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AbstractwEsters of elliptinium with stearic (ST-NME), palmitic (PAL-NME) or oleic (OL-NME) acids, 
a series of lipophilic derivatives of ellipticine, were synthetized, in order to evaluate their incorporation 
into Low Density Lipoprotein (LDL). Among the three derivatives, OL-NME shows the most potent 
incorporation (83 I~g/mg protein LDL) compared to ST-NME (37/~g/mg protein LDL) and PAL-NME 
(58/~g/mg protein LDL). The size of OL-NME-LDL was determined by size distribution particles, 
showing their homogeneity compared to native LDL. When culture normal human fibroblasts were 
incubated with [125I]LDL incorporated drug, they bound to the LDL receptor with the same affinity as 
native LDL and were internalized and degraded intracellularly. The presence of excess native LDL 
inhibited the cellular uptake and degradation of [l~I]drug-LDL. We have used [~25I]acetyl-LDL as a 
probe for a binding site on macrophages that mediated the uptake and degradation of chemically altered 
or denatured LDL. Mouse peritoneal macrophages were shown to take up and degrade [~25I]acetyl- 
LDL at rates that were greater than those for the uptake and degradation of native [~25I]LDL and 
[125I]drug-LDL. The in vitro cytotoxic test on L1210 murine leukemic cells demonstrated that the 
complex was cytotoxic and was more effective than the free drug. This cytotoxic activity of the drug- 
LDL complex depends on the LDL high affinity receptor since the addition of native LDL reduces the 
killing power. In contrast, methylated LDL, which does not bind to the LDL receptor, has no effect on 
it. We conclude that it is possible to incorporate a large amount of cytotoxic drug into LDL without 
modifying their cellular metabolism via the high affinity LDL receptor pathway. It indicates also that 
the delivery of lipophilic drugs using LDL might provide distinct advantages over the use of synthetic 
carders. 

Elliptinium acetate (9-OH-NME¶) is an anti- 
neoplastic agent derived from ellipticine, a natural 
alkaloid, by a hydroxyl function in position 9 and a 
methyl group on the nitrogen in position 2 (Fig. 1). 
This drug is highly cytotoxic against L1210 cell [1] 
and is currently used in the treatment of metastatic 
breast cancer [2, 3]. Ellipticine derivatives inter- 
calate into D N A  and altered the catalytic activity of 
topoisomerase II  in vitro [4] but the cytotoxicity of 
these drugs has been associated with the presence 
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of a hydroxyl function in a position 9 [1]. In fact, 9- 
OH-NME is easily oxidized by peroxidase [5, 6] in 
vitro, with hydrogen peroxide as electron acceptor, 
to yield a quinoneimine (9-oxo-NME) able to form 
covalent adducts with different nucleophiles. Rat 
and human metabolic studies have revealed a 10- 
(S)-conjugate of 9-OH-NME [7, 8], suggesting that 
9-OH-NME can also be oxidized in vivo. Moreover 
for the family of ellipticine derivatives, other mech- 
anisms have been proposed and the role of metabolic 
activation in cellular toxicity of these drugs is still 
discussed [9, 10]. 

The toxicity of such drugs has limited the effec- 
tiveness of treatment. The delivery of such agents 
specifically to neoplastic target cells would improve 
the therapeutic index by increasing tumor cell 
destruction and decreasing adverse effects. Cancer 
cells that are replicating continuously require large 
amounts of cholesterol for the synthesis of the cell 
membrane. Cholesterol must be supplied either by 
de novo synthesis from 2-carbon units or by assimi- 
lation and degradation of low-density lipoprotein 
(LDL) from plasma. Cancer cells were found to 
metabolize LDL at a higher rate than that seen in 
non-neoplastic cells [11]. So LDL might prove to be 
a useful discriminatory vehicle for the delivery of 
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Fig. 1. Structure of ellipticine derivatives. 

chemotherapeutic drugs [12] and radionucleotides to 
tumors [13]. 

In a recent paper, we have reported a technique 
to prepare 9-methoxy-ellipticine-LDL complex [14] 
and its efficiency on the cytotoxicity of cancer cell 
lines (L1210 and P388) in vitro compared to the free 
drug (see reference for discussion about advantages 
of this technique compared with other methods). 
However, the low incorporation rate of the drug 
limited us in the process of investigating the in vivo 
studies. 

In order to increase the drug amount into LDL, 
we report the data concerning esters of ellipticine, 
which have been synthetized, and studied for their 
incorporation into LDL. We have investigated the 
interaction of drug-LDL with LDL-receptor of 
human fibroblasts and mouse peritoneal macro- 
phages in monolayer culture and its in vitro cyto- 
toxicity on L1210 cultured cells. 

MATERIALS AND METHODS 

Materials 

Cholesteryl-oleate and dimirystoylphosphatidyl 
choline (DMPC) were purchased from Sigma 
(France) and were judged 99% pure and used with- 
out further purification, palmitic anhydride (97% 
pure), stearic anhydride (98% pure) and oleic anhy- 
dride (99% pure) were obtained from Aldrich- 
Chemical (France). 9-Hydroxy-N2-methyl ellipti- 
cinium acetate was kindly provided by Sanofi Group 
(France). 

Millex-0.45/~m filter was from Millipore S.A., 
methanol was chromatographic grade (Merck, 
France). Ammonium hexafluorophosphate, am- 
monium acetate and glacial acetic acid were obtained 
from Merck. Sodium iodine-125 was obtained from 
Amersham France (Les Ullis, France). 

