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Method D. 5-Chloro-3-[2-(4-piperidinyl)ethyl]indole (4).
A mixture of 36 g (0.14 mol) of 26 and 1.8 g of PtO, in 360 mL
of AcOH was hydrogenated at room temperature and atmospheric
pressure until TLC control [MeOH-Me,CO-Et,NH, 45:50:5, silica
gel GF] indicated that 26 had completely reacted. The catalyst
was filtered off and washed with AcOH. The combined filtrate
and washings were evaporated to a residue, which was dissolved
in 300 mL of HyO. The solution was alkalinized at pH 9 and the
resultant precipitate was extracted with CH,Cl,. The organic
extract was dried (MgSO,) and evaporated to give 31.3 g of a
brown crystalline solid. Recrystallization from Me,CO gave 22.5
g (60%), mp 160 °C.

Method E. 1-Methyl-3-[2-(4- N-methylpiperidinyl)-
ethyl]indole (14). To 12.1 g (0.05 mol) of 1-methyl-3-[2-(4-
piperidinyl)ethyl]indole (2) in 256 mL of toluene was added 6.1
mL (0.075 mol) of ethyl formate in 20 mL of toluene. After 4 h
at 75 °C, the mixture was evaporated to dryness. The oily residue
was added dropwise under N, to 2.85 g (0.075 mol) of LiAlH, in
100 mL of anhydrous Et,O. After stirring and refluxing for 3 h,
the mixture was cooled to 0 °C and decomposed with 3.4 mL of
H,0, 2.5 mL of 5 N NaOH, and 11 mL of H,O. The solid material
was filtered off and washed thoroughly with Et,0, and the filtrates
were concentrated to dryness to give an oil, which was turned into
its hydrochloride and crystallized from 80 mL of CH;CN: yield
10.35 g (71%); mp 100 °C.

Biological Methods. Uptake of NA, DA, and 5-HT into
Rat Brain Synaptosomes. DL-[methylene-1*C]Noradrenaline
bitartrate (53 mCi/mmol), [1-ethylamine-*C]dopamine hydro-
chloride (62 mCi/mmol), 5-hydroxy[side chain 2-*Cltryptamine
creatinine sulfate (58 mCi/mmol) were purchased from the Ra-
diochemical Centre, Amersham. Experiments were carried out
according to a previously published method? using immature
female rats (19-21 days). Brain synaptosome preparations were
incubated for 5 min at 37 °C with the labelled biogenic amines
at a concentation of 107 M. Four to six concentrations of the
drugs were used in duplicate to determine the ICy, values (con-
centrations of drug that inhibit the uptake by 50%).

Uptake of 5-HT into Human Blood Platelets. This was

studied by the method described elsewere.!? Platelet-rich plasma
(PRP) was prepared and aliquots were incubated at 37 °C. The
drugs and ¥C-labeled 5-HT (107 M) were added after 2 min, and
incubation was continued for an additional 1 min. After cooling
in an ice bath, the samples were centrifuged. Radioactivity was
counted on PRP and supernatant, and the uptake of C-labeled
5-HT was calculated by the formula of Buczko et al.?”

Potentiation of 5-HTP-Induced Tremor in Mice. Groups
of eight mice were used. The animals were injected intraperi-
toneally with a 100 mg/kg dose of L-5-HTP (in 0.9% NaCl so-
lution). The test substances were administered subcutaneously
30 min after 5-HTP injection.

Tremor was evaluated at 75 min in each animal using the
following rating scale: 0 = no tremor; 1 = moderate tremor; 2
= gevere tremor. The EDy, (doses that produced 50% of the
maximum effect, i.e., a mean score of 1) were determined from
the global scores obtained for each group.

Antagonism of Tetrabenazine-Induced Ptosis in Rats. The
test substances were administered orally to rats 0.5 h before
tetrabenazine (10 mg/kg, sc). Assessment was made 1 h later,
based on the absence or presence of ptosis. EDjy, values were the
doses that prevented ptosis in 50% of animals.

Acknowledgment. The authors thank Mr. Villatte for
spectral and analytical data, Mrs. Dubroeucq for reviewing
the manuscript, and Mrs. Thibaut for her secretarial as-
sistance. Expert technical assistance was provided by Mrs.
Coleno, Mr. Cheve, Mr. Dupre, Mr. Ganil, and Mr. Pu-
chault.

(37) W. Buczko, G. De Galtano, and S. Garattini, J. Pharm.
Pharmacol., 26, 814 (1974).

(38) J. I De Graw, J. G. Kennedy, and W. A Skinner, J. Heterocycl.
Chem., 8, 67 (1966).

(39) J. L. Archibald, T. Baum, and S. J. Children, J. Med. Chem.,
13, 138 (1970).

(40) U.S. Patent 3300506, Jan 24, 1967.
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This study examines the concentration-dependent cytotoxicity and antitumor activity of bleomycin (Blm) and Cu-,
Zn-, Fe(I1I)-, and CoBlm using Ehrlich cells in culture and the Ehrlich ascites tumor. The order of activity in culture
under several conditions is CuBlm ~ Blm =~ ZnBlm > Fe(III)Blm >» CoBlm =~ control. Short exposures of cells
to drugs in the presence or absence of serum produced effects on cell proliferation similar to 48-h incubations. With
Blm and CuBlm there was no obvious relationship between cytotoxicity and the modest short-term inhibition of
DNA synthesis by the drugs. The antitumor experiments produced qualitatively similar results with the order of
antitumor potency being CuBlm > Bl > ZnBlm ~ FeBlm >» CoBlm = control tumor. The host toxicity produced
by these drugs as measured by weight loss had the opposite ordering: CoBlm « FeBlm « ZnBlm < Blm < CuBlm.
At therapeutically effective concentrations, FeBlm was significantly less toxic relative to the other active agents.

