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CHAPTER I 

INTRODUCTION 

Interest In carbohydrate chemistry and its metabolism by 

biological systems was ubiquitous at the beginning of the twen-

tieth century. Detailed investigations into the nature of 

carbohydrate metabolism had established the fact that two three-

carbon, structurally similar compounds, pyruvic acid and lactic 

acid, occupied prominent positions in carbohydrate metabolic 

pathways. However, neither the exact positions of the compounds 

in these pathways nor the nature of other intermediates had yet 

been determined. The discovery by Dudley and Dakin (6), in 1913. 

of an enzyme capable of converting methyl glyoxal, a compound 

structurally related to pyruvic acid, and phenyl glyoxal to lac-

tic acid and mandelic acid respectively, suggested that methyl 

glyoxal could be an intermediate in the conversion of glucose 

to CO2 and H2O. Due to the possible relationship of this enzyme 

to carbohydrate metabolism, the enzyme was named glyoxalase and 

received considerable attention in the years immediately follow-

ing its discovery. These and subsequent investigations led to 

the elucidation of the characteristics of this important en-

zymatic system. 

Lohmann, as cited by Racker (21), discovered that the tri-

peptide glutathione was required as coenzyme for the glyoxalase 
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system. Dakin and Dudley (6) found that the enzyme was pre-

cipitated by the addition of ( ) 2SO4 and observed an increase 

in enzyme activity if the enzyme extracted from the tissues was 

dialyzed against water. The enzyme system was found to be ac-

tive at temperatures as hl&h as 4-8°G» but totally inactivated 

at temperatures exceeding 60°G. The optimum temperature for 

enzyme assay was found to be 25°C. At this temperature and 

with low concentration of glutathione and methyl glyoxal, the 

enzyme reaction rate is constant, independent of the substrate 

concentration and proportional to the concentration of the 

enzyme (19). 

The action of the enzyme on the substrate does not yield 

a single optically active hydroxy acid, but rather a mixture 

of dextrorotatory and levorotatory forms in unequal proportions. 

This observation led Dakin and Dudley (6) to suggest the pos-

sible existence of two or more enzymes in the system. The ac-

curacy of this prediction was demonstrated when Racker (21), 

in 1951. elucidated the mechanism of action of the glyoxalase 

enzyme system. Hacker presented evidence for the existence of 

Glyoxalase I and Glyoxalase II which catalyze, respectively, 

the formation and breakdown of a methyl glyoxal-glutathione 

complex suggested in 1933 by Jowett and Quastel (16) and again 

in 193^ by Piatt and Schroeder (20). These observations in-

dicate that glyoxalase is a relatively stable enzyme system 

which can be easily isolated and assayed and also that it is 

a two enzyme complex. 

The distribution of the enzyme in living systems was in-

tensely investigated. Dudley and Dakin (7) found the enzyme 
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to be present in liver tissue, and to a lesser extent, in 

heart, kidney and muscle tissue in man. Liver extracts from 

calves, sheep, cats, dogs, and rabbits as well as oyster and 

yeast extracts were found to contain high glyoxalase activity. 

The levels of glyoxalase activity In plant tissue were shown to 

be much less than that of animal origin. Jowett and Quastel (16), 

in 1933» studied the enzyme in the blood of man and found that 

lysis of the red blood cells caused a decrease in the glyox-

alase activity. Glyoxalase was shown to be present in 

Escherichia coll by Still (22) In 19^1 and in various inverte-

brates by Hopkins and Morgan (15) in 19^5. 

These results Indicated the prevalence of the glyoxalase 

enzyme in biological systems. However, the enzyme was shown 

to be conspicuously absent in one particular animal organ, the 

pancreas. Dakln and Dudley (8) not only report the absence of 

the enzyme in pancreatic tissue, but also give evidence for 

the existence in pancreatic extracts of a powerful glyoxalase 

Inhibitor called "antl-glyoxalase". A 0.025 gram sample of 

"ant1-glyoxalase" will completely destroy the glyoxalase ac-

tivity in a 0.5 ml extract of liver tissue. 

The substrates of the enzyme, collectively called keto-

aldehydes, have also received attention. Employing tedious 

procedures, Szent-Ggorgyi, Egyud, and McLaughlin (24) tested 

many types of tissues for the presence of keto-aldehydes and 

reported the compounds to be present in all living systems 

tested except one, cancer. Many properties of- this group of 

compounds have been determined. They have been found to react 



readily with free sulfhydryl groups (-SH). This is probably 

due to the presence of the carbonyl group of the ketoaldehyde. 

Egyud and Szent-Ggorgyl demonstrated that methyl glyoxal, in 

concentration of 10-3 Mf inhibited cell division in E. coll; 

however, the addition of 10-3 jyj cysteine reversed this inhi-

bition. This illustrated the sulfhydryl-sparing effect of 

methyl glyoxal, Glyoxal was found to inhibit enzyme activity 

dependent upon the presence of free sulfhydryl groups (18). 

1 ij» 

The Incorporation of leuclne-l-C into protein of E. coll 

was shown to be inhibited by methyl glyoxal (10). Anderson 

(1) and Covalini (5) showed the keto-aldehydes to be anti-

viral. These latter observations demonstrated the relative 

toxicity of the keto-aldehydes in general and methyl glyoxal 

in particular. 

