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ABSTRACT

Exponentially growing Chinese hamster V79 cells were exposed to
Adriamycin either in phosphate buffered saline (PBS) or fresh growth
medium (F-med) supplemented with various amounts of NaCl in the
range between 50-1000 mM and survival was measured by the colony

forming assay. Compared to the survival obtained after exposure of cells
to isotonic (140 mM NaCl) PBS (Da = 0.16 /ig/ml, Z), = 0.49 Mg/ml) a

potentiation in cell killing was observed after treatment in hypotonie (50
mM NaCl) PBS (D0 = 0.08 jig/ml, D, = 0.19 Â«ig/ml)and a reduction in
cell killing after treatment in hypertonic (500 IHMNaCl) PBS (I),, = 036
Mg/ml, Â£>,,= 0.55 fig/ml). Cells exposed to Adriamycin in F-med were

more sensitive to Adriamycin (/.)â€ž= 0.1 Mg/ml, D, = 0.27 Â«ig/ml)than
cells exposed to Adriamycin in PBS, but cell killing was reduced when
the medium was made hypertonic by the addition of NaCl (500 mM
NaCl) (D9 = 0.23 Â¿tg/ml,I),, = 0.45 Â«ig/ml).The amount of Adriamycin
accumulated in the cells during treatment was measured in a spectropho-

tofluorometer and was found to vary as a function of the treatment
medium and NaCl concentration. Cells exposed to Adriamycin in PBS
(isotonic) were accumulating three to four times less drug than cells
exposed to Adriamycin in F-med. Less Adriamycin (two to three times)
was also accumulated in cells treated in hypertonic (500 mM NaCl) 1 -

med. Compared to the Adriamycin accumulation observed after exposure
to cells in isotonic PBS, an increase was observed after exposure in
hypotonie PBS (2.3 times) but no change after exposure in hypertonic
PBS (500 mM NaCl). Adriamycin-induced DNA damage was assayed

with the alkaline filter elution technique and it was found to increase
after treatment in hypotonie PBS and to decrease after treatment in
hypertonic PBS. The modification in the survival curve slope and DNA
damage induction observed after exposure in hypotonie PBS was quan
titatively similar to the modification in intracellular drug concentration
(factor of 23, comparison based on the results obtained in isotonic PBS).
However, after exposure of cells to Adriamycin in hypertonic PBS, a
reduction by a factor of 20 was observed in the induction of DNA damage
but a reduction only by a factor of 2.3 was observed in cell killing with
no modification of intracellular Adriamycin concentration. Exposure of
cells to the Adriamycin analogue yV-trifluoroacetyladriamycin-14-valerate
(AD32) resulted in a dose- and time-dependent cell killing which was

enhanced after incubation in hypotonie or hypertonic PBS. The impor
tance of Adriamycin binding to DNA for cytotoxicity and its modification
by the ionic strength of the medium used for the treatment are considered
for the interpretation of the results obtained.

INTRODUCTION

Anthracyclines, in particular Adriamycin, are antitumor an
tibiotics extensively used in the treatment of a great variety of
human tumors (see Ref. l for a review). The mechanism of
their action at the molecular level is not exactly known, and it
has been the subject of numerous investigations. Identification
of the determinants responsible for the cytotoxic effects of these
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compounds is expected to help devise improved treatment
protocols for their clinical application and design new ana
logues with improved action characteristics.

Among the interactions of anthracyclines with biological
macromolecules the interaction with DNA is of particular
interest, since the biological activity of these compounds is
thought to reside in their ability to bind to DNA (2). The high
affinity mode of binding to nucleic acids was shown to involve
intercalations of the planar chromophore (3) between DNA
bases. It is thought that this DNA-drug association is a cause
for the observed inhibition of DNA and RNA synthesis (4),
which is also observed at very low drug concentrations (5).

