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Abstract 

The effects of the anticancer drugs methotrexate, vincristine, adriamycin and daunorubicin on leukemic T-cells 
were studied by flow microcalorimetry and conventional cell proliferation assays. Alterations in the metabolic heat 
power of cell suspensions due to drug treatment were measured, as a function of time and dose of exposure, and 
correlated with cell growth inhibition data. While no clear correlation was found for the compound vincristine, a 
good correlation between calorimetric and cytotoxicity data was obtained for the other drugs tested, suggesting a 
potential use of flow microcalorimetry for in vitro predictive tests of the effects of anticancer drugs. 
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1. Introduction 

Treatment  of acute lymphoblastic leukemia is 
commonly based on the use of growth inhibiting 
compounds such as methotrexate (MTX), vin- 
cristine (VCR) and the anthracyclines adriamycin 
(ADR) and daunorubicin (DNR) (Bonadonna et 
al., 1988; Santoro and Gasparini, 1988). However, 
there is increasing evidence that the sensitivity of 
tumour cells to an antineoplastic treatment varies 

Abbreviations: ADR, adriamycin; DNR, daunorubicin; 
MTX, methotrexate; VCR, vincristine. 
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widely (Caiman et al., 1980; Beck, 1987; Bradley 
et al., 1988). Therefore,  in vitro evaluation of the 
effects of anticancer drugs on tumour cell popu- 
lations, prior to the onset of a chemotherapeutic 
treatment, is of significant interest. 

At present, the most commonly used methods 
for studying cytotoxic effects on ceils in vitro are 
based on clonogenic assays (Adamson, 1991). 
These methods, however, have the disadvantage 
of being relatively slow. Microcalorimetry is a 
very simple and sensitive analytical technique for 
monitoring the metabolic activity of growing cells. 
Since it is a non-specific method which takes into 
account the total cell metabolism (anabolism and 
catabolism), any change in the status of a cell 
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population induced by different agents can be 
observed (Crabtree and Nicholson, 1988; Sch6n 
and Wads6, 1988a; Wads6, 1988). If the break- 
down of biomass is balanced by anabolism, cells 
will give rise to a constant heat production rate. 
On the other hand, if cells are maintained in a 
rich medium and growth occurs, the increased 
amount of biomass will be observed in a mi- 
crocalorimeter as an increase in thermal power 
with time. In contrast, when cell proliferation is 
inhibited by the addition of a drug, a decrease in 
heat production rate will occur (Sch6n and 
Wads6, 1988b; Wads6, 1988; Brandfio et al., 1992). 
Therefore, microcalorimetric methods may have 
some potential for in vitro predictive tests of the 
effect of anticancer drugs. 

In the present work, we have studied the ef- 
fects of four anticancer drugs (MTX, ADR, DNR 
and VCR) on the metabolism of human leukemic 
lymphoblasts (CCRF-CEM), using flow mi- 
crocalorimetry. These results were correlated with 
data obtained from conventional cell prolifera- 
tion assays. 

2. Materials and methods 

2.1. Materials 

RPMI 1640 medium, methotrexate (sodium 
salt), adriamycin (hydrochloride), daunorubicin 
(hydrochloride) and vincristine (sulphate salt) 
were purchased from Sigma Chemical Co. (St. 
Louis, MO). Foetal calf serum was obtained from 
Gibco Laboratories (Grand Island, NY). All other 
chemicals were of analytical grade. 

2. 2. Cells and cell culture 

The human T-lymphoblastoid cell line CCRF- 
CEM was obtained from the cell culture facility 
at the University of California, San Francisco, 
and was maintained in suspension in RPMI 1640 
medium supplemented with 10% heat-inactivated 
foetal calf serum, 20 mM Hepes (pH 7.4), 1 mM 
pyruvic acid, 100 U/ml  penicillin and 100/zg/ml 
streptomycin. The cells were grown at 37°C in a 
humidified atmosphere of 5% CO 2 and 95% air. 

2.3. Cell proliferation studies 

For studying the growth inhibitory effects of 
the anticancer drugs, cells were incubated with 
the indicated concentrations of the drugs for 24 
h, at an initial cell density of 4 × 105 cells/ml. An 
appropriate volume of drug vehicle was added to 
untreated cells. After this period of incubation, 
cellular growth was evaluated by cell counting in 
a Coulter counter or in a hemocytometer and cell 
viability was assayed by trypan blue exclusion. For 
each experimental condition tested, samples were 
prepared in duplicate and the second set of cul- 
ture flasks was used in the calorimetric experi- 
ments. 