Fetal calf serum (FCS), RPMI 1640, phosphate 
buffer saline (PBS), penicillin, streptomycin and glu- 
tamin were obtained from Intermed (Strasbourg, 
France). T75 flasks, 1.9cm z multiwell dishes and 
culture tubes were from NUNC Laboratories 
(U.S.A.). 

L1210 and murine leukemic cells were obtained 
from the National Cancer Institute (Bethesda, MD, 
U.S.A.) and kept by Laboratoire de Pharmacologie 

et Toxicologic Fondamentale du CNRS (Toulouse, 
France). Human skin fibroblasts were a generous 
gift from Dr Soleilhavoup (Facult6 de Mrdecine, 
Toulouse, France). 

Methods 

Esters o f  fatty acids with 9-hydroxy-N2-methyl - 
ellipticinium acetate. These esters were prepared by 
a modification of the procedure described by Guthrie 
et al. for acylation of 9-hydroxy-ellipticine [15]. 

9-Palmitoyloxy-NE-methyl-ellipticinium palmitate 
(PAL-NME). 9-OH-NME (134 mg, 0.4 mmol) and 
NaECO3 (47 mg, 0.44 mmol) were successively added 
to a stirred solution at 60 ° of palmitic anhydride 
(396 mg, 0.8 mmol) in 16 mL of absolute ethanol. 
After 1 hr, the solvent was evaporated at 50 ° under 
reduced pressure, then the reaction mixture was 
dissolved in 40 mL CHCI3 and washed with 40 mL 
of aqueous Na2CO 3 in the presence of 10mL 
ethanol. The chloroformic layer was dried (Na2SO4), 
concentrated and precipitated with diethyl ether. 
The dried solid was crystallized from EtOH-HEO 
(1 : 1) to give 200 mg (65% yield) of the yellow crys- 
talline ester Pal-NME. 

NMR (CDC13) 6 0.86 (t, 2 x 3 H, J = 6.0 Hz, 
CH__3-CH2) , 1.24 (br s, 2 x 24 H, CH3-(CHg)12) , 1.86 
(m, 2 x 2H,  CHE-CH2-CO), 2.47 (t, 2H,  J = 
7.6 Hz, CH2-COO-), 2.71 (t, 2 H, J = 7.6 Hz, CH_H_2- 
COOAr),  2.85 (br s, 2 × 3 H, Me5 and Melx), 4.20 
(s, 3H,  Me2) , 7.18 (d, 1 H, J = 7.1Hz, H3) , 7.20 
(dd, 1 H, J = 8.6 and 1.9 Hz, H8), 7.48 (d, 1 H, J = 
1.9 Hz, H10), 7.59 (d, 1 H, J = 7.1 Hz, H4), 7.74 (d, 
1 H, J = 8.6 Hz, H7) , 10.10 (s, 1 H, H1). 

UV-visible (CHaOH) ,~ = 425 nm (eM X 10 -3 = 
5 M -x cm-1), 374 (6), 358 (6), 309 (63), 252 (27), 
242 (sh). 

HPLC data: RRT=re la t ive  retention time 
defined as Rt of ester derivative/Rt of 9-OH-NME = 
1.73 (see conditions of HPLC determination in the 
section "assay of the ellipticine esters"). 

9-Stearoyloxy-NE-methyl-ellipticinium stearate 
(ST-NME). This ester was prepared by the pro- 
cedure described above. The crystallization from 
EtOH-H20 gave 198 mg (60% yield) of the yellow 
ester ST-NME. 

NMR (CDC13) 6 0.86 (m, 2 x 3 H, CHH_a-CH2), 
1.24 (br s, 2 × 28H, CH3-CH.H_.2)14), 1.68 (m, 2H, 
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CH2-CH2-COO-), 1.88 (m, 2H, CH__2-CH2- 
COOAr),  2.38 (t, 2H, J = 7.6 Hz, CH2-COO-),  2.71 
(t, 2H, J = 7.5 Hz, CH2-COOAr), 2.79 (s, 3H, Me5 
or Me11), 2.82 (s, 3H, Mes or Me11), 4.17 (s, 3H, 
Me2), 7.20 (dd, 1H, J = 8.6 and 2.0 Hz, H8), 7.21 
(d, 1H, J = 7.2 Hz, H3), 7.50 (d, 1H, J = 2.0 Hz, 
H10), 7.57 (d, 1H, J = 7.2 Hz, H4) , 7.71 (d, 1H, J = 
8.6 Hz, H7) , 9.89 (s, 1H, H1), 

UV-visible (CH3OH) ). = 430nm (eM X 10 -3 = 
4M ~1 cm-1), 374 (5), 356 (5), 308 (56), 250 (21.5), 
242 (sh). 

HPLC data: RRT = 2.0. 
9-Oleoyloxy-N2-methyl-ellipticinium oleate (OL- 

NME). The reaction was worked up as in the pre- 
vious examples from 0.4 mmol (134 mg) of 9-OH- 
NME and 0.8 mmol of oleic anhydride (438 mg). 
Final precipitation from EtOH-H20 afforded 263 mg 
(71% yield) of a yellow past of OL-NME. 

