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ABSTRACT

The effects of /V-benzyladriamycin-14-valerate (AD198) and
A/,A/-dimethyladriamycin-14-valerate(AD199), two novel lipophilic
A/-alkyl derivatives of Adriamycin (ADR), on cell growth and cell

cycle distribution were investigated in L1210 cells grown in
suspension. Following a 1-h exposure to the drug levels selected,

growth inhibition was noticeable in all cultures for most or all of
the observation period of 96 h. With flow cytometry, an asyn
chronous cell population was measured with respect to cellular
DNA, RNA, and light scatter (size) properties following a 1-h
incubation with the various ADR analogues. In addition, flow
cytometric techniques were utilized to determine whether drug
treatment altered the sensitivity of DNA in situ to acid-induced
denaturation or to binding by small DMA-intercalating dyes. Un
like the parent compound ADR or its DNA-nonbinding derivative
/v-trifluoroacetyladriamycin-14-O-hemiadipate (AD143), the W-al-

kyl derivatives AD198 and AD199 only slightly affected L1210
cell cycle traverse over the first 5 h posttreatment. However, by
24 h, AD199 (0.62 /Â¿g/ml)caused an S- and G2 + M-phase

accumulation which became more dramatic at 48 and 72 h.
AD198 (3.27 ng/m\) also caused an accumulation of cells pre
dominantly in G2 + M phase at longer culture times (48 to 96 h).
The two half-substituted congeners W-benzyladriamycin (AD288)
and A/,A/-dimethyladriamycin (AD280) affected L1210 cell cycle

traverse over a similar time scale at concentrations of 12.3 and
4.17 Â¿ig/ml,respectively. AD280 blocked cells in GÃ¬and G2 + M
whereas AD288 caused predominantly a G2 + M accumulation.
While neither ADR nor AD143 interfered appreciably with binding
and fluorescence of the intercalating dye acridine orange, all of
the W-alkyl analogues tested reduced the fluorescence signal of
acridine orange-stained L1210 cells by 26 to 60%. This effect
lasted, with decreasing intensity, for at least 48 h following a 1-
h exposure to the drugs. In addition, while ADR appeared to
stabilize DNA in situ against acid-induced denaturation, all A/-

alkyl derivatives, to varying degrees, tended to increase DNA
denaturability. Thus alkylation at the glycoside amine combined
with the lipophilic 14-valerate side chain function accounts for
several new biochemical and biological properties of AD198 and
AD199, relative to ADR. These include: (a) drug association with
DNA which is at variance with ADR-DNA binding and results in

condensation and destabilization of chromatin structures; and
(b) irreversible accumulation of cells in S and G2 + M (AD199) or
in G2 + M (AD198) of delayed onset when compared with ADR.
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INTRODUCTION

While the biological characteristics of the anthracyclines ap
pear to lie with their chromophores, variation of the glycoside
moiety may lead to additional new biological properties based
on drug binding to macromolecules, distribution within the cell,
and altered metabolism of the compound. This contention seems
to be supported by the significant change in activity of ADR3

analogues modified at the glycoside amine function by acylation
and at the 14 position of the anthracycline A ring by a valerate
or 0-hemiadipate substitution (see Table 1 for chemical formulae

and abbreviations of the compounds). The trifluoroacetamide
derivatives AD32 and AD143 have shown significant differences
when compared to their parent structure ADR; both analogues
fail to intercalate into or bind by any other mechanism to DNA
(1-4), show cytoplasmic rather than nuclear fluorescence (5-7),
and are rapidly metabolized in drug-exposed cells (8-10). Both
A/-trifluoroacetyl analogues are presently undergoing preclinical

and clinical evaluation. The results of testing indicate discernible
advantages of the two compounds over their prodrug, ADR (9,
11-14).4

Further modification of the glycosidic function by alkylation
results in /V-alkyl and A/,A/-dialkyl analogues, of which AD198 and

AD199 are currently of particular interest (15). These analogues
include a lipophilic side chain in addition to /V-substitution; thus
they are structural derivatives of the simple A/-alkyladriamycin
analogues AD288 and AD280, respectively. AD288 and AD280
were first prepared and studied by Tong ef al. (16). Reported
data for AD288, confirmed in our laboratories, show that its
activity against murine P388 leukemia in vivo is comparable to
that of ADR; similar results have been obtained using the L1210
murine leukemia (17). AD198, however, has a dramatic increase
in in vivo activity against the two murine tumor systems (15,17).
This analogue is potentially important from a drug developmental
point of view. The other compounds, AD199 and AD280, have
more potent growth-inhibitory effects than does ADR in vitro,

yet their in vivo antitumor activity against P388 is, at best,
equieffective with ADR.5