With the accumulation of such data, it became necessary 

to reconsider the possibility of the involvement of the gly-

oxalase system in carbohydrate metabolism. If glyoxalase was 

directly involved in the carbohydrate metabolic pathways, tis-

sues which exhibited high glycolytic properties should have 

relatively high glyoxalase activity. However, muscle tissue 

was found to contain high glycolytic activity, but relatively 

low glyoxalase activity (20). Krebs, as cited by Downes (9), 

demonstrated that the glyoxalase enzyme system Is probably 

not an Integral component of carbohydrate metabolism. These 

investigations demonstrated that the conversion of glucose to 

lactic acid probably did not involve methyl glyoxal as an in-

termediate. 



5 

The prevalence of the enzyme glyoxalase and its substrate 

was thereby established and, although theoretically feasible in 

biochemical pathways involving carbyhydrate metabolism, the 

enzyme was found not to be involved in these processes. It is 

reasonable to assume, however, that an enzyme so prevalent in 

living systems, so easily isolated, and so relatively stable 

would have a basic biological function. Despite intensive re-

search in this area, the function of the enzyme has not been 

completely elucidated to this day. 

A. Szent-Ggorgyi and L. G. Egyud of the Institute for 

Muscle Research, Marine Biological Station in Woods Hole, 

Massachusettes have been actively engaged in research in an at-

tempt to discover a function for this enzyme system. Recently, 

several reports have been published by these workers concerning 

the glyoxalase enzyme system. From observations of the accel-

eration and the Inhibition of bacterial cell division by tissue 

extracts containing glyoxalase, Szent-Ggorgyi, HegyfeJLi- afcd 

McLaughlin (25) proposed the existence of a growth promoter, 

"promlne", and a growth retarder, "retine". Egyud (10) made 

detailed analyses on "retine" extracted from calf thymus gland. 

He reported a strong infrared absorption band at 1720 cm~* and 

its overtone at 2820 cm"1. This is characteristic of compounds 

which contain a carbonyl group and an aldehyde group, respectively. 

Dissolved in chloroform, "retine" gave an ultraviolet absorption 

band between 272 millimicrons (mu) and 278 mu which indicated 

an open chain, ketonlc compound. Egyud thus concluded "retine" 

to be a derivative of methyl glyoxal. Szent-Ggorgyi, Egyud and 
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McLaughlin (24) proposed "promine" to be any substance capable 

of releasing a cellular system from the influence of "retine", 

namely the enzyme glyoxalase. The conclusions by these workers 

suggest a possible relationship between glyoxalase action and 

cell division. Thus, the function of the glyoxalase enzyme 

system may be to regulate cell division (10, 12). Since can-

cer is the uncontrolled proliferation of cells, these conclusions 

are significant in that they imply a relationship between keto-

aldehydes, glyoxalase, and cancer (12). 

This relationship has been actively studied by workers in 

the area of cancer research. Many glyoxal derivatives have been 

synthesized and have been found to have caroinostatlc activity 

(13 ) . Investigations to determine the variation of glyoxalase 

activity between cancerous and normal tissue have also been 

performed. Piatt and Schroeder (20) reported slightly lower 

than normal glyoxalase activity in the livers of animals bearing 

tumors of Walker No. 256 carcinoma. The glyoxalase activity in 

the livers of animals bearing tumors of Philadelphia No. 1 sar-

coma, when compared to normal liver tissue, was found to be 

normal. Piatt and Schroeder thus concluded that the glyoxalase 

activity in the liver of the tumor-bearing animal is not appre-

ciably different from the glyoxalase activity in the liver of 

the normal animal. They did, however, find a much higher gly-

oxalase activity in the liver of the tumor-bearing animal than 

in the tumor tissue. They did not comment on the physiological 

state of the tissue and therefore could not state whether the 

decrease in enzyme activity in the tumor was a property of the 

tumor or a result of it. 
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In contrast, investigations by Warburg, Posener, and 

Negelein, as reported by Piatt and Schroeder (20), reported 

that slices of rat carcinoma tissue were just as active in 

converting methyl glyoxal to lactic acid as the non-cancerous 

liver tissue of the same animal. Warburg, et. al., concluded 

that there is no appreciable difference in glyoxalase activ-

ity in the cancerous and non-cancerous tissue. This directly 

contradicts the results of Piatt and Schroeder cited above. 

Cohen (3) fed albino rats p-dimethylaminoazobenzene, a car-

cinogen which causes the development of tumors in the liver, 

and reported an appreciable decrease in liver glyoxalase after 

the tumors had developed. Cohen (ty) also demonstrated that 

the glyoxalase activity in the blood of the tumor-bearing ani-

mal was much lower than the glyoxalase activity in the blood 

of the normal animal. Cohen thus concluded that the inducement 

of hepatomas in albino rats results in a decrease of glyoxalase 

activity in the liver and in the blood of the tumor bearing 

animals. Other investigations were performed by Jowett and 

Quastel (1?), who found a decrease in the activity of glyoxalase 

in tissue slices of Jensen rat sarcoma,, and by Greenstein and 

Leuthardt (l*J-)twho found that a decrease in glyoxalase activity 

occurs when normal rat liver becomes neoplastic. The contra-

dictory nature of the reported differences in glyoxalase activity 

between cancerous tissue, normal tissue of tumor-bearing animals, 

and normal tissue is apparent and it indicates that the effect 

of cancer upon the glyoxalase activity in specific tissues, If 
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one exists, Is unclear. The investigations cited above have 

not considered the activity of glyoxalase in light of the phys-

iological condition of the tissues studied. 

