 1943. 

Van den Corput: Considtrations sur l'~tiologie du cancer et 
sur la prophlaxie. Bull. Acad. Roy. Med. Belg. Ser. 3 
17: 1143 (1883) Cited by Eggers, 1932. 

Vietorisz, K.: fiber die Biochemischen Leistungen zer kleiner­
ten Rous-Sarkomgev1ebes nach seiner Filtration. Biochem. Ztschr. 
246: 217 (1932) Cited by Boyland, 1934. 

Voegtlin, C., Johnson, J.M., and Dyer, H.H.: Quantitative Esti­
mation of the Reducing Power of Normal and Cancer Tissue. 
J. of Pharraocol. and EKp. Therap. 24: 305 (1924/25) 

Voegtlin, c., Fitch, R.H., Kahler, H., Johnson, J.M., and 
Thompson, J .v.:.: Experimental Studies in Cancer; I. The Influ­
ence of the Parenteral £dministration of Certain Sugars on ·the 
pH of Malibnant Tumors. Nat. Inst. of Health Bulletin. 
164: 1 (1935) 

Voegtlin, 
17: 92 

C.: Biochemistry of Malignant Tissues. 
(1937) 

Physiol. Rev. 



Voegtlin, 
2: 309 

C.: Trends in Cancer Research. J. Nat . Cancer Inst. 
(1942) 

Warburg , 0.: ffber die Klassifizierung tierischer Gewebe nach 
ihrem Stoffwechsel. Biochem. Ztschr. 184: 484 (1927) 
Cited by Cannan, 1927. 

~ 

Tiarburg , 0.: The Metabolism of Tumors, 1923. Tr. from German 
Edition by Dickens , F. N.Y., Richard R. Smith, 1931. 

Warburg , 0., and Christian, W.: 
Gruppe der d-AminosRureoxidase. 
(1938) Cited by Stotz, 1942. 

Isolierung der prosthetischen 
Biochem. Ztschr . 298: 150 

V:eil-M.alherbe, H.: 
Acid in Rat Kidney. 

The Formation of Glucose from Acetoacetic 
Biochem. J. 32: 2276 (1938) 

hite, J., Dalton, A.J., and Edwards, J.E.: 
Hepatoma 31. J. Nat . c~ncer Inst. 2: 539 

Pa.thology of Rat 
(1942) 


	Comparative oxidative enzyme activity of normal and tumor tissues
	Recommended Citation

	tmp.1670608803.pdf.o08Yl

