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Walshe( 11 ), is another breakdown product of 
methionine associated with foetor hepaticus. 

On the other hand the high glutanline in-  
crease in C.S.F. cannot l ~ r  explained by its 
corresponding rise in serum level ( I 2  ) . '4 dis- 
turbance in brain metabolisni related to high 
blood ammonia and its detoxication could be 
regarded as one cause of the high glutamine 
level. 

Related to the deterioration in hepatic me- 
tabolism of tyrosine and tryptophane, lliiting 
and Shivaran observed that free indol and 
phenol derivatives increased 5 to 10 times 
normal values ( 12 ) . 

Therefore, it would appear that the changes 
described here in the amino acid content of 
C.S.F. from patients with liver disease prob- 
ably play an important role in the pathogene- 
sis of hepatic coma. 

S u m m a q .  The amino acid composition of 
deproteinized cerebrospinal fluid was yuanti- 
tatively determined by paper chromatography 
in 25 healthy adults, 28 patients with hepatic 
disease, (16 with hepatic coma, and 12 with- 
out coma). A significant increase of all free 
amino acids in the cerebrospinal fluid of those 
with hepatic coma was found. There was also 
an increased concentration of 14 free amino 
acids in the fluid of patients with liver disease 

without coma. Methionine sulfone and me- 
thionine sulfoxide were also found as path- 
ologic hreakdown products in the fluid of 
those with hepatic coma. A decrease in oxi- 
dative properties of the liver is suggested as 
a possible cause. 

1. Frerichs, H., Klinik der Leberkrankheiten, 

2 .  Walshe, J. M., de Carli, L., Davidson, C. S., 

3 .  Walshe, J. M., Quart. J .  X e d . ,  1953, v22, 483. 
4. - , ibid., 1951, v20, 421. 
5 .  Muting, D., Shivaram, K. N., Z. physiol. Chem., 

6. Moore, S. ,  Stein, W. H., J .  Biol. Chem., 1954, 

7. Shivaram, K. N., Mutinq, D., ArztEiche Ror- 

8. Schmidt, E. G., J .  BioE. Chem., 1942, v145, 

9. Muting, D., Klin. Wschr., 1960, v38, 1001. 
10. - , Der Aminosaurenhaushalt des Mens- 

11. Challenger, F., Walshe, J. M., Biochem. J. ,  1955, 

12. Muting, D., Shivaram, K. N., Gastroenterolo- 

13. Campanacci, A., Brux. Med., 1950, v30, 2359. 
14. ~ , Presse med., 1951, vS9, 426. 

Rraunschweig, 1858. 

Clirr. Sci., 1959, v17, 28. 

1959, v317, 34. 

\.211, 907. 

w h i m g ,  1961, v15, 337. 

.5.13. 

[hen, Aulendorf/Wurtt, 1958. 

~59, 372. 

gia, 1961, 95 Suppl., 222. 

Received May 24, 1962. P.S.E.B.M, 1962, v110. 

Stimulated Glycolysis of KB Cell Cultures by Guanidine Derivatives and 
Other Coinpounds Affecting Respiration.* (27598) 
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Glucose utilization and lactic acid produc- 
tion by cell cultures have been found to in- 
crease with concentration of glucose in the 
medium ( 1,2 ) . Similar stimulation has re- 
sulted from anaerobic conditions( 3,4) and 
from treatment of cell cultures with a variety 
of agents including insulin ( 5) ,  thyroxine (6 ) , 
HCN( 2 ) ,  azide( 7 ) ,  and 2,4-dinitrophenol 
(8) .  

*This work was conducted under contract with 
Cancer Chemotherapy National Service Center, Nat. 
Canc. Inst., N.T.H., U.S.P.H.S. 

The present report concerns the stimula- 
tion of glucose utilization, lactic acid produc- 
tion, and inhibition of growth of cultured cells 
by a variety of guanidine derivatives and 
other compounds that may affect respiration. 

Materials and methods. Two procedures 
were utilized for appraisal of effects of com- 
pounds on cell cultures. In the first procedure 
an evaluation was made of the effects of test 
compounds on KB cell cultures during an ex- 
tended period of growth in a complete me- 
dium containing dialyzed bovine serum. One 
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ml of whole medium containing 10,000 KB 
cells was pipetted into 16 x 125 mm tubes 
placed in a slanted position in racks. The 
cells were established (plated) by incubation 
for 24 hours a t  37°C in a humidified atmos- 
phere of 8% carbon dioxide - 92% air. The 
medium was removed and the tubes rinsed 
2 times with EarIe’s solution. The cells in 
duplicate tubes then were overlaid with one 
ml of growth medium containing graded 
amounts of test compounds. Incubation was 
continued for 4-5 days until maximal growth 
was attained in untreated tubes. 