Although a cause-effect relationship between molecular dam
age induced by Adriamycin and observed cytotoxicity has not
been established yet conclusively, it is usually assumed that
there is a correlation between affinity of binding to the DNA
and observed cell killing (6). As expected for charged ligands,
the association constants for the interaction of these drugs with
DNA were found to be dependent on the ionic strength (7-9).
It was of interest, therefore, to examine whether the observed
modifications in the affinity of Adriamycin binding to DNA as
a function of the ionic strength of the solution were also
reflected by modifications in the killing efficacy and in the
efficacy of induction of DNA damage, when treatment was
carried out in solutions supplemented with various amounts of
NaCl. Despite the potential importance such studies may have
in the elucidation of the in vivo mechanism of Adriamycin
action, no information is available on the possible modulation
of cell killing and DNA damage induction after exposure to
anthracyclines of cells incubated in solutions of various tonici-

ties.
Brief changes in tonicity of the medium introduced during or

shortly after exposure of cells to ionizing radiations were found
to result in a significant increase in radiosensitivity (10-13).
Since Adriamycin, and anthracyclines in general, are radio-
mimetic drugs, it was of additional interest to compare the
effect of solutions of various ionic strength on drug or radiation-

induced cell killing.
In the present paper, we report experiments designed to study

the modulation of Adriamycin-induced cytotoxicity and DNA
damage as a function of NaCl concentration in the medium
used during treatment. The effect of an analogue, AD32,3

known to be cytotoxic without binding to DNA (14, 15), was
also studied, and the results obtained compared to those ob
served after treatment with Adriamycin.

MATERIALS AND METHODS

For experiments, a line of Chinese hamster V79 cells (SI71) was
used (16). Cells grew in a humidified atmosphere of 5% COj in MEM
supplemented with 15% fetal bovine serum (Hazelton-Dutchland, Den-

3The abbreviations used are: AD32, /V-trifluoroacetyladriamycin-14-valerate;
MEM, minimum essential medium; PBS, phosphate buffered saline.
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ver, PA) and were subcultured every other day at a concentration of
IO6cells/75-cm2 flask (20 ml MEM). To prepare cultures for experi

ments, cells obtained from these cultures were plated at a concentration
of 1-2 x IO5 cells/dish (60 mm, 5 ml MEM); they were used the

following day when the number of cells per dish had increased to about
4-7 x 10'. Adriamycin was obtained from Sigma Chemical, St. Louis,

MO. AD32 was kindly supplied by Dr. M. Israel.
Adriamycin Exposure and Colony Forming Assay. Cells were exposed

to various doses of Adriamycin (from a stock solution freshly prepared
in distilled water at a concentration between 0.2 and 1.0 mg/ml) for 30
min at 37Â°C.The tonicity of the growth medium was modified by

adding appropriate amounts of NaCI from a 16% w/v water solution.
Solutions containing 140 mM NaCI will be referred in the text as
isotonic solutions, whereas solutions containing lower or higher
amounts of NaCI as hypotonie and hypertonic, respectively. Phosphate
buffered solutions containing various amounts of NaCI were prepared
as required in each individual experiment. Treatment time was reduced
to 30 min to reduce the toxic effect on cells of a prolonged incubation
in hypertonic or hypotonie salt solutions or media (see Ref. 16 for
detailed data on salt toxicity for various treatment times). After treat
ment, medium or salt solution was aspirated and cultures were washed
twice with 5 ml of isotonic phosphate buffered saline. Subsequently, 1
ml of 0.25% trypsin + 0.1% EDTA solution was added and cultures
were incubated at 37Â°Cfor 5-10 min. Following trypsinization, 2-5 ml

of growth medium was added and cells were repeatedly pipetted to
obtain a single cell suspension. The number of cells per ml in this
suspension was determined with an electronic counter and was used to
dilute and plate cells to form colonies with the goal of obtaining 25-
200 colonies/dish (60 mm, 5 ml MEM). The standard errors in the
estimation of cell survival were, therefore, between 7 and 14% unless
otherwise indicated. Colonies were fixed in methanol and stained with
crystal violet before counting. Cell survival was calculated based on the
cell counts obtained and the plating efficiency of the untreated controls.
Survival curves shown were fitted to the data points by eye. Results
derived from a single experiment are shown but the findings were
reproduced in independent experiments. Survival results are described
by DÂ»,defined as the inverse of the survival curve slope in the exponen
tial part of the survival curve and />â€ž.defined as the Adriamycin dose
given by the intercept between the dose axis and a back extrapolation
of the exponential part of the survival curve. The values of these
parameters were determined by a least square fit of the measurement
points in the exponential region of the survival curve.

