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ABSTRACT

In order to learn whether a direct relationship exists between cellular
uptake and cytotoxicity of Adriamycin, we have compared the tempera
ture dependencies of these two processes in LI 210 cells. We find that
the equilibrium concentration of drug taken inside the cells varies
smoothly with temperature between 37Â°Cand 0Â°C.Even at ()"(', however,

there is still measurable uptake of the drug into cells. The cytotoxicity
index (cloning in soft agar), on the other hand, does not parallel the
uptake temperature dependence. Cytotoxicity rapidly diminishes as the
temperature of drug exposure is lowered; at all temperatures below about
20Â°C,Adriamycin is not active. In contrast, other cytotoxic anticancer
drugs like mitomycin C, bleomycin, and ARK 73-21 (a platinum analogue)
retain cytotoxic potency at low temperatures. The inability of Adriamycin
to kill cells at low temperature persists even at very high drug concentra
tions where substantial quantities of drug enter the cells. The low
temperature impotence is not a result of inoperative enzymes which could
metabolize Adriamycin to an alkylating species or electron donor to
oxygen, since NADH and NADPH dependent reducÃaseactivities show
linear Arrhenius behavior with no indication of low temperature inactivity.
Using purified L1210 plasma membranes with bound Adriamycin as a
fluorescence polarization probe, we find evidence of a phase change in
the cell surface occurring at the same temperature as the loss of biological
activity (=20"( ). We conclude that Adriamycin induced cytotoxicity is

not dictated solely by uptake, in apparent contradiction with mechanisms
requiring an intracellular target. Moreover, the loss of cytotoxicity below
20Â°Cappears to be linked to a structural change in the cell surface

membrane, supporting a role other than transport for this membrane in
transducing Adriamycin action.

INTRODUCTION

Adriamycin has numerous biological activities (reviewed in
Ref. l). Because of this diversity of effects it has proved diffidili
to assign a single activity as being the cause of cytotoxic action.
Several hypotheses exist including direct effects on DNA by
intercalative binding (2), generation of reactive oxygen (3) or
drug alkylating species (4), targeting to specific enzymes like
topoisomerase II (S), and cell surface damage (6). All of these
mechanisms except plasma membrane damage have a common
requirement, namely that the drug enter the cell to reach its
ultimate target. Thus, if intracellular mechanisms are valid
descriptions of the action of Adriamycin, there should exist a
direct relationship between uptake and cytotoxicity. To test this
proposition we have measured the temperature dependence of
both the uptake and the cytotoxicity of Adriamycin in LI210
cells in order to learn whether or not these two properties are
in fact tightly linked,

MATERIALS AND METHODS

Cell Culture. LI210 cells were maintained in suspension cultures
using Fischer's medium containing 10% horse serum at 37Â°C.For all
experiments, the cells were grown to a density of 0.8 to 1.0 x 10*cells/

ml and then harvested for use.
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Adriamycin Uptake. Adriamycin uptake was measured as described
previously (7, 8). Drug stock solutions were prepared at 10~4-10~3 M

in methanol and appropriate aliquots were added to siliconized culture
tubes. The final concentration of methanol was always less than 0.1%.
A 1-ml aliquot of LI 210 cells at 4 x 10"cells/ml was added to the tube

containing the drug and the solution was maintained at the test tem
perature in a thermostated water bath. Time course studies showed that
uptake reaches a steady state level in about 30 min at 37*C and 60 min
at ()'('. The steady-state value is maintained for several hours thereafter

if the external drug is not removed. Consequently, all equilibrium
uptake values are reported for the same incubation time of 2 h. It
should be noted that the final equilibrium concentration is the result of
numerous individual processes: uptake; efflux; binding to intracellular
sites; and redistribution among cellular organelles. The total cellular
uptake measured will not reach equilibrium until all the individual
subcellular rate processes have also equilibrated. Thus, our conclusions
are based on this overall steady state and do not depend on the
equilibration rates to other compartments. To quantify the amount of
steady-state uptake, 6 volumes of cold Dulbecco's phosphate buffered

saline (Gibco, Inc.) were added to the incubation tube, which was then
centrifuged at 500 x g at 4Â°C.The supernatants were removed and the

cell pellets were extracted in 3 ml of 0.3 N HC1 in 50% methanol for
30 min at 25'C. Insoluble materials were removed by centrifugation

and the anthracycline concentration was measured fluorimetrically. We
have shown that this procedure yields results identical to those for one
using radiolabeled drug and that >99% of the total anthracycline in
each experiment can be accounted for (8).

