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the restriction in the supply of exogenous FFA by opposing
the increase in the arteriovenous concentration difference
elicited by isoproterenol [4-6].

In conclusion, propranolol impairs, to some extent, the
rise in lactic concentration within myocardial tissue due to
the combined action of moderate ischemia and a- -adre-
nergic drug, but it exerts a lesser influence on glycogenolysis
and no influence on the reduction of free fatty acid content.
The mechanism of the prevention by propranolol of angina
pectoris attacks probably lies in limiting the increase in
lactic acid production and decrease in pH within myocardial
tissue, due to the combined action of moderate ischemia
and a release of catecholamines [20-22].
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Relationship between glycolysis and proliferation of L 1210 cells in vitro: effect of
a new pharmacological effector: RA-233

(Received 1 February 1980; accepted 12 May 1980)

In most in vitro cultures, cells are highly dependent on
glucose consumption for generation of metabolic energy,
although under certain conditions, glutamine can also pro-
vide such a source [1]. The part glucose plays is especially
clear in the case of cancer cells, which are characterized
by intense glycolytic activity [2] that can be considered a
factor in tumoral growth [3].

It is customary to express glucose consumption as a
function of the number of cells counted at the end of
incubation [4]. However, this cannot take account of cell
growth kinetics during long-time culture which are often
necessary for pharmacological purposes. We have thus
attempted to describe glucose consumption by a mode of
expression which takes greater account of cell proliferation,
and is not dependent on time of incubation or number
of cells seeded. This model has been applied to study the
metabolic effects of a new anticancer drug on L 1210 cells.

Methods

Cells and media. Cell culture conditions have already
been described [5] but will be recalled here briefly: L 1210
cells were incubated in Dulbecco’s modified Eagle medium
containing 10% foetal calf serum supplemented with anti-
biotics, bicarbonate and glutamine (GIBCO reagents).
Final volume in microtitration plates was 0.2 ml, in a water-

saturated atmosphere containing 5% CO;. Initial cell con-
centrations were 2 X 10° cells/ml and 5000 cells/ml for 24-
and 48-hr cultures, respectively. A few 48-hr cultures were
also grown in 25 cm? flasks, the initial concentration being
25,000 cells/ml. The absence of mycoplasm contamination
was verified by Flow Laboratory Kit (Ref. 5.070).

The pharmacological effector used was RA 233 (Boeh-
ringer-Ingelheim  Laboratories) or 2,6-bis-(diethanol
amino)-4 piperidino-pyrimido (5,4-d)-pyrimidine, some of
whose effects on cancer cells have already been described
[6]. Experimental solutions were prepared from a 2 X
1072 mol/l solution in N/50 hydrochloric acid, diluted as
required in the culture medium. Control cultures without
effector were grown concomitantly. All experiments were
carried out in triplicate.

Cell counts. Cells were counted in a Malassez hemati-
meter and the lethality was evaluated by the loss of cell
refringence observed with a phase contrast microscope.

The number of cell doublings (#) between times # and
t, was calculated according to the following formula:

_ log N, — log N,
B log 2

E]

where N; and N, were the number of cells measured at
times 7 and #,, respectively.
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Table 1. Results of glucose consumption (Kglc) under various culture conditions

Experiments
Time of incubation 24 hr 24 hr 48 hr
Initial cell concentration/ml 200,000 100,000 5000
Number of experiments in
triplicate 16 3 7
Kglc (nmoles/10° cells/hr):
mean * S.E. 407 = 54 43 =77 395 + 57

Measurement of anaerobic glycolysis. The glucose and
lactate in the medium were determined according to Trin-
der [7] and Gutman and Wacklefeld [8], respectively, using
Boehringer-Mannheim reagents.

Expression of results. The problem was to express the
glucose consumption measured between the two times ¢,
and #, in a way that took account of cell growth evolution
during that period and was not based on an isolated count
at the end of the experiment. When incubation periods
were short (0.5-2 hr), cell growth evolution was negligible
[4,9]. However, the same does not apply when prolonged
contact is sought between the cells and the pharmacological
effector in order to come closer to therapeutic conditions.
After determining the experimental conditions under which
the growth of cells is exponential, glucose consumption
was calculated and then related to the cell population whose
growth was integrated during the period between 1, and #,.
Cell growth evolution for this time interval was such that

N, = Ny X ¢¥, withk = 1°g 2

N, and N; being number of cells.
During the same period, the metabolically active cellular
mass was integrated, i.e.

(T = one doubling time) and

ke 2
f N@ydt =N, x

1

My _ ok
rendered by N, £ °

This allowed definition of a glucose consumption coefficient
(Kglc) for the time period under consideration, written
thus:

X
Kglc = M x k m (moles.108cells = hr 7Y,

N, (e"2—e

in which M is the amount of glucose that disappeared from
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Fig. 1. Variations in the coefficient for cellular consumption
of glucose (Kgic) as a function of the number of cells
seeded. Duration of experiments was 24 hr.

the culture medium during the period considered. If ¢, =
0, the denominator becomes N, (¢"2—1).