In  the second method of appraising the ef- 
fects of the test compounds semi-confluent 
sheets of cells were utilized in a maintenance 
medium devoid of serum. The cells were es- 
tablished as previously described and grown 
4-5 days before removal of the medium and 
treatment with graded quantities of test com- 
pounds in one ml of maintenance medium. 
After 48 hours further incubation, the cul- 
tures were withdrawn for determination of 
cell protein, glucose and lactic acid. 

Cell protein was measured by the method of 
Oyama and Eagle( 9). The media were col- 
lected and glucose content was determined by 
the procedure of Park and Johnson ( 10). Lac- 
tic acid was determined according to the pro- 
cedure of Barker and Summerson( 11). In 
typical experiments the standard deviation of 
single values of protein, glucose, and lactic 
acid was estimated to be t 12.6 pg protein, 
t 0.16 micromole glucose, and t_ 0.15 mi- 
cromole lactic acid. The standard errors of 
single means were -+ 8.9 pg protein, t 0.11 
micromole glucose and 2 0.11 micromole 
lactic acid. 

The growth medium contained amino acids, 
vitamins, minerals, glucose, antibiotics and 
phenol red, as tabulated previously ( 12), in 
addition to 5% dialyzed bovine serum and 
0.5 pg thiamine HCl per ml. The mainte- 
nance medium was identical except for the 
omission of serum. The whole medium for 
establishing cells was that used routinely in 
this laboratory for continuous culture of 
many different types of cells. I t  was identi- 
cal with the growth medium except for the in- 
clusion of 0.1 mM pyruvate and 10 pg adeno- 
sine per ml and substitution of undialyzed bo- 
vine serum for the dialyzed serum. Phene- 

thylbiguanide HC1 (Phenformin, DBI) was 
a product of U. S. Vitamin & Pharmaceuti- 
cal Corp., N. Y. Guariidine HCl, methyl- 
guanidine * % H2S04 and 1, l-dimethylguani- 
dine HCl were obtained from Eastman Or- 
ganic Chemicals. 

Results and discussion. Phenethylbiguan- 
ide, an oral hypoglycemic compound ( 13), 
was observed to stimulate markedly acid pro- 
duction and glucose utilization of cell cul- 
tures. Consideration of possible respiratory 
inhibition by phenethylbiguanide ( 14) led to 
a comparison of response of cell cultures to 
this compound and to the respiratory inhibi- 
tors, sodium azide and potassium cyanide. 
The relative effects of insulin (24 units/mg) 
also were observed. Results using established 
KB cell sheets in maintenance medium are 
given in Fig. 1. Obviously, phenethylbiguan- 
ide HCI (0.5-10 pg/ml) and sodium azide 
(5-50 pg/ml) stimulated lactic acid produc- 
tion and glucose utilization to a significantly 
greater extent than did insulin, although de- 
struction and loosening of the cells occurred 
at higher concentrations. The deleterious ef- 
fects on established cultures, however, in 
these ranges did not prevent the metabolic ef- 
fects. The lactic acid production roughly 
paralleled glucose utilization. Potassium cy- 
anide was less effective. In  further studies 
tolbutamide (N-butyl-N’-p-toluenesulphony- 
lurea), an oral hypoglycemic compound of a 
different chemical type( 15), at concentrations 
up to 2 0 0  pg/ml did not produce the meta- 
bolic effects of phenethylbiguanide to any sig- 
nificant extent. 

In  Fig. 2 are shown results of an experi- 
ment in which the growth and concomitant 
glucose metabolism of treated KB cells in 
growth medium were determined. The stimu- 
lation of glucose utilization and lactic acid 
production were realized at  levels of phen- 
ethylbiguanide (1-10 pg/ml) and sodium 
azide (5-10 pg/ml) which did not appreciably 
inhibit growth. The concentration of azide 
was more critical in a growing cell system. 
Again the effects of the concentration of insu- 
lin and potassium cyanide on glycolysis were 
relatively minor, although potassium cyanide 
was applied in sufficient quantity to inhibit 
growth. 

The effect of phenethylbiguanide through- 
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out the incubation period of both established 
cell sheets and growing cell cultures is shown 
in Fig. 3. Stimulation of glucose utilization 
and lactic acid production was observed in 
the initial test interval on established cell 
sheets and was continued at  a constant rate 
for 28 hours before slackening to some extent. 
Similar results were obtained for growing cul- 
tures with the provision that effects were de- 
pendent upon the cellular mass at  any given 
interval. 

