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Warburg’s original concept that malignant 
transformation results in damage to cell 
respiration and a secondary increase in 
glycolysis has been questioned following the 
development of more sophisticated techniques 
of cell fractionation and analysis. Many of 
the recent queries have arisen from studies 
of Morris rat hepatomas. Normal and malig- 
nant leukocytes are one of the most readily 
available human cell lines for study, but 
work has been hampered by failure to 
recognize the heterogenous nature of most 
leukocyte populations. Although leukocytes 
may have acquired, by adaption, a unique 
respiratory mechanism owing to their sus- 
pension in a fluid medium, a comparison 
of normal with leukemic cells should provide 
valid conclusions regarding alterations, if 
any, resulting from malignant transformation. 

Previous studies in this laboratory of rnito- 
chondrial electron transport enzymes have 
shown increased activity of leukemic cells 
when compared to normal controls (1).  In  
particular, succinate cytochrome C reductase, 
cytochrome oxidase, and the mitochondria1 
TPNH-DPN transhydrogenase showed a 
fivefold increase when the activity of mito- 
chondria isolated from acute lymphocytic 
leukemic cells was compared to normal 
peripheral lymphocytes. Although no deter- 
minations of glycolysis were made, it was 
concluded from these data that respiratory 
activity of malignant leukocytes was increased 
rather than diminished. 

The present study was designed for two 
purposes: ( I )  to determine if the increased 
enzyme activity, noted previously, was a re- 
flection of increased oxygen consumption and 

1 This work was supported in part by U.S. Public 
Health Servicle Grants CA 11804 and RR 05506. 

(2) to obtain a more satisfactory source of 
pure lymphocytes for control purposes since 
those in the peripheral blood tend to be few 
in number and contaminated with neutrophils 
and platelets. 

Materials and Methods. Normal neutrophils 
and blood lymphocytes were obtained from 
volunteer donors a t  The Children’s Hospital 
of Philadelphia Blood Bank. Human lymphoid 
tissue was acquired following tonsillectomy, 
splenectomy, and partial thymectomy dur- 
ing cardiac surgery. Leukemic leukocytes were 
obtained from children with acute leukemia 
being cared for on the Oncology Service at  
Children’s Hospital. 

The preparation of leukocytes varied with 
the sources; blood lymphocytes were obtained 
from normal donors by phasmapheresis and 
whole blood centrifugation a t  4000 rpm for 
three minutes (3  5OOg). The supernatant 
plasma, containing the majority of platelets, 
was removed and the buffy coat layer con- 
taining approximately 80% or more lympho- 
cytes was harvested. Lymphocytes were pre- 
pared from human thymus, tonsil, and spleen 
by mincing the tissue with scissors and sus- 
pending the preparation in tissue culture 
fluid (TC 199). The final suspension was 
filtered through nylon mesh Sephadex 400, 
and only preparations containing more than 
70% lymphocytes were studied. Normal 
neutrophils and leukemic cells were obtained 
by sedimentation of whole blood with the 
addition of an equal quantity of 6% dextran 
in 0.9% NaCl a t  37”. Anemic blood prepara- 
tions sediment so rapidly on standing that 
a satisfactory yield was obtained without the 
addition of dextran. The speed of sedimenta- 
tion is important since it affects the percent- 
age of neutrophils and lymphocytes in the 
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supernatant plasma. Removal of plasma fol- 
lowing rapid sedimentation give a higher 
percentage of neutrophils ; slower sedimenta- 
tion, to allow the supernatant plasma to be 
clear of all red cells, yields less total leuko- 
cytes with a greater proportion of lympho- 
cytes. 

Lysis of contaminating red cells was accom- 
plished by suspension of the packed leuko- 
cytes in 1 part T C  199 and 3 parts 0.15 M 
NH4Cl. (Some leukemic preparations were 
sufficiently free of red cell contamination 
that their oxygen consumption was studied 
without lysis.) After 5 minutes equilibration 
in NH4C1, the suspended cells were centri- 
fuged a t  600g for 10 min, and the supernatant 
hemoglobin solution was decanted. A final 
white cell count was done. For studies of 
oxygen consumption, the cells were directly 
suspended in tris buffer, pH 7.4, while those 
for enzyme assay received a further wash in 
buffer and were stored frozen at  - 10". 