The significance of the results obtained was checked by
the use of correlation coefficients and by the Student r-test
or paired series method.

Results

L1210 cell growth. Under the culture conditions
described, L 1210 cell numbers grew exponentially as a
function of time, and the number of doublings per 24 hr
was 2.23 + 0.21 for 24-hr incubations (mean * S.E. of eight
experiments in triplicate). Similar results were obtained
using any concentration of cells or time of incubation (see
Methods). Cell death was around 5 per cent.

Glucose consumption cell coefficients (Kglc). Glycolysis
is the chief source of energy for cells, under the conditions
described above. It is primarily anaerobic, with a constant
lactate/glucose ratio of about 1.8.

The coefficients Kgic calculated under different in vitro
cell growth conditions, using the technique defined earlier,
are indicated in Table 1. It shows that Kglc is reproducible
under various culture conditions. Moreover, Kglc was
measured in 24-hr cultures with initial cell concentrations
ranging from 25,000 to 250,000 cells/ml. On the basis of
19 experiments, no significant correlation was established
(Fig. 1), and the same applied to three series of 48-hr
cultures with initial concentrations of 5000, 10,000 or
20,000 cells/ml.

Non-significant results were similarly obtained when
expressing the Kglc as a function of the number of cells
harvested at the end of 24- and 48-hr experiments. Simi-
larly, the Kgic showed no correlation with the number of
doublings, and if assayed every 4 hr, it remained constant
for 48-hr cultures.

Effects of RA 233. According to its concentrations,
RA 233 had inhibitory or lethal effect on L 1210 cells. After
24 hr of culture, LCsp and ICsp were, respectively, 5 x
10™* moles/ and 2 x 10™* moles/l. After 48 hr of cultures,
ICsg Was 1 x 10™* mole/1. With highly toxic concentrations
(i.e. 1072 mole/t) lethality became perceptible only after
4 hr of culture, then grew sigmoidally to reach 50 per cent
after 8hr and more than 90 per cent after 12hr. The
inhibitory effect was reversible: after 24 hr of culture with
ICsp, cells were washed and cultured again in fresh medium
without RA 233, after which growth was similar to control
cells.

The effect on glycolysis was studied using RA 233 in the
culture medium for 48 hr at a concentration of 1 x 107
mole/l. Growth remained exponential throughout the
experiments and the number of doublings per 24 hr was
1.98 = 0.25 (mean * S.E. of six experiments in triplicate).
This result differed very significantly from control values
when the two were compared by the paired ¢ method
(P = 0.0002).

The Kglc was 489 nmoles/10° cells/hr + 54 (for three
experiments in triplicate). Comparison of this result with
control values by the paired ¢ method showed a significant
increase (P = 0.002). The effect of RA 233 on glycolysis
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Fig. 2. Relationship between the coefficient for cellular consumption of glucose and inhibition of the
growth of L 1210 cells incubated in the presence of RA 233. There was no increase in the percentage
of dead cells.

is reversible; after washing of cells, Kglc falls to normal
levels. When the RA concentrations were altered, the
percentage increase in Kglc correlated with the percentage
of cell inhibition and multiplication (r = 0.486; P <0.05;
Fig. 2).

Discussion and coretasions

The mode of expression is always a debatable issue in
reports describing results obtained with cell cultures.
Depending on the authors, the parameters studied are
related either to the number of cells or to the amount of
proteins or cellular DNA measured at the end of the
experiments.

In our view, it is important to stress the following points.
Lengthy incubation makes it necessary to take account of
the kinetic evolution of the cell population. The method
suggested here enables a metabolic parameter to be cor-
related with cellular growth over the same period, thus
providing a much more homogeneous mode of expression.
Kglc is independent of variables like the number of cells
seeded and harvested, the number of doublings or the time
of incubation. Expression in terms of Kgic can thus become
a true constant of the cells studied and provide a mean of
characterizing a line of cells. Furthermore, any other
metabolic flux can be analysed in the same way, for instance
macromolecular incorporation of radiolabelled precursors.

The effect of RA 233 illustrates the complex relations
which may arise between glycolysis and cell growth. In
L 1210 cells, RA 233 inhibits this growth while stimulating
the Kglc. This effect seems rather specific since it correlates
closely with the intensity of cell inhibition and is not
observed when cell growth is altered by serum starvation
for 12 hr: Kglc is 436 nmoles/10° cefls/hr instead of 478 for
control cultures (nonsignificant).

In chemotherapy, a close relationship is noted between
antineoplastic activity in man and in vitro results with
L1210 cells [10]. The fact that with RA 233, cytotoxic
activity is associated with a perturbation of a metabolic
pathway characteristic of transformed cells (i.e. glycolysis)
seems a promising further development.

f Author to whom all correspondence should be sent.

In conclusion, we have described a mode of expression
which relates a metabolic flux to cell growth and is inde-
pendent of culture conditions. The effect on glycolysis of
a pharmacological effector which inhibits celt growth while
increasing glucose consumption was then described and
discussed.
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