The antitumor glycopeptide bleomycin (Blm) is isolated
from Streptomyces verticillus as a 1:1 copper complex.?
The early studies by Umezawa and co-workers demon-
strating the antitumor properties of the antibiotic utilized
this metal complex.?® Later, the metal-free bleomycin was
shown to be equally active and to be less toxic to the host.3

(1) (1) Contribution number 113 from the Laboratory for Molec-
ular Biomedical Research.

(2) (a) H. Umezawa, K. Maeda, T. Takeuchi, and Y. Okami, J.
Antibiot. Ser. A., 19, 200 (1966). (b) M. Ishizuka, H. Takaya-
ma, T. Takeuchi, and H, Umezawa, ibid., 20, 15 (1967).

(3) H. Umezawa, M. Ishizuka, K. Kimura, J. Iwanaga, and T.
Takeuchi, J. Antibiot., 21, 592 (1968).

For a number of years thereafter, the interest in metal ions
and bleomycin was confined to the demonstration that
Cu?*, Zn?*, and Co®* can inhibit the DNA-strand scission
reaction carried out by bleomycin in the presence of thiols.*
The resurgence of the study of metal bleomycins followed
the demonstration of Horwitz and co-workers that the
addition of Fe?* to the strand-scission assay in the presence
or absence of thiols led to a remarkable enhancement of
cleavage of the DNA backbone.>® Although biochemical

(4) H. Suzuki, K. Nagai, E. Akutsu, H. Yamaka, and H. Umezawa,
J. Antibiot., 28, 473 (1970).

(5) E. A. Sausville, J. Peisach, and S. B. Horwitz, Biochemistry,
17, 2740 (1978).
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Figure 1. Cytotoxicity of Blm and its metal complexes following
60-min incubation of Ehrlich cells and drugs in the absence of
serum. Cell proliferation was measured after 48 h.
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Figure 2. Cytotoxicity of Blm and its metal complexes following
60-min incubation of Ehrlich cells and drugs in the absence of

serum. Cell proliferation was measured after 48 h in the presence
of serum.

and structural studies on a number of metal bleomycins
are now being vigorously pursued, the work has not been
grounded in an understanding of the pharmacological
properties of these molecules. Thus, this report provides
the results of a broadly based inquiry into the cytotoxic
properties of metal-free bleomycin in comparison with Cu-,
Zn-, Fe-, and CoBIm.”

Results

Cell Culture Studies. Figures 1 and 2 present the
effect of different concentrations of metal-free bleomycin
and its Cu(Il), Fe(III), Zn(II), and Co(II) complexes upon
Ehrlich cells in culture. The cells were exposed to the
drugs in the presence as well as the absence of serum for
60 min, then washed free of drug, and incubated for 48 h
in the culture medium. The use of the serum-free incu-
bation medium permitted the exposure of cells to drugs
in the absence of competing metals from serum. After
these treatments, the extent of cell proliferation was ex-
amined. With the exception of CoBlm, all of the com-
pounds tested, including free bleomyecin, inhibited cell
proliferation. The magnitude of the inhibition was not
influenced by the presence or absence of serum during the
preincubation period.

(6) E. A, Sausville, R. W. Stein, J. Peisach, and S. B. Horwitz,
Biochemistry, 17, 2746 (1978).

(7) E. A.Rao, W. E. Antholine, and D. H. Petering, “Abstracts of
Papers”, 178th Meeting of the American Chemical Society,
Washington, D.C., 1979, American Chemical Society, Wash-
ington, D.C., 1979, abstr MEDI 46.
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Figure 3. Cytotoxicity of Blm and its metal complexes following
continuous exposure of cells and drugs for 48 h.

Bim-
100 (‘\\ CuBlm-

[

[}

b \ \

8 g0 \

= \ \

= \ \

= \

[ 60 \

=

s

g 40 e
(=]

-

e e —
® 201

Y

10 20 30 40 50 60
time - minutes

Figure 4. Time course of cytotoxic response of Ehrlich cells to
drugs. Ehrlich cells were incubated with 0.8 nm/105 cells for
varying times in MEM plus 5% fetal calf serum. Cells were then
washed and placed in culture. Cell proliferation was measured
48 h later after growth in Eagles MEM and 5% fetal calf serum
at 37 °C.

In all cases, the concentration dependence of inhibition
is biphasic with a break point near 1 nmol of drug,/10° cells.
At this concentration, Blm, CuBlm, and ZnBlm depressed
cell division by 70-80% relative to control. FeBlm was
noticeably less effective. Just as the initial 60-min incu-
bation of drugs with Ehrlich cells led to no decrease in cell
permeability to Trypan blue, the concentrations of drugs
up to 1-1.5 nmol/10° cells did not decrease the permea-
bility of cells present after 48 h. However, higher drug to
cell ratios produced cell kill. Generally, CuBlm was more
effective in this activity than Blm. Interestingly, at con-
centrations as large as 4-5 nmol of FeBlm/10° cells, dead
or permeable cells were never detected.

Figure 3 shows that even shorter exposures of cells to
CuBlm or Blm are sufficient to exert the significant,
prolonged inhibition of growth demonstrated in Figures
1 and 2. Continuous exposure of cells to drugs for 48 h,
as summarized in Figure 4, was no more effective than that
observed in the short-term experiments (Figures 1-3).
Only FeBlm appears to be more cytotoxic under these
conditions. The biphasic form of the concentration de-
pendence shown in Figure 4 is similar to those described
in Figures 1 and 2.