It is the purpose of this investigation to determine the 

variation of glyoxalase activity In liver of normal mice and 

in the liver of mice bearing a lymphosarcoma and to compare 

the glyoxalase activity of the lymphosarcoma with values pre-

viously reported in the literature for other tumor types. 

Further, if there is Indeed a variation in liver glyoxalase 

activity between normal and tumor-bearing mice, it will be com-

pared to the variation in the activity of two other enzymes 

present in liver tissue in relatively high concentration. It 

Is reasoned that by these means it may be determined whether 

the reported decrease in glyoxalase activity of tumorous ani-

mals is in effect due to the presence of the cancer or purely 

a result of the abnormal physiological and biochemical condition 

of the tissues. 

Glutamic-oxalacetic transaminase and lsocitrlc acid dehy-

drogenase were selected for this comparison due to their abun-

dance in the liver. Extensive investigations have been reported 

concerning these enzymes. Alterations of the activities of 

these enzymes may sometimes be indicative of certain abnormal-

ities in the physiological and biochemical activity of the 

liver. West and Zimmerman (27) observed a large increase in 

glutamic-oxalacetic transaminase in the blood serum in the 

presence of certain carcinomas. Wroblewski and LaDue (29) 

reported that a large increase in serum glutamic-oxalacetic 
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transaminase activity accompanies infectious hepatitis. V/olfson, 

Spencer, Sterkel, and Williams-Ashman (28) found that large in-

creases in isocitric acid dehydrogenase activity accompanies 

viral hepatitis, cirrhosis, and possibly other necrotic proces-

ses. The distribution of these enzymes in cancerous tissue 

was also investigated. Cohen, Hekhuis, and Sober (2) induced 

the development of hepatomas in rats by oral administration 

of butter yellow and reported an appreciable decrease in the 

activity of glutamic-oxalacetic transminase in the liver. 

Wenner, Spirtes, and Weinhouse (26) compared the activities of 

several citric acid cycle enzymes in mouse rhabdomyosarcoma, 

mouse hepatoma, and mouse ascites to normal liver, heart, and 

muscle tissue and concluded that no significant variation in 

isocitric acid dehydrogenase activity occurred in the tumor 

tissue. These results substantiated those obtained earlier by 

Greenstein and Leuthardt (14-). 

In summary, this thesis is a study of the levels of gly-

oxalase activity in normal liver tissues and in the liver tis-

sues of mice bearing a lymphosarcoma. The glyoxalase levels 

will be compared to the levels of two other enzymes in an ef-

fort to detect a significant relationship between cancer and 

a specific enzyme, glyoxalase. 
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CHAPTER II 

MATERIALS AND METHODS 

Animals and Tumor Tissue 

The animals used in the investigation were DBA/1J mice 

obtained from the Roscoe B. Jackson Memorial Laboratory in 

Bar Harbor, Maine. Mammary tumors in about 75 per cent of 

breeding females over one year of age and in some virgin 

females of 18 months of age are characteristic of DBA/1J 

mice. They are resistant to most DBA/2J transplantable 

tumors (2). 

The tumor tissue used was a lymphosarcoma which had 

been induced in the laboratory of V. E. Scholes at North 

Texas State University by treatment of mice aged two weeks 

with 3-methylcholanthrene. The first passage was from lymph 

tissue taken from a mouse which had been treated with the 

carcinogen five times per week for nine weeks. Approximately 

four weeks after the last application, cutaneous squamous 

cell carcinomas were first observed. The tumor is presently 

in its twenty-second passage and has been observed to kill 

the animal, regardless of age, approximately twelve days 

after implantation. The tumor has been maintained through-

out the Investigation by transplantation to DBA/1J mice 

every twelfth day (8). 
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The normal mice and the tumor-bearing mice were kept 

separated during the investigation. They were kept in large 

jars at approximately 2$°C and were fed a.diet consisting 

of commercial Purina dog meal and water ad libitum. 

Preparation of Enzyme Extracts 

The animals were decapitated twelve days (or as other-

wise noted) after implantation and the liver of the normal 

mouse as well as the liver and a portion of the neoplastic 

tissue of the tumor-bearing mouse was excised. The fresh 

weights of these tissues were immediately determined. Homog-

enates of each tissue were prepared in 10.0 milliliters (ml) 

of 0.1M phosphate buffer, pH 7.1. A ground glass homog-

enizer was used to break the cell walls. One ml of each 

homogenate was pipetted into tared aluminum dishes. These 

aluminum dishes were placed in the oven at 105°C overnight 

in order to determine the dry weight of the tissue homogenates. 

The remaining homogenate material was centrifuged at 7,500 

rpm at 0°C for 15 minutes. The supernatant solutions re-

sulting from the centrifugations were placed in dialysis 

bags and dialyzed against water for 24 hours according to 

the procedure of Hopkins and Morgan (3)» Two modifications 

of this procedure were found to be necessary. ^-mereap-

toethanol, 1.0 ml per liter, was added to the dialysis 

water and the extracts were transferred to fresh dialysis 

medium at the end of the first twelve hours. The material 

in the dialysis bag at the end of the dialysis period was 
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designated as the enzyme extract. No appreciable changes 

in the volume of the material in the dialysis bag were ob-

served to occur as a result of the dialysis procedure. 