Intracellular Adriamycin Accumulation. Cells were treated in media
or salt solutions of various tonicities with Adriamycin (0-30 Me/ml) for
30 ml at 37"C. Following treatment, cells were washed twice in ice-cold
phosphate buffered saline, trypsinized for 5 min at 37Â°C,washed again

to remove trypsin and medium, and centrifuged. The cell pellet was
resuspended in 50% ethanol-0.3 hydrochloric acid mixed in a vortex
mixer and centrifuged at 800 x g. Adriamycin content in supernatant
was determined in an Aminco-Bowman spectrophotofluorometer
(American Instrument Co., Silver Springs, MD) as described (17).
Excitation wavelength was at 470 nm and emission was collected at
585 nm. Calibration curves prepared with solutions of known Adria
mycin concentration were used for the calculation of the intracellular
anthracycline content which was expressed as MgAdriamycin/IO6 cells.

DNA Strand Break Induction by Adriamycin. DNA strand break
induction was determined by the alkaline elution technique. Details of
this method have been published (18). Briefly, cells grown for 24 h in
the presence of 0.1 //(Â¡'ml [3H]thymidine and 5 //\i cold thymidine,

were treated for 30 min with Adriamycin in media or salt solutions of
various tonicities. Following treatment, cells were washed and trypsin
ized as described and loaded on 2 Â¿imporosity, polycarbonate filters
(Nucleopore Corp., Pleasanton, CA), supported by Swinnex filter hold
ers (Millipore Corp., Bedford, MA). Cells were rinsed with 10 ml PBS
and lysed with 5 ml of a solution of 2% w/v sodium dodecyl sulphate
(specially pure; BDH Chemical, Ltd., Poole, England) and 0.025 M
EDTA (acid form, pH 9.7). DNA was eluted as a constant flow rate of
about 2 ml/h (Minipuls 2; Gilson Medical Electronics, Inc., Middleton,
WI) with a solution of 0.025 M EDTA, 0.1% w/v sodium dodecyl
sulfate, and sufficient tetra-n-propyl ammonium hydroxide for a final

pH of 12.9. Fractions (90 min) were collected and weighed. Aliquots
from each fraction were neutralized with 0.5 N HC1 and counted in a
scintillation counter. The fraction of the total activity remaining on the
filter was plotted as a function of the elution time, after each particular
treatment. To facilitate comparison of the results obtained under var
ious experimental conditions, the slope of the elution curve was calcu
lated using linear regression analysis and is given expressed as h '.

RESULTS

The surviving fraction of cells treated with 0.1 Mg/ml Adria
mycin (30 min) in phosphate buffered saline containing various
amounts of NaCI (50-1000 HIM)are shown in Fig. 1. Treatment
in hypotonie PBS (NaCI concentrations lower than 140 HIM)
considerably enhanced, in a concentration dependent way, Adri
amycin-induced cell killing. Surviving fraction was reduced to
0.05 when the treatment was carried out in PBS containing 100
HIMNaCI and to 0.007 after treatment in PBS containing 50
HIM NaCI. On the other hand, a reduction in killing was
observed when cells were treated with Adriamycin in hypertonic
PBS (NaCI concentration higher than 140 HIM). Increase in
NaCI concentration to 250 and 500 mM resulted in an increase
in surviving fraction to 0.6 and to 0.93, respectively. There was
no toxicity observed after incubation of cells in salt solutions
in the range between 50 and 500 mM NaCI. However, some
killing was observed (30-40% decrease in plating efficiency) at
NaCI concentrations higher than 700 mM, probably responsible
for the enhancement in killing observed in Fig. 1 at NaCI
concentrations higher than 500 HIM.

