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Abstraet---Cardiolipin interacts to form complexes with daunorubicin (Ka__.l 
x l0-SM), acridine orange (Kn~-6xl0-SM) and ethidium bromide (Kn~-4 
x 10-4M), as determined by difference spectroscopy. The complex with daunorubicin 
is initially ionic with maximal hypochromicity occurring at pH 7.8 and is dissociated 
by low inorganic phosphate or high salt concentrations. Daunorubicin also interferes 
with phospholipid peroxidation as it reacts slowly to form a new biologically active 
addition product (Din 90), which is more lipophilic and more highly conjugated than 
daunorubicin. Reaction conditions suggest a Schiff base addition between the free amino 
group of the drug and a carbonyl formed during peroxidation of the phospholipid. 

INTRODUCTION 

DUARTE-KARIM et al. [ 1] observed that 
negatively-charged phospholipids increase lip- 
ophilicity of adriamycin and_ daunorubicin, 
and suggested an ionic interaction between 
the anthracycline amino-N + and PO~-. The 
resultant effect, it was hypothesized, could 
affect mitochondrial structure and function 
and might be associated with cardiac toxicity 
of the anthracycline drugs [2-4]. Because of 
the importance of this hypothesis with respect 
to the limiting cardiomyopathies in patients 
receiving these agents, we measured the af- 
finity of daunorubicin for cardiolipin and de- 
scribed some of the conditions that govern the 
initial interaction. Besides the anthracyclines 
[5, 6], other intercalating drugs also bind to 
and have effects at membranal sites [7-9]; 
therefore, two standard intercalating agents 
were included in this study, ethidium and 
acridine orange. Finally, we report a new 
addition compound formed non-enzymatically 
between daunorubicin and a product of phos- 
pholipid peroxidation. 

Accepted 7 December 1978. 
*Supported in part by U.S.P.H.S. (N.C.I.) Core Grant 

CA-13038 and Research Fellowship Award (P.M.K.) 
CA-02301. 

923 

MATERIALS AND METHODS 

Cardiolipin (Na salt of diphosphatidylgly- 
cerol), ethidium bromide, and acridine orange 
were purchased from Sigma Chemical Co. 
(St. Louis, MO). Anthracycline derivatives 
were research samples generously provided by 
Prof. F. Arcamone (Farmitalia, Milan, Italy) 
and Dr. M. Israel (Sidney Farber Cancer 
Center, Boston, MA, U.S.A.). All other re- 
agents were best commercial grades. 

Spectral absorption assays were carried out 
with the DW-2 Aminco recording spectro- 
photometer. Under standard conditions, car- 
diolipin and drugs were freshly prepared in 
solutions containing 0.02 M Tris (pH 7.5) and 
12-15% ethanol. All spectral studies were 
carried out in matched, split quartz cuvettes 
with a 1 cm light path. Binding constants 
were calculated only from spectra with an 
unambiguous isosbestic point [ 10]. 

Thin layer chromatograms on silica gel G 
plates were developed in darkness with three 
solvent systems: 

I, CHCI3:CH3OH:HzO (80:40:3); 
II, CHC13:CH3OH:glacial acetic acid 

(80:20:4); 
III,  CHCI3:CH3OH:0.1 MK2HPO 4 (adjus- 
ted to pH 7.0) (80:20:3). 

Malondialdehyde was determined by the 
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thiobarbituric acid colorimetric test according 
to previously published procedures [11, 12]. 
Color was read at 553 nm (Varian Techtron 
635) and results corrected for blanks (0.02 
absorbance) after extraction with CHCI 3. 
Fluorometric recordings were taken from an 
Aminco-Bowman Spectrophotofluorometer. 

