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ABSTRACT

Acctyldinaline [CI-994; GOE 5549; PD 123 654; 4-acetylamino-A'-(2'-

aminophenyh-benzamide] is the acetylated derivative form of the original

compound Dinaline (GOK 1734; PU 104 208). The efficacy and toxicity of
Acetyldinuline for remission-induction treatment of leukemia were eval

uated and compared Â«Â¡Ihthose observed in previous studies of Dinaline in
the Brown Norway acute myelocytic leukemia, as a preclinical model for
human acute myelocytic leukemia.

There were three treatment groups. Leukemic animals received either
1 or 2 courses of 5 daily p.o. administrations of Acetyldinaline with a "full
dose" of 23.7 mg/kg once daily Ifirst group), a twice daily "half dose" of
11.85 mg/kg with an interval of 8 h (second group), or a "half dose" of

11.85 mg/kg once daily (third group). The drug-free interval between the

2 courses was 2 or 9 days. With repeated daily p.o. administrations of 23.7
mg/kg either in a single daily dose or a split daily dose of 2 x 11.85 mg/kg
for 1 course, at least an 8-log leukemic cell kill was achieved. In contrast,
with these treatment schedules, less than a 1-log cell kill of normal pluri-
potenl hemopoietic stem cells (CFU-S) in the femoral bone marrow was
found. Split daily dose treatment was more effective resulting in 37.5Ci-

cures, while no cures were observed with the single daily treatment for one
course. Treatment with single daily dose of 23.7 mg/kg or a split daily dose
of 2 x 11.85 mg/kg for 2 courses, with either a 2- or 9-day interval

inbetwecn, resulted in lethal toxicity in most of rats. This result was
comparable with that previously observed after equimolar doses of Dina
line {20 mg/kg). The half-dose once daily treatment with Acetyldinaline
(11.85 mg/kg) for 1 or 2 cycles resulted in about a 4.5 or >8-log leukemic
cell kill, respectively. Toxic side effects, i.e., damage to the gastro-intestinal

tract and hemorrhages in the lungs, were more pronounced with full dose
either in the single or the split daily dose regimen. No significant toxicity
was observed at the half-dose treatment once daily. In conclusion, the

impressive differential activity against leukemic cells and normal stem
cells observed in this relevant rut model for human acute myelocytic
leukemia warrants the introduction of this compound in clinical phase I/I I
studies.

INTRODUCTION
Dinaline [GOE 1734; PD 104208: 4-amino-AM2'-aminophenyl)-

bcn/amide] was initially developed as a potential anticonvulsive agent
(I). Because it also showed reversible leukocytopenia. inhibition of
spermatogenesis in rats and dogs, and marked hair growth reduction
in rats (2). a cytostutic potential was suggested. Subsequently the
efficacy of the drug was investigated in a variety of mouse and rat
tumor models. Upon repeated dosing a high effectiveness against
slowly growing solid tumors was found (1-5). The compound showed
extreme activity against the BNML3 (3, 6).
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In rodents and monkeys. Dinaline is rapidly activated to its acety-
lated derivative (1, 4). Acetyldinaline (GOE 5549) is the derivative
with the advantage of reduced variability due to metabolism. Most
importantly, problems that might occur in humans due to widely
genetic varying rates of A'-acetylation could be avoided by using

Acetyldinaline, making it the optimal candidate for clinical trials.
Acetyldinaline showed similar antineoplastic activity as the parent
compound (4).

In this study the efficacy of Acetyldinaline is reported, with differ
ent daily p.o. dose schedules including single or split administration
against the BNML leukemia in vivo. In particular, the therapeutic ratio
is investigated, i.e.. the antileukemic effect compared with the toxicity
for normal tissues with emphasis on pluripotent hemopoietic stem
cells. Although Acetyldinaline has a long half-life (5.4 h), its maxi
mum plasma concentration is reached within 0.5-1 h after p.o. ad

ministration and after 10 h the concentration becomes 0.10 of the peak
plasma concentration.4 Based on these pharmacokinetics, the full

daily dose was split in two i.e., the drug was administered twice daily
with an 8-h interval and this was compared with single daily dose

regimens.
The parameters for evaluation of the antileukemic effect of Acetyl

dinaline were the cure rate or. in case of relapse, the increase in
survival time of treated leukemic rats. In addition, the surviving frac
tion of clonogenic leukemic cells and normal hemopoietic stem cells
was determined in the femoral bone marrow of treated BNML rats.
Finally, the differential activity against leukemic cells and normal
stem cells of Acetyldinaline is discussed in relation to that of the
parent compound Dinaline and other cytostatic drugs.

MATERIALS AND METHODS

Experimental Animals

The experiments were performed with the inbred Brown Norway rut strain
(BN/Bi Rij) produced in the Rijswijk colony. Male rats between 12 and 16
weeks of age were used (body weight. 21X1-250 g). For the spleen colony assay

for normal hemopoietic stem cells CBA mice from the Rijswijk colony were
used. All animals were of SPF quality.

Rat Leukemia Model

The BNML model has been recogni/ed as one of the most realistic models
for human acute leukemia. The BNML has been described in detail elsewhere.
i.e., origin, classification, transplantation procedure, growth characteristics.
etc. (7-10). The leukemia was induced in a female Brown Norway rut by
9, l()-dimethyl-1.2-ben/anthracene. It shows a reproducible growth pattern

upon i.v. cellular transfer within the Brown Norway rat strain. Cytologically
and cytochemically BNML has similarities with human acute promyelocytic
leukemia. Further analogies with the human disease are a slow growth rate,
severe suppression of normal hemopoiesis due to an absolute numerical de
crease in the number of pluripotent hemopoietic stem cells, diffuse intravas-

cular coagulation, presence of clonogenic leukemic cells (including in vitro and
in vivo colony formation), low antigenicity. no evidence for a virus as an
etiological agent, and response to chemotherapy as in human acute leukemia.