The effect of tonicity on the shape of the Adriamycin dose-
effect curve was studied for NaCI concentrations of 50 and 500
HIM and was compared to that obtained after exposure to
isotonic PBS. The results obtained are shown in Fig. 2. Treat
ment of cells with various doses of Adriamycin in isotonic PBS
resulted in a shoulder-type survival curve (O) with D0 = 0.16
Mg/ml and Â£>â€ž= 0.49 Mg/ml. Treatment of cells with Adriamycin
in hypotonie PBS (50 mM NaCI) enhanced cell killing and
resulted in a survival curve (A) with Â£>0= 0.08 Mg/ml and Dq =
0.19 Mg/ml. On the other hand, treatment of cells in hypertonic
PBS reduced Adriamycin-induced killing and resulted in a
survival curve with a D0 = 0.36 Mg/ml and Dq = 0.55 Mg/ml.

A similar reduction in Adriamycin-induced killing was ob
served in cells exposed in growth medium made hypertonic by
the addition of NaCI. As shown in Fig. 3, exposure of cells to
Adriamycin in isotonic fresh medium caused more killing than
after exposure in isotonic PBS (Fig. 1) and resulted in a survival
curve with a D0 = 0.10 Mg/ml and a A, = 0.27 Mg/ml. Treatment
in hypertonic (500 HIMNaCI) medium reduced cell killing under
these conditions as well and resulted in a survival curve with D0
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Fig. 1. Survival of cells exposed to 0.6 jig/ml Adriamycin (ADR) for 30 min
in PBS supplemented with various amounts of NaCI as indicated.
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Fig. 2. Survival curves of cells exposed to various concentrations of Adria-
mycin for 30 min in isotonic PBS (O), hypotonie PBS (A), or Hypertonie PBS
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Fig. 3. Survival curves of cells exposed to various concentrations of Adria-

mycin for 30 min in isotonic fresh growth medium (O) or in medium that was
made hypertonic by the addition of NaCI.

= 0.23 Mg/m' and Ai = 0.45 ng/m\. The modification observed
in DOwas similar (increase by a factor of 2.3 after treatment in
PBS and a factor of 2.4 after treatment in growth medium) for
exposure in hypertonic PBS or growth medium, but the modi
fication in A, was larger in growth medium (increase by a factor
of 1.7 Â±0.1 compared to 1.1 Â±0.1 after treatment in PBS).

To study the extent to which the observed modification in
Adriamycin-induced cell killing as a function of NaCI concen
tration reflected modifications in the intracellular drug accu
mulation, cells were treated in PBS or growth medium of
various tonicities and the intracellular drug content was mea
sured as described in "Materials and Methods." The results

obtained are shown in Fig. 4. Treatment of cells in isotonic
PBS (O) resulted in a concentration-dependent increase in the
amount of drug accumulated in the cells. Reduction in the
amount of NaCI caused an increase in intracellular drug accu
mulation (â€¢);2.3 times higher Adriamycin concentrations were
found to be needed after treatment in isotonic solution to reach
intracellular drug levels similar to those measured after treat
ment in hypotonie solution. This value is similar to the values
obtained for the modification of the survival curve parameters
in Fig. 2 where modification in D0 and Dq by a factor of 2.3 and
2.5, respectively, was observed. When Adriamycin treatment
was carried out in hypertonic PBS (V) no modification in
intracellular drug accumulation was observed.

Cells treated with Adriamycin in isotonic growth medium (A)
were found to accumulate larger amounts of Adriamycin than
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Fig. 4. Intracellular accumulation of Adriamycin expressed on fig/10' cells as
a function of Adriamycin concentration in the treatment medium for various
treatment conditions as indicated.
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Fig. 5. Alkaline filter elution of DNA of cells exposed to various concentra
tions of Adriamycin as indicated for 30 min in hypotonie (left), isotonic (middle),
or hypertonic (right) PBS.

cells treated in isotonic PBS (increase by 3.4 Â±0.4, Fig. 4).
However, contrary to the observations in PBS, treatment in
hypertonic growth medium caused a reduction in the intracel
lular drug accumulation (A). The Adriamycin dose in the me
dium required to achieve similar intracellular drug accumula
tion increased with dose and it was higher by a factor of 2 and
3 for an accumulation of 0.2 and 0.5 Mg/106 cells, respectively.

The effect of NaCI concentration on the induction of DNA
damage by Adriamycin, as assayed by the alkaline elution
technique (see "Materials and Methods"), is shown in Fig. 5.