2.4. Flow microcalorimetry 

The calorimetric experiments were performed 
at 37°C in an LKB 2277 model microcalorimeter 
(Bioactivity Monitor), operating in the flow- 
through mode and with a sensitivity of 30 ~W, 
full scale. The cell suspensions were kept under 
continuous magnetic stirring in the reaction ves- 
sel outside the calorimeter and were pumped into 
the measuring cell with an LKB 2232 microper- 
spex-S peristaltic pump at a flow rate of 40 ml/h.  
Electrical calibrations of the instrument were al- 
ways performed prior to the experiments. 

Immediately before the microcalorimetric as- 
says, drug-treated or untreated cells were har- 
vested by centrifugation (200 ×g,  8 min) and 
resuspended in 5 ml of fresh culture medium. A 
baseline was first established by pumping 12 ml 
of culture medium through the calorimeter, after 
which the 5 ml suspension of cells was added. 
The initial cell density in the calorimetric experi- 
ments was in the range 0.2-2 × 106 cells/ml, 
depending on the preincubation conditions used. 
The microcalorimetric assays of cell metabolism 
were carried out in a closed circuit and the heat 
production rate was monitored for different peri- 
ods of time (from 30 min up to a maximum of 21 
h). Alternatively, untreated cells were pumped 
into the calorimeter and aliquots of stock solu- 
tions of the various compounds were added di- 
rectly to the reaction vessel, giving the desired 
final drug concentrations. Cell number and viabil- 
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Fig. l. Dose- and time-dependent effects of MTX on the 
metabolic heat production rate of CEM cells. Cells were 
harvested by centrifugation (200 × g, 8 min), resuspended in 5 
ml of fresh RPMI 1640 medium and kept at 37°C under 
constant magnetic stiring in a reaction vessel containing cul- 
ture medium. Cells were pumped through the calorimeter at a 
flow rate of 40 ml /h ,  using a closed circuit. At the time point 
shown by the arrow, MTX was added at the final concentra- 
tions indicated. The metabolic heat power was recorded for 
21 h (sensitivity 30/zW, full scale). 

ity were also measured at the end of the calori- 
metric experiments by the procedures described 
above. 

3. Results and discussion 

In the present work, the metabolic activity of 
CEM leukemic T-lymphoblasts and the effects of 
several anticancer drugs upon cell metabolism 
were studied using flow microcalorimetry. As an 
example, Fig. 1 shows typical calorimetric curves 
obtained for CEM cells in the absence and in the 
presence of different concentrations of MTX. As 
demonstrated in Fig. 1, the thermal power 
recorded for a cell suspension in the absence of 
drug increased almost linearly with time, this 
effect reflecting the contribution of cell growth to 
the total heat production rate. On the other 
hand, following addition of the anticancer drug 

MTX, the thermal power remained either con- 
stant (for low drug concentrations) or decreased 
with time in a concentration-dependent manner. 
In the range of MTX concentrations investigated, 
such decreases in thermal power were clearly 
detected 5 h after addition of the drug to the 
reaction vessel. In contrast to MTX, direct addi- 
tion of the compounds ADR, DNR or VCR to 
the cell suspensions produced only marginal ef- 
fects on the total cell metabolism, within the time 
span used for the calorimetric experiments (data 
not shown). For studying the effects of these 
anticancer drugs upon CEM Cell metabolism a 
more convenient procedure was to incubate the 
cells with the compounds for one generation time 
(approx. 24 h), prior to use in the calorimetric 
assays. For the compound MTX, similar results 
were obtained with both procedures. 

Using such an experimental approach, a calori- 
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Fig. 2. Relative thermal power (Pre]) of CEM cells, as a 
function of drug concentration. Suspensions of untreated or 
drug-treated cells (treatment for 24 h with the indicated 
concentrations of MTX (A), ADR (B), DNR (C), or VCR 
(D)) were pumped into the calorimeter, using the procedures 
described in section 2. Values of relative thermal power (Prel) 
represent the ratio between the heat production rate levels 
obtained for drug-treated as compared to untreated samples 
and were calculated from measurements made 10 min after 
pumping the cells into the calorimeter (zero time point). The 
results represent the mean of 2-5 independent experiments. 
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metric index of the effect of each drug - erel - -  

was calculated. Pr~l is defined by: 

8~, = P d / P c  

where Pd and Pc are the thermal power for 
drug-treated and control samples, respectively 
(Schfn and Wads6, 1988b). Both values, Pd and 
Pc, refer to measurements made at the same time 
point (10 min), after loading the reaction vessels 
(taken as zero time point). 