4 Unpublished observation.
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The BNML model is used for studing a variety of aspects of leukemia such as
marrow ablative treatment using high-dose chemothery and/or total body ir
radiation creating a state of so-called "Minimal Residual Disease." The main

objectives of the rat model studies are the translation of clinical problems in

human leukemia to a laboratory animal model and the exploration of the model
for developing new diagnostic und therapeutic tools to be applied clinically (9.

10).

Acetyldinaline

Acetyldinaline (CI-994; GOE 5449; PD 123654; 4-acetylamino-/V-(2'-ami-

nophenyll-ben/amide; M, 269.31) was synthesized and provided by the Go-

decke Research Institute (Freiburg, Germany). The drug, which is insoluble in
water, was suspended in 0.8r/r methocel (Methocel E4M; Dow Chemical

GMBH Schwingewerk, Stade-Brunshausen. Germany) and administered p.o.

with a gastric tube in a volume of 0.5 ml/200 g body weight daily for 5
consecutive days (1 cycle). The drug suspensions were prepared on the first
day of treatment and used for all 5 days because it is stable for I week.
Between drug administrations the suspensions were kept in a refrigerator at
about 4Â°Cand vigorously mixed before use.

Colony-forming Unit-Spleen Assay

As a measure for the number of pluripotent hemopoietic stem cells, a
modified spleen colony assay was used. The method that was firstly described
by Till and McCulloch (11) for mouse bone marrow and was modified for the
rat (12, 13). Briefly, lethally irradiated (9 Gy of y-rays) CBA mice were given

injections of graded numbers of rat femoral bone marrow cells. After 8 or 12
days the mice were killed and the number of macroscopically visible spleen
colonies was determined.

Survival Bioassay of Leukemic Cells

Injection of graded numbers of cells from the femoral bone marrow of
control BNML and treated BNML rats into normal Brown Norway rats results
in death of rats from leukemia after a certain time interval. The survival time
of recipient rats is recorded. Based on the known relation between the number
of leukemic cells injected and the survival time, the originally injected leuke-

mic cell content in the cell suspension can be deduced, and then the total
number of leukemic cells/femur can be calculated (8). From the difference in
leukemic cell content in the femur of control rats (before treatment) and that of
treated rats the efficacy of the drug treatment can be calculated.

Experimental Designs

Antileukemic Effect of Acetyldinaline. On day 0. I x IO7 BNML cells

from a leukemic donor spleen were injected i.v. into the BN rats. On day 7, at
a total tumor burden of approximately 10s cells, treatment was started. There

were 9 treatment groups (X rats/group). Three groups received 1 course of
Acetyldinaline p.o. of 5 days duration with either "full dose once daily" (23.7
mg/kg/day). "half dose twice daily" (2 x 11.85 mg/kg/day. given at 8-h
interval), or "half dose once daily" ( 11.85 mg/kg/day). Three groups received

2 courses of Acetyldimiline p.o.. each of 5-day duration with a 2-day drug-free

interval between the courses with either the FOD. the HTD. or the HOD
regimen. Finally. 3 groups received 2 courses of Acetyldinaline p.o.. each of 5
days duration with a 9-day drug-free interval between the courses using again.

either the FOD. the HTD. or the HOD regimen. The dose of 23.7 mg/kg was
chosen because this is equimolar to the highly effective dose of the pro-drug

Dinaline, i.e., 20 mg/kg (6). The scheme of the various treatment regimens is
given in Fig. 1.

The increase in life span was determined and compared to nontreated
BNML controls and based on the known cell dose/survival relationship (4-day

increase in life span correlates with a I LCK) the fraction of leukemic cells
killed was calculated (7-9). The total observation period was 180 days. The

animals which survived beyond this date are considered to be cured.
Effect of Acetyldinaline on Normal Hemopoietic Stem Cells and Clo-

nogenic I.eukcmic Cells. The surviving fraction of the normal hemopoietic
stem cells and clonogenic leukemic cells was investigated by spleen colony
assays (CFU-S. days 8 and 12) and survival bioassays of leukemic cells,

respectively. This was done just before and 3 days after each course of treat
ment, i.e.. on days 7. 14. 21. and 28. CFU-S and leukemic cell survival were

days 0 11 14 18 21 25 28

BNML

treatment or __
courses -^f

DPI (9 days)

Fig. I. Various treatment regimens of BNML with Acetyldinaline. Day 0. 10' BNML
cells injected i.V.; days 7-11. first course of treatment, days 14-IK or 21-25. the second
course of treatment. i.e.. alter a drug-free interval IDf-'l} of 2 or 9 days. Treatment intensity

is either FOD (23.7 mg/kg). HTD (2 X 11.Â«5mg/kg). or HOD ( 11.85 mg/kg). CFU-S for
normal hemopoietic stem cells and survival bioassays of leukemic cells were done on day
7 for pretrealed controls and on days 14. 21. and 28 for treated rats. i.e.. 3 days after the
last dose of each course of treatment or just before the second course (â€¢.time points).

measured after FOD or HOD schemes as schematically outlined in Fig. 1.
Three rats for each treated group. 8 recipient rats/group for survival hioassays.
and 8-10 recipient mice/dose group for CFU-S were used. To determine the

survival of leukemic cells, femoral bone marrow suspensions were made and
0.10 femur content for the control group (killed on day 7) and 0.50 femur

content for treated rats (killed on days 14. 21. and 28) were injected i.v. into
normal BN recipient rats. The survival times were recorded and from these the
surviving fraction of leukemic cells, i.e.. log cell kill (LCKl/femur. could be
determined according to the formula

LCK = - "'log Cell load after treatment

Cell load before treatment

The total observation period was 120 days. This very sensitive bioassay can
detect residual leukemic cells in the femoral hone marrow compartment to a
level of 1 BNML cell/I0s-10" normal bone marrow cells (10).

