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Abstract. The effects of heat on intracellular accumulation
of anthracyclines were investigated by laser flow cytometry
analysis. Sarcoma-180 cells were exposed to Adriamycin
(ADM), epirubicin (EPIR), daunomycin (DM), THP-
Adriamycin (THP), ME-2303 (ME) and KRN-8602 (KRN)
at 37°C and at higher temperatures. There was a dose-de-
pendent increase in the fluorescence intensity of ail drugs at
37°C, but heat varied the fluorescence intensity of each
drug. At 43°C the cellular fluorescence of ADM and EPIR
increased by approximately 200%, but for DM the increase
was 110—130%. The cellular fluorescence of THP and ME
was little affected by heat, and heat reduced that of KRN to
80—-90%. Each drug showed was unique in the relationship
between drug exposure time and the fluorescence intensity
at 37°C and 43°C. Cytotoxicity determined by the MTT
assay was enhanced with heat in the cases of ADM and
EPIR, but not with DM, THP, ME, or KRN. Thus, ADM
and EPIR are expected to show enhanced antitumor activ-
ities when given in combination with hyperthermia.

Introduction

Adriamycin (ADM), an anthracycline antibiotic, is one of
the most effective drugs against a broad spectrum of tu-
mors. ADM exerts cytotoxicity by various actions, which
include intercalation into DNA, production of free radicals,
binding to specific enzymes, e.g., topoisomerase II, and
interaction with the cell membrane [1, 19, 29, 30]. As there
is a direct relationship between the antitumor effects of
ADM and the intracellular drug level, the potency of ADM
can be predicted by measuring intracellular accumulation
[10]. ADM has a characteristic fluorescence spectrum; and
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the intracellular accumulation of ADM in a cell population
can be measured rapidly and easily by flow cytometry [11,
26]. A good correlation was found between the cytotoxic
effect of ADM and mean cellular fluorescence [5]. New
anthracyclines with a greater antitumor activity and lesser
toxicity to normal tissues have been developed, and as most
are also fluorescent, flow cytometry is useful for rapid
detection and quantitation of fluorescence of these agents
(12, 13].

Hyperthermia enhances the cytotoxicity of various an-
titumor drugs, including ADM. Hahn et al. [8, 9] reported
that the combination of heat and ADM had a synergistic
cytotoxicity against mouse mammary tumor cells, because
a larger amount of ADM entered the cells at 43°C than at
37°C. Enhancement of the cytotoxicity of ADM by heat
was the result of an increase in the intracellular accumu-
lation of the drug [18, 23].

We report here findings of intracellular accumulation of
six anthracyclines, with or without simultaneous heat ex-
posure. The objective of this study was to compare the
characteristics of these drugs and, by means of flow cyto-
metry, to estimate the effects of heat on their cytotoxicity.

Materials and methods

Drugs. Structures of the six anthracyclines examined are shown in
Fig. 1. Adriamycin (doxorubicin, ADM) and epirubicin (4’-epidoxo-
rubicin, EPIR) were obtained from Kyowa Hakko Kogyo Co., Ltd.
(Japan), daunomycin (daunorbicin, DM), THP-ADM (4-O-tetra-
hydropyranyladriamycin, THP) [14, 32] and ME-2303 (14-hemi-
pimelate-7- 0- (2,6 -dideoxy-2-fluoro-at-L-talopyranocyl) adriamycin-
one, ME) [31, 33] were obtained from Meiji Seika Kaisha (Japan), and
KRN-8602 (3'-deamino-3'-morpholino-13-deoxy-10-hydroxycarmino-
mycin, KRN) [34, 35] was obtained from Kirin Brewery Co. (Japan).
Stock solutions of these drugs were prepared in Hanks’ balanced salt
solution. Fresh dilutions of the drugs were prepared in distilled water
just before each experiment.

Tumor cells. Cells were grown in ddY mice that had been inoculated
i.p. 7 days before with 1x106 sarcoma-180 ascites tumor cells re-
suspended in 0.5 ml of phosphate-buffered saline (PBS). The tumor
cells were excised from the mice just before start of the experiments.
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The cells were retrieved by centrifugation and resuspended in PBS
three times to give a final concentration of 2.5x 105 cells/ml in Eagle’s
minimal essential medium (Nissui Pharmaceutical Co., Japan).