Measurement of Cytotoxicity. The effect of Adriamycin on cell growth
was determined by cloning efficiency in soft agar (9). Cells were exposed
to a particular drug concentration, time, and temperature, and colony
forming efficiency was assessed by counting the number of colonies
resulting after 10-14 days from seeding a known number (generally
200-400) of cells. Thus, the results shown represent the fraction of
cells which survived a specified treatment condition. The cloning effi
ciency of LI210 cells in our laboratory is about 80-90% for untreated
cells at 37*C. Incubation of control cells at lower temperatures has no

significant effect on this intrinsic colony forming ability. The precision
of this method using quadruplicate determinations is Â±20%(SD).

Redox Reactions. Microsomes from male Sprague-Dawley rat livers
were prepared as described (10). NADH and NADPH dependent re-
ductases were measured by monitoring the reduction of cytochrome c
at different temperatures using an Amino DW-2 recording spectropho-
tometer operating in the dual beam mode (550 nm relative to 541 nm)
as described in our previous work (10). To determine intrinsic NADPH
reductase activity in LI210 cells, total homogenates were prepared by
disrupting the cells with 9-10 passes through a 25-gauge hypodermic
needle. NADPH (0.1 HIMfinal concentration) was added to a cellular
homogenate from 5 x 10' cells/ml and its reduction followed by

measuring the decrease in absorbance at 340 nm. This procedure is a
measure of the ability of LI210 cells to carry out reduction reactions
using native substrates. We are aware of the potential problem that
enzymatic activity in the intact cell may behave differently than in a
homogenate. Since in this case, however, the reticular membrane struc
ture is still intact in the homogenate, we assume that the extrapolation
to a whole cell is valid.

Plasma Membrane Purification. Plasma membrane fractions were
purified from LI210 cells by the differential sedimentation procedure
ofTsaief a/. (11).

Fluorescence Measurements. The fluorescence emission of Adria
mycin bound to purified LI 210 plasma membranes was measured using
an SLM Model 4800 fluorescence spectrofluorometer interfaced to an
IBM personal computer data system. Steady-state fluorescence aniso
tropy (or polarization) measurements were determined with the instru
ment in the "I -t'ormai " for simultaneous observation of perpendicular
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ADRIAMYCIN TEMPERATURE DEPENDENCE

Table 4 Temperaturedependence ofcytoioxicity against L12ÃŒOcells for several
types of antineoplastic agents

Cytotoxicity was measured by exposing LI210 cells to the indicated drug for
2 h and determining the cloning efficiency in soft agar.

Temperature (Â°C)

Cytotoxicity
(% of survival)

Drug 37'C O'C

1. Adriamycin (1 x IO'7M)2.
Bleomycin (4.4 x IO"7M)3.
ARK 73-21 (8.4 x IO'7M)4.
Combined bleomycin and ARK73-215.
Mitomycin C (5 x 10"* M)55479237010067914938

Temperature (Â°C)

30 20 IO O

o 1-0-

37 U 3.4 33 56 37

l/K(xl03)

Fig. 2. Rate of reduction of NADPH (â€¢)and NADH (O) dependent cyto-
chrome c by rat liver microsomes as a function of temperature. Data were obtained
as in Ref. 10. K, degrees absolute (Kelvin).

toxic]. In all cases except Adriamycin, the drugs become less
active as the temperature of cellular exposure is lowered, but
they still retain relatively substantial cytotoxic activity at O'C.

Thus, Adriamycin appears to be unique in its temperature
dependent Cytotoxicity.

Temperature Dependence of Redox Enzymes. There is consid
erable evidence in the literature that Adriamycin can undergo
reductive reactions and that these reactions may be involved in
Cytotoxicity by leading to the formation of alkylating species or
reactive oxygen (3,4). Thus, a possible explanation for the loss
of Cytotoxicity at lower temperature could be a loss in activity
of redox systems capable of reducing the drug. Figs. 2 and 3
contain data suggesting that this explanation is not correct. Fig.
2 shows an Arrhenius plot for NADH and NADPH dependent
reductions in rat liver microsomes, a common system used to
measure this type of activity. For both reactions, the plots are
linear over the temperature range of interest; there is no loss of
activity at low temperature nor is there any indication of a
discontinuity in the Arrhenius plot near the critical temperature
of 20' C. Thus, these generic enzymes do not exhibit unusual

temperature behavior.
The experiment shown in Fig. 3 is the temperature depend

ence of intrinsic NADPH dependent reduction of endogenous
substrates in LI210 homogenates. This experiment was con
ducted to see if the ability to catalyze NADPH dependent
reactions (the most favored pathway for Adriamycin reduction)

0 005

0.0Â«

1/K (x 1<)
Fig. 3. Rate of reduction of NADPH in total homogenates of 1.1210 cells as

a function of temperature. The reaction was followed by adding NADPH at time
zero and measuring the ensuing decrease in absorbance at 340 nm from which
the rate constant, k, was calculated. The line drawn through the points is a linear
fit to the data, consistent with the principles of Arrhenius plots.