The major purpose of the present study was to characterize
the in vitro effects of the four analogues of ADR on cell growth
and cell cycle progression and to determine the differences in

'The abbreviations used are: ADR, Adriamycin; AD143, W-trifluoroacetyladria-
mycin-14-O-hemiadipate; AD198, W-benzyladriamycin-14-valerate; AD199, W,A/-di-
methyladriamycin-14-valerate; AD280, N,/V-dimethyladrÂ¡amycin; AD288, W-benzyl
adriamycin; AD32, W-trifluoroacetyladriamycin-14-valerate; AO, acridine orange;
LD,o, dose at which the clonogenic efficiency of a cell line decreases by 10%; LDM,
dose at which the clonogenic efficiency of a cell line decreases by 50%; PI,
propidium iodide.

4 M. Potmesil, M. Israel, S. Kirschenbaum, J. Bowen, and R. Silber, submitted

for publication.
5 M. Israel and R. Seshadri, unpublished results.
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EFFECTS OF NEW A/-ALKYL ANTHRACYCLINES ON CELL CYCLE KINETICS

biological properties between the compounds with and without
the 14-valerate substituent, relative to the parental drug, ADR.
A 1-h incubation time has been selected, followed in some
experiments by post-incubation in drug free medium. Such ex
perimental protocols may approximate the situation following an
i.v. bolus injection of ADR, i.e., an initially high plasma level
followed by a rapid decrease within 1 h (18,19).

MATERIALS AND METHODS

Cell Line

Mouse leukemia L1210 cells were grown in Fischer's medium with

10% heat-inactivated horse serum and 1% Pen-Strep (Grand Island

Biological Co., Grand Island, NY) as described earlier (20). Cells in
exponential growth phase were used for the experiments.

Drug and Drug Treatments

AD198 and AD199 were prepared from ADR-14-valerate and AD280

and AD288 were prepared from ADR by two different procedures. The
synthesis included either direct alkylation using the corresponding alkyl
in the presence of Methylamine or the less satisfactory reductive ami-

nation route using benzaldehyde or formaldehyde in the presence of
sodium cyanoborohydrate (16). All products were purified to homoge
neity, as determined by thin-layer and high-performance liquid chroma-

tography, and each was fully characterized by strict chemical criteria,
including microchemical analysis and IR, UV, and nuclear magnetic
resonance spectra. Complete details of the synthesis and physical prop
erties are provided elsewhere (15). AD143 was prepared and tested
according to the patent specification (21).

For in vitro studies, all compounds were dissolved in Diluent 12
(polyethoxylated castor oihethanol; Pharmaceutical Resource Branch,
Division of Cancer Treatment, National Cancer Institute) and diluted with
saline to 1:5. ADR (NSC 123127; Farmitalia Cario Erba, Milan, Italy) was
dissolved in 0.15 M NaCI. All stock solutions were protected from light
and stored in the freezer. Suspensions of 106 cells/ml in Fischer's medium

with 1% heat-inactivated horse serum were incubated with various
concentrations of the drugs or with solvent (controls) for 1 h at 37Â°Cin
humidified air:8% CO2 and washed twice with fresh medium at 2Â°C.

Some treated or control aliquots were incubated in a drug free medium
at 37Â°C in air:CO2, with the initial density of 7 x 104 cells/ml. Cell

proliferation was monitored by counting the cells excluding trypan blue
at various time intervals through 96 h posttreatment. Relative cell num
bers were expressed as the increment or decrement of 1.0 (=initial cell

density). In some experiments, exponentially growing cells were treated
with vinblastine sulfate, 0.05 /ig/ml, at 37Â°Cfor 5 h.

Cytokinetic Studies

DNA versus Light Scatter. Aliquots of drug-treated or control cells,
suspended in 1 ml of Fischer's medium, were added dropwise to 9 ml

of ice-cold 70% ethanol or to acetone:70% ethanol (1:1) and stored at
2Â°Cfor several days. Ethanol-fixed cells were treated with 103 units of
RNase A (Worthington Biochemical Corp., Freehold, NJ) in Hanks' bal
anced salt solution (pH 7.0) at 37Â°Cfor 30 min, rinsed and stained with

PI (40 fig/ml) (Calbiochem-Behring Corp., La Jolla, CA) in phosphate-

buffered saline for 30 min (22). Flow cytometric analysis of cell DNA
content and light scatter properties were performed on an Ortho System
50H flow cytometer/sorter (Ortho Diagnostic Instruments, Westwood,
MA) interfaced to an Ortho 2150 microcomputer (Ortho Diagnostics).