Measurement of cellular drug fluorescence. The cells were incubated
with the drugs at the temperatures indicated in a model 7100 incubator
(Napco Scientific Co., USA). The concentrations of the drugs used
were 0.5-2.5 pm, and the duration of drug exposure ranged between
15 and 180 min.

Following drug exposure, the cells were washed twice with PBS,
resuspended in PBS to a final concentration of 1-2x 105 cells/ml and
used immediately for experiments with the fluorescence-activated
sorter. Cell size and cellular fluorescence intensity were determined
with a FACScan/consort 30 (Becton Dickinson Co., USA). In each
experiment, 1x10%4 cells were analyzed at a flow rate of 200—-400
cells/s. To measure the fluorescence intensity, drug-exposed cells were
analyzed with excitation at 488 nm (1 W power) with emission
integrated above 530 nm, and were selected by gating the scattered
light from the cell suspension. The data obtained were displayed in the

Fig. 1a-f. Structures of anthracyclines. a Adriamycin
(ADM); b epirubicin (EPIR); ¢ daunomycin (DM);

d 4'-O-tetrahydropyranyl-ADM (THP); e ME-2303
(ME); £ KRN-8602 (KRN)

form of a histogram of cell number versus fluorescence intensity. The
mean cellular fluorescence was determined by calculating the mean of
the fluorescence distribution and subtracting the mean spontaneous
fluorescence of an untreated cell. Because the fluorescence intensity
measured by flow cytometry is relative, the data in this report are
shown as the fluorescence intensities relative to the fluorescence
intensity of a cell treated with 1 um ADM for 60 min. Each
experiment was done at least in triplicate.

MTT assay. Cytotoxicity was determined by the MTT assay as de-
scribed elsewhere [16, 17, 24]: 5x10° sarcoma-180 cells were in-
cubated for 3 days during exposure to 1 UM of each drug at 37°Cin a
humidified atmosphere containing 5% COz. When the drug under
scrutiny was combined with heat, the cells were maintained at 43°C
for the first 60 min of incubation. The cells were then assayed for
succinate dehydrogenase (SD) activity as a predictor of cell viabil-
ity.  3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium  bro-
mide (MTT) was used as the hydrogen acceptor for the SD activity
[2, 3]. The formazan formed from MTT was extracted with acetone
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Fig. 2. Temperature dependence of cellular fluorescence of ADM.
Sarcoma-180 cells were exposed to 1 uM ADM for 30—120 min at
37°C (@), 39°C (A), 41°C (), 43°C (O).and 45°C ([))
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containing 0.5% trichloroacetic acid, and the absorption of formazan
was measured at 565 nm. The SD activity was presented as the optical
density. The cytotoxicity was evaluated by expressing the SD activity
in the treated cells as a percentage of that in control cells. This assay
was done in triplicate.

_Statistical analysis. Significant differences between means were de-
termined by Student’s z-test. A P-value lower than 0.05 was considered
significant.

Results

Cell size was clearly altered by heat. The fraction of celis
with a larger volume was increased over that in the controls
kept at 37°C. Exposure of the cells to 43°C for 60 min
increased the mean volume of the treated cells by
115+6.4% (mean + standard deviation) of that of un-
treated cells. Continued incubation up to a total of 180 min
at 43°C did not further alter the cell size.

Figure 2 shows the temperature dependence of cellular
ADM fluorescence in sarcoma-180 cells incubated with
1 um of ADM for the times indicated at temperatures ran-
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Fig. 3a-f. Distributions of fluorescence intensity of
sarcoma-180 cells incubated with six anthracyclines. The
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ging from 37°C to 45°C. Fluorescence intensity increased
in a temperature-dependent manner and did not reach a
steady state during the study period. For the 120-min in-
cubation, the cellular fluorescence of ADM at 45°C was
4.4 times greater that at 37°C, that at 43°C 2.6 times, that
at 41°C, 2.0 times, greater and that at 39°C, 1.3 times the
cellular ADM fluorescence at 37°C.