RESULTS

/// Vivo Antileukemic Effect of Acetyldinaline. To test the anti-

leukemic efficacy of Acetyldinaline rats were treated with three dif
ferent dose regimens. The results of 23.7 mg/kg Acetyldinaline treat
ment in single (FOD) and split (HTD) daily regimens tor 1 course are
shown in Fig. 2 and Table 1 (groups 1 and 2). In group 1 after the FOD
treatment 7 out of 8 animals died from leukemia and only one ( 1 of 8)
died from drug toxicity. Two rats in group 2 with the HTD treatment
died from leukemia and 3 died from drug toxicity while 3 rats were
long-term disease-free survivors. These can be considered as being
cured. From these results (Table I), it is clear that daily split-dose

(HTD) treatment for one course of 5 days (group 2) resulted in 37.5%
of cures in the total group (3 of 8 rats) or 60% cures in rats at risk for
leukemia relapse (3 of 5 rats). With the 23.7 mg/kg FOD treatment in
I course, the longest increase in life span was observed (57 days) but
the majority (7 of 8) rats died from leukemia relapse.

Treatment with 23.7 mg/kg in single (FOD) and split (HTD) daily
regimens for 2 courses with either a 2 or 9 days drug-tree interval
between was very toxic (Table 1. groups 3-6). Only 1 rat was cured

in group 3 after the FOD treatment for 2 courses and all 7 other rats
died from drug toxicity during the second course. All animals receiv
ing the HTD treatment for 2 courses in group 4 and group 6 with a 2-
and 9-day drug free interval, respectively, also died from toxicity

shortly after the first course or during the second treatment course. In
group 5 with the FOD treatment for 2 courses with a 9-day drug-free

interval. 8 of 10 animals died from lethal gastrointestinal toxicity
during the second course of treatment (the rats started to suffer from
mild to severe diarrhoea after 3â€”4doses), 1 rat died from leukemia on

day 121. and only I rat was cured. Postmortem histopathological
investigations of rats that died from drug toxicity revealed the pres
ence of gastro-intestinal tract lesions which were most severe in the

small intestines. They were characterized by crypt cell hyperplasia
with an increased mitutic rate and a decreased differentiation into
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Fig. 2. The survival lime of BNML rats after Acetyldinaline treatment with FOD or
HTDfor I courseof 5 days. Day 0. K)7BNML cells injected i.v.; Acetyldinaline was given

in daily dosesof 23.7 mg/kg once (FOD) or 2 X 11.85 mg/kg (HTD) in 1course from day
7 to II. The increase in life span is deduced from the median survival time of treated
leukemic rats compared to that of nontreated control rats. Some rats died from drug
toxicily shortly after treatment course of FOD or HTD. The total observation period for
survival time was 180 days.

goblet cells in the mucosa of the gastrointestinal tract. Cell death of
crypt cells was frequently seen in animals receiving two courses of
treatment. These findings were most severe in the ileum. In addition,
focal hemorrhages were seen in the lamina propria of ileum and colon
and frequently hemorrhages in the lungs were also seen which in a
number of cases could have contributed to the death of the animals.
The lesions were generally mild but most prominent in animals re
ceiving two courses of treatment. Treatment with FOD for 2 courses
either with a 2- or 9-day interval can be curative since 2 rats survived

for more than 180 days out of a total number of 3 rats that tolerated
the 2 courses of drug treatment. However, the mortality due to toxicity
was more than 83r/r (Table 1; groups 3 and 5).

Treatment with 11.85 mg/kg once daily (HOD) in groups 7, 8. and
9 (Table 1) for 1 or 2 courses with either a 2- or 9-day drug-free

interval between resulted in a relapse of leukemia in all rats. The
survival curves are shown in Fig. 3. There is a clear dose-effect

relationship. All animals ultimately died from leukemia. HOD regi
men for 1 or 2 courses resulted in 18- or 36-day increase in life span,

respectively. No toxic deaths occurred at these dose levels even after
the 2 courses with a 2-day drug-free interval between.

Surviving Fraction of Hemopoietic Stem Cells and Clonogenic
Leukemic Cells after Acetyldinaline Treatment. To determine the
differential activity of Acetyldinaline with respect to normal hemopoi-
etic stem cells and clonogenic leukemic cells, the surviving fraction of
these cell populations was determined in the femoral bone marrow
compartment. In Table 2 the effect of 23.7 mg/kg (FOD) or 11.85
mg/kg (HOD) Acetyldinaline treatment on hemopoietic stem cells is
shown each given for 1 or 2 courses with a 2- or 9-day drug-free

interval (see also the experimental design in Fig. 1). There is a sig
nificant reduction in both the number of day 8 and day 12 CFU-S at

day 14 (3 days after I course) followed by a slight recovery just before
starting the second course (day 21 ). After the second course (day 28),
again a reduction in the number of CFU-S was observed. The changes
in the absolute number of CFU-S hemopoietic stem cells are graph
ically illustrated in Figs. 4 and 5. However, less than a 1-log reduction
in the number of normal hemopoietic stem cells occurred. As far as
normal hemopoietic stem cell toxicity is concerned, there was more
reduction in the number of day 12 CFU-S, which is more close to the
pluripotent hemopoietic stem cell, than in day 8 CFU-S number.