DNA versus RNA Staining. The procedure has been described in
previous publications (23-26). The technique for simultaneous assess

ment of DNA and RNA uses unfixed cells which are first exposed to 0.08
N MCI, 0.15 M NaCI, and 0.1% Triton X-100. The detergent permeabilizes

the cells and dissociates chromatin proteins. After 30 s, cells are stained

with AO (6.0 Â¿ig/ml;Polysciences, Warrington PA) dissolved in 0.2 M
Na2HPO4:0.1 M citric acid buffer (pH 6.0), containing 1 mM EDTA. The
green (DNA) and red (RNA) fluorescence emission of individual cells was
measured using an FC-200 flow cytometer (Ortho Diagnostics) interfaced

to a Nova 1220 minicomputer (Data General Corp., Southboro, MA).
Interactive computer analysis was used to obtain mean values Â±SD.
Computer-drawn displays as shown in Chart 1 were obtained with a
Tektronic 4010-1 graphics terminal (Tektronix, Inc., Beaverton, OR).

Acid Denaturation of Chromatin in Situ. Cells fixed with a mixture of
acetone:70% ethanol solution were resuspended in 1 ml of Hanks'
balanced salt solution with 103 units of RNase A (Worthington) and
incubated for 1 h at 37Â°C.Aliquots (0.2 ml) with approximately 4 x 105

cells were then mixed with 0.5 ml of a 0.2 M KCI:HCI buffer (pH 1.5) at
20Â°C.After 30 s, 2.0 ml of a 4-Mg/ml AO solution in 0.1 M citric acid:0.1

M Na2HPO4 buffer (pH 2.6) were added (23). The resulting red and green
fluorescence of cells stained with AO under these conditions represented
the stainability of denatured (single-stranded) and native (double-

stranded) DNA, respectively (23). The degree of denaturation can be
expressed by the parameter a, which represents the ratio of red fluores
cence (single-stranded DNA) to red plus green fluorescence (single plus
double-stranded DNA). The greater the a, value, the greater is the

sensitivity of DNA in situ to denaturation and the more condensed is the
chromatin (23).

RESULTS

Growth Inhibition of Cultured Cells. The selection of various
drug concentrations used throughout the experiments was
based on growth inhibition data shown for CCRF-CEM cells in

Table 1 (Column 6). In the L1210 clonogenic assay in vitro, the
drug doses selected were generally less than the LDso or LD10.6
In addition to being biologically relevant (see "Discussion"), such

drug doses allow one to determine the effect of the drugs on cell
cycle kinetics without cell death becoming a major consideration.

L1210 cultures were split, and the treatment of aliquots with
ADR or analogues was followed by growth in culture in a drug-
free medium for 5 to 96 h. The effects of the various drugs on
cell growth are shown in Table 2. In control cultures (no drug
treatment), the cell population size reached its peak at 48 h and
remained stationary thereafter. At the drug levels selected,
growth inhibition was noticeable in all cultures for most or all of
the observation period. Certain differences, however, were ap
parent. AD143 had only a short-lasting effect such that L1210

cell growth resumed 48 h posttreatment, reaching cell densities
comparable to those in untreated cultures. A significant decline
in cell number was observed at 72 h following exposure to
AD199. At 96 h, no cells could be detected in these cultures
(Table 2). At this time interval, the growth inhibition was less
apparent in cultures pretreated with AD280 and AD288.

Cell Cycle Distribution. The cytokinetic effects of A/-alkyl
anthracyclines AD198 and AD199 differed considerably from the
effects exerted by the parent compound ADR or by the N-

trifluoroacetyl derivative AD143. It is clear from flow cytometric
analysis of cell cultures stained with PI that both W-alkyl ana

logues, at dose levels shown (Table 3), only slightly affect cell
cycle traverse over the first 8 to 12 h. Alternatively both ADR
and AD143 increased the number of cells in G2 + M (both agents)
rand in S phase (ADR) within 8 h (Table 4). Maximum changes
induced by AD143 have been registered at 8 h posttreatment;
at >24 h (not shown), the cell cycle distribution returned to

' M. Potmesil,unpublishedobservations.
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EFFECTS OF NEW A/-ALKYL ANTHRACYCLINES ON CELL CYCLE KINETICS