Protein Determination 

The amount of protein in the enzyme extracts was de-

termined by the Folin-Ciocalteu procedure (5). The reaction 

mixture consisted of the following; 0.5 ml of enzyme ex-

tract, 0.5 ml .5N NaOH, and 3.0 ml carbonate reagent (1.0 

ml of 1% of CuSOij,*SHgO and 1.0 ml of 2.7% NaC^lI^ in 100 

ml of 2% NaCQ^). Phenol Reagent, 0.5 ml. (Banco, E. H. 

Sargent Co., Dallas, Texas), was added to the solution 

after standing at room temperature for ten minutes. The 

color was allowed to develop for 30 minutes at room temper-

ature. The optical density of the resulting solution was 

measured at 7^9 mu on a Bausch and Lomb Spectronic 20 spec-

trophotometer. It was necessary to dilute this solution 

for some enzyme extracts due to the large amount of protein 

present. A reference curve was established with crystallyzed 

beef albumin and this indicated a linear relationship be-

tween optical density and protein concentration. The equation 

for the line of regression was calculated by the method 

described by Neiswanger (7). From this equation, the pro-

tein content of the enzyme extracts was calculated and expres-

sed as milligrams protein per 0.5 milliliter of enzyme extract 

( mg protein/0.5 ml enzyme extract). 
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Analysis of Glyoxalase Activity • 

The activity of glyoxalase in the tissue extracts was 

assayed by the colorimetric procedure of McKinney and Cocke (6). 

This is a modification of a method developed by Ariyama (1) 

for the colorimetric determination of glyoxals. This modifi-

cation allows the determination of glyoxalase activity by exam-

ining the disappearance of methyl glyoxal. 

The incubation mixture consisted of the following: 0.5 

ml of enzyme extract; 0.5 ml of .12 per cent methyl glyoxal 

(K&K Laboratories, Plainview, New York); 0.05 mg reduced glu-

tathione (Nutritional Biochemicals Corporation, Cleveland, 

Ohio) in 0.2 ml of distilled water; and 0.3 ml of 1.3 per cent 

NaHCO^. These mixtures were incubated under an atmosphere of 

99«99 per cent nitrogen at room temperature for thirty minutes. 

After incubation, 0.5 ml of the reaction mixture was added to 

8.5 ml of 0.083N H2SO4 followed by 1.0 ml of 3 per cent sodium 

tungstate. The resulting suspension was centrifuged at 5.000 

rpm for ten minutes. 

A 0.5 ml aliquot of the supernatant was added to 2.5 ml 

of distilled water to give a final volume of 3.0 ml. Then, 

in order were added 0.1 ml of arsenophosphotungstic acid 

reagent prepared by the method of Ariyama (1), 0,1 ml of 

1M NaCN, and 0.3 ml of 1M J^CO-j. This solution was allowed 

to stand at room temperature for sixty minutes. The blue color 

which developed was indicative of the presence of methyl glyoxal. 

The more intense the color, the greater the concentration of 

methyl glyoxal in the sample. This blue color was found to 

have a maximum absorption peak between 700 mu and 710 mu and was 
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found to be stable at room temperature for 180 minutes. This 

verifies the results of McKinney and Cocke (6). Neither cooling 

nor heating significantly enhanced the development of the 

color. After the color had developed, the optical density of 

each solution was determined at 705 mu on the Bausch and Lomb 

Spectronic 20 spectrophotometer. This optical density reading 

was designated aq the optical density recorded at "30 minutes 

time." A blank was prepared which contained 3.0 ml of dis-

tilled water instead of the enzyme extract. For each enzyme 

preparation a sample was prepared similarly to the reaction 

mixtures except that after the addition of 0.5 ml enzyme ex-

tract to 0.5 ml of methyl glyoxal, a 0.5 ml aliquot of this 

mixture was added directly to 8.5 ml of 0.083N HgSO^ and pre-

cipitated with 3 per cent sodium tungstate. This procedure 

inhibited the enzyme reaction. This sample was treated iden-

tically to the reaction mixtures and the optical density of 

this sample, designated as the optical density recorded at 

"zero time" was indicative of the amount of methyl glyoxal 

initially present. This optical density value minus that at 

"30 minutes time" for each sample was referred to as ".AO.D." 

A reference curve was established with known concentrations 

of pure methyl glyoxal and the equation for the line of regres>-

sion was calculated according to the procedure described by 

Neiswanger (7). The "AQ.D.11 values for each sample were sub-

stituted into this equation and the amount of methyl glyoxal 

acted upon by glyoxalase, or, the amount of methyl glyoxal 

converted to lactic acid in 30 minutes, was calculated. 
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Enzyme activity was expressed as mlcromoles of methyl glyoxal 

converted in 30 minutes per milligram protein (ytM methyl 

glyoxal converted/30 minutes/mg protein). 

Analysis of Glutamic-Qxalacetic 
Transaminase Activity 

The activity of glutamlc-oxalacetic transaminase in the 

enzyme extracts was determined by the colorimetric method de-

veloped by the Sigma Chemical Company (9). This enzyme is 

widely distributed in living systems and catalyzes the fol-

lowing reaction • 

aspartic + oc-Ketoglutaric ^oxalacetic + glutamic 

acid acid *" acid acid 

In the procedure developed by Sigma, the amount of oxal-

acetic acid produced by the action of the enzyme in one hour 

is determined colorimetrlcally by the formation of the 

"hydrazone" of oxalacetic acid by the addition of 2,^-dinitro-

phenylhydrazine. The hydrazone thus produced is highly colored 

and a colorimetric assay is facilitated. The amount of oxal-

acetic acid produced is proportional to the activity of the 

enzyme. 