The results from testing a variety of Fuani- 
dine derivatives and related amidine deriva- 
tives on established cell sheets are summar- 

ized in Table I. The majority of these com- 
pounds stimulated glucose utilization and lac- 
tic acid production. Attachment of carboxyl 
groups decreased potency as in creatine, 
guanidoacetic acid, and arginine. Addition of 
alkyl radicals progressively increased potency 
as exemplified by comparison of guanidine 
and its simple, unsymmetrical monomethyl 
and dimethyl derivatives (Fig. 4). The high 
production of acid by stimulation of active 
compounds changed the phenol red in the 
media to a distinct yellow, thus permitting 
rapid qualitative evaluation of compounds if 
desired. The considerable stimulatory effects 

\ ! > - - -  

-0 
- - - -__ 

0 20 40 60 80 100 120 

.a 

- .-0 
"0 

t , I I U i  
0 10 20 30 40 50 

PERIOD OF INCUBATION (hours) 



STIMULATED GLYCOLYSIS OF CELL CULTURES 62 5 

TABLE I.  Stimulation of Lactic Acid Production 
aiid Glucose Utilization of KB Cell Cultures by 

Guanidine and Amidine Derivatives. 

Glucose Lactic 
Most utiliza- acid pro- 

Compoulld cone. (mM) I (pmolc/ml) 7 
effective tion duction 

None - 
Guanidiii e 5-10' 
Methylguaiiidine 3- 5 

Phenylguanidinc 2- 3 

1,l-diinethylguanidine 2- 3 
1,3-diniethylguanidine 5-10 

1,3-diphenylguanidine 0.5-1 

Trinminoguanidine .09-. 17 
l-ami1io-3-nitroguani- 4- 7 

Aminoguanidine 5-10 

dine 
Agmatine 0.5- 1 
I -methyl-3-amino- 5-10 

Guanidoacetic acid 15-20 
Creatiiie 15-20 
Creatinine 15-20 
Arginine 10-20 
Cariavaniiic .1-.2 
C yanoguanidiiie 15-20 
Riguaiiide 5-1 0 

guaiiicline 

Phenethylbiguanide .012-.022 t 

Hexame thylen edi- .O 18-.036 

Octamethyleiiedi- .0017-.0034 

Decamethylenedi- .00015-.0003 

Cf uanylthiourea 8-1 6 

guanidc 

guanide 

guaiiicle 
(Rynt.halin A) 

nide 

arid 

4,4'-biylienyldigua- .16-.32 

Form ti diiie su If oiiic 7 

Propaniidiiic .006-.0 12 
Pentamidiiie .o 1 3-. 02 6 
Rtilbainidine .016-.032 

1- 4 
11-1 2 

12 
12 

13-14 
10-12 

6 
8- 9 
5- 6 
4 - 7  

8-1 1 
5 -8  

2- 3 
4 - 6  

1 
3 

2- 3 
1 

12 
12-13 

4 
12-1 3 

6-1 0 

11 

8-10 

4-0 

9-1 0 
11-12 
6- 7 

2- 3 
19-21 

22 
20-22 
19-20 

21 
8-1 1 

11-18 
10 

7- 9 

12-18 
9 

3 
4-9 

5 
4-5 

4 
2 

16-19 
20-24 

8 
21-25 

12-1 7 

20 

15-20 

6 -4  

16-1 7 
20-24 
11-12 

Ic 300-600 pg/ml. 
Established KB cell cultures of approximately 

800 p g  cell protein/tube were treated with the com- 
pounds iii mairitenaiice medium for 48 hr at 37°C. 

t 3-5 pg/ml. 

of guanidine and amidine derivatives suggest 
their activity as respiratory inhibitors or un- 
couplers of phosphorylation for the cultured 
cells. Steiner and Williams have reported in- 
hibition of respiration by biguanides and syn- 
thalin in whole animal and tissue slice studies 
( 14). Other guanidine derivatives are known 
to have similar effect( 15). Pressman re- 
ported selective inhibition of oxidative phos- 
phorylation of rat liver mitochondria by a 
broad spectrum of guanidine derivatives( 16). 
Many of the guanidine derivatives, such as 
synthalin and phenethylbiguanide, are known 

for their hypoglyceniic activity ( 15). Sites of 
action for phenethylbiguanide variously have 
been suggested to be succinic dehydrogenase 
( 1 7 ) ,  succinic oxidase ( 14), or oxidative phos- 
phorylation ( 16,18). Phenethylbiguanide is 
supposed to produce its hypoglycemic effects 
in animals and man through respiratory in- 
hibition of peripheral tissue( 19). 