NMR (CDC13) 6 0.86 (m, 2 × 3 H, CH__3-CH2), 
1.25 to 1.40 (m, 2 x 20 H, CH3-(CH_2)6 ) and (CI-I~)4- 
CH2-CH2-CO, 1.88 (m, 2 × 2H,  CH_,2-CH2-CO), 
2.04 (m, 2 x 4 H, CI-I2-CH--CH--CI-I~, 2.49 (t, 2H, 
J = 7.8Hz, CH2-COO- ), 2.71 (t, 2H, J = 7.6Hz, 
CH2-COOAr), 2.85 (s, 3H, Me 5 or Me11), 2.87 (s, 
3H, Mes or Mell), 4.20 (s, 3H, Me2), 5.36 (m, 
2 × 2H,  CH--CH) ,  7.17 (d, 1H, J = 7.1Hz, H3), 
7.20 (dd, 1H, J = 8.6 and 2.1 Hz, Hs), 7.47 (d, 1H, 
J = 2.1 Hz, H10), 7.59 (d, 1H, J = 7.1 Hz, Ha) , 7.73 
(d, 1H, J = 8.6 Hz, H7), 10.14 (s, 1H, H1). 

UV-visible (CH3OH) ~.= 430nm (eM × 10 -3 = 
4 M -1 cm-1), 374 (5), 356 (5), 308 (62), 250 (24.5), 
240 (sh). 

HPLC data: RRT = 1.85. 

Preparation of  L D L  
LDL was separated from human plasma by rate- 

zonal ultracentrifugation by the method of Patsch et 
al. [16] using a Kontron TGA-65 ultracentrifuge and 
Ti-14 zone rotor (Kontron Instruments, France). 
The lipoprotein from 50 mL of human plasma was 
isolated from other plasma constituents by flotation 
through a linear sodium bromide gradient, density 
range 1.0 to 1.4 kg/L, at 40,000 rpm and at 10 ° for 
110 min. Eluant from the rotor was collected in frac- 
tions of 14 mL and the optical density at 280 nm 
monitored using a 2138 UVICORD S Ultraviolet 
Absorbance monitor (LKB, Instruments France). 

The peak fractions containing LDL were pooled 
and concentrated by pressure filtration in an Amicon 
ultraconcentration cell using a XM100A filter 
(Amicon corp, France). Excess sodium-bromide was 
removed by washing with working buffer (0.15 M 
NaC1, 0.03mM EDTA,  pH 8.1) and reconcen- 
trating, several times or by exhaustive dialysis against 
working buffer. 

Lipoprotein purity was assayed by 1% agarose gel 
electrophoresis and by immunochemical analysis. 
LDL migrated as a single band on agarose and did 
not react with anti-apo AI and anti-apo AII. Positive 
reactions were obtained with anti-apo B. The LDL 
were determined as protein by the assay of Lowry et 
al. [17] using bovine serum albumin as standard. 

The LDL were iodinated by the iodine mono- 
chloride method of McFarlane modified by Bil- 
heimer et al. [18]. The LDL were acetylated with 
repeated addition of acetic anhydride as described by 

Goldstein et al. [19] or methylated with the repeated 
addition of formaldehyde as described by Weisgraber 
et al. [20]. 

HPLC assay of  elliptinium-esters 

An aliquot (200 #L) of LDL-drug complex and 
native LDL were spiked with 25 #L of N2-propyl-9- 
hydroxy-ellipticinium (9-OH-NPE) as internal stand- 
ard (final concentration 1.25/tg/mL). All the drug 
and internal standard were extracted twice with 
ethylacetate (2 × 1 mL) after the addition of 100/~L 
of ammonium hexafluorophosphate (final concen- 
tration 250 mM) as contre-ions and (2 × 3 mL) acet- 
ate buffer 0.5 M, pH 5.5. 

The mixture was centrifuged twice at 2000 rpm 
for 10min. The organic phase was aspirated 
and dried under a stream of nitrogen. The residue 
was redissolved in 200/~L of the mobile phase 
(methanol:water 75:25 with 5 mM acetate buffer 
adjusted to pH 5.5 with glacial acetic acid). A 
Waters CN#Bondapak reversed-phase column 
(30 x 3.9 mm i.d.) was used. The assay was carried 
out at 313 nm. This technique allows us to quanti- 
tatively determine the two drugs (9-OH-NME and 
OL-NME) at one and the same time. 

Preparation of  elliptinium-esters-LD L complex 

Each elliptinium-ester (PAL-NME, ST-NME, 
OL-NME) was incorporated into LDL using the 
fusion technique between drug-containing micro- 
emulsions and LDL. 

The preparation of the microemulsion containing 
each elliptinium-ester was carried out according to 
Parks et al. [21] and Craig et al. [22] with a few 
modifications concerning the molar proportion of 
each component: 2 mg of both DMPC and eilip- 
tinium-esters were added to i mg cholesteryl oleate 
in chloroform. The solvent was evaporated and the 
residue was dissolved in 200/tL of dry isopropanol 
and injected into 3 mL of rapidly vortexing phos- 
phate buffer with the entire system kept at 46 ° 
throughout the procedure. 

