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Abstract—Three models were used to examine the requirement of bleomycin (Blm) for iron (Fe) to
carry out its antitumor or cytotoxic activity. Mice were made iron deficient by dietary means. Animals
with depressed iron stores in liver and low plasma and ascites fluid iron supported Ehrlich tumor growth
as well as mice maintained on a control diet. Bleomycin was equally effective against this tumor in iron-
deficient mice as it was against the tumor in iron-sufficient controls. Likewise, nutrient copper deficiency
did not change the efficacy of the drug. Ehrlich cells in culture were treated with a non-growth inhibiting
concentration of the chelating agent, 1,10-phenanthroline before or during their exposure to bleomycin.
Again, the treated cells were as sensitive to drug as controls, despite the fact that this ligand reduces
cellular iron and zinc and can extract iron from Fe(II)Blm. Lastly, it was demonstrated that iron-
depleted Euglena gracilis cells growing at reduced rates were as sensitive to growth inhibition by

bleomycin as control cells.

It has long been thought that the biological mech-
anism of action of the antitumor agent, bleomycin
(Blmi) involves the strand cleavage of DNA [1].
With the finding in vitro that Fe?* is necessary to
activate the drug in this oxygen-dependent reaction
[2,3], it has frequently been assumed that iron—
bleomycin is the active form of the drug in vivo.

Other studies have shown that under some con-
ditions Cu™* plus bleomycin, Co(III) bleomycin and
light, and Mn(II) bleomycin in the presence of H,0,
can cause in vitro DNA damage [4-6]. However, it
is the metal-free drug that is administered to patients
and used in most animal experimentation. Thus, if
a metallobleomycin is the pharmacologically active
species, one recognizes that the metal-free drug must
sequester an activating metal from the host in order
to carry out its cytotoxic activities.

In chemical experiments metal ions such as Fe?*
are readily available to react with Blm to initiate
DNA strand breakage. However, in the organism
the drug must compete with other ligands for metals.
Indeed, in humans, cancer patients may present
themselves for treatment with varying degrees of
malnutrition due to cachexia. It is possible, for
example, that they are deficient in one or more of
the metals implicated in the action of bleomycin
[7). Therefore, it is practically important as well
as mechanistically interesting to know whether the
activity of this drug can be compromised by metal
deficiencies.

One experimental approach to test the role of
metals in the cytotoxic properties of metal binding
compounds has been to study their antitumor activity
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in metal-deficient animals or in cell culture systems
in which the medium is metal deficient [8, 9]. In the
present study, the sensitivity of three iron-limited
cellular systems to Blm has been investigated:
Ehrlich cells in iron-deficient host mice, Ehrlich cells
in culture containing a metal-chelating agent, and
Euglena gracilis maintained in an iron-depleted,
defined growth medium. In addition, the effects of
dietary copper deficiency on the activity of bleomycin
against the Ehrlich tumor were ascertained.

METHODS

Female HSD/ICR mice were purchased from Har-
lan Sprague-Dawley, Indianapolis. The mice were
provided with either a complete diet or a specific
metal deficient diet and glass-distilled water ad lib.
The complete semipurified diet and diets deficient in
either copper or iron were prepared by Zeigler
Bros. (Gardner, PA). The complete diet has been
described previously [10]. Metals are provided as
metal salts which can be deleted to make the metal-
deficient diets. The complete diet contained 35.0 ug
Fe/g diet, 6.2 ug Cu/g, and 20.0 ug Zn/g. According
to analysis, deficient diets contained 6.3 ug Fe/g or
less than 0.5 ug Cu/g. The stainless steel mouse cages
were pretreated for 1hr in an EDTA/NaOH bath
and rinsed with deionized water. The water bottles
were acid washed, rinsed and fitted with silicone
stoppers.