Cells were treated in hypotonie (50 mivi NaCI; Fig. 5, left) PBS
with Adriamycin concentration resulting in approximately
equal cell killing (see Fig. 2) and analyzed immediately there
after. Treatment with increasing doses of Adriamycin in iso
tonic PBS increased the DNA elution rate. This indicates
induction by Adriamycin of DNA damage, which, under the
experimental conditions employed, mainly comprised DNA
breaks and alkali labile sites. Treatment in hypotonie PBS
resulted in an increase and treatment in hypertonic PBS in a
decrease in the DNA damage induced for the same Adriamycin
concentrations. In Fig. 6 the slopes of the linear part of the
elution curves as shown in Fig. 5 are plotted as a function of
the Adriamycin concentration. A large increase in the induction
of DNA damage was observed as a function of Adriamycin dose
when treatment was carried out in hypotonie PBS compared to
that obtained after treatment in isotonic PBS and there was
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Fig. 6. Elution rate (h~') of DNA as calculated by linear regression analysis

from the slope of the linear part of the elution curves in Fig. 5, as a function of
the Adriamycin concentration for treatment in hypotonie (O), isotonic (A), or
hypertonic (G) PBS.

only a small amount of DNA damage induced after treatment
in hypertonic PBS. Adriamycin concentrations higher by a
factor of 2.8 Â±0.2 were required after treatment in isotonic
PBS to produce the same amount of damage as that observed
after treatment in hypotonie PBS. This value correlates well
with the modification observed in the survival curve slope
(factor of 2) and the modification observed in the intracellular
accumulation of Adriamycin (factor of 2.3). On the other hand,
concentrations of Adriamycin higher by more than a factor of
20 were required after treatment in hypertonic PBS to produce
the same amount of DNA damage as after exposure in isotonic
PBS. This value far exceeds the modifications observed in the
DO(factor of 2.3) and does not correlate with the modulation
in intracellular Adriamycin content, which was found to be
essentially the same after treatment in hypertonic or isotonic
PBS.

To study whether the effect of NaCl on Adriamycin-induced
cell killing was related to the ability of Adriamycin to bind on
DNA, experiments similar to those shown in Fig. 2 were
performed with the Adriamycin analogue AD32, which is
known to be cytotoxic without binding to DNA (14, 15). Mod
ulations in AD32 cytotoxicity were measured after exposure in
fresh growth medium for various times or in PBS containing
various amounts of NaCl (30 min). The results obtained are
summarized in Fig. 7. For cells incubated in fresh growth
medium an increase in cell killing was observed with increasing
drug exposure time between 0.5 and 3 h (Fig. 7, top). Contrary
to the observations after exposure to Adriamycin (see Figs. 2
and 3), exposure of cells to AD32 in isotonic PBS (Fig. 7, A,
lower) resulted in more killing than that observed after treat
ment in growth medium. Cell killing was further enhanced
when treatment was carried out in hypotonie PBS (50 HIM
NaCl) (Fig. 7, A, bottom). Treatment of cells with AD32 in
PBS containing 500 mM NaCl (Fig. 7, A) caused additional
sensitization and resulted in survival levels lower than those
obtained after treatment in isotonic or hypotonie PBS.

DISCUSSION

The results presented in the previous section indicate a strong
dependence of Adriamycin-induced cytotoxicity and DNA dam
age on the ionic strength (tonicity) of the medium used during
treatment. Enhancement of killing, expressed as a decrease in
A>,was observed when NaCl concentration in PBS was reduced
to 50 mM, and a reduction in cell killing expressed as an increase
in Do was observed when NaCl concentration in PBS was
increased to 500 mM. A similar reduction in cytotoxicity was

</>05

02

Fig. 7. Top, survival of cells treated with various concentrations of AD32 and
various period of time in F-med. Bottom, survival curves of cells treated for 30
min with various concentrations of AD32 in isotonic (A), hypotonie (A), and
hypertonic (V) PBS.

obtained when treatment was carried out in fresh growth me
dium supplemented with NaCl to give a final concentration of
500 mM. These results are different from those obtained after
exposure of cells to AD32 in PBS supplemented with various
amounts of NaCl (Fig. 7). In this case, an enhancement of cell
killing was observed after treatment in hypertonic (500 mM) or
hypotonie (50 HIM)PBS, a result similar to that obtained after
exposure to X-rays and subsequent treatment in hypertonic or
hypotonie solution (12). The modulation observed in Adria
mycin-induced cell killing as a function of NaCl concentration

were accompanied by similar, although not always analogous,
modifications in the induction of DNA damage. This observa
tion suggests a possible cause-effect relationship between Adri
amycin-induced damage in the DNA and observed cell killing.