In order to incorporate elliptinium-esters into 
LDL, 5-6 mg LDL (2 mg/mL) were incubated with 
equal volume of elliptinium-esters containing micro- 
emulsion in LDL buffer for 5 hr at 37 ° according to 
Parks et al. [21]. Drug-LDL was separated from the 
microemulsion by discontinuous sucrose gradient 
from 15 to 4%. Ultracentrifugation was ac- 
complished using a Beckman SW-40 rotor for 2 hr 
at 40,000 rpm and 4 ° in a Beckman Model L8-70 
ultracentrifuge. After the separation by ultra- 
centrifugation, two bands were noticed. The bands 
were aspirated from the top of the centrifuge tubes 
and subjected to extensive dialysis for 24 hr against 
LDL buffer to remove sucrose and sterilized by 
filtration through a 0.45 nm millipore filter. The 
identification of the LDL band was accomplished by 
a protein assay. The elliptinium-ester content of the 
LDL fraction increased as a function of the incu- 
bation time of the mixture. A maximum is obtained 
for 5 hr of incubation. 

Size distribution particle (S.D.P.) 

The S.D.P. program analyses the correlation of 
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Fig. 2. Size distribution of native LDL microemulsions and 
OL-NME-LDL complexes. (A) LDL was separated from 
human plasma by rate-zonal ultracentrifugation. Two mL 
of native LDL (1 mg lipid/mL) were placed in the measure- 
ment cuvette. The mean diameter and size distribution was 
determined: size (nm)= 22.1, SD (rim)= 8, amount = 
100%. (B) Microemulsions prepared by dimyristoyl- 
phosphatidylcholine and cholesteryl oleate and OL-NME: 
size (nm)= 299, SD (nm)= 54, amount = 100%. (C) OL- 
NME-LDL complexes were separated from microemul- 
sions by discontinuous sucrose gradient from 15% to 4%: 

size (nm)= 25.4, SD (nm) = 7, amount = 100%. 
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function data and presents the particle size distri- 
bution as either differential or cumulative dis- 
tributions (by photo intensity) against particle dia- 
meter. The size of samples was estimated by laser 
light scattering, with a monochromatic laser ray dif- 
fusion counter (Nanosizer, coultronics, Margency, 
France). The samples were diluted to approx I mg 
lipid/mL and 2-mL samples were placed in the 
measurement cuvette. The mean diameter and size 
distribution were determined by the instrument. 

Cell culture 
L1210 cells and fibroblasts were grown in RPMI 

1640 and MEM, respectively, with 10% (v/v) fetal 
calf serum (FCS), 2 m M  glutamine,  10 I .U . /mL 
streptomycin and 100 I .U . /mL penicillin. The cells 
were maintained in a humidified incubator (5% CO2) 
at 37 ° . 

For all experiments, the fibroblasts from the stock 
flasks were dissociated with 0.05% Trypsin, 0.05% 
EDTA and were seeded (day 0) at a concentration 
of 5 × 104 cells per dish into 40 mm dishes containing 
2 mL of the above growth medium with 10% FCS. 
On day 2 when the cells were at a density of 2 x 105 
cells per dish, the medium was removed and the 
cellular monolayer was washed once with 2 mL of 
Dulbecco's phosphate-buffered saline (PBS) 
(0.9% NaC1) at 37 °, following which 2 mL of fresh 
medium containing 5% (v/v) lipoprotein-deficient 
human serum (LPDS) (final concentration of 
protein: 5 mg/mL) were added for 2 days before the 
assay to induce maximum apo-B,E (LDL) receptor 
expression. 

1ooo0 Monolayer cultures of mouse peritoneal macro- 
phages were prepared as described previously [23]. 
Briefly, peritoneal cells from unstimulated females 
Swiss mice (25-30 g) were harvested in PBS, col- 
lected by centrifugation, and plated on 40 mm dishes 
(3 × 106 cells/dish) in DMEM containing 10% (v/v) 
fetal calf serum and penicillin, streptomycin, and 
glutamine as above. After  2 hr of incubation in the 
37 ° incubator, the monolayer was washed three times 
with warm PBS to remove nonadherent cells and 
then incubated overnight in the 10% FCS medium 
unless otherwise indicated. 

Intracellular uptake of free drug and drug-LD L com- 
plex 

In a series of experiments, the cellular uptake 
of OL-NME-LDL complex, OL-NME and 9-OH- 
NME for L1210 cells was studied. Typical experi- 
ments contained in a total volume of i mL of RPMI 
1640 supplemented with 5% LPDS, 106 cells and 
an amount of each drug corresponding 2 x 10 -8 M. 
After varying times of incubation (30 min to 4 hr) at 
37 °, the cells were washed twice with ice-cold PBS 
and harvested by centrifugation. OL-NME and 9- 
OH-NME were then extracted from the cell pellet 
and measured by HPLC as described before. Drug 
levels were expressed as mol/106 cells. 

Binding, internalization and degradation assays 
The assays were performed at 37 ° for 4 hr with 

the indicated concentrations of [125I]drug-LDL or 
[12SI]acetyl-LDL, native [125I]LDL, alone or with 
40-fold excess of the respective unlabeled lipoprotein 
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using the methods of Brown and Goldstein [24]. The 
degradation was determined from the amount of 
trichloroacetic acid-soluble radioactivity in the incu- 
bation medium after extraction of free iodine with 
chloroform. To measure [125I]lipoprotein binding to 
fibroblasts, the cells were washed three times with 
2 mL of PBS without bovine serum albumin (BSA) 
and twice with 1 mL of PBS that contained BSA 
(2 mg/mL). The LDL were detached by incubation 
for 30 min with a solution containing heparin (5 mg/ 
mL) in PBS. After standard wash, the cells were 
dissolved by incubation at 24 ° for 24 hr in 0.6 mL of 
0.1 N NaOH. Aliquots were taken for determination 
of protein and radioactivity (incorporated lipopro- 
tein). The total cellular content of [125I]lipoprotein 
in mouse macrophage monolayers was measured as 
above, except for the heparin-release step that was 
omitted. 