Differences in patterns of cellular fluorescence of the six
anthracyclines were also investigated. Figure 3 shows the
distribution of fluorescence intensity of sarcoma-180 cells
exposed to 1 v concentrations of the drugs for 60 min at
37°C or 43°C. ADM and EPIR had similar profiles of
distribution at both 37°C and 43°C. The peaks of fluor-
escence shifted to the right and the mean fluorescence in-
tensity was increased in the presence of heat. DM, THP, and
ME had similar profiles of fluorescence distribution at
37°C, but fluorescence was greater and scatter was wider
than with ADM or EPIR. The effects of heat on cellular

fluorescence differed with these three drugs. Heat shifted
the peak of fluorescence of DM to the right, but the change
in distribution of THP and ME was slight. In contrast, KRN
had a unique profile: the peak was shifted to the left by
heat, with a decrease in fluorescence intensity.

The relationship between drug concentration and fluor-
escence intensity is shown in Fig. 4. Cellular fluorescence
of each drug was measured after a 60-min incubation with
0.5-2.5 pm of each drug at 37°C or 43°C. For all six drugs,
approximately linear relationships were obtained between
the drug concentration and the fluorescence intensity at
37°C. Heat increased the cellular fluorescence of ADM and
EPIR in a similar manner, by approximately 200% at
temperatures between 37°C and 43°C. The fluorescence of
DM was also increased by heat, but the difference was only
110-130% between 37°C and 43°C. With THP or ME,
cellular fluorescence was little affected by heat. In contrast,
heat reduced the cellular fluorescence of KRN to 80-90%.
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Additional experiments revealed relationships between
drug exposure time and fluorescence intensity (Fig. 5).
When cells were incubated with 1 um of each drug for
15—180 min at 37°C or 43°C, the fluorescence of ADM
increased rapidly for the first 15 min, and then slowly up to
180 min at 37°C. When the cells were incubated at 43°C,
the fluorescence of ADM continued to increase for up to
180 min of exposure and at a higher rate than the fluores-
cence at 37°C. After 180 min, the fluorescence of ADM
was 2.7 times greater at 43°C than at 37°C. EPIR showed
similar characteristics. The cellular fluorescence of EPIR
was increased 2.5 times by heat with a 180-min incubation.
The fluorescence of DM continued to increase for up to
180 min at 37°C, but the rate decreased gradually. The
effect of heat on the increase in the fluorescence of DM

declined with continuation of the incubation time. The .

cellular fluorescence of THP increased rapidly with a peak
at 60 min after exposure at 37°C and at 30 min at 43°C.

Time (min)

120 150 180

375

Fig. 5 a—{. Relationship between drug exposure time
and mean fluorescence intensity of sarcoma-180 cells.
The cells were exposed to 1 um of each drug for the
times indicated at 37°C (@) or 43°C (O). a ADM;
b EPIR; ¢ DM; d THP; e ME; f KRN

Table 1. Comparison of SD activities of sarcoma-180 cells following

exposure to anthracyclines

Drug SD activity (%) P-value
Heat (-) Heat* (+)

Adriamycin 60.816.6%% 403154 <0.05
Epirubicin 54.9+7.2 311142 <0.05
Daunomycin 206168 228172 NS
THP2-Adriamycin 15.6£4.6 123+£5.2 NS
ME-2303 16.3%5.3 13.7+4.2 NS
KRN-8602 21.5+4.5 17.415.8 NS

NS, not significantly different

* 43°C, 60 min

#% Mean * standard deviation
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Fluorescence then decreased slowly during the steady state
after passing the peak. Characteristics of ME at 37°C were
similar to those of ADM. Although the effect of heat was
slight with a 60-min incubation, the effects were obvious
with a 180-min incubation. The cellular fluorescence of
KRN reached a steady state within the first 15 min, which
persisted throughout the study period at both 37°C and
43°C. Heat had no apparent effect on the accumulation of
KRN.

The SD activity of sarcoma-180 cells exposed to the
drugs was determined using the MTT assay, and the results
are shown in Table 1, Exposure to 43°C for 60 min reduced
the SD activity to 90% of that at 37°C. Decrease in SD
activity by heat was obvious in cells exposed to ADM and
EPIR (P <0.05). Heat had little effect on cytotoxicities of
DM, THP, ME, and KRN.