Drug toxicity was assayed with a cultured 
line of CCRF-CEM human leukemia cells 
maintained in log growth in R P M I  1640 
culture media supplemented with 10~),~ heat 
inactivated (56°C, 30rain)dia lyzed t~tal calf 
serum and l°t~ penicillin-streptomycin so- 
lution. The compounds at various concen- 
trations (5-7 at 2-fold increments) were in- 
cubated with cells (8 x 105 cells/ml; 10ml) for 
2hr, washed, and resuspended in drug-free 
media (1.3x 105 cells/ml; 6ml). Cells were 
counted electronically 50 hr later; control 
cultures in logarithmic growth increased in 
number to 4.8 x 105/ml. 

RESULTS 

Interactions oJcardiolipin with anthracyclines 

The initial interaction of the chromophore 
of daunorubicin with the negatively-charged 
phospholipid cardiolipin is indicated by hy- 
pochromic and bathochromic shifts with a 
crossover at 537 nm. Isosbesticity at this wave- 
length is established from difference spectra 
(inset, Fig. 1) with varying concentrations of 
cardiolipin. Figure 1 also shows a double 
reciprocal plot using absorbance changes 
taken from three wwavelengths (440, 470 and 
490nm) of difference spectra. A dissociation 
constant (Ks)  estimated from these data is 
approximately 1 x 10 -SM (assuming a inol.wt 
of 1200 for cardiolipin). The spectral evidence 
indicates that n-electron interactions occur as 
the chromophore and phospholipid form a 
complex of daunorubicin with cardiolipin. 

Some of the conditions governing formation 
of the complex have been investigated by 
measurements of difference spectra. 
Absorbance at 470nm exhibits a maximal 
hypochromic shift at pH 7.8 with 0.05 M Na 
Tris-buffer; Na phosphate buffer (0.05 M, pH 
6.8 and 7.5) inhibits the interaction (Fig. 2). 
To further define conditions of complex for- 
mation, the effects of ionic strength were 
investigated. Changes in hypochromicity, as 
shown in Table 1, are minimal at relatively 
high salt concentrations and in 95c~i~ ethanol 
but increase at low salt concentrations. The 
conditions of neutral pH and low ionic 
strength raise the possibility that an ionic 
interaction may occur at intramembranal 
sites in some cells. 

Solutions containing approximately equi- 
molar concentrations (2 raM) of daunorubicin 
and cardiolipin in 0 .02M Tris (pH 7.5) and 

® o o2 nm 

}t~ ~°o~t ~ +  Cx3rdi°llpil~ #0/m ' ' ['- • 1 4 4 0  

-008 -006-004-0.02 0 002 0.04 0.06 008 
Wconc, /~g/mt 

I"U,. I. DiJJerence spectra (inset) and double reciprocal plot oj 
absorbance changes (A~) of daunorubicin (Dm) after mixing with 
z~arying concentrations of cardiolipin. The compartments q] 
experimental and reference split cuvettes contained initially 1 ml each 
of daunorubicin (100 #g/nil) or cardiolipin, both in 0.02 M Tris 
(pH 7.4) and 12% ethanol. After recording initial absorbance, 
contents of the experimental cuvette were mixed and absorbance again 
recorded. Cardiolipinconcentrations (ftnal)were 15,20 (notshown in 
inset), 25 and50 #g/ml. The dis,wciation constant (K a) is estimated 

,#om At at 3 wavelengths: 440, 470 and 490 rim. 
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Fi~. 2. Change in absorbance (Ae, 470nm) oj daunorubicin 
(50 #g/ml) and cardiolipin (25 #g/ml ) in phosphate, acetate and 
Tris solutions (0.05 M)containing 15 % ethanol. A bsorbance was 
measured by difference apectroscopy described in ~aterials and 
Methods and the legend of Fig. 1. Concentrations indicated are ftnal 

aJter mixing. 