ID50 assay 

L1210 cells were usually grown in T75 flasks and 
the experiments were performed in culture tubes by 
harvesting cells in exponential growth phase, plating 
out into the culture tubes at a density of 6 × 103 
cells/mL. The drug or the drug-LDL complexes 
were added at indicated concentration in triplicate 
tubes. After 5 hr incubation at 37 °, the cells were 
centrifuged at 200g for 10 min and washed twice 
with 1 mL of PBS (0.9% NaCI). The cells were then 
grown in RPMI medium supplemented with 10% 
FCS. 

Cells were sampled after 6 days and counted (three 
counts/tubes), after dilution, in a coulter counter 
(Coultronic Model Z.M). Six tubes in each exper- 
iment were left drug-free as a control. The mean of 
the cell count value from the control tube was taken 
to represent 100% of cell growth and the counts of 
other tubes were expressed relative to this result. A 
plot of percentage cell growth against log (con- 
centration M) was constructed for each of the drug 
and drug-LDL complexes studied. From these 
curves, the dose which corresponds to 50% inhibition 
of cell growth was calculated for each drug. 

RESULTS 

Incorporation of elliptinium-esters 
We have compared the incorporation rate of the 

synthetized elliptinium-esters into LDL. The incor- 
poration was performed by a technique which con- 
sisted of a fusion of microemulsions containing drug 
with LDL for 5 hr at 37 °. In contrast to the previously 
described technique [14], the drug-LDL complex 
was separated from microemulsions containing drug 
by a one step ultracentrifugation in a discontinuous 
sucrose gradient from 15 to 4%. This technique 
allows a rapid drug-LDL separation with a protein 
recovery of 80%. 

All of the three elliptinium-esters allow a higher 
incorporation rate than 9-MeOE (Table 1), the ellip- 
ticine derivative use for previous studies [14]. How- 
ever, we can notice significant differences in the 
incorporation rate of elliptinium-esters as a function 
of the nature of the esterified fatty acid. The rate of 
incorporation ranged from 37 #g/mg protein LDL 

with ST-NME to 83 #g/mg protein LDL with OL- 
NME corresponding an average of 70 molecules of 
OL-NME incorporated by LDL particle (assuming 
515 kDa for Apolipoprotein B molecular weight). 
Consequently the latter experiments have been per- 
formed with OL-NME-LDL complexes. 

The OL-NME-LDL particles were subjected to 
analytical 1% polyacrylamide gel electrophoresis. 
They migrated as a single band and presented the 
same electrophoretic migration as native LDL. 
Immunoreactivity against anti-apo B antisera was 
similar to those observed with native LDL. 

The mean diameter and the size distribution of 
OL-NME-LDL compared to native LDL have then 
been determined. Figure 2 shows that OL-NME- 
LDL was of equal size to native LDL, since micro- 
emulsions containing OL-NME were a greater size. 

As a test of stability of the OL-NME-LDL 
complex, the hydrolysis of the elliptinium-ester was 
studied in human serum at 37 °, 2 mL of OL-NME- 
LDL (300 #g/mL) was stored at 37 ° in 4 mL of human 
serum. At the indicated time, aliquots were removed 
and assayed for 9-OH-NME and OL-NME by 
HPLC. Degradation of the complex under this con- 
dition is shown in Table 2. During the first 24 hr of the 
experiment the esters decayed slowly and reached 
saturation to 72 hr, leaving more than 90% of the 
original OL-NME in the solution. In parallel, the 9- 
OH-NME which is the hydrolysis product of OL- 
NME appears in the solution. These results demon- 
strated the good stability of OL-NME-LDL complex 
in the serum. 

OL-NME-LDL metabolism via the LDL-receptor 
pathway 

As a test of the biological activity of the drug- 
LDL complex, the cellular metabolism of [125I]OL- 
NME-LDL was studied in cultured fibroblasts. 
Specific binding, internalization and degradation 
after incubation of normal skin fibroblasts with 
increasing concentrations (0-250 #g protein LDL/  
mL) of [125I]OL-NME-LDL complex are shown in 
Fig. 3. For binding and internalization, saturation 
curves were obtained. The maximal binding and 
uptake of [125I]LDL-OL-NME as a function of con- 
centration was achieved at a concentration of 150 ktg 
of [125I]OL-NME-LDL protein per mL (Fig. 3). 
Likewise, the rate of degradation was linear with 
respect to the [125I]OL-NME-LDL complex con- 
centration. These results are in agreement with pre- 
vious conclusions concerning the cellular metabolism 
of native LDL by human fibroblasts [25, 26]. 

The presence of an increasing concentration of 
native LDL, inhibited the cellular binding, inter- 
nalization and degradation of the OL-NME-LDL 
(15 #g/mL) (Fig. 4). In contrast, methylated LDL, 
which does not bind to the LDL receptor, did not 

125, affect the cellular metabolism of [ I ]OL-NME- 
LDL (data not shown). This indicates that the 
[t25I]OL-NME-LDL complex retained LDL re- 
ceptor-recognizing ability. 