Mitochondria were prepared by nitrogen 
cavitation in an Artisan pressure homoge- 
nizer a t  850 lb/in.2 for 20 min (2) .  The 
medium contained 0.25 M sucrose, 1 X lop4 
M MgS04, 5 X M Tris, 0.13 M NaCl, 
7.6 x 
M KH2P04, p H  7.4 (3).  Following membrme 
rupture, the suspension was centrifuged a t  
12,OOOg for 10 minutes to harvest the mito- 
chondria. Oxygen consumption was measured 
by a Clark electrode in a 1.5-ml cell using 
Tris buffer ( 2 5  mM Tris, 5 mM MgCl, 5 mM 

ill Na2HP04, and 1 . 2 7  X 

KF, 20 mM Na2HP04, 55 mM KCl, 45 mM 
NaCl, pH 7.4). Sodium succinate, 0.001 M, 
was used as substrate. Following homogeniza- 
tion of frozen packed white cells, succinic 
dehydrogenase activity was determined at  
490 pm as the amount of formazan produced 
in 15 min at 37" in the presence of phenazine 
methosulphate (4). 

Results. Oxygen consumption and succinic 
dehydrogenase activity of the whole cells, 
homogenate, and isolated mitochondria, ex- 
pressed both per milligram protein and per 
number of cells are given in Table I. The 
significance of the results was calculated 
by the Sheff6 test for simultaneous multiple 
comparisons using 90% confidence limits (see 
Table 11). The consumption per cell is uni- 
form for all types except for a slight but 
insignificant increase in acute myeloid 
leukemia (AML) ; 1.3 vs 2.5. The increase 
in oxygen consumption is more marked when 
related to protein content; the leukemic 
lymphocytes and granulocytes have signifi- 
cantly more activity than that of normal 
neutrophils and blood lymphocytes. Only 
preparations of mitochondria isolated from 
AML had significantly more oxygen consump- 
tion than those from normal cells. The wide 
range of results from the leukemic lympho- 
cytes probably prevented the difference from 
being statistically significant. 

The activty of succinic dehydrogenase 
calculated per cell was the same for all cell 
types except for an increase in myeloblasts. 

TABLE IA. Oxygen Consumption.a 

Whole cells Mitochondria 

Per mg protein Per 1 x 10; cells Per mg protein 

Cell type Nosassayed Mean SD +Range Mean SD +Range Mean SD +Range 

Blood leukocytes 
1.3 0.5 0.6-2.0 2.1 0.7 1.4- 3.0 2.4 1.6 1.1- 4.6 

Lymphocytes 18 1.5 0.8 0.5-3.2 2.7 1.2 1.1- 5.6 2.0 0.1 1.9- 2.1 
Neu trophils 5 

Tissue lymphocytes 
Thymus 11 1 .1  0.6 0.4-2.1 3.6 1.3 1.7- 6.9 8.7 7.1 2.1-19.7 
Spleen 7 1.9 0.6 0.7-2.8 4.5 1.6 2.1- 6.8 5.8 0.9 4.6- 6.7 
Tonsil 6 1.6 0.8 0.6-2.9 4.8 2.0 2.4- 7.5 - -  - 

Leukemic cells 
Acute lymphocytic 52 1.5 1.0 0.5-5.4 3.8 2.1 1.0- 9.0 5.1 2.7 1.2-11.4 
Acute myeloid 1 1  2.5 1.2 1.0-5.4 5.6 3.3 2.0-12.3 14.3 7.6 3.7-25.0 

a pmoles 0, per minute per 1 X lo' cells or per mg protein. 
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TABLE IB. Succinic Dehydrogenase." 

Whole cells Mitochondria 

Per 1 x lo'cells Per mg protein Per mg protein 
No. - 

Cell type assayed Mean SD +Range Mean SI) +Range Mean SD +Range 

G d  leukocytes 
Neutrophils 5 2.1 1.4 0.7- 3.8 4.9 1.6 2.1- 6.6 7.0 4.0 2.6- 12.1 
Lymphocytes 18 2.6 1.3 1.0- 4.5 5.9 2.1 3.2- 8.7 11.4 8.4 5.2- 30.0 

Tissue lymphocytes 
Thymus 1 1  2.1 1.1 1.3- 4.8 13.7 6.7 5.1-30.5 43.5 29.6 9.4-113.3 
Spleen 7 2.0 1.2 0.4- 3.5 8.5 5.2 2.2-14.3 22.2 12.3 8.5- 38.0 
Tonsil 6 0.7 0.3 0.2- 1 .1  4.3 1.5 2.7- 6.6 10.8 2.8 7.1- 13.4 

Leukemic cells 
Acute lymphocytic 52 3.2 2.0 0.9- 9.5 14.2 6.1 5.8-26.1 51.2 30.0 8.3-139.3 
Acute myeloid 1 1  6.9 3.1 4.2-14.2 18.8 6.2 12.9-32.4 41.3 13.7 23.4- 66.4 

a Succinic dehydrogenase activity is expressed as mg Fomazan,/houi/mg protein or/ lo7 cells. 

The increase in activity of the leukemic cells 
was more marked when expressed per milli- 
gram protein; the difference between them 

'and normal peripheral blood leukocytes was 
significant. The difference among cell types 
was considerable in the assays of isolated 
mitochondria and was seen between both 
leukemic cells and peripheral leukocytes and 
tonsil, and also between thymocytes, neutro- 
phils, and tonsil. 