7?lble 1. The ejfects of  NaCI and 7?is 
buffkr on absorbance changes (Ae~,0) of 
daunorubicin (50/tg/rnl) after addition of car- 

diolipin (25 #g/ml) 

Concentrations (M) 
NaCI Tris z~e4v o 

- --* +0.015 
{1.2 0.05 +0.020 
0.1 0.05 - 0.020 
0 0.05 - 0.075 
0 0.02 -0.115 

*95",, Ethanol: all other solutions contained 
15",, ethanol, as described in the legend of 
Fig. '2. 
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12'1o ethanol were chromatographed on thin 
layer plates. In  systems I and II,  fluorescent 
spots appeared at Rv 0.82 and 0.78, re- 
spectively, moving more like an uncharged 
aglycone (daunorubicinone, RF 0.87 in I I )  
than daunorubicin (Rv 0.41 in I; 0.30 in II).  
Chromatography of the reaction mixture in 
system I after additions of equal volumes of 
0.1 M Na phosphate (pH 7.4) or 95% ethanol 
results in loss of the rapidly migrating com- 
ponent  and reappearance of the fluorescent 
spot with an Rr of daunorubicin.  Similarly, 
only a spot corresponding to daunorubicin is 
obtained after chromatography of the reaction 
mixture in the phosphate-containing system 
III .  The  results are consistent with the 
hypothesized ionic complex [1] which is 
dissociated at both high and low ionic 
strength and in competit ion with phosphate ions. 

It is presumed that  the ionic interaction 
involves the daunosamine-N + [1] of dauno- 
rubicin. This was tested with the uncharged N- 
acetyldaunorubicin; the interaction between 
its chromophore (50#g/ml)  and cardiolipin is 
indicated by a small "hyperchromic" shift, 
maximally at 501 nm. Visible spectra, without 
a bathochromic shift or an isosbestic point, are 
not changed by inorganic phosphate (0.1 M) 
and are thus different from spectra of the 
ionic complexes described above. 

Interactions of cardiolipin with other intercalating 
agents 

Spectral evidence of an interaction between 
cardiolipin and ethidium is shown in Fig. 3. 
Difference spectra (inset, Fig. 3) indicate a 
hypochromic-bathochromic shift from 491 nm 
with an isosbestic point at 502 nm. The  K d for 
the interaction is approximately 4 x 10 - 4 M .  
Spectral evidence of an interaction between 
cardiolipin and acridine orange was also 
obtained: a hypochromic-bathochromic shift 
accompanied by an isosbestic point at 517 nm, 
with K a estimated at 6 x 10 - s  M (Fig. 4). 

Formation of an addition product of daunorubicin 
(Dm 90) 

Twenty-four hours after formation of the 
initial ionic complex described above, a se- 
cond interaction between phospholipid and 
daunorubicin is evidenced by precipitation of 
a red water-insoluble product  from reaction 
mixtures. Migration of the washed precipitate 
in chromatographic systems I, II  and I I I  
indicates that  it is a single component  with RF 
values that  are close to, but always different 
from, daunorubicinone. The  product,  whose 
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chemical structure is unknown, is tentatively 
referred to as Dm 90 because of its R F (0.90) 
during preparative .chromatography on silica 
gel plates with CHC13 :CH3OH (4:1 ). Dm 90 
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Dif]erenee spectra (inset) and double reciprocal plot of 
absorbance changes (A~) of ethidium bromide after mixing with 
varying concentrations of cardiolipin. Conditions and procedures as 
described in legend of Fig. 2, except that initial concentrations were 
100 #g ethidium bromide/ml and 34, 51,68, 102, 136 and 170 #g 
cardiolipin/ml. The K d is estimated from A~ at 2 wavelengths: 462 

and 545 nm. 
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Fig. 4. Difference spectra (inset) and double reciprocal plot of 
absorbance changes ( A~ ) of acridine orange after mixing with varying 
concentrations of cardiolipin. Conditions and procedures as described 
in legend of Fig. 2, except that initial concentrations were 25 #g 
acridine orange/ml and 5, 8, 1 O, 13 and 25 #g cardiolipin/ml. The 
K d is estimated from A~ at 492 nm (8-25 #g cardiolipin/ml). 

is distinguished on the plates by its intense red 
color as compared to the orange colors of 
daunorubicinone (RF0.95) and daunorubicin 
(0.41). Absorption-emission fluorescence spec- 
tra (Fig. 5) indicate a high degree of con- 
jugation and further distinguish Dm 90 from 
daunorubicin,  the aglycone, and the initial 
ionic complex. In addition, Dm 90 is not 
dissociated by either 1 M Na phosphate (pH 7.0) 
or 6 M urea. 