Discussion

Intracellular accumulation of anthracyclines involves a
complex process: influx, distribution, binding to in-
tracellular components and membrane, redistribution and
efflux. Most of the drug is bound to intracellular organelles,
mainly to the nucleus which has a strong binding site [7,
28]. The problem in measuring the intracellular fluores-
cence of anthracyclines is that quenching of drug fluores-
cence occurs when drugs are intercalated between the base
pairs of DNA [6]. No quenching occurs when drugs are
bound to intracellular components, including the nucleus.
Drug fluorescence is quenched only by intercalation into
DNA. Total cellular fluorescence thus indicates the level of
anthracycline molecules that are not intercalated between
the base pairs of DNA. Therefore, total cellular fluores-
cence does not actually reflect intracellular drug content
[28]. The total cellular fluorescence has, however, been
shown to correlate well with cellular toxicity and DNA
damage caused by anthracyclines [5]. Thus, the cytotoxi-
city of anthracyclines can be estimated by quantitating the
levels of drugs that can be measured as cellular fluores-
cence.

"The efflux of anthracyclines is apparently due to active
transport requiring energy [10]. This is a major cellular
mechanism of resistance to these drugs. The influx of these
agents takes place by passive diffusion, which is influenced
by permeability of the cell membrane [22]. Uptake to in-
tracellular components is also passive [28]. Since binding
to the nucleus and intercalation into DNA are rapid,
transport across the cell membrane is the rate-limiting step
on the overall kinetics [7, 28]. Membrane permeability is
important for anthracyclines to exert their activities.
Therefore, if the cellular drug efflux does not change, an
increase in the rate of drug influx will lead to a greater
intracellular accumulation of the drugs and to enhancement
of the cytotoxicity.

The passive diffusion of ADM is temperature-dependent
[15, 21]. Heat seems to alter the membrane permeability to
ADM and to increase the rate of ADM influx. Since heat
does not affect the efflux of ADM [18, 25], the cytotoxicity
of ADM is enhanced by heat as a result of high intracellular

drug accumulation. Rice and Hahn [23] reported a good
correlation between intracellular accumulation of ADM
and cytotoxic effects when ADM was combined with heat.
EPIR had a profile similar to that of ADM regarding cel-
lular fluorescence, and heat increased the intracellular ac-
cumulation of EPIR in a dose- and time-dependent manner.
The membrane permeability to EPIR seems to be increased
by heat and enhancement of the cytotoxicity of EPIR by
heat is of interest. Dahl [4] described the enhanced anti-
tumor effect of EPIR combined with hyperthermia in vivo.

We found that with an incubation temperature of 43°C
the cell volume increased by 115%, the result being a re-
lative decrease in the intracellular concentration of drug. In
the case of ADM and EPIR, however, the increase in
content by heat was higher than that of the cell volume. We
also observed an enhanced cytotoxicity of ADM and EPIR
when these agents were combined with heat.

On the other hand, thermal enhancement of the cyto-
toxicity of DM was reported to be less than that of ADM
[20], a result consistent with the findings in our present
study. Drug accumulation might explain why the thermal
enhancement is slight. It may be that heat does not increase
membrane permeability to DM because cellular uptake of
DM is rapid even at 37°C. THP is also rapidly taken up by
cells, compared with ADM or EPIR. We observed that THP
had a peak of cellular fluorescence 60 min after the ex-
posure and that the peak appeared earlier with heat; how-
ever, there was little increase in the fluorescence of THP.
Kunimoto et al. [14] suggested that different mechanisms
might be involved in the transport of THP and ADM.

ME is a fluorine-containing anthracycline [31, 33], and

. KRN is a morpholino anthracycline [34, 35]. The manner

of transport of these new anthracyclines into cells is not
fully understood. We found that the uptake of these drugs
was rapid at 37°C and that heat increased the fluorescence
of ME only in the case of a long exposure. Heat slightly
decreased the fluorescence of KRN. Although the efflux of
ADM does not seem to be affected by heat {18, 25] and
Tarasiuk and Garnier-Suillerot [27] reported that the bind-
ing of ADM to the nucleus is an exothermic process, our
data do suggest that KRN may be effluxed by a heat-sen-
sitive mechanism or that heat may increase the intercalation
of KRN into DNA resulting in the quenching of fluores-
cence.

It is known that not all anthracyclines have enhanced
effects when exposed to heat [20]. Based on our studies, of
the six anthracyclines we tested only ADM and EPIR can
be expected to have enhanced antitumor activities when
combined with hyperthermia.
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