When values of relative thermal power (Pr~l) 
were plotted vs drug concentration, dose-re- 
sponse curves of the type shown in Fig. 2 were 
obtained. As depicted in Fig. 2, within the range 
of concentrations analysed, the calorimetrically 

observed effects of all the compounds tested were 
a function of drug dose. 

In order to analyse the potential value of flow 
microcalorimetry as an in vitro predictive test for 
anticancer drugs, results from the calorimetric 
experiments were correlated with data from cell 
proliferation assays. For this purpose, values of 
Prel were compared with corresponding values of 
ACre ~, where ACr~ l is defined by: 

ACre I = A C d / / A C  c 

A C  d represents the change in cell concentra- 
tion for a 24 h drug-treated sample and ACc 
denotes the 24 h change in cell concentration for 
an untreated control sample. Fig. 3 summarizes 
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Fig. 3. Correlation between calorimetry-cytotoxicity data for CEM cells treated with anticancer drugs. CEM cells preincubated for 
24 h with different concentrations of MTX (A), ADR (B), DNR (C) or VCR (D) were analysed by flow microcalorimetry, as 
described in section 2. Values of Prel were calculated and compared with the relative changes in cell density (ZlCre I) obtained from 
cell counting experiments performed in parallel on a second set of cells preincubated under the same drug conditions. Each point 
represents values obtained from independent experiments. 
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the results of combined calorimetry-cytotoxicity 
experiments obtained for the drugs studied in this 
work. Whereas for MTX, ADR and DNR (Fig. 
3A-C) an approximately linear relationship be- 
tween calorimetric-cytotoxicity results was ob- 
tained, such behaviour was clearly not observed 
for VCR (Fig. 3D). In this regard, it should be 
noted that, in addition to its growth inhibitory 
effects, an anticancer drug may interfere with 
other cellular processes which also contribute to 
the total heat production rate of a cell suspen- 
sion, such as the basal maintenance metabolism 
(Sch/Sn and Wads6, 1988b). Thus, if in addition to 
an arrest of cell proliferation a drug also induces, 
for example, changes in the relative rates of dif- 
ferent metabolic pathways or activates cellular 
repair mechanisms, such processes might give rise 
to novel heat production events which could ac- 
count for the absence of proportionality between 
calorimetric and growth inhibition data, as ob- 
served in this work for the compound VCR. 

Concerning the effects of the other drugs 
tested, it should be mentioned that, in spite of 
the tendency to linearity which was found be- 
tween Prel and ACre I (Fig. 3A-C), the results also 
show a shift from the ideal coordinates one would 
expect for a direct proportionality between those 
parameters. In fact, for such a direct proportion- 
ality, a straight line between the points Pre~ = 1, 
ACre I = 1 (no drug present) and Prel = 0, ACre I = 
- 1  (all drug-treated cells dead) would be ex- 
pected (Sch/Sn and Wads6, 1988b). This would 
correspond to the ideal situation where every cell 
affected by a drug would give rise to a certain 
decrease in the metabolic thermal power, reflect- 
ing the probability of cell death, and also that no 
affected cell should be able to recover. However, 
as discussed above, the metabolism of a growing 
cell population is a complex phenomenon and 
many processes not only related to growth con- 
tribute to heat production (Wads6, 1988; Silva 
and Lima, 1993). In fact, these considerations are 
reflected in our results which generally indicated 
a less pronounced decrease in Prel (small effect 
on total cell metabolism for drug-treated sam- 
pies) than expected from the growth inhibition 
measurements. However, in spite of the fact that 
no simple quantitative relationship exists between 

relative thermal power and relative proliferation, 
it is still interesting that significant linearities 
between values of these parameters were ob- 
tained for MTX, ADR and DNR. Therefore, 
although less promising for in vitro quantitative 
assessment of drug-induced cytotoxicity, calori- 
metric measurements are still judged to be of 
significant interest in clinical and pharmacologi- 
cal areas as analytical tools, for example, for 
rapid diagnosis and screening of drug-resistant 
cells. 
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