Effect of Drugs on DNA Synthesis. Table I presents
data on the concentration-dependent effects of free bleo-
mycin and copper bleomycin on uptake of radiolabeled
thymidine into Ehrlich cells and its incorporation into
DNA. Although there is some effect of Blm and CuBlm
on both processes relative to control, there is little con-
centration dependence to the effects over a 20-fold range



1312 Journal of Medicinal Chemistry, 1980, Vol. 23, No. 12

Table I. Concentration Dependence of Inhibition of
DNA Synthesis by Bleomycin and Copper
Bleomycin in Vitro?

nm of

rirugé DNA synthesis, mean thymidine uptake,
gell % of control + SD mean % control + SD
pro- blen- Cu-blen- blen- Cu-blen-
tein oxane oxane oxane oxane

4% 67.9:+25 86.8:3.2 86.0+22 949: 586

10 66.1+5.3 61,5643 79.1:x19 835:55
40 564+ 28 553:46 69.8:26 71.2:4.,5
80 401+ 0.9 513+55 61.9:63 68452

@ Cells removed from a donor animal were suspended in
fresh MEM and incubated at 37 °C with drug and then ex-
posed to [*H Jthymidine (final thymidine concentration
approximates 8.6 X 10°® M) for 20 min. Data are pre-
sented as percent plus or minus standard deviation for
three trials with respect to control values. The absolute
incorporation of [*H]dThd into control cells is 17 pmol/5

x 10° cells. From Figure 5 using cells from culture,
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Figure 5. Comparison of short-term incubation of DNA synthesis
with cytotoxicity of drugs. Ehrlich cells were incubated for 60
min with 1 nm of drug/10° cells (4 nmol/mg of cell protein) in
the presence of serum: (@) incorporation of [*H]dThd into DNA
measured at end of 60 min; (O) relative proliferation at end of
48-h incubation of cells in drug-free cell culture media.

in drug concentration. This result differs from observa-
tions made with other ligands and metal complexes which
inhibit thymidine metabolism and do so with a sharp
concentration dependence.?®

A direct comparison of the effects of bleomycin and
several of its metal complexes on the metabolism of dThd
related to DNA synthesis and the proliferative capacity
of Ehrlich cells was carried out using 1 nmol of drug/10°
cells. As seen in Figure 5, proliferation was inhibited about
60% by Blm and CuBlm, about 35% by FeBlm, and less
than 15% by CoBlm. However, only Blm significantly
depressed the incorporation of dThd into DNA. CoBlm
inhibited neither DNA synthesis nor cell proliferation.
Thus, under directly comparable conditions, there is no
significant correlation between cytotoxicity and the mild,
short-term inhibition of DNA synthesis.

Antitumor Studies. The antitumor activity of all
compounds was tested in mice by administering the tumor
cells on day 0 and following this with six injections of drugs
at 24-h intervals, beginning on day 1. The results are
presented in Figures 6-10.

Blm given at the rate of 1 (mg/kg)/day for 6 days has
no antitumor effect. All the animals developed tumors at
the same rate as the controls. The survival profiles were

(8) D. Minkel, L. A. Saryan, and D. H. Petering, Cancer Res., 38,
124 (1978).

(9) L. A. Saryan, E. Ankel, C. Krishnamurti, and D. H. Petering,
J. Med. Chem., 22, 1218 (1979).
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Figure 6. Antitumor activity of Blm. Drug was given on days
1-6. Deaths are noted in parentheses. All five animals survived
with a 3 and 6 (mg/kg)/day dose and none with a 1 (mg/kg)/day
dose. The illustrative untreated control tumor was for the 6 mg/kg
group.
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Figure 7. Antitumor activity of CuBlm. Drug was given on days
1-6. Deaths are noted in parentheses. 4/5 animals survived with
a 6 (mg/kg)/day dose, 4/5 with a 3 (mg/kg)/day dose (the animals
which died had no evidence of tumor), and 3/5 with a 1 (mg/
kg)/day dose. The illustrative untreated control tumor was for
the 6 mg/kg group.

similar to those that were not treated with any drug. In
contrast, at a dose (6 mg/kg)/day for 6 days the animals
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Figure 8. Antitumor activity of ZnBlm. Drug was given on days
1-6. Deaths are noted in parentheses. All animals survived with
a 12 (mg/kg)/day dose, 2/5 with a 3 (mg/kg)/day dose, and none
with a 20 (mg/kg)/day which was severely toxic. The illustrative
untreated control tumor was for the 3 mg/kg group.

showed severe toxic symptoms, including loss of body
weight, lethargy, diarrhea, and roughening of toe pads.
The loss of body weight was noticed on day 2 of drug
administration. This continued the next week, reaching
a maximum by day 13 well after the completion of Blm
injections (Figure 6). Between days 16 and 17 the animals
showed quick recovery to normal body weight. All these
animals survived for 50 days without any apparent tumor
development. The most effective dose schedule tested was
3 (mg/kg)/day for 6 days. Animals in this group showed
a 100% survival. The loss of body weight was far less
compared to the 6-mg dose and was not accompanied by
other toxic symptoms.

CuBlm exerted essentially similar kinds of effects in this
model, except the toxicity was much higher at each level
of drug tested (Figure 7). For example, one out of five
animals died in the group given the 6 mg/kg dose. This
was probably due to toxicity, for its body weight had
shrunk from 26.5 to 16.5 g. All the other toxic symptoms
were common to both Blm and CuBlm. Similarly, in the
group receiving the 3 mg/kg dose, there was also a single
mortality. CuBlm and Blm could be distinguished in mice
given the doses 1 (mg/kg)/day for 6 days. Unlike Blm in
which this level of drug had no effect on the progress of
the tumor, CuBlm was still moderately effective, leaving
two survivors with no evidence of the ascites tumor after
50 days.

Both FeBlm and ZnBim also have strong antitumor
effects as measured in this Ehrlich model. The lowest
concentration tested for ZnBlm (Figure 8) was 3 (mg/
kg)/day for 6 days. Two out of five animals survived at
this level. Four out of five animals survived in the groups
treated with 6 and 12 (mg/kg)/day for 6 days. The latter
group exhibited significant toxicity symptoms for the first
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Figure 9. Antitumor activity of Fe(III)Blm. Drug was given on
days 1-6. Deaths are noted in parentheses. All animals survived
with 15 and 20 (mg/kg)/day doses, 4/5 with a 12 (mg/kg)/day
dose, and 2/5 with a 6 (mg/kg)/day dose. The illustrative control
tumor was for the 6 mg/kg group.
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Figure 10. Antitumor activity of CoBlm. Drug was given on days
1-6. Deaths are noted in parentheses. No groups had animals
surviving longer than controls. The illustrative control tumor was
for the 6 mg/kg group. There was no evidence of toxicity in any
drug-treated group.