OL-NME-LDL complex uptake and degradation by 
mouse peritoneal rnacrophages 

In order to demonstrate that the OL-NME-LDL 
complex has not become denatured or chemically 

6P 40-2-C 
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Table 1. Comparison of the incorporation of ellipticine derivatives into LDL by fusion 
technique between drug-containing microemulsions and LDL 

9-OMe-E ST-NME PAL-NME OL-NME 

#g/mg protein LDL 2 37 -+ 2 58 -+ 1.5 83 +- 2 
Molecules/LDL particle 5 32 55 70 

Table 2. Stability of elliptinium oleate within LDL 

OL-NME-LDL 

Time Free elliptinium Oleate-elliptinium 
(hr) (/~g/mL plasma) (/~g/mL plasma) 

0 0 90--- 1.4 
24 3.48 -+ 1.2 85.5 --- 1.1 
48 5.2 --- 0.82 82.5 -+ 1.8 
72 5.48 --- 1.1 82 -+ 0.6 

The drug-LDL complex containing elliptinium oleate 
was stored into plasma at 37 °. Aliquots were removed at 
the times shown for drug quantitation by HPLC. 
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Fig. 3. Binding, uptake and degradation of [~25I]OL-NME 
by normal skin fibroblasts. Cells were seeded in dishes as 
described in Materials and Methods. At the beginning of 
the experiment, the medium was replaced with 1 mL of 
medium MEM containing 5% LPDS and the indicated 
concentrations of [125I]OL-NME-LDL (186cpm/ng pro- 
tein LDL) either in the absence or presence of 40-fold 
excess of OL-NME-LDL. After incubation at 37 ° for 4 hr, 
the medium from each dish was removed. Its content of 
acid-soluble material ([~) was measured, and the amount 
of [125I]lipoprotein bound to the cells (&) and cellular 
uptake (11) were determined. The results were calculated 
by subtracting the cpm in the presence of OL-NME-LDL 
from that obtained in the absence of OL-NME-LDL. The 
values are representative of three experiments and are the 

mean of duplicate dishes from one experiment. 

modified by the incorporat ion process of drug within 
1 2 5  L D L ,  we used [ I ]acetyl -LDL as a model  of  chemi- 

cally modified LDL.  
The data in Fig. 5 shows that the O L - N M E - L D L  

particles are taken up and degraded by the freshly 
isolated peri toneal  macrophages at a rate similar to 
that of  native LDL.  Moreover ,  [125I]acetyl-LDL was 

A 8OO 

# 

100 200 300 4 0 0 "  500 " 600 
LDL native ( lag protein / rnl ) 

Fig. 4. Competition assays between [125I]OL-NME-LDL 
and native LDL. Normal skin fibroblasts were seeded as 
described in Materials and Methods. Each dish received 
15 ~g of [125I]OL-NME-LDL together with the amount of 
native LDL (non radioactive) shown on the abscissa. After 
4 hr of incubation at 37 °, the medium was removed and the 
~25I-labeled acid-soluble content (I-1), the cellular uptake 
(11) and the [125I]lipoprotein bound to the cells (A) deter- 
mined. Each point represents the mean triplicate 

determination. 

taken up and degraded by the cells three times more  
than native L D L  or O L - N M E - L D L  complex. 

This data suggest that O L - N M E - L D L  complex 
presents similar metabol ism with native L D L  and 
are not  recognized as chemically modified by the 
mouse peri toneal  macrophages.  

Cellular accumulation of OL-NME in L1210 cells 

O L - N M E - L D L  was stable in the culture medium 
at 37 ° for 4 hr with no evidence of complex dis- 
sociation. Cellular uptake of  9 - O H - N M E  proceeded  
rapidly and approached equil ibrium by approxi- 
mately 30 min. In contrast,  the cellular uptake of  
O L - N M E  proceeded slowly and to a lesser extent  
than 9 -OH-NME.  It is of note  that no 9 - O H - N M E ,  
the hydrolysis product of O L - N M E ,  appeared during 
the 4 hr of experiments.  When  O L - N M E  is del ivered 
to the cells via the L D L  complex,  the rate of  incor- 
porat ion of the O L - N M E  is higher than the rate 
observed with the free drug. On  the o ther  hand we 
notice a high intracellular level of 9 - O H - N M E .  

This indicated that the degree of intracellular of 
O L - N M E  metabol ism differed markedly regardless 
of whether  free drug or  the complex was used. 

Cytotoxic activity of OL-NME-LDL complex 

To demonstra te  the possibility of the growth 
inhibitory effect of  O L - N M E - L D L  complex,  L1210 
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Fig. 5. Degradation (A) and accumulation (B) of 
[125I]native LDL, [12SI]acetyl-LDL and [12sI]OL-NME- 
LDL by mouse peritoneal macrophages. Cells were incu- 
bated with 1 mL of DEME medium containing the indicated 
concentrations of either [z25I]native LDL (159 cpm/ng pro- 
tein LDL) (D), or []25I]OL-NME-LDL (153 cpm/ng pro- 
tein LDL) (11), or []2SI]acetyl-LDL (157cpm/ng protein 
LDL) (&), for 4 hr at 37 °. The amount of IzSI-labeled acid- 
soluble material in the medium (A), and the amount of 
[12SI]lipoprotein in the cells (B) were determined (see 
Materials and Methods) in duplicate dishes. Results shown 

are representative of two experiments. 

cells were incubated with 9-OH-NME, free OL- 
NME and LDL containing OL-NME (Fig. 6). OL- 
NME-LDL was more effective than OL-NME, 
whereas the native 9-OH-NME was as effective as 
the OL-NME-LDL complex. 