Table 1
N-Trifluoroacetyl and N-alkyl analogues of Adriamycin: chemical formulas, abbreviations or code numbers, and effectiveness against CCRF-CEM cells in culture

0 OH
T^X^oi To

CH-jO

/N\R,
R2NameAdriamycin

(doxorubicin)
N-Trifluoroacetyladriamycin-14-valerate
W-Trifluoroacetyladriamycin-1 4-O-

hemiadipate
W-Benzyladriamycin-1 4-valerate
A/,A/-Dimethyladriamycin-1 4-valerate
W-Benzyladriamycin
W,W-DimethyladriamycinAbbreviationADR

AD32
AD143AD198

AD199
AD288
AD280R,H

COCF,
COCF3CH2CÂ«HS

CH3
CH2C.H5
CH3RaH

H
HHCH3

H
CH3R3H

CCKCHlfcCOOHH

HIDÂ«,

(MM)*0.066

0.24
0.311.00.02

0.5
0.17

'' lDSU,median inhibition dose, established using actively growing CCRF-CEM cells at densities of 5 x 105 cells/ml. Tested compounds, dissolved in dimethyl sulfoxide
were diluted with culture media (1% dimethyl sulfoxide final concentration) and incubated with cells at various concentrations at 37Â°Cfor 48 h in a humidified atmosphere

(95% air:5% CO2). Cell counts were established in a model F Coulter Counter, and growth inhibition was calculated using control cultures incubated with 1% dimethyl
sulfoxide but no drug (11).

Table 2

Drug effects on cell growth

DrugControl

ADR
AD143AD

198
AD199
AD288
AD280Con

cen
tration

kg/ml)"1

6212.80

3.27
0.62

12304
17Cell

counts"5h2.2

Â±1.1e

08Â±031
.4 Â±0.8

1.1 Â±0.3
1.1 Â±0.3
1.1+0.209

Â±0124

h4.1
Â±1.9"

06Â±021.9
+ 0.4

1.0 Â±0.5
1.1 Â±0.8
1.0 Â±0.206Â±0248h6.3

Â±2.2"

10 +032.2
Â±0.6

2.1 Â±1.6
0.9 Â±0.6
2.7+1.515

+ 114.30672

hÂ±1.1"

+f)ÃŸ4.0
Â±0.9"'

1.7 Â±0.7
0.3 + 0.1"
2.2+1.208+

044.1

038
3.0

1.5
0.02.41

296hÂ±0.7"

+03Â±0.5d-8

Â±0.4+

0.7"+
02"

* Exposure for 1 h at 37Â°C. Drug concentrations are based on IDÂ»(Table 1)

established in preliminary experiments.
6 Cells without treatment (controls) or treated cells were postincubated in drug-

free medium at an initial density of 7 x 104 cells/ml (=1.0). Cells were counted at

the indicated time intervals, using 3 to 11 independent experiments. Counts are
shown as increases (>1.0) or decreases (<1.0) of initial cell density. For more
details, see "Materials and Methods."

c Mean + SD.
" P values for differences between cell counts and the initial (5-h) cell density

are significant (P < 0.01).
8 At the time interval shown, P values for differences between cell counts in

drug treated and control (untreated) samples are not significant (P > 0.05).

normal control values. ADR, on the other hand, caused a contin
ued late S phase and G2 + M accumulation which peaked at
about 24 h and remained relatively constant at longer culture
times (Table 5; Chart 1).

A long-term follow-up of treated cells (24 to 96 h post-drug

exposure) showed that at 24 h AD199 caused an S and G2
phase accumulation which became more dramatic at 48 h (Table
5; Chart 1). At 72 h and later, cells stopped dividing and their
counts dropped below a measurable level (Table 2). AD198
caused a G2 + M block which increased with time and reached
its maximum at 72 to 96 h (Table 5; Chart 1). Once again, the
drug effectively stopped cell proliferation (Table 2). AD280
caused a G, and G2 + M phase block, while AD288 blocked the
cells in G2 + M (Table 5; Chart 1).