10-12 days. The former seem free of the symptoms of
toxicity noted with Blm and CuBlm. Animals treated with
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Figure 11. Cytotoxicity of Blm and two preparations of Fe(III) following continuous exposure of cells and drugs for 48 h.

20 (mg/kg)/day showed high toxicity symptoms and died
within 12 days.

FeBlm (Figure 9) was the least toxic of all the com-
pounds tested. Animals on dose levels of 15 and 20
(mg/kg)/day for 6 days showed loss of body weight but
no diarrhea or lethargy. All of them recovered from this
toxicity in the same time interval as Blm and CuBlm.
There was 80-100% survival in the groups without any
apparent development of tumor. At 12 (mg/kg)/day for
6 days FeBlm was also extremely effective with only mild
toxicity in terms of loss of body weight. However, at the
6 mg/kg dose only two out of five animals in this group
survived.

CoBIlm (Figure 10) behaved the same way in animals as
it did in tissue culture experiments. No antitumor activity
was observed at any of the three concentrations tested, i.e.,
6, 15, and 20 (mg/kg)/day for 6 days. None of the animals
in any of these groups exhibited toxic symptoms. Thus,
the pattern of antitumor activity of these drugs in animals
seems to follow the same course as the cytotoxic effects
observed in the tissue culture system: at equivalent doses,
CuBlm > Blm > ZnBlm > FeBlm >» CoBlm = control.

Comparative Properties of Fe(III)Blm Prepared in
Different Ways. The Fe(III)Blm used in the previous
experiments was prepared by the air oxidation of Fe(II)-
Blm. Because reduced oxygen radicals which damage
DNA are generated in this reaction, the question arises
whether such radicals also damage the bleomycin ligand.*
Thus, Fe(III)Blm made in this way was compared with
Fe(III)Blm constituted from the ligand and Fe®* as de-
scribed under Experimental Section.

Extent of complex formation is similar, except that the
latter reaction is slower. The final absorbance and EPR
spectra are identical. Figure 11 shows a study of the
concentration dependence of inhibition of Ehrlich cell
proliferation by Blm and the two sources of Fe(III)Blm.
The data closely resemble those shown in Figure 3. No
difference in the two Fe(III)Blm curves are noted. Figure
12 indicates that this identity of biological activity extends
to the antitumor experiment of Figure 9. The drug levels
of 6 and 12 (mg/kg)/day for Fe(III)Blm were chosen to
provide data in the concentration range of the original
experiment in which Fe(III)Blm exerted partial and nearly
complete control of tumor development.

(10) R. M. Burger, J. Peisach, W. E. Blumberg, and S. B. Horwitz,
J. Biol. Chem., 254, 10906 (1979).

8.0
6mg/Kg/day
| GUN
L
T @\
s ~:"°\c /‘_‘ i 2
N
. .,5/ \\ /P/ Oy
N -la(c/
40
£
L. . 1 .
£ 10 20 30
S
> 80
a 12 mg/Kg/day
«q !
40t
=W
° Q¢@’//4 '\i\ / ¥ o ——?
o o7 (- T
-40} \Q\g/ ¢
[
[ 1 1

Drug 10 20 30

Days

Figure 12. Antitumor activity of Fe(III)Blm’s. Drug was given
on days 1-6. Deaths are noted in parentheses. Upper panel: 6
(mg/kg)/day. Lower panel: 12 (mg/kg)/day. (®) Air-oxidized
Fe(III)Blm; (0) Fe(III)Blm made from ferric ammonium sulfate.

Thirdly, the biochemical efficacy of the two samples of
Fe(III)Blm is identical in the DNA strand-scission reaction
(Table IT). Excess Fe?* is used as the reductant for Fe-
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Table II. DNA-Blm Strand-Scission Reaction

A. DNA Degradation by Blm and Fe-Blm Complexes
by Acid-Soluble Radioactivity Release
range of % of
acid-soluble
countg at ¢ = 15

additions as specified,® in order min, %
buffer, DNA, Blm 0.5-0.9 (4)?
buffer, DNA, Fe(II) 1.5-3.1 (4)
buffer, DNA, Blm, Fe(II) 40-57 (4)
buffer, DNA, Fe({I[)Blm A¢ 0.9-1.3 (2)
buffer, DNA, Fe(III)Blm B 0.7-1.1 (2)
buffer, DNA, Fe(III)Blm A Fe(Il) 42-54 (2)
puffer, DNA, Fe(III)Blm B Fe(II)  42-57 (4)
buffer, DNA, Blm, 2-ME 2.7-3.8 (2)
buffer, DNA, Blm, Fe(II) 87-89 (2)
buffer, DNA, Fe(III)Blm A, 2-ME  79-84 (2)
buffer, DNA, Fe(III)Bim B, 2ME  84-88 (2)

B. Malonaldehyde Production by Bleomycin
and Fe-Bleomycin Reaction with DNA
amt of malonaldehyde produced
per 200 uL of incubation
at t = 15 min, nmol

additions as specified,?
in order

buffer, DNA, Blm <0.05

buffer, DNA, Fe(II) <0.05
2.6 x 100°M

buffer, DNA, Blm, 4.14
Fe(II) 2.5 x 10™*M

buffer, DNA, Fe(III)Blm A€ <0.05

buffer, DNA, Fe(III)Blm B <0.05

buffer, DNA, 1.95
Fe(III)Blm A, Fe(II)

buffer, DNA, 1.78

Fe(III)Blm B, Fe(Il)

@ Experimental conditions (ordered assays contained
some of the following): phosphate buffer (5 x 1072 M);
14C-labeled DNA (8 x 10°* M in thymine bases, 1.6 X
107% M in total bases); Blm or Fe(III)Blm ¢ (4 X 107° M),
preincubated at 37 °C for 1 min; ferrous ammonium sul-
fate (1 x 107* M); 2-mercaptoethanol (0.12 M), incu-
bated at 37 °C for 15 min; stop reaction. ? Number of
assays in parentheses, ¢ Fe(III)-bleomycin complexes
were prepared as specified elsewhere in this paper:
Fe(III)Blm A is prepared by air-oxidation of Fe(II)Blm;
Fe(III)Blm B by adding Fe(III) to Blm. ¢ Experimental
conditions (ordered assays contained some of the fol-
lowing): phosphate buffer (6 x 10-* M); chicken eryth-
rocyte DNA (2.5 x 10°* M in total bases); Blm or Fe(III)-
Blm ¢ (2.5 x 105 M), preincubated at 20 °C for 3-5 min;
ferrous ammonium sulfate (1 X 1072 M, or as specified),
incubated at 20 °C for 25 min with timed removal of ali-
quots.