Temperature
37 34 31 28 25 22 19 16 13 10

3.6

3.0-

2.0-

1.4-

3.26 3.533.39
1/K (x Iff)

Fig. 4. Fluorescence anisotropy of Adriamycin bound to 1.1210 plasma mem
branes as a function of temperature. Membranes (0.3 mg/ml total protein) wereallowed to equilibrate with 2 x 10 " \i Adriamycin for 30 min; anisotropy

determinations at each temperature were performed for 8-12 replications leading
to a precision of Â±2%.K, degrees absolute (Kelvin).

(3) showed an unusual temperature dependence in the cell
system used for the uptake and Cytotoxicity experiments. It is
evident that this system also shows essentially linear Arrhenius
behavior, with no evidence of unusual temperature dependence
near the 20Â°Cpoint where Cytotoxicity is eliminated.

Temperature Dependence of Plasma Membrane Structure.
Since it has been suggested that the plasma membrane may
mediate some of the cytotoxic actions of Adriamycin (16, 17)
we decided to see if this structure exhibited a temperature
dependent structural change near the temperature where Cyto
toxicity is lost. To accomplish this, we prepared purified plasma
membrane fractions from LI210 cells and then added Adria
mycin at a concentration which results in a high fraction of
drug being bound (based on equilibrium constants previously
determined) (12). The fluorescence emission of this bound
Adriamycin acts as a reporter or probe for the environment in
which it is bound. Thus, we can directly monitor the neighbor
hood of most interest in the membrane, the site or sites to
which Adriamycin binds. Fig. 4 shows an Arrhenius-type plot
of the fluorescence anisotropy versus temperature for this prep
aration. These biophysical data show a distinct discontinuity
very close to the temperature at which the biological studies
also show an aberration (i.e., loss of drug activity) suggesting
that a structural change in the cell surface membrane may be
linked to the loss of biological activity at low temperature.
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DISCUSSION

The fact that the Adriamycin uptake and cytotoxicity tem
perature dependencies (Fig. 1) are not parallel suggests that
these two processes are not tightly linked. If an intracellular
target were the receptor for Adriamycin action, then it follows
that there should be a direct relationship between the amount
of drug entering the cell and reaching the target and the biolog
ical response. That this is not observed strongly suggests that
factors other than simple cellular accumulation control the
ability of Adriamycin to be a cytotoxic agent. We will consider
now several possible explanations for these results.

One possibility is that there is an intracellular threshold
concentration below which the drug is not able to exert cyto
toxic behavior. By this explanation, the inactivity seen below
20Â°Cin Fig. 1 would be the result of the uptake process not

leading to the required internal drug concentration. This would
predict, however, that raising the external dose would lead to
higher drug accumulation and thus a growth inhibitory re
sponse. This is not the case since even though extremely high
extracellular concentrations do lead to high intracellular up
take, as long as the temperature is below 20Â°C,it does not

matter how much drug is inside the cell; Adriamycin is simply
not cytotoxically active below this critical temperature.

The existence of a critical temperature suggests another
explanation for the observed results. One can consider the
cytotoxicity-temperature profile as consisting of two zones, one
zone at high temperatures where the drug is active and a second
zone at low temperatures where Adriamycin is inactive. The
event which separates these two zones could be a structural
change in a critical target; i.e., as the temperature is lowered
through 20Â°Ca phase change or structural rearrangement oc

curs in some molecular target rendering it no longer susceptible
to Adriamycin-induced damage. Most biological macromole-

cules and assemblies including nucleic acids, proteins, and
membranes do undergo cooperative structural changes as a
function of temperature, so the hypothetical Adriamycin target
could comprise any of these structural types. DNA is an attrac
tive target both because Adriamycin binds to it with reasonable
affinity (2) and because, at least historically, DNA has been
favored as the receptor for this drug. However, the main struc
tural transition undergone by DNA (the helix coil transition)
occurs at temperatures in the 70-100Â°C region (18) far higher

than the critical temperature for cytotoxicity. It is possible that
local "hot spots" along the DNA molecule could undergo
structural changes in the 20Â°Cregion which could lead to

altered anthracycline binding. Such behavior has not been ob
served, however, in the published accounts on the equilibrium
binding of anthracyclines to various DNAs (e.g., Ref. 19);
therefore we think this explanation is unlikely.