Peroxidative formation of free radicals from 
phospholipids releases thiobarbituric acid- 
reactive materials (e.g., malondialdehyde) 
[12]. Figure 5 shows the time-course of an 
inhibition by daunorubicin of release of 
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Fig. 5. Huorescence spectra of daunorubicin (Din) and Dm 90. 
Solutions (10 #g/ml) were prepared in ethanol (as described in the 
text). A b sorbance is indicated by dashed lines; emission by solid lines. 

thiobarbituric acid-reactive components from 
cardiolipin. As the drug inhibits neither lipid 
peroxidation nor the colorimetric reaction, the 
inhibition may be due to a reaction of lipid 
peroxidation product(s) with daunorubicin, as 
suggested below. 

Other anthracycline derivatives also form 
undissociable lipophilic products during aero- 
bic incubations with cardiolipin: adriamycin, 
4'-epiadriamycin, and 4-demethoxydauno- 
rubicin. The products were collected as in- 
soluble precipitates and chromatographed 
(system III).  Like Dm 90, each product forms 
a single red fluorescent zone with an 
R F(0.70-0.85) higher than the respective 
parent compound (0.16-0.22 ). Compar- 
able reactions do not occur with dauno- 

rubicinone, N-acetyldaunorubicin, and .,.V- 
trifluoroacetyladriamycin-14-valerate. This se- 
ries implicates the ionizable daunosamine-N + 
in the formation of Dm 90. Finally, glutaral- 
dehyde also forms a lipophilic product with 
both adriamycin and daunorubicin, suggesting 
the possibility that malondialdehyde or other 
conjugated carbonyls formed from lipid per- 
oxidation may react with positively charged 
anthracyclines to form the lipophilic addition 
products. 

Growth inhibition o f  C C R F - C E M  cells by D m  90 

The biological activities of Dm 90 and 
other anthracycline derivatives were tested 
with a cultured line of human leukemia cells 
(CCRF-CEM).  As described in Materials and 
Methods, the agents were incubated at vary- 
ing concentrations with the CCRF-CEM cells 
for 2hr. Cells were then washed and in- 
cubated for 50hr  in drug-free medium. The 
results of the assay of Dm 90 (Table 2) 
indicate that it is less potent than either 
adriamycin or the parent compound dauno- 
rubicin. Because the studies described above 
indicate that Dm 90 may be an ?e-substituted 
product, it was also compared with two other 
N-substituted derivatives. These results show 
that the potency of Dm 90 is about twice that 
of Y-trifluoroacetyladriamycin- 14-valerate and 
10 times that of N-acetyldaunorubicin. 

D I S C U S S I O N  

Daunorubicin and cardiolipin from a re- 
versible ionic complex ( K d ~ ' l  x 10 -SM)  in 
solutions of low ionic strength. The complex is 

"Fable 2. Concentrations of compounds producing 50°i, inhibition oJ 
growth 0D5o) 0f CCRF-CEM cells 

11)50* 
Compound I ll~. m l ) 

Dm 90 t). 7{J 
Daunorubicin 0.045 
Adriamycin 0.25 
.V-acetyld aunorubicin 10 
.M-trifluoroacctyladriamycin- 
14-valerate 1.7 