(ITII)Blm. Not only are the two Fe(III)Blm’s identical in
activity in Table IIA, but they are similar to Blm in the
presence of Fe?*, which is the standard reaction mixture
used in this assay.!? One interesting difference between
preformed Fe(III)Blm and Blm + Fe®* is seen in the
strand-scission reaction measured by malonaldehyde for-
mation. Here, Fe(III)Blm + Fe?* does not appear as ef-
ficient as Blm + Fe?*. The basis for this difference is being
examined.

Finally, the 'H NMR spectrum of Fe(II)Blm-CO, pre-
pared by reaction of air-oxidized Fe(III)Blm with Na,S,0,,
and that of metal-free Blm have been compared. The iron
complex is diamagnetic.!! They are identical and will be
described in detail elsewhere. However, it is evident from

(11) N. Oppenheimer, L. Rodriguez, and S. M. Hecht, Proc. Natl.
Acad. Sci. U.S.A., 76, 5616 (1979).

(12) S. B. Horwitz, E. A. Sausville, and M. Takeshita, in
“Bleomycin: Clinical, Biochemical, and Biological Aspects”,
S. M. Hecht, Ed., New York, Springer-Verlag, 1979.
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the work of Oppenheimer et al. that repeated air-oxida-
tion-reduction of FeBlm by Na,S,0, does not alter the
NMR spectrum of Fe(II)BIm-CO.!?

Discussion

The studies reported here demonstrate the importance
of complexes involving biologically essential metals in
bleomycin pharmacology but do not resolve the funda-
mental question of whether there are several distinct
pharmacological agents among bleomycin and its com-
plexes or whether there is a single proximate agent in vivo.
Thus, there is confirmation of the early work of Umezawa
and co-workers that Blm and CuBlm have similar antitu-
mor properties against the Ehrlich ascites tumor.? For the
first time the excellent antitumor properties of Zn- and
Fe(III)Blm are demonstrated. Furthermore, it is shown
with Fe(IIT)Blm that the severe host toxicity accompanying
the antitumor effects of Blm and CuBlm can be partially
avoided so that cytotoxic specificity for tumor is signifi-
cantly enhanced. Finally, the differing concentration de-
pendence of antitumor and host effects of Zn- and FeBlm
relative to CuBlm and metal-free bleomycin clearly show
that there is not a simple rapid conversion of all these
compounds into Blm in vivo. However, other intercon-
versions between metal complexes involving “available”
metals from the host could occur and will be discussed
below.

A major conclusion from the animal studies is that in
the search for new improved analogues of bleomycin, such
as tallysomycin, the simplest approach is to make metal
complexes of the drug.!® It has been known since the early
studies of Umezawa that CuBlm is about as active as Blm
but distributes itself in mice much differently than Blm
and thus may have different in vivo properties.? It is
shown here clearly with FeBlm and possibly with ZnBlm
that the host toxicity of the parent compound can be
modified without loss of antitumor activity.

The cell culture studies substantially enrich the con-
clusions drawn from the antitumor experiments in animals.
First, in general, the pattern of cytotoxicity of the com-
pounds in animals and in culture is the same. Only the
decreased antitumor effects of ZnBlm in vivo distinguish
qualitatively the results in animals and in culture. In
addition, however, metal-free bleomycin was active in the
model developed to attempt to distinguish whether ligands
must form metal complexes to become activated (Figure
1 and ref 9, 14, and 15). In the present adaptation of this
model, cells are exposed to drugs in metal-free Eagles
minimal essential medium, then washed free of excess
drug, and added to normal medium containing fetal calf
serum for long-term incubations. The extents of prolif-
eration are then compared with those obtained in similar
experiments, in which fetal calf serum with its complement
of zinc, copper, and iron is also present in the initial
preincubation of cells and drugs. The activity of bleomycin
alone agrees with an earlier study in which preincubation
and washing was followed by injection of cells into mice
to assay viability.1® However, it is distinctly at variance

(13) W. T. Bradner, in “Bleomycin: Current Status and New
Developments” 8. K. Carter, S. T. Crooke, and H. Umezawa,
Eds., Academic Press, New York, 1978, Chapter 28.

(14) G. J. Van Giessen, J. H. Crim, D. H. Petering, and H. G. Pe-
tering, J. Natl. Cancer Inst., 51, 139 (1973).

(15) W. Antholine, J. Knight, and D. H. Petering, J. Med. Chem.,
19, 339 (1978).

(16) D. H. Petering, in “Inorganic and Nutritional Aspects of
Cancer”, G. N. Schrauzer, Ed., Plenum Press, New York, 1977,
p 179.
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with work on mono- and bis(thiosemicarbazone) and their
complexes, which demonstrated clear requirements of
metal complexation to activate ligands.%'4

The simple interpretation of this result is that the free
ligand may be independently active or must chelate its
activating metal within the Ehrlich cells. However, there
are complicating factors. As described under results,
continuous exposure of cells to drugs for 48 h does not
progressively increase the inhibitory effects over those for
60 min (Figures 1-3). In fact, even shorter exposure times
for Blm and CuBlm produce similar cytotoxic responses
in cells (Figure 4). Yet there is no clear cytotoxic lesion
produced during these short incubation periods—cells
remain impermeable to Trypan blue, and DNA synthesis
is not markedly inhibited. If the drugs must interact with
cells over longer periods to inhibit proliferation, then once
placed in culture for the 48-h incubation, the cell-bound
ligand and complexes are then in a medium containing
transition metals from fetal calf serum. Because of this,
the discrimination in metal exposure provided in the initial
preincubation may be lost.