A reference curve was initially established according to 

the procedure described by the Sigma Chemical Company (9) by 

use of Sigma Calibration Standard Solution (Sigma Stock No. 

505-10, Sigma Chemical Company, 3500 DeKalb Street, St. Louis, 

Missouri). The concentration of the Calibration Standard 

Solution at each reference point had been so calculated as to 

allow optical density readings at 505 Jau to be converted di-

rectly to Sigma-Frankel units per ml of enzyme extract. The 
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amount of protein In the enzyme extracts was determined as pre-

viously described. One Sigma-Frankel unit of glutamic-oxala-

cetic transaminase will form Jj-,82 x 10"^ micromoles (y*M) of 

glutamate per minute at pH 7.5 at 25°C. The enzyme activity 

was expressed as Sigma-Prankel units per milligram protein 

(Sigma-Frankel units/mg protein). 

The incubation mixture consisted of 1.0 ml of Sigma Pre-

pared Substrate (Standardized aspartate-tx-ketoglutarate, pH 

7.5. Sigma Stock No. 505-1) and 1.0 ml of enzyme extract di-

luted 1:65,. This mixture was Incubated for exactly 60 minutes 

in a water bath at 37°C. At the end of the incubation period, 

1.0 ml of Sigma Color Reagent (Standardized 2,^-dinitrophenyl-

hydrazine in HC1, Sigma Stock No. 505-2) was added to the so-

lution and the mixture allowed to stand at room temperature 

for exactly 20 minutes. The solution was mixed by Inversion 

and 10.0 ml of 0.4N NaOH was added. This solution was allowed 

to stand at room temperature for exactly five minutes and the 

optical density of the solution was determined on the Bausch 

and Lomb Spectronic 20 spectrophotometer at 505 mu with dis-

tilled water as the reference blank. These optical density 

readings were readily converted to Sigma-Frankel units by use 

of the reference curve. These values were multiplied by the 

dilution factor (65) and the activity of the enzyme in each 

sample thus determined. 

Analysis of Isocitric Acid 
Dehydrogenase Activity 

The activity of isocitric acid dehydrogenase in the enzyme 

extracts was determined by the method developed by the Sigma 
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Chemical Company (4). This enzyme catalyzes the conversion of 

isocitric acid to oi-ketoglutaric acid according to the equation 

d-isocitric acid + TPN -<*-ketoglutaric + C0£ + TPNH + H+. 

The isocitric acid dehydrogenase activity may be analyzed 

either "by the quantitative determination of cx-ketoglutarlc 

acid or by a similar determination of TPNH since the activity 

of the enzyme is proportional to the rate of formation of either 

product. The former involves the conversion of <x-ketoglutaric 

acid to a highly colored "hydrazone" by the addition of 2,^-

dlnltrophenylhydrazine. The latter involves the measurement 

of the increase in the optical density at 3^0 mu which occurs 

when triphosphopyridine nucleotide (TPN) is converted to dihy-

drophosphopyridlne nucleotide (TPNH2). 

The method used in this investigation was the colorimetric 

procedure. Initially, a reference curve was established by the 

method developed by the Sigma Chemical Company (4) by the use 

of ICD Calibration Standard Solution (Standardized o<-ketoglutaric 

acid Sigma Chemical Company, Stock Wo. 175-10)• The concen-

tration of this Calibration Standard Solution at each reference 

point had again been so calculated as to allow the optical 

density measurements of each reference sample to be rapidly 

converted to Sigma units per milliliter of enzyme extract. A 

Sigma unit is defined as that amount of enzyme which will form 

1.0 millimicromole of TPNH per hour at pH 7-5 at 25°C. The 

colorimetric and ultraviolet methods have been standardized 

so that these Sigma units may be uBed interchangeably. In 
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these studies, the enzyme activity was expressed as Sigma 

units per milligram protein in the enzyme extract (Sigma units/ 

mg protein). 

For each test sample, a preweighed TPN vial (0.6 mg TPN, 

monosodium, Sigma grade, Sigma Stock No. 240-6) was labelled 

"test" while a plain test tube was labelled "blank". The fol-

lowing reagents were pipetted into the vial and the tube: 0.4 

ml of Isocitrate Substrate (buffered isocitric acid, pH 7.5. 

Sigma Stock No. 175-1A); 0.2 ml of MnCl2 solution (0.01M 

MnCl2 in .15 M NaCl, Sigma Stock No. 175-4); 0.2 ml of dis-

tilled water. The vial and the tube were placed in a water 

bath at 37°C for two minutes. .A 0.1 ml aliquot of enzyme ex-

tract was added to both tube and vial and incubated again at 

37°C for exactly 20 minutes. After incubation period, 0.5 ml 

of Sigma Color Reagent (Standardized solution of 2,4-dinitro-

phenylhydrazine in Hcl, Sigma Stock No. 505-2) and 0.4 ml of 

EDTA Solution (Ethylenediaminetetraacetic acid solution, Sigma 

Stock No. l?5-3) were added to vial and tube. The solutions 

were allowed to stand at room temperature for five minutes. 