Tables
Short-term effects ofAD19SandAD199 on cell cycledistributionCell

cycledistributionTime

<hf0481224Phase"G,

S
Gz +MGÃ¬SGS

+MQisGz

-i-MGÃ¬SG2

+MGÃ¬S

G2 + MControl48.5

39.5
12.047.6

36.9
15.553.5

30.0
16.555.9

32.9
11.247.3

36.5
16.2ADR

<1.62â€žg/ml)49.7

38.4
11.944.9

39.4
15.730.2

45.0
24.812.5

43.7
43.82.7

7.1
90.2AD

198
(3.27MQ/ml)46.7

40.6
12.745.2

40.2
14.639.4

43.8
16.827.5

48.9
23.619.8

48.9
31.3AD199

(0.62itg/mi)47.2

39.9
12.948.1

38.2
13.740.8

42.2
17.034.2

48.5
17.337.4

41.2
21.4

" Length of time in a drug-free culture, following a 1-h drug exposure,
b Cell cycle phase distribution was calculated from DMA histograms by interac

tive computer analysis. Each value is the mean of two experiments.

Light Scatter Measurements: Cell Size. Forward angle light
scatter measurements are generally thought to be proportional
to cell size (27). In control cultures, cell size, as monitored by
light scatter, paralleled the growth kinetics of the culture. As the
cell number in the culture increased (48 h), the light scatter signal
reached a plateau and began to decrease slightly at longer
culture times (not shown). Since all the drugs tested caused an
accumulation of cells in G2 + M phase, the light scatter properties
of this population were compared with that of the G2 + M
population of the equivalent control (Table 6). Selecting a single
cell cycle compartment for comparison reduces the bias inherent
in trying to compare a cell distribution within a population con-
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EFFECTS OF NEW N-ALKYL ANTHRACYCLINES ON CELL CYCLE KINETICS

sisting of predominantly small Ci-phase cells (e.g., control cul
tures), with another population consisting of almost entirely G2-

phase cells (e.g., AD288 cultures) which would normally be twice
the size of G,-phase cells. By normalizing the scatter measure

ments to control values, several experiments could be combined
for analysis. In general, no substantial changes in size could be
observed following treatment with the various agents (Table 6).
However, there was a tendency toward increased light scatter
of ADR-treated cells whereas AD143 had no effect, and the

other analogues tended to reduce the light scatter with time.
Drug-induced Decreased DMA Fluorescence. Staining of

unfixed, permeabilized cells with intercalating dyes may be af
fected by treatment of cells with agents which bind to DMA (28).
Under the staining conditions used to differentially stain DNA and
RNA with AO, the AO green fluorescence, which is normally
proportional to DNA content, was decreased to varying degrees
following a 1-h exposure of cells to A/-alkyl analogues of ADR.

AD143, which does not bind to DNA, not unexpectedly had no

Table 4
Short-termeffects of AD143 on cell cycle distribution

Cell cycledistributionTime

(h)"Phase"0

GÃ¬
SGz

+M4

G,
S
Gz +M8

G,
S
Gz +M12

G,
S
Gj +M24

G,
S
Gz + MControl48.7

42.4
8.944.6

48.2
7.249.4

36.4
14.251.9

33.4
14.750.6

37.7
11.7ADR

<1.62Mg/ml)48.2

41.5
10.329.4

58.5
12.17.767.3

25.03.147.5

49.40.8

13.9
85.3AD143

(12.80,/g/ml)47.9

42.69.532.6

53.8
13.628.8

38.6
32.649.1

30.9
20.043.6

35.7
20.7

" Length of time in a drug-free culture, following a 1-h drug exposure.
6 Cellcycle phasedistribution was calculatedfrom DNAfluorescencehistograms

by interactive computer analysis. Each value is the mean of two experiments.

effect on AO green fluorescence (Chart 2). ADR, a known
intercalating agent, slightly reduced AO green fluorescence im
mediately after removal of the drug and resuspension of cells in
drug-free medium (Chart 2). This effect disappeared by 8 h (Chart

2). When cells were exposed for 1 h to AD198, AD199, AD288,
or AD280, the intensity of the resultant green fluorescence
significantly decreased compared to non-drug-treated control

cell cultures which served as a reference (Chart 2). The intensity
of fluorescence gradually increased with time in culture in drug-
free medium yet still remained substantially lowered 48 h after
exposure to the /V-alkyl analogues.