In addition, the hematological investigation of the peripheral blood
of rats after 1 and 2 courses of FOD or HOD treatment revealed that
there was less than a 1-log cell decrease in the count of the leukocytes
(nadirs. 0.5-3 x 109/liter: normal value. 7 X IO9 cells/liter) and
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Fig. 3. The survival time of BNML rats after Acetyldinaline treatment with HOD for
I or 2 courses with 9 days drug-free interval. Day 0. IO7 BNML cells injected i.v.;
Acetyldinaline was given in daily doses of 11.85 mg/kg HOD on days 7-11 (first course)
and 21-25 (second course). There was a drug-free interval during days 12-20. The end
point is leukemia relapse resulting in death of rats.

Table I kfticticy of various Ã¼o\eregimens of Acetyldinaline in llie BN tiente inyeloiytic LEUKEMIA model

Various treatment regimens with Acetyldinaline. applied P.O.. are evaluated with respect to their antileukemic effect. One or 2 courses of 23.7 mg/kg once daily for 5 consecutive
days (FOD) were administered to leukemic rats and compared with a regimen consisting (if 11.85 mg/kg twice daily (HTD) or the dose of 11.85 mg/kg once daily (HOD) for I or 2
courses. The influence of time intervals between courses of 2 or 9 days are compared. The parameters for determining the antileukemic effect are the tumor load reduction reflected
in an increase in the survival limes of treated animals and in addition the frequency of toxic deaths and the cure rats are evaluated.

Group
(Â»=K-IO)1

(FOD)2
(HTD)3
(FOD)4
(HTD)5
(FODln
(HTD)7
(HOD)8
(HOD)9

(HOD)Regimen

(nig/kg/day)23.7

x5(2x
I1.85)x523.7

x10'(2x
I1.85IXIO''23.

7 x10'(2x
II.85IX10*1

1.85 x51I.85X
If)1'II.85X

IS"Total

dose
1mg/kgI118.5118.523723723723759.25118.5118.5MdST"control27272727272727-)T27Treated84NR''19'I-/\Â¥I7/455963ILS"(days)5741.47II000183736CauseToxicitv1/83/87/88/88/1010/10000of

deathLeukemia7/82/8001/1008/88/88/8Cures'03/81/801/100000

"MdST, median survival time.
'' ILS, increase in lite span of treated animals compared to that of the control group.
' Observation time 1X0days.
'' NR. not reached.
''Two courses of Acetyldinaline with a 2-day drug-free interval.

1Rats died shortly after the first course or during the second course of treatment.
v Two courses of acelyldinaline with a M-daydrug-free interval.
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Table 2 Sur\'i\'in.t>fraction of day <Xand day 12 CFU-S in the femoral hone marrow

of leukemic ruts afler various regimens of Acelyldinaline

Various treatment regimens with Acetyldinaline, applied P.O., are evaluated with
respect to their toxicity tor normal hemopoietic stem cells (CFU-S) in the femoral hone

marrow of leukemic BNML rats. One or 2 courses of 23.7 mg/kg once daily for 5
consecutive days (FOO) were administered to leukemic rats and compared with a
regimen consisting of 11.85 mg/kg once daily (HOD). The influence of a 2- or 9-day time

intervals between the 2 courses are also investigated. At the indicated days rats are
sacrificed, a femoral hone marrow suspension is prepared anil injected into letha My
irradiated mice (for details see "Materials and Methods" and Fig. 1). The surviving

traction of day X CFU-S and day 12 CFU-S were measured directly before the start of
each treatment course of 5 days us well as on the third day after the last dose of each
course. For each data point three rats were sacrificed and from each rat both lemurs were
taken to prepare the bone marrow cell suspensions for injection. The surviving fraction
of days 8 and 12 CFU-S are expressed relative to the pretrealment levels determined on

day 7.

Surviving
fraction"Regimen''Experiment

123.7
mg/kg x523.7

mg/kg x1023.7
mg/kg x10Experiment

211.85
mg/kg x511.85

mg/kg x1011.85
mg/kg x 10Time

alterW7
BNMLeells

i.V.1421''21281421'2128Ti

meinterval(days)'2929Day
8CFU-S0.420.57NA''0.350.540.740.42O.fis)Day12CFU-S0.270.34NA0.130.340.420.210.33

" Relative to pretreatment levels on day 7, at the start of the first course.
'' First course on days 7-11 and second course on days 14-18 or 21-25.

Between the end of the first and the start of the second course.
1 " â€¢¿�â€¢¿� - â€¢¿� â€¢¿�â€¢.1.. i r t ...

23.7 mg/kg

between the end ot the tirst and the start ol the second course.
''Surviving traction directly before second course.
'' NA. not available: treatment with a 2-day interval between 2 courses of 2

resulted in death tifali animals before day 21.

thrombocytes (nadirs. 120-320 X 10'Vliter; normal value. 500 X 10"

cells/liter). Also the femoral hone marrow counts after both treatment
regimens showed less than l-log cell decrease (nadirs. 0.8-7 X IO7
cells/femur; normal value. 1.3 X IOx cells/femur).

The surviving fraction of in vivo clonogenie leukemic cells in
femoral bone marrow after FOD treatment for 1 course was less than
10~'Vfemur. i.e.. >6.6 LCK/femur. All recipient rats, each given in

jections of with one-half femur bone marrow derived from Acetyl-
dinaline-treated rats, survived more than 120 days (Fig. 6; Table 3).

This means that there were no leukemic cells left in the femoral bone
marrow compartment after one course of FOD treatment. In Table 3
and Fig. 6, the effects of HOD treatment on the surviving fraction of
BNML cells after I or 2 courses with a 2- or 9-day drug-free interval

are also shown. One course of HOD resulted in a 5.3 LCK as meas
ured on day 14; thereafter BNML cells recover in the femoral bone
marrow as indicated by an increase between day 14 and day 21 from
10- to 1.6 X 10s cells/femur. The second course started after a 9-day

drug-free interval resulted in about a 4.2-5.2-log cell kill as measured
on day 28. Thus, a total of 6.3-7.3 LCK occurred after the 2 courses
with a 9-day interval. In contrast, the 2 consecutive cycles of HOD
treatment with only a 2-day interval between the 2 courses resulted in

>7.3 LCK leaving no leukemic cells in the femur. All secondary
recipient rats survived more than 120 days.