The solutions were then transferred to cuvettes and the opti-

cal density of both solutions were measured at 410 mu on the 

Spectronic 20 spectrophotometer. These optical density values 

were converted to Sigma units per ml enzyme extract by the use 

of the reference curve. The values obtained from the reference 

curve were multiplied by six. This was necessary due to the 

presence of large amounts of enzyme in the extract. The number 

of Sigma units in the "blank" tube was subtracted from the 
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number In the "test" vial. The remainder indicated the total 

amount of Sigma units per ml enzyme extract for that tissue 

sample. After the determination of the amount of protein in 

the enzyme extract, the enzyme activity was expressed as 

Sigma units/mg protein. 

Effect of Tumor Development On 
Enzymatic Activity 

To determine the effect of the rapidly developing tumor 

on the activity of glyoxalase, glutamic-oxalacetic transam-

inase, and isocitric acid dehydrogenase in the liver, the 

following experiment was performed. Two groups of mice, each 

thirty-five in number, were established. The first group re-

ceived implants of lymphosarcoma tumor tissue at a time 

designated as "day zero". The second group served as a source 

of the normal mice. On "day zero", five of the Implanted mice 

and five of the normal mice were sacrificed and enzyme extracts 

of the liver were obtained. The enzymatic activities of glyox-

alase, glutamic-oxalacetic transaminase, and isocitric dehy-

drogenase were determined. The procedure was repeated at 2, 

4, 6, 8, 10, and 12 days after the implantation. The values 

obtained for the activity of the enzymes, when plotted against 

"days after implant", illustrated the effect of the developing 

tumor upon the activity of the enzymes. 
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CHAPTER III 

RESULTS 

Since the procedure for the determination of glyoxalase 

activity was based upon the disappearance of methyl glyoxal 

from the reaction mixture, it was initially necessary to es-

tablish a reference curve from which subsequent optical density 

values could be easily converted to micrograms of methyl gly-

oxal. The following reference curve was established using 

varying concentrations of pure methyl glyoxal. 

Optical Density 

1.0 

.80 

. 60 

.40 

.20 

Methyl Glyoxal 
Concentration 
(micrograms) 

0421 + .l624x 

1 . 0 2 . 0 3 . 0 

Fig. 1--Reference curve for methyl glyoxal. 

4.0 5.0 

The equation for the line of regression was calculated by 

the method of least squares. From a total of sixteen 

24 
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determinations, -£x2:=1.2 x 10~\ (^x)2=1.6 x 10"3f ^xy= 

.021173, <x=.040, and £y=?.l7. 

Standard deviations were calculated by the method des-

cribed by Bailey (1) for each enzymatic assay performed in 

the investigation. Such calculations were deemed necessary if 

TABLE I 

PRECISION OF ENZYMATIC ASSAYS 

Optical Density 

Glyoxalase 
"Zero "30 Min. 
Time" Time" 

Glutamic-
Qxalacetic 
Transaminase 

Isocitric Acid 
Dehydrogenase 
Test Blank 

.850 .3^0 

.850 .355 

.850 .335 

. 8 5 0 . 3 6 0 

.850 .337 

.850 .352 

.850 .351 

.850 .335 

.850 .338 

. 8 5 0 .331 

.590 

.575 

.580 

.580 

. 585 

.578 

.590 

.595 

. 6 0 0 

. 6 0 0 

.790 .200 

.795 .200 

.780 .205 

.780 .198 

.785 .195 

.775 .210 

.780 .203 

.780 .201 

.780 .200 

.780 .203 

* 8 . 5 0 0 3 . W 5.873 7.825 2.015 

5c . 8 5 0 .3^3^ .5873 .7825 .2015 

6 . 0 0 0 .034 .009 . 0 0 6 .004 

6 Conver-
ted to 
units 

12a ?0b 7C 

a/<M methyl glyoxal converted/30 minutes/mg. protein 
10 Sigma-Frankel units/mg protein 
° Sigma units/mg protein 
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the significance of the experimental data was to be ascertained. 

The deviations are reported in Table I. 

The activity of glyoxalase in the tumor tissue was com-

pared to enzyme activities reported in the literature for 

various types of tumor tissue. This was of interest as this 

investigation was probably the first to apply a colorimetric 

determination to the assay of glyoxalase activity in tumor 

tissue. 

TABLE II 

A COMPARISON OF GLYOXALASE ACTIVITY IN TUMOR 
TISSUE TO THOSE PREVIOUSLY REPORTED 

Source 
of 

Tumor 
Tissue 

Method Number of 
Determi-
nations 

Reported 
Activity 

Reptd. Activity 
converted to: 

Ia IIb 

Ref. 

Jensen 
Rat Sarcoma 

Manome-
trie 3 38° .71 .5^ 2 

Plexner 
Rat Sarcoma 

Manome-
trie 1 29° • 65 .^7 2 

Philadelphia 
No. 1 

Sarcoma 

Manome-
trie 

3 2.6d .17 .12 3 

Walker No. 
256 Carci-
noma 

Manome-
trie 

3 3.3d .21 .Ik 3 

Lympho-
sarcoma 

Colori-
metric 15 . .43b .59 .43 

This 
work 

/iM methyl glyoxal converted/30 minutes/mg dry weight 
methyl glyoxal converted/30 minutes/mg protein 

c ul CO2 evolved/hour/mg dry weight 
^ ul CO2 evolved/20 minutes/mg dry weight 



27 

The g l y o x a l a s e activity in the liver of the normal and 

cancerous mice was determined. The tabulation of these results 

is given in Table III. 