The ID50 of the drug fell from 10 -6 to 5 x 
10-SM when transported within LDL, illustrating 
the ability of the lipoprotein to potentiate the action 
of this drug. The native LDL in the same LDL 
protein concentration range, had no effect on the 
cell growth. When we added increasing quantities of 
LDL to LPDS supplemented medium which contains 
the OL-NME-LDL complex (19 #g/protein LDL) 
(Fig. 7), the cytotoxic effect was continuously 
reduced and reached about 120% level of cell 
growth. In the same conditions, increasing quantities 
of methylated LDL, which were unable to bind them- 
selves to the LDL receptor, had no effect on the 
drug-LDL complex cytotoxic effect. 

This data supports the hypothesis of a receptor 
mediated cytotoxicity of OL-NME-LDL complex. 

DRUG CONCENTRATION ( M ) 

Fig. 6. L1210 cells growth inhibition assay with OL-NME- 
LDL compared to free OL-NME and free OH-NME. The 
cells (6000 cells/mL) were incubated in 5% LPDS sup- 
plemented medium with various concentrations of OL- 
NME within LDL complex (El), free OL-NME (A), and 
free 9-OH-NME (x). The ceils were sampled after 5 hr 
incubation at 37 °, followed by washing with PBS, and 
incubated for 6 days and counted. Each point is the mean 

of triplicate tubes in two experiments• 
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Fig. 7. Cytotoxic effect of the OL-NME-LDL complex in 
the presence of increasing quantities of native LDL or 
methylated LDL. L1210 cells were incubated at 37 ° with 
OL-NME-LDL (19 #g protein LDL) and increasing quanti- 
fies of native LDL (11), or methylated-LDL (N). The cells 
were sampled after 5 hr incubation and followed by washing 
twice with PBS and counted after 6 days incubation as 

described Fig. 5. 

D I S C U S S I O N  

The LDL particle provides several sites for the 
insertion of drug molecules, depending on their lipid 
solubility. The cote is by far the best site, since 
chemically sensiti~,e drugs sequestered there would 
be well protected from serum hydrolases and from 
the potentially damaging effects of an aqueous 
environment. Furthermore, the core has the capacity 
to store a large number of drug molecules. However, 
only very hydrophobic agents are suitable for 
inclusion in this domain. A second site for drug 
intercalation is the phospholipid monolayer. Agents 
which have both polar and lipid soluble components 
may partition here, between the apolar core and the 
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aqueous environment, but in this location, they are 
less well protected from serum hydrolases and water 
and, further, may be able to stimulate the immune 
system to remove the drug-LDL complex from the 
circulation. 

In order to approach the natural structure of the 
lipoprotein core, we report the synthesis of lipophilic 
elliptinium derivatives which can be incorporated 
into LDL. It was not possible to incorporate 9-OH- 
NME, since immediate aggregation of LDL occurred 
at several concentrations of the drug. 

Our attempts focused on linking a fatty acyl chain 
to the OH-9 position of elliptinium, and neutralizing 
the permanent charge on nitrogen-2 position with 
the same free fatty acid as counter-ion. So we formed 
a pair of ion (9-acyl-elliptinium/free fatty acid), glo- 
bally neutral, able to be inserted into the LDL lipid 
core. Among the three elliptinium-esters used, the 
OL-NME was the most potent and led to the highest 
incorporation rate (83/~g OL-NME/mg protein 
LDL). These data indicate that the nature of the 
fatty acid is of importance for the incorporation rate 
of drug into LDL. It is of interest to notice that oleic 
acid is the major fatty acid of the cholesterol-ester 
in the LDL lipid core. 

At storage at 37 ° in the presence of human serum, 
a low portion of the drug within LDL complex was 
degraded over the first 24 hr. Thereafter hydrolysis 
was much less significant and remained constant over 
the 72 hr of the test. This suggests the possibility that 
OL-NME molecules are located both on the surface 
and in the core of the LDL particle. Assuming that 
this deduction is correct, core-located drug molecules 
would be protected from the aqueous environment 
and from the serum hydrolases. 

The incorporation level obtained was close to 70 
molecules/LDL particles which represent about 10% 
of the cholesterol ester molecule content of the LDL 
lipid core. It is likely that changes in the content of 
the core of a lipoprotein can affect the chemical and 
physical properties of the lipoprotein surface [27-31] 
thereby modifying the interaction of apolipoprotein 
B with the LDL receptor. For example, con- 
formational changes in apolipoprotein B around the 
receptor-binding domain or an unmasking or 
exposure of lysine residues that may be important in 
receptor binding might result from modification of 
the lipoprotein core. It is possible that such con- 
formational changes might expose more lysine on 
the surface of the lipoprotein, thereby permitting 
more electrostatic interaction with negatively 
charged regions of the ligand-binding domain of the 
LDL receptor. 