DISCUSSION

Acetyldinaline (GOE 5549) shows a striking untileukemic activity
in the BNML model which is comparable to the results that have been
achieved with the parent compound Dinaline reported previously by
Hagenbeek et at. (6). Upon repeated daily p.o. administration of 23.7
mg/kg (FOD) or 2 x 11.85 mg/kg (HTD) for 1 course, significant
increases in survival times, and even cures were noted compared with
nontreated leukemic control rats (Fig. 2; Table I). Given the linear
relationship between the number of leukemic cells present and the

survival time (7-10), the very long survival times of treated animals

implies that only a few leukemic cells survived the Acetyldinaline
treatment. From the considerable increase of life span of rats after I
course of FOD and HTD treatment with Acetyldinaline. starting at day
7 after inoculation with 1()7BNML cells and because the tumor at this
stage is in the order of 10* leukemic cells, it can be concluded that this

regimen induces at least an 8-log leukemic cell kill (Table I). The

LCK induced by these treatment schemes was also measured directly
by determining the surviving fraction of BNML cells in the femoral
marrow compartment with bioassays. Because none of the animals
given injections died of leukemia, this indicated that the surviving
fraction of BNML cells after 1 or 2 courses of FOD treatment (Fig. 6:
Table 3) was about 6.6 LCK/femur even after only I course. Similar
results were obtained with Dinaline with the equimolar dose of 20
mg/kg once daily for one course (6). From previous studies it is
known that if a rat dies from leukemia after the injection of 1 single
BNML cell, it takes 2-3 months (7). Treatment with FOD or HTD for

104 ~]control range

Jday 8 CFU-S

D
L^
O

103.

102

â€”¿�Oâ€”¿�day 8 CFU-S
â€”¿�Â»â€”da/ IÃŽCFU-S

5 10 15 20 25

time alter 107 BNML cells i.v. (day)

30

Fig. 4. The surviving fraction of pluripotent hemopoietic stem cells in the femoral hone
marrow of BNML rats after Acetyldinaline treatment with FOD for 1 or 2 courses with a
9-day drug-free interval. Day 0. IO7 BNML eells injected i.v.; Acetyldinaline was given
in once daily doses of 23.7 mg/kg (FODl from day 7-11 (first course) and 21-25 (second
course). There was a drug-free interval during days 12-20. The CFU-S for days 8 and 12
were done on day 7 (pretrealment). days 14 or 2S |3 days after the last dose of the first
and the second course, respectively), and day 21. just before the second course.

104
Ãœ control range

day 8 CFU-S

I control range
J day 12 CFU-S

103-

102

DFI9days: â€”¿�Oâ€” day 8 CFU-S
--â€¢â€”day12CFU-SDPI

2 days: â€”¿�Aâ€”day 8 CFU-S
.--*â€” day 12CFU-S

10 15 20 25

time after 107 BNML cells i.v. (day)

30

Fig. 5. The surviving traction of pluripotcm hemopoietic stem cells in the femoral hone
marrow of BNML rats after Acetyldinaline treatment with HOD for I or 1 courses with
a 2- or 9-day drug-tree interval. Day O, IO7 BNML cells injected i.v.; Acetyldinaline was
given in once daily doses of 11.85 mg/kg (HOD) on days 7-11 (first course) and days
14-18 or 21-25 (second course) with a drug-free interval during days 12-13 or 12-20.
respectively. The CFU-S assays for days S and 12 were done on day 7 (pretreatment), days
14. 21. or 28 (3 days after the first and the second course with 2 or 9 days interval,
respectively) and day 21. just before the second course with 9 days interval.
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Table 3 Sun-iving fraction of BNML cells in the femoral hone marrow of leukemic ruis after treatment with various regimens of Â¿\cetyUi\imline

The surviving fraction of leukemic cells in the femoral bone marrow after various treatment regimens with Acetyldinaline, applied P.O., were measured with the survival assay
(see Fig. I for experimental design). One or 2 courses of 23.7 mg/kg once daily for 5 consecutive days (FOD) were administered to leukemic rats and compared with a regimen
consisting of 11.85 mg/kg once daily (HOD). The influence of a 2- or 9-day time intervals between the 2 courses are also investigated. At the indicated days rats are sacrificed, a femoral

bone marrow suspension is prepared and injected i.v. into norma! rats, i.e.. from control BNML rats on day 7 0.10 of a femur content was injected into new recipients and 0.50 of
a femur content from Acetyldinaline-treated rats was injected. The survival time of these rats is measured which allows quantification of the number of leukemic cells present in the
inocculum based on the known relationship between injected cell numbers and the corresponding survival times (for details see "Materials and Methods" and Fig. 1). The leukemic

cell killing effect of each treatment course can be calculated according to the formula:

LCK = -"'l Cell load after treatmentTT-rr;â€”¿�-â€”--~Cell load betÃ¶retreatment

Group
(3rats/group)Experiment

1BNML
controls23.7

mg/kg x52.1.7

mg/kg x10Â«2.1.7
mg/kg x10'Experiment

2BNML
controls1

1.85 mg/kg x511.85

mg/kg x10Â«11.85
mg/kg x 10'Day

after IO7 BNML

cells i.v.injected71421'212871421'2128MdST''28>120>120NDA''>120254632>12049No.
ofIdikrmircells/femur''