Amytal and antimycin A, which are inhibi- 
tors in the electron transport system, and 2,4- 
dinitrophenol, which uncouples phosphoryla- 
tion (20), stimulated glucose utilization and 
lactic acid production of KB cell cultures as 
shown in Table 11. Glycolysis of established 
cell sheets and growing cultures was affected 
in the same manner. Stimulation of glycolysis 
of growing cell cultures and established cell 
sheets by a variety of respiratory inhibitors 
was not surprising in view of similar response 
to anaerobiosis(3,4). It will be noted that 
the growth of cultures was not depressed ap- 
preciably at  concentrations of the compounds 
which markedly stimulated glucose utilization 
and lactic acid production. The approxi- 
mately equivalent growth attained by un- 
treated cells and cells treated with amytal, 
antimycin A, 2 &dinitrophenol, sodium azide 
and phenethylbiguanide suggests that major 
energy requirements for growth may be sup- 
plied by glycolytic processes. Concentrations 
of these compounds (as well as other com- 
pounds tested) greater than critical values 
were cytotoxic. The established cultures a t  
higher concentrations of inhibitors were capa- 
ble of extensive glycolysis before deteriora- 
tion of the cells by the end of the incubation 
period. Stimulation was not noted with other 
types of inhibitors tested, with the exception 
of 2,6-diaminopurine which is now being 
studied. The findings presented here may be 
applied to further studies of respiratory in- 
hibitors or uncouplers of phosphorylation. 

Summary. A variety of respiratory inhibi- 
tors, phosphorylation uncouplers, amidine 
and guanidine derivatives, including the hy- 
poglycemic agents, synthalin and phenethyl- 
biguanide, appreciably stimulated lactic acid 
production and glucose utilization of cell cul- 
tures. The simplicity and effectiveness of the 
procedures described suggest their applica- 
bility to further studies of respiratory inhibi- 
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tors, uncouplers of phosphorylation, and the 
evaluation of certain types of hypoglycemic 
compounds. 

We wish to acknowledge the excellent technical 
assistance rendered by Miss Joan L. Molowski. 

1. Jones, M., Bonting, S. L., Exp. Cell Res., 1956, 

2 .  Eagle, H., Barban, S., Levy, M., Schulze, H. O., 

3 .  Dales, S., Can. J. Biochem. Physiol., 1961, v38, 

4. Rueckert, R. R., Mueller, G. C., C a m .  Res., 

5 .  Paul, J., Pearson, E. S., J. Endocrinol., 1960, 

6. Halevy, S., Avivi, L., Biochim. Biophys. Acta, 

7 .  Cailleau, R., Moss, S., Siegel, B. V., J. Nut. 

8. Gifford, G. E., Blakey, B. R., PROC. SOC. EXP. 

9. Oyama, V. I., Eagle, H., ibid., 1956, v91, 305. 
10. Park, J. T., Johnson, M. J., J. Biol. Chem., 

11. Barker, S .  B., Summerson, W. H., ibid., 1941, 

12. Neuman, R. E., Tytell, A. A., PROC. SOC. EXP. 

13. Ungar, G., Freedman, L., Shapiro, S. L., ibid., 
19.77, v95, 190. 

14. Steiner, D. F., Williams, R. H., Biochim. et 
Riophys. Acta,  1958, v30, 329. 

15. Slater, J. D. H., Progress in Medicinal Chemis- 
fry, vl ,  187, Butterworths & Co. (Publishers) Limit- 
cd, London, 1961, Ellis, G. P., West, G. B., Editors. 

16. Pressman, B. C., Fed. Proc., 1962, v21, 55. 
17. Wick, A. N., Larson, E. R., Serif, G. S., J. Biol. 

IS. Falcone, A. B., Mao, R. L., Shrago, E., J. 

19. Williams, R. H., Steiner, D. F., Metabolism, 

20. The Glycolysis and Respiration of Tumors, Ais- 

~ 1 0 .  631. 

J. Biol. Chein., 1958, v233, 551. 

571. 

1960, v20, 944. 

v21, 287. 

1958, v39, 198. 

C a m .  Znst., 1956, v16, 1011. 

HIOL. A N D  MED., 1959, V102, 268. 

1949, v181, 149. 

v138, 535. 

HIOL. A N D  MED., 1960, ~ 1 0 4 ,  252. 

C'hem., 1958, v233, 296. 

R i d .  Chem., 1962, v232, 907. 

19.59, v8, 598. 

cnberg, A. C., Acad. Press, 1961. 

Received May 25, 1962. P.S.E.B.M., 1962, v110. 