The biphasic concentration dependence of cytotoxicity
for all compounds has the appearance of a titration curve.
Along with the other results cited above, this is suggestive
of the interaction of drugs with a limited number of sites
to set in motion the cytotoxic process. Further exposure
of cells to drug would not enhance cytotoxicity. The results
and hypothesis are consistent with findings that bleomycin
inhibits cell-cycle progression in late Gy; yet relatively short
exposure of cells to drug can bring about this blockage.!72
That is, the inhibition of proliferation is cell-cycle de-
pendent and, hence, time dependent. The effects of an
initial binding step or reaction between drugs and cells
would only become apparent over a number of hours as
cells accumulate in G,.

Besides the data which relate the cytotoxic effects of
bleomycin to inhibition of the cell cycle, several studies
have focused on the inhibition of DNA synthesis by
bleomycin as an important lesion.'*?® As noted in previous
studies, the present experiments do not support a causal
relationship between cytotoxicity and the inhibition of
DNA synthesis measured by a decreased incorporation of
dThd into DNA.1621

A third site of reaction thought to be related to bleo-
myecin cytotoxicity is DNA itself. In the presence of thiols,
bleomycin participates in the strand cleavage of DNA.2?
Recently, these studies have been stimulated by the finding
that Fe?* greatly enhances the rate of this reaction.?? It
has thus been proposed that Fe(II)Blm is the proximate
cytotoxic agent in the cell, having chelated available iron
from the host or the tumor cell.?? Because Cu?* inhibits
this reaction, recent papers have concluded that these ions
interfere with the cytotoxicity of bleomycin.?? Never-
theless, the present studies show clearly that Cu- and
ZnBlm are effective cytotoxic and antitumor agents.
Umezawa has suggested that Cu(Il) is reduced by thiols
and dissociated to Cu(I) and free bleomycin in tumor cells
to generate the active species bleomycin and then perhaps

(17) B. Barlogie, B. Drewinko, J. Schumann, and E. J. Freireich,
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(21) P. R. Roper and B. Drewinko, Cancer Res., 36, 2182 (1976).
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Figure 13. Possible interrelationships between Blm and Cu-, Fe-,
and ZnBlm. L represents a cellular ligand.

FeBlm.?4% However, studies of the kinetics of reaction
of CuBlm with thiols indicate that these reactions are very
slow. They are slow enough to explain how Cu®* binding
to Blm in the DNA strand-scission reaction can inhibit this
process despite the presence of thiols in the reaction me-
dium.?®?" Thus, this mechanism of conversion of CuBlm
to Blm may not be operative in Ehrlich cells. In fact, a
recent comparison of the cytotoxic and in vivo DNA
strand-scission properties of Blm and CuBlm shows that
CuBIm and Blm are equally cytotoxic.?® However, no
cleavage of DNA by CuBlm is noted at toxic concentrations
which produce strand scission by bleomycin.

Another recent study of the strand-scission reaction
suggests that the methods of preparation of Fe(III)Blm
which we have used inactivates the complex toward the
strand scission of DNA.' In a direct comparison of Fe-
(IIT)Blm’s made from Fe?* and Blm or Fe?* and Blm, no
biological, biochemical, or chemical differences have been
discerned. In particular, both samples were equally active
in the strand-scission reaction. Past work has indicated
that once Blm reacts aerobically with an excess of Fe?* in
the absence of DNA, it is no longer an effective reagent
in the presence of additional Fe?* in the strand cleavage
of DNA.} Apparently, those results and their interpre-
tation do not apply here.

The question of the interrelationship of bleomycin and
its complexes is raised again here. The general pattern of
in vitro cytotoxic effects of Blm and Cu-, Zn-, and FeBlm
is similar. Their lack of effect on DNA synthesis is a
common property. The lack of significant uptake of Blm
and Cu- and FeBlm into Ehrlich cells is also similar (un-
published information). A common intermediate form is
suggested from these comparisons. Figure 13 diagrams the
plausible interconversions which have been suggested al-
ready or may likely exist. For example, Cu®* displaces both
Zn?* and Fe?* from Blm. However, chemical and bio-
chemical characterization of these compounds and reac-
tions are incomplete, so that current studies leave a con-
fusing picture. Thus, CuBlm is both thermodynamically
stable and kinetically inert in model substitution and redox
reactions.?% Its breakdown is not expected on the basis
of its known chemistry. Whether iron is available in bi-
ological systems for stable chelation to activate Blm is a
major question which must be addressed before FeBlm can
be considered the complex which mediates bleomycin cy-
totoxicity. The intriguing position of ZnBlm in this picture
must also be considered. Of the three essential metals
Zn%*, Cu?, and Fe?* Fe®*, Zn?* is by far the most readily
available. For example, in plasma much of the zinc is
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loosely coordinated to albumin and amino acids.?®%
Finally, in Figure 13, one cannot omit from consideration
the possible cytotoxicity of metals in boxes liberated from
bleomycin. In the study of bis(thiosemicarbazonato)copper
complexes, cytotoxicity is correlated with the deposition
of copper in Ehrlich cells.?!%2

Experimental Section

Materials. Blenoxane (Blm), the outdated clinical mixture
of bleomycin A, (~70%) and B, (~30% ), was used throughout
these studies and was a gift to us from Bristol Laboratories,
Syracuse, N.Y. Eagles minimal essential medium plus Earle’s
salts, bovine fetal calf serum, and the trypsin-EDTA solution were
obtained from GIBCO. Female Swiss HA/ICR mice were pur-
chased routinely from ARS/Sprague-Dawley, Madiern Wis,

Tissue Culture Studies. Ehrlich ascites cells dly
adapted to cell culture by Dr. Edvardas Kaminskas we.. wded
for in vitro tissue culture cytotoxicity experiments. The cells were
maintained in Eagle’s minimum essential medium (MEM) with
Earle’s balanced salts and penicillin, streptomycin, and 5% bovine
fetal calf serum. The pH was maintained at 7.2-7.4 with the
addition of NaHCO;. The cells were grown routinely in spinner
flasks at 37 °C in incubators without CO,.