Firstcourse'fix

10"0

>660NDA

NDA02x

IO7IO2
5.3l.6x

IO50I-IOLCKSecond

course1'NDA>6.6>24.2-5.2Total'>6.6NDA>6.65.3>7.36.3-7.3

" MdST. median survival time of the rats given injections of femoral marrow cell suspensions for the survival assay.
'' Leukemic cell number is deduced from the MdST from the survival assay and the dose-survival reference curve and subsequently the total leukemic cell content in the lemur is

calculated.
' Log cell kill for the first course relative to the pretreatment values on day 7.
(/Log cell kill for the second course relative to the leukemic cell content on day 14 or day 21. respectively.
' Log cell kill for the total treatment (I or 2 courses).
' Determination of the number of leukemic cells directly before the start of the second course to measure the increase during the 7-day time interval between the 2 assay points.
"Time interval between first and second course of 2 days.
h No data available because the treated animals died from toxicity before day 21 after the first or during the second course.
' Time interval between first and second course of 9 days.

I |Â«nd| | or | |

Table 4 O'm/xm'.uw of the differential Â«cf/u'ryof acet\idimiline with that of other
drugs tested in the BNML anile myelocytic LEUKEMIA model"

10Â«

io7
3

â€¢¿�210Â«

Â» 10s.

8
I to'

I 103.
'S

I 102.

c 10

10Â°
5 10 15 20 25

time after 107 BNML cells i.v. (day)

30

Fig. 6. The surviving fraction of leukemic cells in the femoral hone marrow of BNML
rats after Acetyldinaline treatment with FOD or HOD for I or 2 courses with a 2- or 9-day
drug-free interval. Day 0. IO7 BNML cells injected i.v.: Acetyldinaline was given in dail\
doses of 23.7 mg/kg (FODl or 11.85 mg/kg once (HOD) on days 7-11 (first course) and
14-18 or 21-25 (second course) with a drug-free interval during days 12-13 or 12-20.
respectively. The survival hioassays were done on day 7 (pretreatment), days 14. 21. or 28
(3 days after the first and the second course with 2- or 9-day intervals, respectively) and
day 21. jusi before the second course with a 9-day interval. The total observation period

for survival hioassays was 120 days.

2 courses (total dose of 237 mg/kg) either with a 2- or 9-day interval

induced lethal toxicity in most or all treated rats, respectively. Post
mortem histopathological investigations revealed that there was dam
age to the gastro-intestinal tract and hemorrhages in the lungs (see
"Results"). That the small intestine was most severely affected might

be related to an additional local reaction due to p.o. administration.
The p.o. cavity was not involved. A similar toxicity profile was re
ported by Berger et al. (1), who described severe enteritis and pete-

DrugCyclophosphamidel

-ÃŸ-n-arahinofuranosvlcvtosineDaunomycinAcridinvl

anisidideAcctyldinalineMaximalantileukemiceffect

(LCK)*5-66-70.75-6>8Normal

stemcell
toxicity(LCK)'>2"2.5l.g1.5-30.5-1

"See rets. 14-18.
'' LCK derived from "increase in survival time" assays.
' Day 8 or day 9 CFU-S data.
â€¢¿�'For day 12 CFU-S I LCK was observed.

chial gastrointestinal bleedings as manifestations of high-dose Dina-

line treatment. Substantial differences in the drug efficacy and toxicity
between single and split-dose daily regimens as observed may there

fore be related to differences in the metabolism and pharmacokinetics.
The daily split-dose treatment (HTD) resulted in a significant pro

portion of cures after just 1 course of 5 days of treatment (2X11.85
mg/kg x 5), i.e., 31.5% of all treated rats or 60<7r of rats which

survived treatment and were at risk of leukemia relapse. These results
agree with the results of split-dose regimens of Dinaline for 5 days (40

and 60% cures, respectively; Ref. 6). The underlying reason for the
more effective split-dose daily regimen is unclear at the moment.

Whether cell kinetic perturbations (e.g., recruitment of resting leuke
mic cells/synchronization) play a role in the enhanced efficacy of
daily split-dose treatment remains to be established. Two peak plasma

levels during HTD treatment may be more efficient than one higher
peak plasma level during FOD treatment. This may be a pharmaco-

kinetic explanation for the observed difference between FOD and
HTD treatment. This hypothesis may also explain the observed lethal
toxicity to another rapidly self-replicating tissue, i.e., the gastro-in

testinal tract.
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The increases in life span after 11.85 mg/kg (HOD) treatment with
Acetyldinaline for 1 or 2 courses (either with a 2- or 9-day drug-free
interval;Table I. groups 7-9) with 18, 37. and 36 days mean that a4.5

or >8 LCK was induced, respectively. The LCK induced by the
second course with HOD is identical to that by the first course; i.e., the
efficacy of the second course in this scheme is purely additive. The
direct measurement of LCK in the femoral bone marrow after HOD
treatment for 1 or 2 courses with a 9-day drug-free interval, calculated

by determining the surviving fraction of BNML cells, indicated that a
5.3 LCK after the first course and 4.2-5.2 LCK after the second course

occurred (Table 3). Because of regrowth of leukemic cells in the
period of drug-free interval of about 3 log. the total LCK after both 2
courses was about 6.3-7.3, as illustrated in Fig. 6. In addition, treat
ment with HOD for 2 courses with only a 2-day drug-free interval,

minimizing the regrowth and expansion of the residual leukemic cells,
resulted in >7.3 LCK/femur (Table 3).

The significant observation was that Acetyldinaline had only a
minimal toxicity to normal pluripotent hemopoietic stem cells. After
repeated FOD or HOD administration of Acetyldinaline. even after 2
courses, less than a I-log decrease was noticed. Inbetween the treat
ment courses, regeneration of both the day 8 CFU-S and day 12
CFU-S was seen (Table 2; Figs. 4 and 5). In addition, the hematolog-

ical investigation of the peripheral blood of rats after one and two
courses of FOD or HOD treatment revealed that there was short
lasting non-life-threatening leukocytopenia and thrombocytopenia
(less than a 1-log cell decrease in the count of the 2 cell populations).