Drug Effects on Chromatin Stability to Acid Denaturation.
The parameter a, (see "Materials and Methods") reflects the

sensitivity of chromatin in situ to acid denaturation (23). Since
the interaction of DNA-binding agents with DNA in situ may lead

to alterations in the chromatin of exposed cells (29), we have
measured the degree of acid-induced DNA denaturation following

drug treatment. Again since drug treatment tended to result in
cell accumulation in G2 phase (Chart 1), the a, values listed in
Table 7 were calculated solely for that cell cycle compartment.
All values were normalized to that of the control culture. A
vinblastine-treated control culture was used to determine the a,

value for highly condensed mitotic cells which have approxi
mately 40% higher a, values than do G2 cells. At 0 h posttreat-

ment, the cells appeared to have increased a, values, especially
following treatment with the A/-alkyl analogues (Table 7). By 24
h, ADR-treated cells showed a decreased a, value while the cells

exposed to AD198 or AD288 appeared normal. The increased
a, values of AD199- and AD280-treated cells, observed at 24 h,

persisted to 48 h only in the case of AD199. Cells exposed to
AD198 or AD288 demonstrated slightly diminished a, values by
48 h while the a, of ADR-treated cells had greatly diminished. It
should be noted that the mitotic cell-depleted G2 population in
vinblastine-treated cultures had a slightly lowered a, value com

pared to control populations (Table 7).

DISCUSSION

The data presented in this study provide information on some
aspects of the structural and functional relationship concerning
several new analogues of ADR. The ratio of various drug con-

Table 5
Long-term effects of drugs on cell cycle distribution

Cell cycledistributionTime

(hfPhase"24

G,
SGZ

+M48

G,
S72

G,
S96

G,
S
Gz + MControl48.2

Â±3.4e

40.6 Â±3.4
11.0 +3.254.4

Â±3.6
36.7 Â±4.8
9.1 Â±3.257.6

Â±7.0
34.7 Â±5.8
7.6 Â±0.558.6

34.1
7.4ADR5.3

Â±1.6
39.3 Â±17.1
54.0 Â±16.913.2

Â±8.0
32.1 Â±11.9
54.4 Â±12.116.5

Â±7.6
33.6 Â±12.6
50.8 Â±10.716.8

36.5
46.8AD

198
(3.27â€žg/ml)33.5

Â±6.5
34.5 Â±7.4
31.9Â±8.116.5

Â±7.8
22.3 + 8.1
61.1 Â±10.918.3

Â±7.3
17.1 Â±3.2
64.3Â±10.212.1

13.0
75.1AD199

(0.62â€žg/ml)14.8

58.6
26.514.6

44.8
40.60.0

0.0
0.00.0

0.00.0AD2883.5

15.8
80.73.1

4.8
92.12.4

4.5
93.11.8

4.3
93.9AD280

(4.17â€žg/ml)16.0

49.9
34.124.0

20.2
55.831.0

21.2
47.828.8

23.0
48.2

â€¢See Table 3, Footnotes a and b.
: Each value represents mean of two experiments, or mean Â±SD of three to four experiments.
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Chart 1. One-parameterDMAhistograms of
cells incubated with ADR (1.62 â€žg/ml).A0198
(3.27 â€žg/ml),AD199 (0.62 Mg/ml),AD288 (12.3
^g/ml), and AD280 (4.17 Â»ig/ml)for 1 h at 37Â°C
and postincubated in cell-free medium for var
ious times. Control cells were treated identi
cally, except for exposure to drugs. Each his
togram represents the PI red (DMA) fluores
cence distribution of 1.5 x 104cells (see "Ma
terials and Methods").

MO 4Â»Â»Â»â€¢â€¢PI (DNA) Fluorescence -~ l 2M Â«â€¢â€¢*â€¢â€¢ â€¢â€¢â€¢IM*

Table6
Long-term effects of drugs on light scatter (cell size) of GÃ¬phase cells

Concentratici
Drug(/tg/ml)ADR

AD143
AD198
AD199
AD288
AD2801.62

12.80
3.27
6.20

12.X
4.17nOh"0.98

Â±0.056

1.02
1.02 Â±0.07
1.03 Â±0.02
1.02 Â±0.08
1.03 Â±0.01G?

phase cell lightscatter24

h1.00

Â±0.09
1.00
0.98 Â±0.09
1.03 Â±0.17
0.86 Â±0.03
0.91 Â±0.0448

h1.01

Â±0.03
0.97
0.94 Â±0.03
0.98 Â±0.11
0.94 Â±0.05
0.95 Â±0.0372

h1.04

Â±0.06
1.00
0.95 Â±0.02
0.91 Â±0.05
0.94 Â±0.09
0.93 Â±0.09

* Length of time in a drug-free culture, following a 1-h drug exposure.
h Mean Â±BO.All valueswere normalizedto the light scatter of G?cells in control

cultures.