It should be pointed out that similar results were also obtained
after a 1 h treatment with Adriamycin despite the relatively
high salt-induced cytotoxicity. This finding indicates that the

observed effect is not confined to short treatment times and,
therefore, to conditions where a steady state of drug uptake
may not have been reached.

The difference in the modulation by NaCl of Adriamycin and
AD32 induced cell killing suggests that alterations in the bind
ing affinity of Adriamycin to DNA under the various conditions
of treatment used may have caused the modifications in cell
killing and DNA damage induction observed. Because AD32 is
cytotoxic without binding to DNA, it is assumed that variations
in salt concentration, in this case, affects repair and fixation of
induced lesions, in a way similar to that observed after exposure
to X-rays, rather than the induction of lesions per se. As

indicated by the results shown in Figs. 2 and 4, the enhancement
in cell killing and DNA damage induction observed after treat
ment in PBS containing 50 HIM NaCl was comparable to the
increase observed in the intracellular Adriamycin accumulation
under similar conditions. Also, the reduction in cell killing
observed after treatment in growth medium containing 500 mM
NaCl correlated well with the reduction observed in intracellu
lar Adriamycin accumulation after treatment under similar
conditions. The apparent lack of correlation between Adria
mycin-induced cell killing or DNA damage and intracellular
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drug accumulation as observed after treatment in Hypertonie
PBS will be discussed later.

It is possible, therefore, that the observed modifications in
the intracellular acccumulation of Adriamycin as a function of
NaCI concentration are related to modifications by NaCI in the
affinity of Adriamycin binding to DNA. It has been reported
(7-9) that the binding of Adriamycin to chromatin in vitro is
strongly dependent upon the ionic strength of the medium,
decreasing with increasing concentration of salt. Reduction in
the affinity of binding to chromatin is expected to reduce the
diffusion gradient and thus the amount of drug accumulated in
the cells per unit time, if passive transport is assumed as the
prevalent transport mechanism of anthracyclines through cell
membrane (19). On the other hand, incubation in hypertonic
or hypotonie solutions may also affect the energy household of
the cell, due to the increased requirements in energy for the
maintenance of membrane potentials, affecting thus indirectly
active drug transport through cell membrane (20).

Similar consideration can also be invoked to explain the
reduction in cell killing observed after treatment of cells in
isotonic PBS compared to that observed after treatment in
isotonic growth medium (compare results of Figs. 2 and 3). As
indicated in Fig. 4, this reduction in cell killing (increase in I),,
by a factor of 1.6) is accompanied by a reduction in intracellular
drug accumulation by a factor of 3 to 4. This reduction in
intracellular Adriamycin accumulation may be related to a
reduction in the energy supply of the cells, due to the fact that
PBS does not contain glucose. However, the reduction in intra
cellular drug content is disproportionately large compared to
the increase in Â£>0and it is possible that other molecular
alterations also contribute to the observed reduction in killing.
For example, it is possible that alterations in chromatin struc
ture mediated by the reduction in the metabolic activity of the
cells in PBS, prevent Adriamycin binding to DNA, thus affect
ing cytotoxicity. This possibility is also supported by the results
obtained with cells exposed to AD32 either in fresh medium or
in isotonic PBS (Fig. 7). In this case, treatment in PBS was
found to cause more cell killing than treatment in fresh medium,
thus indicating a correlation between drug binding to DNA and
reduction in cytotoxicity after incubation in PBS.