TABLE III 

A COMPARISON OP LIVER GLYOXALASE ACTIVITY IN 
CANCEROUS AND WON-CANCEROUS MICE 

Activity of Liver Glyoxalase 
in Cancerous Mice* 

Activity 
in Non 

of Liver 
-Cancerous 

Glyoxalase 
Mice* 

Group I II III I II III 

50 74 82 99 95 130 

56 68 74 94 90 119 

51 64 76 99 96 125 

57 62 76 94 98 113 

52 65 78 96 90 117 

i 266 333 386 482 469 604 

X 53 67 77 96 94 121 

6 3 5 3 3 4 7 

^Enzyme units x 10~2 

The mice were divided into three groups according to the 

age of the mice. Mice of Group I were approximately seven weeks 

old, mice of Group II approximately eight and a half weeks old, 

and mice of Group III approximately twelve weeks old. It is 

Interesting to note that the deviation in liver glyoxalase 
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activity between cancerous and non-cancerous mice is a function 

of the age of the mice studied. It is evident from these data 

that there is an appreciable decrease in glyoxalase activity in 

the liver of the tumor-bearing animal. In Group I mice, there 

was a 45 per cent decrease, a 29 per cent decrease in Group II 

mice, and a 36 per cent decrease in Group III mice. 

The activity of glutamlc-oxalacetic transaminase and iso-

citric acid dehydrogenase in the liver of the normal and can-

cerous mice were also determined. The results are reported 

in Table IV. 

TABLE IV 

ACTIVITY OP LIVER GLUTAMIC-OXALACETIC TRANSAMINASE AND 
LIVER ISOCITRIC ACID DEHYDROGENASE IN CANCEROUS 

AND NON-CANCEROUS MICE 

Enzyme Assay 

Glutamic-oxalacetic Isocitrie Acid 
Transaminase Dehydrogenase 

Non-cancerous Cancerous Non-cancerous Cancerous 
mice mice mice mice 

1.529 712 875 813 
1 ,602 720 84-0 871 
1 ,612 749 821 805 
1 .547 698 855 835 
1 ,520 708 862 840 

7 ,810 3 .589 4 , 2 5 3 4 , 1 6 4 

1 .562 718 851 833 

42 19 21 26 
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The data In Table IV indicate that the activity of 

glutamic-oxalacetic transaminase in the liver of the tumorous 

animal was decreased 51 per cent from that measured in the 

normal animal. The data also indicate that the activity of 

isocitric acid dehydrogenase in the liver of the tumor-bearing 

animal does not vary appreciably from the normal values. 

The effect of the development of the tumor in implanted 

mice on the activity of glyoxalase was also investigated. 

The data obtained in this experiment are presented in Figure 2. 

Each point on the graph represents the average of five deter-

minations. 

Enzyme 
Activity 
(x 10-2) 

120 

80 

^ 0 

-O O-- tumor-bearing mice 

-O O- normal mice 

Days 
After 
Implant 

0 10 12 

Pig. 2—Effect of tumor development on the activity of 
liver glyoxalase. 
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The effect of the tumor development In Implanted mice 

on the activity of liver isocitric acid dehydrogenase was 

also investigated. The activity of the enzyme at two day in-

tervals after implant is given in Figure 3. Each point on 

the graph represents the average of five determinations. 

Enzyme 
Activity 

900 

600 

300 

Days 
After 
Implant 

--3 O- tumor-bearing mice 

-O; O- normal mice 

8 10 12 

PiS* 3—Effect of tumor development on the activity of 
liver isocitric acid dehydrogenase. 

The data in Figure 3 Indicate that the activity of iso-

citric acid dehydrogenase in the liver of the tumor-bearing 

mice does not vary appreciably from the activity of the enzyme 

in the liver of the normal mice. This is in agreement with 

results obtained earlier in this investigation and reported 

in Table IV. 

The effect of the tumor development in the implanted mice 

on the activity of glutamic-oxalacetic transaminase in the 

liver was also Investigated. The activity of the enzyme at 

two day intervals after Implantation is given in Figure 4. 

Again, each point represents the average of five determinations. 
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Enzyme 
Activity 

1875 

1500 

1125 

750 

375 

Days 
After __ 
Implant 0 

.--O-
— O -

..3 5̂.. tumor-bearing mice 

- O O - normal mice 

8 10 12 

Pig. 4—Effect of tumor development on the activity of 
liver glutamic-oxalacetic transaminase. 

The data in Figure 2 and Figure 4 indicate that the ac-

tivities of both glyoxalase and glutamic-oxalacetic transami-

nase are initially increased. This increase is evident, for 

both enzymes, on the second day after the tumor implantation. 

The activities both reach a peak on the sixth day after the 

implant. The activity of both enzymes begin to decrease after 

the sixth day after implantation and, on the twelfth day after 

implantation, a minimum activity is observed for both gly-

oxalase and glutamic-oxalacetic transaminase. It seems then, 

that the overall effect of the lymphosarcoma in the mice is 

to cause a decrease in the activity of glyoxalase and glutamic-

oxalacetic transaminase in the liver. This is in agreement 

with experiments performed previously in this investigation 

(Table III and Table IV). 
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CHAPTER IV 

Discussion 

Investigations by Cohen (1), Piatt and Sohroeder (3). 

and Warburg, Posener, and Negeleln, as reported by Piatt and 

Sohroeder (1), have led to a controversy concerning the ef-

fect of tumor tissue on the activity of glyoxalase in cancerous 

and non-cancerous tissue. This controversy may well be the 

result of the failure by these investigators to recognize the 

significance of two important factors. First, the physio-

logical condition of the tissue studied must be considered if 

any deviation in glyoxalase activity observed in the tissue 

is to be attributed to the presence of the tumor within the 

animal. An enzyme activity deviation could be the result of 

a physiological abnormality of the tissue, such as cirrhosis 

or viral hepatitis, and not due to the presence of the tumor. 