*Cells were incubated for 2hr with each compound, washed, and 
reincubated for 50hr in drug-free medium, as described in 
Materials and Methods. 
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Fig. 6. Colorimetric assay of thiobarbituric acid-reactive materials 
during aerobic incubation of cardiolipin with ( 0 )  and without ( 0 )  
daunorubicin. Incubation-solutions (6ml) contained 1.7 mg car- 
diolipin, and daunorubicin (1 mg) in 0.02 M Tris (pH 7.4) and 
12 % ethanol; daunorubicin was added at 0 time and 0.5 ml aliquots 
were withdrawn from a shaking water bath (37 o C) at indicated times 

fi~r assay. Vertical lines indicated standard deviations. 

dissociated in the presence of low concen- 
trations of inorganic phosphate and by raising 
ionic strength with NaC1. Spectral studies 
with acridine orange and ethidium indicate 
that they also form complexes with cardiolipin 
but with estimated I f  a values that are 6 and 
40 times higher, respectively, than that of the 
daunorubicin complex. Isosbestic points in vis- 
ible spectra of the three intercalating agents 
suggest the possibility of specific orientations 
of the chromophores with respect to the phos- 
pholipid. Hypochromic-bathochromic shifts 
further suggest n-electron interactions between 
the chromophores and cardiolipin. It is this 
interaction that seems likely to explain the 
affected thiobarbituric acid reaction and the 
delayed formation of Dm 90. It also seems 
likely that formation of Dm 90 involves mal- 
ondialdehyde or other conjugated carbonyl 
products of lipid peroxidation [12] which may 
react with the amino group of daunosamine to 
yield a Schiff base [13]. 

In other studies, Handa and Sato [14] and 
Bachur et al. [15] demonstrated anthra- 
cycline-associated radicals formed during 
oxidation-reduction reactions with micro- 
somal preparations. It is noteworthy that the 
conditions of formation of Dm 90 (low ionic 
strength, neutral pH) are similar to those that 
may exist within plasma and microsomal or 
other intracellular membranes where ne- 
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gatively charged phospholipids may be re- 
latively abundant. Results of the present com- 
munication suggest that membranal phospho- 
lipids may be both sites of binding and non- 
enzymic transformation of the anthracyclines. 
Since the transformation apparently occurs in 
conjunction with peroxidation, the newly for- 
med compounds (e.g., Dm 90) may trap 
radicals and thereby become activated within 
membranes. This hypothesis seems to be con- 
sistent with observations that cardiotoxicity 
due to adriamycin and daunorubicin appear 
to be ameliorated by membrane-bound ubi- 
quinone [16] and by radical scavenging agents 
such as 0t-tocopherol [17]. It seems reason- 
able at the present time to postulate that 
formation of Dm 90 (or similar products with 
other anthracyclines) may occur in heart ti- 
ssue. The amount and rate of formation, 
however, might depend upon endogenous li- 
pids or quenching systems or both. This 
speculation suggests that depletion or inacti- 
vation of the radical quenching systems (as by 
irradiation) may have a role in the formation 
of Dm 90. Whether Dm 90 contributes to 
cardiac toxicity, however, is not yet known. 

The apparent high lipophilicity of Dm 90 
suggests that it may have a variety of effects 
within membranes [5, 6], possibly contribut- 
ing to the selectivity of the parent compound 
[18]. Although the present observations are 
concerned primarily with cardiolipin, the re- 
action may not be limited to this phospholipid 
but may have implications with other un- 
saturated lipids from which carbonyl radicals 
are liberated. Thus, the reactions may not be 
confined to mitochondrial membranes. Also, 
because other anthracycline derivatives having 
free amino groups may form the addition 
compounds, the proposed Schiff base mech- 
anisms is not limited to daunorubicin alone. 
These observations, within this broader con- 
text, may contribute to a better understanding 
of the mechanisms of toxicity and selectivity 
of the antitumor anthracycline drugs, extend- 
ing, perhaps, to other agents with free amino 
groups that intercalate DNA. 

&~owlecllgemeats~Competent assistance by M. J. 
Berrigan and I. W. Harper is gratefully acknowledged. 
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