Cytotoxicity Studies. Short-Term Exposure. Cells growing
exponentially were collected and suspended in fresh MEM % 5%
serum (3-4 X 105 cells/mL) and incubated in sterile disposable
15-mL centrifuge tubes with caps in a water bath at 37 °C with
gentle shaking. Drugs were added just before the incubation. At
the end of the incubation period, the cells were collected by
centrifugation, washed with fresh MEM, resuspended in fresh
MEM + 5% serum, and plated in 20-mL disposable plastic
monolayer flasks. All flasks were incubated in an atmosphere
of 5% CO, at 37 °C.

Continuous Exposure. Exponentially growing cells were
suspended in fresh MEM + 5% serum (2-3 X 10° cells/mL) and
were plated in multiwell plates. Drugs were added to the cells
either immediately or after 24 h of adaptation. The plates were
incubated in 5% CO, atmosphere incubators at 37 °C.

Cell Harvesting, Counting, and Processing of the Data.
The cells were harvested at the end of the incubation period,
usually 48 h, by decanting all the used medium, centrifuging to
collect any cells that might have been easily detached, trypsinizing
the cells in flasks for 10-15 min, and suspending all the pooled
cells in a known volume of MEM for counting.

Cell counting was done manually with a hemacytometer. Cell
viability was determined by the Trypan blue dye exclusion me-
thod.

Although the ratio of the number of cells to the drug is constant
during incubations of cells and drugs for all the samples, because
of the subsequent processing, which included two centrifugations,
the final cell suspensions showed variable cell counts. Therefore,
cell counts were made on all samples before plating and taken
as “day 0” count. Counts done after 48-h incubation were “final”
count. The ratio of “final/day 0” is defined as the fold increase
in cells. All the samples were run at least in triplicates, and
standard errors ranged between 2 and 10% control fold increase
for all samples. These ratios were normalized as the percentage
fold increase of the control cell populations. In this way a number
of experiments could be directly compared by plotting normalized
fold increase in cell proliferation and the concentration of drug
in nmol/10° cells.

Animal Maintenance and Antitumor Experiments. Fe-
male Swiss mice 8-10 weeks old and weighing 25-30 g were used
in these experiments. All the animals were maintained ad libitum
on normal purina laboratory chow and tap water throughout the
experimental period.
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Each group consisted of four to five weight-matched animals,
and animals from each group were housed in a single stainless-steel
cage. The Ehrlich ascites tumor was maintained routinely by
transplanting 2-5 X 108 cells into healthy normal mice intra-
peritoneally from a freshly collected cell suspension of the stock
tumor. To begin the antitumor experiments, 5 X 10° cells were
injected into the groups of mice.

The drug administration was started 24 h after the tumor cell
injections. All the drugs were given intraperitoneally once a day
for 6 days at a regular interval of 24 h. The individual animal
body weights were recorded for bleomycin next 4 weeks, and the
survival was followed for a total of 50 days.

Preparation of Bleomycin and Bleomycin-Metal Com-
plexes. Blenoxane was used without any further purification.
It contains approximately 70% bleomycin A, and 30% belomycin
B;. Solutions of blenoxane (referred to as Bleomycin or Blm
throughout this paper) were made in 0.1 M NaCl and quantitated
by titrating with a standard CuCl, solution.

Cu-, Zn-, and CoBlm. Equimolar quantities of Blm (molecular
weight 1400) and 0.2 M metal chloride solution were mixed, and
the pH was adjusted to 7-7.5.

FeBlm. Equimolar amounts of Blm and ferrous ammonium
sulfate or ferrous chloride in 0.1 M NaCl maintained under
bubbling N, were mixed, and the pH was adjusted immediately
to 7.2-7.5. The final form of the complex was Fe(III)Blm, as
Fe(IT)Blm oxidizes on exposure to air. Alternatively for com-
parison in Figures 11 and 12 and Table II, Fe(III)Blm was made
by mixing equimolar Blm and ferric ammonium sulfate at pH
3 and slowly titrating the solution up to pH 7. In this procedure,
the oxidation state of iron is always +3.

All the solutions were sterilized by filtering through a Gelman
Acrodisc filter, pore size 0.2-um, and kept frozen until and after
every use.

DNA Synthesis. DNA synthesis was measured by following
[*H]thymidine incorporation into a perchloric acid precipitable
substance using a modified procedure reported earlier by Saryan
et al.%® Bleomycin and its Cu, Fe, and Co complexes were added
as solutions in MEM at identical concentrations to suspensions
of 5 X 108 cells/mL and incubated for 60 min at 37 °C with gentle
shaking. The cells were washed once with MEM after 60 min
and resuspended in fresh MEM, and the radioactive precursor
incorporation was followed for the next 20 min. The radioactivity
was estimated in a Unilux III liquid scintillation system (Nuclear
Chicago Co.) using an 8:2 (v/v) toluene—ethanol cocktail, which
provided improved counting efficiency.