Discussion. Previous studies of respiratory 
enzymes in leukemic cells showed increased 
activity of both whole cells and isolated 
mitochondria when compared to normal 
peripheral neutrophils and lymphocytes ( 1 ) . 
The present study shows that the increased 
activity seen is associated with increased 
oxygen consumption. Two new facts emerged 
from this study; first, tissue lymphocytes, 
particularly thymocytes, have more respira- 
tory activity than the peripheral lymphocytes, 
and, second, the oxygen consumption and 
succinic dehydrogenase activity of tissue 
lymphocytes is equal to that of leukemic 
lymphocytes. I t  is known that the proportions 
of short lived rapidly dividing lymphocytes 
is higher in tissue than in peripheral blood 
(5) .  Such rapid division may be associated 
with increased metabolic activity. Since, in 
this study, tissue and leukemic cells have the 
same range of activity, the increase of the 
leukemic verus blood lymphocytes may re- 
flect turnover time rather than an alteration 
produced by malignant transformation. The 

variation of lymphocyte types found in 
thymus may also explain the wide range of 
results obtained since the thymus preparations 
came from children of different ages and 
under different "stress." The leukemic leuko- 
cytes were also harvested at  different stages 
of disease and treatment, although all patients 
were in relapse. Normal myeloblasts were 
not studied as a control for the myeloid 
leukemic cells since they are not obtainable 
in a pure preparation. 

New information resulted by expressing 
respiratory activity as a function of the num- 
ber of cells assayed. There was a remarkable 
uniformity of activity when equal quantities 
of cells were compared. Slightly more activity 
was found in myeloid leukemic cells where 
the succinate dehydrogenase was three times 
higher than that of blood and tissue lympho- 
cytes. One explanation for relatively con- 
stant activity per cell, but variations when 
related to protein, is less protein per cell in 
the more active types, The average protein 
values for 1 x lo7 cells in the electrode 
chamber were: neutrophils, 0.6 mg; lympho- 
cytes, 0.4 mg; tissue lymphocytes, 0.15 mg; 
and lymphocytic leukemia, 0.17 mg. This 
variation in protein can indeed explain the 
differences in specific activity of the whole 
cells, but it does not explain the increased 
activity found in isolated mitochondria unless 
one proposes that preparations of mito- 
chondria from neutrophils and lymphocytes 
contain greater nonmitochondrial protein 
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contamination. Previous work studying the 
purity of the mitochondrial preparations for 
enzyme assays using a sucrose density gradient 
showed that the mitochondria prepared in 
this way were reasonably uniform (1). The 
difference between the cell types was even 
more marked in the assays of isolated mito- 
chondria. The increased specific activity of 
mitochondria isolated from tissue and leukemic 
cells suggests that they are indeed more 
active but may be fewer in number than 
those in neutrophils and blood lymphocytes. 
We believe the increased mitochondrial 
activity to be real. The fact that the in- 
crease in oxygen consumption is not as large 
as the succinic dehydrogenase may well be 
a result of mitochondrial damage occuring 
during preparation. 

Summary. Oxygen consumption and suc- 
cinic dehydrogenase activity were determined 
in whole cells and mitochondria isolated from 
peripheral leukocytes, tissue lymphocytes, 
and human leukemic cells. Tissue lympho- 
cytes and leukemic leukocytes had higher 
respiratory activities than peripheral neutro- 
phils and lymphocytes when calculated per 

mg protein, but not when expressed as a 
function of the number of cells. The fourfold 
increase in the activity of mitochondria 
isolated from tissue and leukemic cells com- 
pared to blood leukocytes suggests that the 
mitochondria in the former are more active 
but fewer in number. 

Computation was done with the assistance of the 
Biological Sciences Computation Center, University 
of Chicago, under the US. Public Health Service 
Grank F R  00013 from the Division of Research 
Facilities and Resources of the National Institutes 
of Health. 

1. Evans, A. E., and Getz, G. S., Blood 31, 710 

2. Davoren, P. R. P., and Sutherland, E. W., J. 

3. Merler, E., personal communication. 
4. Nachlas, M. M., Margulies, S. I., and Seligman, 

A. M., J. Biol. Chem. 235, 499 (1960). 
5. Everett, N. B., Rieke, W. O., and Caffrey, R. 

W., in “The Thymus in Immunobiology” (R. A. 
Good and A. E. Gabrielsen, eds.), p. 291. Hoeber- 
Harper, New York (1964). 

(1968). 

Biol. Chem. 238, 3016 (1963). 

Received July 17, 19’12. P.S.E.B.M., 1973, Vol. 142. 