When the elliptinium-esters were incorporated 
into dimyristoylphosphatidylcholine stabilized 
microemulsions and the latter fused with LDL [14] 
the physical properties of the drug-LDL complexes 
were identical to native LDL. The data of size distri- 
bution particles shows that the complex is of equal 
size as native LDL and that the presence of micro- 
emulsions, of greater size, was not observed, 
assuming the purity of the complexes. On the other 
hand the OL-NME LDL retain identical elec- 
trophoretic mobility on 1% agarose gel electro- 
phoresis and immunological properties against an 

anti apolipoprotein B antibody, as native LDL (data 
not shown). 

Then, the OL-NME-LDL particles are essentially 
identical to native LDL as their ability to be specifi- 
cally incorporated and degraded by normal human 
skin fibroblasts and mouse peritoneal macrophages. 
[125I]Acetyl-LDL were used as a probe for a binding 
site on macrophages that mediated the uptake and 
degradation of chemically altered or denatured LDL. 
In addition to LDL receptors, macrophages possess 
scavenger receptor that recognize certain modified 
forms of LDL [32]. 

The present study is a supplementary finding, 
showing that apo B of the LDL retains its native 
conformation when the drug is incorporated by the 
procedure described above. This suggests that the 
clearance of an adequately prepared OL-NME-LDL 
by macrophages could be similar to that of native 
LDL. The LDL receptor-mediated endocytosis of 
cytotoxic drug-LDL might provide distinct advan- 
tages over the trapping of antineoplastic drugs in 
liposomes. The main reasons for this statement are 
that liposomes are subjected to destruction by blood 
components, primarily by lipoproteins [33] and to a 
fast clearance from the circulation by the reticulo- 
endothelial system [34]. 

In this study, we have selected, as the experimental 
materials, the L1210 mouse leukemia cells who obey 
to the quantitative growth laws in mice as well as in 
in vitro culture [35]. It has also been previously 
reported that 9-hydroxy-N2-methyl ellipticinium 
inhibits the in vitro growth of these cells [4]. 

In the experiment showing the growth-inhibitory 
effect of OL-NME-LDL complex, free OL-NME 
and 9-OH-NME on the L1210 cells, we have 
observed no difference in the cytotoxic effect be- 
tween OL-NME-LDL complex and free 9-OH- 
NME. In contrast, OL-NME was less cytotoxic. 
Investigations reported in the literature suggest that 
the quaternarization of nitrogen in the pyridinic ring 
(ellipticinium series) does not modify markedly 
either the cytotoxicities of the drugs or the slope of 
their dose-activity relationship [36]. These obser- 
vations suggest that the positive charge of the ellip- 
ticinium derivatives does not modify their 
permeation when compared to the ellipticine deriva- 
tives and is not directly involved in the target-drug 
interaction. They also indicate that the improvement 
of the therapeutic efficiency of the ellipticinium com- 
pounds as compared to other ellipticines is very 
probably due more to favourable pharmacokinetics 
and biodisposition parameters rather than to a higher 
killing efficiency towards the malignant cells. As 
already described, the occurrence of a substitution 
in the 9-position seems to be critical in order to 
improve the cytotoxic and antitumor effects of ellip- 
ticines [10]. These observations explain that the low 
cytotoxicity of OL-NME is related to the low meta- 
bolic intracellular transformation of OL-NME. 
When OL-NME is incorporated within LDL, the 
drug-LDL complexes were degraded in lysosomes 
with subsequent release of the 9-OH-NME, illus- 
trating the importance of the 9-OH substitution with 
respect to the occurrence of cytotoxic properties and 
the ability of the lipoprotein to potentiate the action 
of this cytotoxic drug. 



LDL for eUiptinium-esters targeting 

Table 3. Intracellular levels of 9-OH-NME and OL-NME (±SD, N = 4) following treatment of L1210 cells 
with identical concentration (1.2 x 10-SM) of 9-OH-NME, OL-NME and OL-NME-LDL 
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Free 9-OH-NME Free OL-NME OL-NME-LDL 

Intraceilular drug Intracellular drug Intracellular drug 
mol/106 cells ( x 108) mol/106 ceils ( × l0 s) mol/106 cells ( × 108) 

Time 
(min) 9-OH-NME 9-OH-NME OL-NME 9-OH-NME OL-NME 

0 0 0 0 0 0 
30 0.48 - 0.5 0 0.097 --- 0.03 0.038 --- 0.03 0.094 --- 0.02 
60 0.44 --- 0.67 0 0.105 ± 0.03 0.057 --- 0.01 0.111 ± 0.05 

120 0.45 --- 0.3 0 0.112 - 0.01 0.075 --- 0.03 0.123 - 0.03 
180 0.45 ± 07 0 0.134 ± 0.02 0.098 ± 0.02 0.167 - 0.07 
240 0.435 ± 0.6 0.003 0.135 ± 0.04 0.119 ± 0.04 0.181 ± 0.03 

This present  study demonstra tes  that cytotoxic 
drugs can be modified,  incorporated into L D L  and 
selectively del ivered to cells by L D L  receptors in 
vitro. It  also demonst ra tes  the possibility of  L D L  to 
be carriers of  cytotoxic derivatives,  acting as a pro- 
drug which could be  activated intracellularly by the 
lysosomes enzyme activity. Studies are now in pro- 
gress to investigate the in v ivo  fate of  the O L - N M E -  
L D L  complex and to see if the drug can be targeted 
to malignant  cells via the high affinity L D L  receptor  
pathway in v ivo .  
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