It is possible to determine the physiological state of the 

liver tissue by the determination of the deviation of other 

enzymes in the liver tissue. If the deviation of these enzymes 

in the liver tissue is similar to the deviation of these en-

zymes in cancerous tissue, it may be concluded that the devi-

ation of the activity of the enzyme in the liver tissue of 

tumor-bearing mice is due to the presence of the tumor and not 

to an abnormal, physiological condition of the tissue. 
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Secondly, the age of the experimental animals has not 

received proper consideration from previous workers. During 

the maturation process, metabolism in general and enzyme 

activity in particular, are subject to certain variations. 

Therefore, in any study involving metabolic activities, such 

as alteration of enzyme activity, it is important to consider 

the age of the animals employed in the experiment. By con-

sideration of the physiological state and the age of the 

animals, this Investigation offers new evidence which may 

aid in the resolution of this controversy. 

The data of Table III indicate a significant, decrease in 

glyoxalase activity in the livers of mice receiving the can-

cerous implant. This deviation from normal activity varies from 

29 per cent to ^5 per cent according to the age of the mice. 

It may be noted from Table II,that glyoxalase activity in the 

lymphosarcoma tissue was determined to be .43 enzyme unit. 

This value is appreciably less than the activity of liver 

glyoxalase in cancerous mice of age twelve weeks. However, 

this value is not appreciably less than the activity of the 

enzyme in the livers of the mice of seven or eight and one 

half weeks of age (Table III). It seems, therefore, that the 

age of the mice is an Important factor in the determination 

of differences in the glyoxalase activities of cancerous and 

non-cancerous tissues. These results agree with the conclusion 

of Piatt and Schroeder (1) that a higher glyoxalase activity 

exists in the liver of the tumor-bearing mice than in the 

tumor tissue. 
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The data in Table IV Indicate a significant decrease in 

glutamic-oxalacetic transaminase activity in the liver of the 

tumor-bearing mice. However, the activity in the liver iso-

citric acid dehydrogenase in the tumor-bearing mice is not 

significantly altered from the activity of the enzyme in nor-

mal liver tissue. The data reported in Table IV compared the 

activity of the enzymes in the livers of tumor-bearing mice 

to normal liver tissue. Studies by Cohen, Hekhuis, and Sober 

(2) and Wenner, Spirtes, and Weinhouse (^) compared the ac-

tivity of the enzymes in hepatoma to normal liver tissue. 

However, the results obtained in this investigation agree 

with the results of these published works. Thus, a behavioral 

pattern characteristic of hepatoma has developed within the 

liver of the mice bearing tumors of lymphosarcoma, as evidenced 

by glutamic-oxalacetic transaminase activity. It may be con-

cluded, then, that the decrease in glyoxalase and glutamic-

oxalacetic transaminase activity in the livers of the tumor-

bearing mice is a result of the presence of the lymphosarcoma 

tumor and probably not a consequence of physiological abnor-

malities within the animal as judged by isocitric acid dehy-

drogenase activity. 

Data of Figure 2 and Figure 4 indicate that the activity 

of both glyoxalase and glutamic-oxalacetic transaminase in the 

liver of the tumor-bearing mice are initially Increased. This 

increase in enzyme activity is evident even on the second day 

after the implantation of the tumor tissue. The activity of 

both enzymes attain a maximum value on the sixth day, are 
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markedly decreased after the sixth day, and attain minimum 

values on the twelfth day after implantation. The total ef-

fect of the tumor is to decrease the activity of both gly-

oxalase and glutamic-oxalacetic transaminase in the liver of 

the tumor-bearins animal. The data of Figure 3 indicate that 

isocitric acid dehydrogenase activity in the livers of the 

tumor-bearing mice does not vary appreciably from the activity 

of the enzyme in normal liver tissue. The results of these 

time incorporation experiments agree with other experiments 

performed in this study. The results of these studies are 

reported in Table III and Table IV. 

Analysis of the data obtained by previous investigators 

(2,*0 bears out the findings presented here. 

The results of this thesis further indicate an appre-

ciable difference in glyoxalase activity between cancerous 

tissue, non-cancerous tissue of a tumor-bearing animal, and 

normal liver tissue. This conclusion is founded on the fact 

that the physiological condition and the age of the experi-

mental animal were considered as primary parameters in the 

experiments performed. 
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CHAPTER ¥ 

SUMMARY 

An appreciable decrease in glyoxalase activity in the 

liver of mice bearing tumors of lymphosarcoma was observed. 

Further, the glyoxalase activity in the tumor tissue was 

found to be appreciably less than the activity of the enzyme 

in the liver of tumor-bearing mice of age twelve weeks. By 

consideration of two important factors, the physiological 

condition and the age of the mice, this deviation in glyox-

alase activity between cancerous and non-cancerous tissue 

was attributed to the presence of the tumor. 
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