Also the femoral bone marrow counts after both treatment regimens
showed less than a I-log decrease in cell numbers.

The differential activity of Acetyldinaline against leukemic cells
and normal stem cells is impressive when compared to that found for
other cytostatic drugs frequently used in the treatment of human
leukemia and that were tested earlier in the BNML leukemia model
(Table 4). For instance, for cyclophosphamide the dose that induces a
5-6-log leukemic cell kill reduces the day 12 CFU-S to 10% (1 LCK)
and the day 8 CFU-S to less than \% (>2 LCK), while the curative

doses almost totally eliminates the pluripotent stem cell pool, so that
a bone marrow graft is needed to prevent the rats from dying from
aplasia (14. 15). The repeated treatment with I-ÃŸ-n-arabinofuranosyl-

cytosine also results in an effective leukemic cell load reduction up to
6-7 LCK but at the expense of a 2.5 LCK toxicity to hemopoietic stem

cells (16). With Daunomycin a maximal antileukemic effect of 0.7
LCK could be reached in the BNML model (at dose levels which are
near cardiotoxic) with a concurrent 1.8 LCK of hemopoietic stem cells
(17). For the drug acridinyl anisidide, the maximal antileukemic effect
of 5-6 LCK was reached with a concurrent reduction in CFU-S
population of 1.5-3 LCK depending on the dose schedule (18). Com

pared with the differential activity of these well established antileu
kemic drugs, Acetyldinaline is by far superior. Its mild hemopoietic
side effect with the simultaneous extreme antileukemic effect makes
Acetyldinaline unique among the cytostatic agents. However, in par
ticular in the high-dose ranges its dose-limiting (lethal) toxicity to the
gastro-intestinal tract should be recognized.

A striking finding was that most of the relapsing rats had hind limb
paralysis just prior to death. For ethical reasons these rats were euth
anized and autopsied. Their spleen weights appeared to be variable
(0.5-3.5 g). All of these rats had enlarged paraaortic lymph nodes even

when the spleen and liver were within normal weights. Histological
examination showed chloroma formation along the spinal cord. This
may indicate that this localization may represent an anatomical sanc
tuary in which leukemic cells are not reached by Acetyldinaline. These
findings are similar to those found in rats relapsing after Dinaline
treatment (6).

So far, the mode of action of Dinaline and its acetyl derivative have
not been elucidated. Berger cl al. ( l ) found that DNA single-strand
breaks and DNA-DNA interstrand cross-links were detectable in liver

cells of treated rats using the alkaline elution method. Leopold et al.
(19) reported that Dinaline induced a 60c/c decrease in cyclic AMP

pools of LI210 cells. The authors suggest that Dinaline exerts its
antineoplastic activity via a novel mechanism because of the unusual
spectrum of anticancer activity and biochemical data which indicate
that there was no reversal of the action of Dinaline by purines. pyri-

midines, or reduced folates in L12IO cells.
Furthermore, Dinaline did not affect ribonucleotide triphosphate

pools. DNA. RNA. protein, or lipid synthesis, and no DNA strand
breaks or cross-links could be detected in LI210 cells. Berger et al.

(20) reported that a 40% decrease in cyclic AMP levels in experimen
tal mammary tumor cells and liver cells of methylnitrosourea induced
mammary carcinoma of SD rats treated with 50 mg/kg/week of Di
naline. Kraker and Moor (21 ) found that Dinaline blocks the cell cycle
in the G i to S transition and a secondary block, at higher concentra
tions, at the G2 or M to G, transition. Berger and Gebelein (22)
recently reported that Dinaline produces inhibition of GTP-binding
proteins such as the H-ra.v oncoprotein which presumably causes

neoplastic growth.
Finally, Klohs et al. (23) found that treatment of cells with Dinaline

or Acetyldinaline causes enlargement of mitochondria while simulta
neously time- and concentration-dependent reduction in the intracell-

ular retention of the fluorescent dye Rhodamine 123 was observed.
These data suggest that the mechanism of Dinaline and its derivatives
may involve a direct effect on mitochondria and thus on the energy
metabolism of the cells but the precise interaction with this organelle
is still unclear.

In conclusion. Acetyldinaline exerts an extremely strong activity
against the BNML acute myelocytic leukemia with only minimal
toxicity toward normal hemopoietic stem cells upon daily p.o. treat
ment. Its mode of action is still under investigation, but the impressive
differential activity observed in this relevant rat model warrants the
introduction of this compound in clinical phase I/I1 studies.

ACKNOWLEDGMENTS

Our sincere thanks are due to the expert technical assistance of Carla
Ophorst-van Marrewijk.

REFERENCES

1. Berger, M. R.. Bischoff. H.. Fritschi, E.. Henne. T.. Herrmann. M.. Pool. B. L.
Satzinger. G.. SchmÃ¤hl.D., and Weiershausen, U. Synthesis, loxicity and therapeutic
efficacy of 4-amino-W-(2'-aminophenyl) benzamide: a new compound preferentially

active in slowly growing tumors. Cancer Treat. Rep.. 69: 1415-1424. 1985.
2. Weiershausen. L'.. and Satzinger. G. Dinaline. Drugs Future. //.â€¢833-834. 1986.

3. Lelieveld. P.. Middeldorp, R. J. F.. and Van Putten. L. M. Effectiveness of P-ami-
noben/oyl-O-phenylenediamine (GOE 1734) against mouse, rat and human tumor
cells. Cancer Chemother. Pharmacol.. /5: 88-90, 1985.

