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An increased aerobic glycolysis (1, 2, 4)
and an inhibition of respiration by glucose
addition [the Crabtree effect] (3) are the
most commonly reported alterations in malig-
nant cells. This increased aerobic glycolysis is
observed not only in many established
strains induced by chemical carcinogens in
viv0 but also in transformed cells induced by
viruses in vitro (5-8) as well as in vivo
(9-10).

Recently in our laboratory, a transforma-
tion system for hamster embryonic cells (HE
cells) with 4-nitroquinoline-1-oxide and its
derivatives was established (11, 12). There-
fore, an attempt to compare the glucose met-
abolism of nontreated HE cells with that of
these transformants was made to observe if an
increase in aerobic glycolysis and appear-
ance of the Crabtree effect would be accom-
panied with even in vitro chemical carcino-
genesis.

Materials and Methods. Three trans-
formants from HE cells and nontreated HE

cells, as control cells, were used in this study.
Histories and characteristics of the cells are
summarized in Table I, The detailed methods
and procedures of transformation were de-
scribed elsewhere (12). The culture medium
consisted of Eagle’s minimum essential medi-
um supplemented with 1 mM pyruvate, 0.2
mM serine, and 10% calf serum. The ex-
ponentially growing cells (5-10 X 107 cells
cultured in 6-8 Roux bottles), were harvested
with 0.025% pronase in PBS, followed by
washing twice with Krebs-Ringer-phosphate
buffer (pH 7.4) (Ca%*-free), packed by cen-
trifugation at 600g for 2 min, and resuspend-
ed in the same buffer. Incubation was carried
out in air according to the procedures de-
scribed elsewhere (13). Oxygen consumption
was measured manometrically. The produc-
tion of 1*CO, was measured as described by
Tsuiki and Kikuchi (14). Lactate was deter-
mined by the method of Barker and Summer-
son (15).

- Results and Discussion. The results of rep-

TABLE I. Summary of the Histories and Characteristics of the Cells Used.

Days and generations after Malignaney
Cells Carcinogens® treatment with carcinogen (stage)?®
HE None 12 days, 3 gen. —
HA-7 10°M 4HAQO 142 days, 7 gen, + (M2)
HA-2 10°M 4HAQO 118 days, 12 gen. + (M3)
NQ-19/Cl4 10°M 4NQO 163 days, 17 gen. + (M3)

*4HAQO: 4-hydroxyaminoquinoline-1-oxide HCl; 4NQO: 4-nitroquinoline-1-oxide.

¥ M1, M2, and M3 indicate the stage of malignancy of transformed cells. At stage M2, the
tumor developed progressively after a long latent period after host transplantation, while at
stage M3, the tumor growth began soon after the transplantation and never regressed. Details

were reported elsewhere (12),
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TABLE 1I. Oxygen Consumption and Glucose Metabolism of HE Cells and the Transformants.”

HE cells HA-7 HA-2 NQ-19/Cl4
O, consumed None (1) 2.37 1.85 1.61 1.33
Glueose (2) 2.35 1.92 2.03 1.18
Pyruvate (3) 2.53 2.34 3.00 NE?
Glucose, pyruvate (4) 2.62 2.18 2.24 NE
Crabtree effect 2)/(1) 1.00 1.04 1.25 0.89
(4)/(3) 1.03 0.93 0.74 /
Lactate formed Glucose 1.30 3.16 8.77 8.35
#CO, formed Glucose-1-1C 0.069 0.064 0.125 0.091
Glucose-6-C 0.015 0.015 0.040 0.020
6-C/1-C 0.22 0.23 0.32 0.22

@ All the substrates were 10 mM ; the values

(about 2 X 107 cells).
® Not estimated.

resentative experiments are presented in Ta-
ble II. When no substrate was added, oxygen
consumption (endogenous respiration) was
lower in the transformants than in the control
cells. In the transformants, the rate of the
endogenous. respiration declined with time,
apparently owing to decrease of endogenous
substrates. In the presence of pyruvate, a
fuel substance of the TCA cycle, oxygen con-
sumption continued to proceed at a constant
rate, and was higher in transformants than in
control cells, suggesting that respiratory ca-
pacity was not reduced in these transfor-
mants. In virus-transformed cells, the reduc-
tion of respiration was described in some re-
ports (5, 10), but was not observed in an-
other report (6). Accordingly, this pheno-
menon seems to be not so characteristic of
malignant cells as compared with an increase
in aerobic glycolysis described below. When
exogenous substrates were absent, the trans-
formants except for NQ-19/Clone 4 did not
exhibit the Crabtree effect. This is probably
due to the low endogenous respiration in
these cells, since the typical Crabtree effect
was observed in the presence of pyruvate.
The control cells did not show this effect in
the presence as well as absence of pyruvate.
Of the data shown in Table II, the most
remarkable change observed in the trans-
formants was an increase in aerobic glycoly-
sis: aerobic lactate production was 3-9 pmoles
for the transformants as compared with 1.3
pmoles for the control cells under the same

are expressed as gmoles/hr/10 mg dry weight

conditions. In addition, the rate seemed to be
correlated with the grade of malignancy.
The 1#CO, ratio of C-6:C-1 has been consid-
ered as a useful index for the evaluation of the
participation of the TCA cycle or the pen-
tose phosphate shunt in total glucose oxida-
tion. The ratio is known to decrease in many
tumors [suggesting greater participation of
the shunt] (16). In our experiments, the
ratio found for HE cells was low, and no
significant difference was observed between
the control cells and the transformants. Un-
der comparable conditions, Ehrlich ascites tu-
mor (13) and Yoshida ascites hepatomas
(17) gave values ranging from 0.05 to 0.01.
The ratio found for the in witro trans-
formants are, thus, higher than those for the
ascites hepatomas, and this could be related
to the lower inhibition of respiration by glu-
cose in these transformants as compared with
the ascites tumors.

Although the increased aerobic glycolysis is
reported to be a characteristic of many
malignant cell strains, its significance has
been in much dispute. However, there are
some reports which suggest that the rate of
glycolysis increases with the rate of cell mul-
tiplication in virus-transformed cells (7, 8)
as well as in transplantable rat hepatomas
(18-20). Our experiments show that the
transformation and development of malignan-
cy induced in vitro with the chemical car-
cinogens are accompanied by an increase in
aerobic glycolysis. Furthermore, the increase
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appears to be correlated with the grade of
malignancy. Thus, the results may support
the view (5-8) that the increased aerobic
glycolysis can be a simple biochemical indica-
tor of neoplastic conversion.

In the present experiments, the need for
relatively large amounts of the transformed
cells made it unable to use them in the ear-
liest stage. If aerobic glycolysis increases as a
sole consequence of long-term culture, there
still remains the possibility that the trans-
formation by the chemical carcinogens is not
a sole cause of increased aerobic glycolysis
reported above. However, Sanford et al. (7)
reported that the glycolytic activities of the
untreated hamster embryo cells did not in-
crease at least until the 240th culture day. As
the cells used in our experiments were main-
tained under similar conditions, the increased
aerobic glycolysis could be attributed to the
treatment with chemical carcinogens.

Summary. Hamster embryonic cells trans-
formed in vitro with 4-nitroquinoline-1-oxide
and its derivative exhibited an increased
aerobic glycolysis and an inhibition of respi-
ration by glucose addition in the presence of
pyruvate (the Crabtree effect). These changes,
which are known to be characteristic of
many malignant cells strains, appear to be
correlated with the grade of malignancy.
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