centrations used for our study was selected according to drug
growth-inhibitory effects on CCRF-CEM cells (Table 1). Since

the disposition studies of ADR have shown that its assumed
levels in human tumors could be low (20) and that this correlates
well with low drug levels measured directly in animal tumors (26-

31), selected concentrations of ADR analogues used in the
reported experiments were lower than their LDM or LD10 levels
measured by the clonogenic assay.6

We have learned from our previous studies on the AMrifluo-

roacetamide derivatives AD32 and AD143 that the initial meta
bolic event in humans, as well as in experimental animals, is the
loss of the 14-valerate moiety by the action of plasma and cellular
esterases (8-10, 26, 32, 33). The resulting metabolite preserves

the trifluoroacetamide and may very possibly be the biologically
active form of the compound. The 14-valerate side chain provides

for the lipophilicity of AD32 and could be responsible for an
enhancement of intracellular partitioning of the drug. When AD32
was compared to ADR, its cellular uptake was significantly
accelerated in CCRF-CEM, P388 and other cell lines (6, 7). In
L1210 cells, the uptake of AD32 was 2.4-fold more efficient, on
a MMbasis over an 1-h incubation period, than that of ADR (33).

Improved drug penetration, presumably due to the valerate acyl
function, constituted the rationale for synthesis of 14-valerate
derivatives of A/-alkylanthracyclines.

Several studies (34-38) have shown that the amino group of

the daunosamine plays an important role in the stabilization of
the anthracycline:DNA complex. This seems to depend both on
the charge of the sugar moiety and on the position of the basic
amino group. It has been recognized that W-acetyl (1,2,38) and
ribofuranoside (36) derivatives of ADR have substantially lower
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Table 8
Summaryof flow cytometric data"

sÂ«

Chart 2. Decreased fluorescence of AO green (DMA) fluorescence in cells
exposed to ADR (1.62 <ig/ml),AD143 (12.8 ^g/ml), AD198 (3.27 ><g/ml),AD199
(0.62 xg/ml), AD288 (12.3 >ig/ml), and AD280 (4.17 jig/ml). Following a 1-h
incubation, cells were washed, resuspended in drug-tree medium, and at the
indicated times stained with AO (see "Materials and Methods"). The intensity of

green fluorescence was measured in drug-treated cells (G, population) and ex
pressed as the percentageof green fluorescence in cells of the control. Eachpoint
represents the meanof two experiments.

Table 7
Sensitivity of chromatin in situ to acid denaturation

Drug"Control

Vinblastinec

ADR
AD198
AD199
AD288
AD280Concentration

(eg/ml)0.05

1.62
3.27
0.62

12.30
4.17Oh100.0102.3

110.1
106.2
104.6
107.2Gz

cella*24

h100.087.3

100.4
111.0
97.6

103.472

h100.0

96.4
80.7
96.4

106.9
91.5
99.5

* Exposure for 1 h at 37Â°C,except for vinblastine treatment which continued
for 5 h. As in preceding experiments, this was followed by cell incubation in drug-
free mediumfor the time intervals indicated.

" Parameter a, = red (denatured DNA) fluorescence/[red + green (double-

stranded DNA) fluorescence], expressed as the percentage of controls. In each
case except vinblastine treatment, the a, value was calculated only for G2 cells
selected on the basis of DNA content (i.e., green + red fluorescence).

cThe a, value of the vinblastine accumulated mitotic cells, normalized to G2

cells, was 139.3.

affinity for DNA than the parent drug. In accordance with this
conclusion, the alkyl substitution of the glycosidic amine could
also be expected to alter the binding properties of the resulting
products to DNA as a result of electronic and/or steric effects.
Among a series of A/-alkylanthracyclines synthesized in several
laboratories including ours, the four compounds selected for this
study represent in a systematic fashion mono- and di-A/-alkyl

ADR derivatives (AD288 and AD280), which are paralleled by
their more lipophilic A/-alkyl-14-valerates (AD198, AD199). Table

8 summarizes the results and also displays for comparison the
data obtained with an A/-trifluoroacetyl-14-O-acyl ADR analogue

(AD143) and with ADR itself.
The cytokinetic effects of the A/-alkyl derivatives of ADR de

scribed in this study are of interest from several viewpoints. Both
ADR and AD143, at the concentrations tested, had an almost
immediate effect on cell cycle traverse (Tables 3 and 4) while,
for the most part, the cytokinetic effects of the A/-alkyl derivatives

were not manifested until the second or third cell cycle following
a 1-h drug exposure (Table 5; Chart 1). Although the W-alkyl

analogues appear, like ADR, to be S phase specific, resulting in
cell accumulation in S and/or G2 phase, the delay in the onset of