4. Berger. M. R., and SchmÃ¤hl.D. Antineoplastic activity of two 4-amino-A'-(2'-ami-

nophenyl) henzamide (GOE 17341 derivatives in rat mammary carcinoma. Proc. Am.
Assoc. Cancer Res.. 2K: 301, 1987.

5. Berger. M. R.. Richter. H.. Seelig. M. H.. Eihl. H., and SchmÃ¤h!.D. New cytostatics:
more activity and less toxicity. Cancer Treat. Rev., 17: 143-154. 1990.

6. Hagenbeek, A.. Weiershausen. U.. and Martens. A. C. M. Dinaline: a new oral drug
against leukemia? Preclinical studies in a relevant rat model for human acute mye
locytic leukemia (BNML). Leukemia (Baltimore). 2: 226-230. 1988.

7. Hagenheek, A., and Van Bekkum. D. W. (eds.). Proceedings of an international
workshop on "comparative evaluation of the L5222 and BNML rat leukemia models
and their relevance for human acute leukemia." Leuk. Res., /: 75-256, 1977.

8. Van Bekkum. D. W., and Hagenbeek. A. Relevance of the BN leukemia as a model
for human acute myeloid leukemia. Blood Cells. .Ã•:565-573. 1977.

9. Martens. A. C. M.. Van Bekkum. D. W.. and Hagenheek. A. The BN acute myelocytic
leukemia (BNML). A rat model for studying human acute myelocytic leukemia
(AMD. Leukemia (Baltimore). 4: 241-257. 1990.

10. Hagenbeek. A., and Martens. A. C. M. Minimal residual disease in acute leukemia:
preclinical studies in a relevant rat model (BNML). in: S. J. Proctor (ed.). Bailliere's

Clinical Hematology. Vol. 4. pp. 609-635. 1991.

3013

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/13/3008/2450892/cr0530133008.pdf by guest on 19 M

ay 2023



DIIIl.RENTIAL ACTIVITY OF ACETYLDINALINE IN THE BN RAT LEUKEMIA

11. Till. J. E., and McCulloch. E. A. A direct measurementof the radiation sensitivity of
normal mouse bone marrow cells. Radial. Res.. 14: 213-219. 1961.

12. Van Bekkum. D. W. The appearanceof the multipotential hemopoietic stem cells. In:
S. J. Baum and G. D. Lendney (eds). Experimental Hematology Today, pp. 3-9.
Basel: Karger. 1977.

13. Martens. A. C. M.. Van Bekkum, D. W.. and Hagenbeek,A. Heterogeneity within the
spleen colony forming cell population in rat bone marrow. Exp. Hematol. (Copenh.).
14: 714-720, 1986.

14. Hagenbeek. A., and .Martens. A. C. M. High dose cyclophospharnidc treatment of
acute myekx'ytic leukemia. Studies in the BNML rat model. Eur. J. Cancer Clin.
Oncol., 18: 763-769. 1982.

15. Martens. A. C. M.. and Hagenbeek. A. Kinetics of normal hemopoietic stem cells
during leukemia growth before and after induction of a complete remission. Studies
in a rat model for acute myelocytic leukemia (BNML). Leuk. Res.. //.- 453â€”459.

1987.
16. Colly, L. P.,Van Bekkum. D. W., and Hagenbeek.A. Enhanced tumor load reduction

after chemotherapy induced recruitment and synchronization in a slowly growing rat
leukemia model (BNML) for human acute myelocytic leukemia. Leuk. Res.. 8:
953-963. 1984.

17. Nooter. K.. De Vries. A.. Martens. A. C. M.. and Hagenbeek.A. Effect of cyclophos-
phamide pretreatment on daunoruhicin in rat acute leukemia model. Eur. J. Cancer.

26: 729-732. 1990.
18. Hagenbeek. A., and Martens. A. C. M. AMSA: in vivo log cell kill for Icukemic

clonogenic cells versus toxicity for normal hemopoietic stem cells in a rat model for
human acute myelocytic leukemia (BNMLl. Eur. J. Cancer Clin. Oncol.. 22: 1255-
1258. 1986.

19. Leopold. W. R.. Hook, K. E.. and Fry. D. W. Activity and biochemical properties of
GOE 1734 (PD 104208). an anticancer agent with a novel mechanism of activity.
Proc. Am. Assoc. Cancer Res., 28: 302, 1987.

20. Berger, M. R.. Kienner, T. SchmÃ¤hl.D., and Weiershausen.U. Influence of 4-amino-
W-(2'-aminophenyl) benzamide (GOE 1734)on cAMP levels in mammary carcinoma,

plasma, heart and liver of methyl nitrosourea-(MNU) induced SD rats. Proc. Am.
Assoc. Cancer Res.. 29: 503. 1988.

21. Kraker, A. J., and Moore, C. W. Activity and effects of 4-amino-AM2'-aminophcnyl)

ben/amide (GOE 1734. PD 104208). a compound with novel mechanism of action,
against HCT-8. Proc. Am. Assoc. Cancer Res., JO: 584. 1989.

22. Berger, M. R., and Gebelein. M. Influence of Dinaline on nucleotides in rat mammary
carcinoma cells. Proc. Am. Assoc. Cancer Res.. 32: 400. 1991.

23. Klohs. W.. Kraker, A.. Strinkampt. R.. Moore. C.. and Dominick, M. Mitochondrial
involvement in the mechanism of action of the novel antitumor compound 4-(acety-
lamino)-AM2'-aminophenyl) benzamide (PD 123654. Acetyldinaline). Proc. Am.

Assoc. Cancer Res.. Ã•2:396. 1991.

3014

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/13/3008/2450892/cr0530133008.pdf by guest on 19 M

ay 2023