Protein molecules could also be the target for Adriamycin
action, and proteins, of course, also undergo temperature in
duced structural changes (20). Soluble proteins (such as topoi-
somerase II) could undergo a thermal phase change in solution
or, in the case of a cell, in the cytoplasm. The main structural
change occurring in proteins is the unfolding or denaturation
process which occurs as the temperature is raised. The Adria
mycin cytotoxicity profile shows the opposite behavior; the
drug loses activity (i.e., the target "unfolds" or "denatures") as

the temperature is lowered. Thus, a temperature induced un
folding of a soluble protein target seems an unlikely explanation
for the data. It also seems unlikely that an enzymatic or protein
mediated reaction could have this type of temperature depend
ence based on an Arrhenius break in the reaction profile.

Rumami)to et al. (21) have discussed the existence of tempera
ture breaks in Arrhenius plots and conclude that, unless a phase
change is involved, it is irrational to suppose that a reaction
exists "with the higher activation energy dominating at low

temperatures and the lower activation energy dominating at
higher temperatures."

The situation is different when one considers membrane
bound enzymes, because these exist in a lipid milieu which itself
undergoes temperature induced phase changes in the so-called
solid fluid transition region (22). With a membrane bound
protein, the activity could be expected to show nonlinear Ar
rhenius behavior; in fact, lowering the temperature could inac
tivate an enzyme which required a fluid bilayer for correct
functioning (23). Membranes of possible relevance to anthra
cyclines include the endoplasmic reticulum and the plasma
membrane. In the former case (endoplasmic reticulum mem
brane), most of the reducÃase activities which could activate
Adriamycin to an alkylating species or an electron donor to
produce reactive oxygen are located there (3). Thus, it would
be feasible to hypothesize that the loss of activity of the drug at
low temperatures would be a result of a phase change in the
endoplasmic reticulum lipid bilayer leading to an inactivation
(or at least a lower activity) of membrane bound reductases.
This is not observed, however. The Arrhenius plots in Figs. 2
and 3 show normal, linear behavior over the entire temperature
range of interest, with no indication of an unexpected loss in
activity below 20Â°C.Consequently, an inability to enzymatically

activate the drug is not the cause of its low temperature loss in
cytotoxicity.

The plasma membrane has also been suggested as an impor
tant target in transducing the cytotoxic effects of Adriamycin
(6, 16, 17). Although no specific structure within the plasma
membrane has been identified as the critical target, it is possible
that a temperature induced phase change at this site could be
coupled to the loss of activity below 20Â°C.An experimental test

of this hypothesis would be to devise a means to detect phase
transitions in the surface membrane of the cell line used in this
study (LI210). To accomplish this we purified a plasma mem
brane fraction from the cells and then allowed Adriamycin to
bind to the preparation. A plot of the fluorescence anisotropy
versus temperature (Fig. 4) showed a distinct discontinuity very
close to the temperature at which the biological data predicted
that a phase change might occur. Phase transitions in mem
branes are always accompanied by an abrupt change in the
fluidity versus temperature profile. It is well established (24)
that the temperature profile of the fluorescence polarization (or
anisotropy) will reveal this phase change by displaying a dis
continuity at the transition temperature. Our data then are
evidence that the site on the surface of LI210 cells where
Adriamycin binds does undergo a structural change at about
20Â°Cand this structural change may be functionally linked to

the biological change (i.e., in cytotoxicity) also observed in this
temperature region. This is also consistent with earlier papers
showing a link between membrane physical state (fluidity) and
the biology of Adriamycin (25, 26).

The three most important conclusions of this work are: (a) a
practical consideration; it is known that Adriamycin produces
alopecia and that cooling the scalp can reduce this occurrence
(27). Although the usual explanation for this effect is vasocon
striction, it seems likely that this reduction in hair loss may
also be due to the reduction in the cytotoxic activity of the drug
at low temperatures; (b) the data show quite clearly that there
is not a direct and unambiguous relationship between uptake
and cytotoxicity. Such a finding is not consistent with mecha-
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nistic proposals which require the drug to enter the cell to reach
its target. Extending the reasoning, one realizes that the only
cellular target that is not intracellular is the cell surface, and
thus this target should be considered as a candidate for the
locus of action of the anthracyclines; (c) the loss of Adriamycin
activity below 20"C appears to be coupled to a structural change

in the cell surface. Thus, the structure of the plasma membrane
may regulate the sensitivity (or resistance) of a cell to action by
Adriamycin, and this cell surface structure may be capable of
being modulated by other pharmacological agents which would,
in turn, regulate the cytotoxic activity of Adriamycin.
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