DNA Strand-Scission Reaction. DNA Degradation by
Measurement of Acid-Soluble Radioactivity. Blm and Fe—
Blm complexes were tested for the ability to degrade DNA into
acid-soluble fragments using a modified assay of Horwitz et al.}2
Synthetic C-labeled DNA alternating copolymer (poly(dA-[2-
14C1dT)-poly(dA-[2-4C]dT); 4.2 uCi/umol of thymine bases, 5.7
uCi/mL; P. L. Biochemicals Inc., Milwaukee, Wis.) served as an
excellent substrate. Assay reactions (total volume 50 L) were
assembled in polystyrene tubes previously rinsed with 0.25 M
phosphate buffer, pH 7.0, and exhaustively with glass-distilled
water, and contained some of the following additions: 5 X 1072
M sodium phosphate buffer, pH 7.00; 8 X 10° M ¥C-labeled DNA
(as thymine bases); 4 X 10° M bleomycin; 1 X 104 M Fe?*: and
0.13 M 2-mercaptoethanol. After a 15-min incubation at 37 °C,
the reaction tubes are immersed in ice slush and 50 uL of chilled
0.1 M EDTA with 10 mg/mL bovine serum albumin is added and
mixed with the assay incubation. Chilled 5 M perchloric acid (10
pL) is then added and the mixture allowed to precipitate on ice
for 15 min. The precipitate is harvested by centrifugation at 6000g
for 25 min and radioactivity determined in the supernatant by
liquid scintillation counting as performed above.

Working solutions of ferrous ammonium sulfate and 2-
mercaptoethanol were freshly prepared immediately before use
and assayed for [Fe?*] or [R-SH], respectively, at the end of the
reaction. Ferrous ion concentration was determined by reaction
of ferrous ammonium sulfate with excess 1,10-phenanthroline and
measured at 510 nm [ez30 for (1,10-phen);Fe(II) = 9700 M1].
R-SH concentration was determined by reaction of 2-
mercaptoethanol with DTNB [5,5-dithiobis(2-nitrobenzoic acid),
Aldrich] and measured at 412 nm (eg for TNB anion = 13000
M-1). Working solutions of both substances were stable to oxi-
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dation for much longer than the duration of the incubations.

DNA Degradation by Measurement of “Malonaldehyde”
Production. Blm and Fe-Blm complexes were tested for the
production of malonaldehyde-like products upon reaction with
native DNA, using a modified assay of Burger et al.!° based on
the method of Waravdekar and Saslaw.®® Highly polymerized
chicken erythrocyte DNA (P. L. Biochemicals, Inc., Milwaukee,
Wis.) served as the substrate. Aldrich Chemical Co. (Milwaukee,
Wis.) supplied 2-thiobarbituric acid (4,6-dihydroxy-2-mercapto-
pyrimidine) and malonaldehyde bis(dimethyl acetal), used as
standard. Reaction mixtures (total volume 2.0 mL) were assem-
bled in polystyrene tubes previously rinsed with 0.25 M phosphate
buffer, pH 7.0, and exhaustively with glass-distilled water and
contained some of the following additions, in order: 60 mM
sodium phosphate buffer, pH 7.00; 2.5 X 104 M DNA (as total
bases); 2.5 X 10™* M bleomycin [or Fe(IIT)-Blm complexes). After
a 3- to 5-min preincubation at room temperature, Fe?* (1 X 103
M) is added as ferrous ammonium sulfate to some incubations.
The incubation is mixed briefly and timed aliquots of 0.2 mL are
taken up to 25 min. Aliquots are mixed with 1.0 mL of 2-thio-
barbitaric acid reagent (4 X 102 M 2-thiobarbituric acid, 1 x 1073

M EDTA) and heated in capped test tubes for 30 min at 75 °C
to develop the color. Malonaldehyde standards are prepared
simultaneously. After cooling, the absorbance at 532 nm is
measured using a Cary 16 spectrophotometer equipped with
1.0-mL cuvettes. Production of malonaldehyde from DNA re-
actions is quantitated using authentic malonaldehyde produced
by acid hydrolysis of malonaldehyde bis(dimethyl acetal), which
when reacted with 2-thiobarbituric acid yields a product having
an e, = 1.6 X 10° M. The intensely pink-colored products of
the reaction between 2-thiobarbituric acid and malonaldehyde
and 2-thiobarbituric acid and Blm-Fe?* reactions were indistin-
guishable by visible absorption spectrophotometry.
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Synthetic and Preliminary Hemodynamic and Whole Animal Toxicity Studies on
(R,S)-, (R)-, and (S)-2-Methyl-3-(2,4,5-trihydroxyphenyl)alanine
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The synthesis, resolution, and absolute configuration assignment of 2-methyl-3-(2,4,5-trihydroxyphenyl)alanine
(6-OH-a-Me-Dopa) are reported. Hemodynamic studies in the rat have shown that this structural analogue and
potential metabolite of the clinically useful drug (S)-a-Me-Dopa possesses weak hypotensive activity which resides
in the R enantiomer. LDj, studies in mice have established that 6-OH-a-Me-Dopa is over four times more toxic
than a-Me-Dopa. Chronic exposure to 6-OH-a-Me-Dopa leads to renal and hepatic lesions. The ease of oxidation
of this hydroquinone to the electrophilic quinone species may contribute to its enhanced toxicity compared to

a-Me-Dopa.
(S)-a-Me-Dopa [(S)-a-MD, (S)-1] is a clinically useful
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antihypertensive agent.! Although this drug is relatively
nontoxic,? a number of side effects has been reported.
These include depression,® a Parkinsonian-type syndrome,*
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psychotic behavior,’ and a positive antiglobulin test
sometimes associated with hemolytic anemia.® Perhaps
the most dramatic and clinically serious potential side
effect of (S)-a-MD is its hepatotoxicity, which may lead
to severe liver damage and death.” The well-known
susceptibility of catecholamines to autoxidation®!? has led
to the proposal that the liver abnormalities associated with
the use of (S)-a-MD may result from the formation of
electrophilic oxidation products that covalently bind to
biomacromolecules.® Evidence to support this hypothesis
is the NADPH-dependent binding of tritium-labeled
(S)-a-MD to hepatic microsomal macromolecules and the
isolation of an (S)-a-MD glutathione adduct.® Similar
sulfhydryl adducts of the endogenous catechol amino acid
(S)-Dopa [(S)-2] have been characterized in the urine of
melanoma patients.!® Adduct formation presumably
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