DrugADR

AD143AD
198

AD199
AD288
AD280Decrease

of AO
green (DNA)
fluorescence0e+

0
++
++
++
++Maximum

G2
+ M phase
accumula
tion(hf24

8
48-72
48-72

48
24-48Chromatin

denaturation0+/0++/-+Lightscatter0+

8 For details, see "Results."
" Length of time in drug-free medium,following a 1-h drug exposure.
c 0, unchanged; +, increased; -, decreased; , not measured.

the cytokinetic effects suggests an altered mechanism of action.
Since ADR and many of its analogues are themselves fluores

cent with excitation maxima at or near that used in this study
for dye excitation (i.e., 488 nm) and emission spectra in the
green (-560 nm), one might expect enhanced green fluores

cence of cells stained with AO as a result of large numbers of
drug molecules remaining bound to DNA in chromatin (7, 39).
Nevertheless the A/-alkyl analogues dramatically diminished the
DNA-associated green fluorescence of AO stained cells (Chart

2). AD143, which does not interact with DNA (3,4), had no effect
on fluorescence, while ADR, a strong intercalator (34), caused a
modest and transient diminution of fluorescence. The dramatic
and prolonged effect of the W-alkyl derivatives on AO green

fluorescence suggests an extensive and persistent interaction of
the agents with cellular DNA. Alternatively the drug-DNA inter
action may be short-lived but the resulting effect on chromatin

structure may be more extensive or less easily repaired.
The decrease in AO fluorescence may result from competition

between the drugs and the dye for intercalation sites. Alterna
tively drug-DNA interactions may alter chromatin structure over

some distance, making dye intercalation less favorable. While
quenching of AO fluorescence as a result of energy transfer
between the dye and drug molecules cannot be ruled out, it
seems unlikely. If both drug and dye intercalate, the binding of
one generally excludes the binding of a second intercalator over
a distance large enough to make energy transfer unlikely; the
FÃ¶rstercritical distance for 50% transfer depends on the sixth
power of the separation distance between donor and acceptor
(40). A second important criterion for energy transfer is that there
exist a reasonable overlap between the donor emission and
acceptor absorption spectra (40). The absorption spectra of the
ADR analogues are similar to that of AO such that it is unlikely
that there will be significant overlap between the emission spec
tra of AO and the significantly shorter wavelength absorption
spectra of the ADR analogues.

When CCRF-CEM cells were treated with comparable concen

trations of ADR under similar incubation conditions (7), the DNA
fluorescence obtained with the dye PI was decreased to a degree
similar to that observed with AO in the present study. However,
PI fluorescence remained unchanged following a 1-h incubation

of L1210 cells with ADR or the various analogues when the cells
were fixed and rehydrated before staining (Chart 1). Whether the
ethanol solvent and/or the higher DNA-binding affinity of PI

compared to AO results in displacement of drug is not presently
known. In fact, while the interpretation of this phenomenon
remains conjectural, it may be tied to the changes observed in
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acid denaturation induced by these agents.
ADR enhanced the stability of cells to acid denaturation as did

other known intercalators such as mitoxantrone (29). The A/-alkyl

analogues, to varying degrees, increased the sensitivity of
treated cells to acid denaturation (chromatin condensation) (Ta
ble 7). Since the total (green plus red) fluorescence values of
cells treated with the ADR analogues were the same as that of
control, untreated cells, the change in chromatin sensitivity to
acid denaturation among the drug treated cells (Table 7) cannot
be due to decreased dye binding as seems to be the case among
the unfixed cells (Chart 2). AD199 and AD280, which demon
strated the most persistent effect on decreasing AO fluorescence
(Chart 2), also had the most persistent effects on acid denatur
ation (Table 7). This provides further evidence that the N,N-

dimethyl derivatives are more effective or persistent in their
interaction with DMA in situ than are the A/-benzyl derivatives
(17) and shows that all four /V-alkyl derivatives differ substantially

in their interaction with DNA from ADR.
In conclusion, alkyl substitution of a glycosidic amine, coupled

with a valerate acyl function attached to the anthracycline struc
ture, provides the drugs AD198 and AD199 with biological
properties distinctly different from those of ADR. The present
study shows that both compounds are highly cytotoxic in the
system tested, and their interaction with DNA in exposed cells
is very probably dissimilar to that of ADR.
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