Similar conclusions can also be drawn based on the results
obtained after treatment of cells with Adriamycin in hypertonic
PBS. Since the intracellular drug accumulation was not signif
icantly modified under these conditions, the reduction in cell
killing and DNA damage induction can be attributed to salt-
mediated alterations in chromatin structure, which either pre
vents binding of Adriamycin to DNA or alters in efficiency of
damage induction in the DNA by bound Adriamycin.

It is interesting to mention that the reduction in the induction
of DNA damage observed after treatment in hypertonic PBS
was significantly larger than the reduction in cell killing (see
"Results"), a result that can be interpreted as indicating the
existence of cellular targets other than DNA for Adriamycin-
induced killing (21), or a potentiation of killing (fixation of
DNA damage) after treatment in hypertonic PBS. The former
hypothesis is supported by the observation that Adriamycin can
be cytotoxic without entering the cell (21), a result suggesting
that other cellular structures, as for example the cell membrane,
can be a target for Adriamycin-induced killing. It is possible,
therefore, that at high NaCI concentrations, where the induc
tion of DNA damage is significantly reduced, effect of Adria
mycin on other cellular targets may be the reason for the
observed cytotoxicity. The latter hypothesis is based on the
killing potentiation observed after incubation in hypertonic

PBS of cells exposed to ionizing radiations (10-13). If a similar
potentiation mechanism is active also for Adriamycin-induced
DNA damage, it is likely that more killing will be observed
after incubation in hypertonic PBS at the same level of DNA
damage. The observation that treatment in hypertonic PBS
enhanced AD32-induced killing (Fig. 2) suggests that hyper
tonic salt solutions may act on anthracyclines and ionizing
radiation-induced damage in a similar way, the effect of which
may be, however, masked in cases where ionic-strength depend
ent drug binding to DNA is involved in the inactivation mech
anism. More experiments are required to distinguish between
these two alternative interpretations.

Microscopy studies showed that hypertonic or hypotonie
treatment of cultured mammalian cells results in a dispersion
of condensation of cellular chromatin (10, 22, 23). These alter
ations in chromatin state are likely to affect the rate of Adria
mycin binding to DNA and, therefore, the rate of induction of
DNA damage. Furthermore, it is possible that modifications in
the state of chromatin shortly after the induction of damage in
the DNA affect the course of its repair and promote its fixation.
The results obtained with Adriamycin at the DNA and cell
survival level indicate that both mechanisms may act simulta
neously resulting in the observed response.

Recent studies have indicated that the nuclear enzyme type
II DNA topoisomerase may be a mediator of DNA damage
produced by diverse groups of antitumor drugs including an
thracyclines (24, 27). Modifications in the activity or the DNA
association of the enzyme as a function of the tonicity of the
medium is expected, therefore, to also affect the observed
cytotoxicity. Thus, to the extent that the observed cytotoxicity
was correlated to topoisomerase II-mediated DNA damage, the
observed modifications in cell killing for PBS versus fresh
growth medium incubation or for various NaCI concentrations
may be associated to an effect on this enzyme.

The possibility that the observed reduction in Adriamycin
cytotoxicity might be due to self association of the compound
at high salt concentrations (28) seems unlikely for the following
reasons: (a) any significant self association of Adriamycin would
affect the drug transport into the cell. However, as the results
in Fig. 4 show, Adriamycin enters cells at the same rate under
hypertonic and isotonic conditions (PBS treatment); (b) intra
cellular aggregation of Adriamycin is unlikely due to the high
affinity of binding to DNA; (c) it has been shown that self
association of daunomycin in solutions containing up to 200
HIMsalt does not affect its binding to DNA even at concentra
tions significantly higher than those used in this work (28). As
shown in Fig. 1 the effect of ionic strength on Adriamycin
cytotoxicity has nearly reached a maximum at 200 mM.

In summary, a significant reduction in Adriamycin cytotox
icity was observed with increasing ionic strength. It is postulated
that this phenomenon may be due to: (a) a reduction in the
binding affinity of the drug to DNA at high salt concentrations,
which reduces the driving force for the drug diffusion into the
cell and caused the observed reduction in intracellular drug
accumulation; and (b) to a reduction in the amount of DNA
damage induced by inhibition of the damage-induction process,
for example, by inhibiting topoisomerase II activity. More
experiments are required for an elucidation of these processes.
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