Antitumor studies in metal-deficient mice. In the
first animal experiment, 11- to 12-week-old adult
mice were used. Groups of animals were placed
either on a copper-deficient diet or the complete,
semipurified diet for 12 weeks. Groups on each diet
were then inoculated with 5 x 10° Ehrlich ascites
tumor cells. After 24 hr some members of each group
were treated for 4 days with 3 mg Blm/kg body
weight, previously shown to be a low, effective dose
of the drug in this tumor model [11]. Twenty-four

4273



4274

S. LyMaN et al.

Table 1. Characteristics of mice on iron normal, Fe(+), and iron-deficient, Fe(~), diets*

Week 17 Week 19

1. Animal weights§ (g)
Fe(+)
Fe(-)

36.9 4.0

39230 382=x24

2. Hematocrit—erythrocytes as % of total blood volume

Fe(+)
Fe(-)

44 (2) 441

3. Hemoglobin content of erythrocytes (g/dl)

Fe(+)
Fe(-)
4. Liver weight (g)
Fe(+)
Fe(~)

14.0 (2) 15.

5. Liver ferritin in cytosol (ug Fe/g wet weight liver)

Fe(+)
Fe(—)

6. Serum Fe, pooled|| (ug/ml)
Fe(+)
Fe(-)

7. Ascites fluid Fe (ug/ml)
Fe(+), T
Fe(-), T

8. Total Ehrlich cells suspension
a. Total cells (x10%)
Fe(+), T
Fe(—), T
b. Ascites suspension volume {ml)
Fe(+), T
Fe(-), T

9. Ehrlich cell Fe (ug/10° cells)
 a. Total
Fe(+)
Fe(-)
5. Cytosol**
Fe(+)
Fe(—)

1702

31201
1.6 (2)

@ 1709 (3)

13.0x4.2
87x29

189*2.0
57=x21

2.52+0.84
1.80 + 0.59

1.32+0.39
0.68 £ 0.09 (3)

*—} There were four animals per group unless noted in parentheses. Means being compared
are given the same symbol. Probabilities of less than 0.1 are indicated: (1) P < 0.05; and (%)

P <0.01.

§ Group averages at initiation of special diets (3.5 weeks) and at 5.5 and 14.5 weeks.
Fe(+): 17.0, 27.2 and 33.5 g respectively; Fe(—): 17.5, 27.3 and 35.7 g respectively.

Il Pooled plasma from four mice.

9 Measurements on tumor bearing mice (T) at age 17 weeks were made on day 9 after
injection and at 19 weeks were made on day 15 after injection.

** Cytosolic Fe is ferritin-bound.

hours after the last treatment with drug, some of the
animals on metal-deficient diets were placed on the
complete diet for the remainder of the experiment.
Weight changes and appearance of the animals were
followed over time as indications of tumor growth
“and toxicity of the drug. In some cases observations
were continued until the animals died; in others,
mice were killed so that their metal and tumor status
could be evaluated.

A second experiment utilized 3- to 4-week-old
weanling mice and investigated only the effects of
iron deficiency upon tumor growth and drug efficacy.
The animals were kept on the semipurified diets for
13 weeks prior to injection of Fe(+) (iron normal)
groups with 5 X 108 cells/mouse for a control anti-

tumor experiment and 15 weeks before the larger
Fe(~) (iron deficient) antitumor study was started
by injection of 5 x 10° cells/mouse. In the latter
experiment animals were administered tumor cells
from two Fe(—) mice given the tumor 2 weeks
earlier, in order to lower intracellular iron stores
which could support drug action even in iron-defi-
cient test animals. The averages of their final serum
iron and ascites fluid iron were 1.7 and 1.6 ug/ml
respectively. This procedure was employed so that
residual iron in cells injected into iron-deficient mice
would be minimized. Several doses of Blm were used
to test the dose-response activity of the drug.
Analyses of metal status in animals. Hematocrit,
hemoglobin and serum iron levels were determined
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Fig. 1. Effect of Blm on tumor growth in Fe(—) mice. On day 0, 5 x 10° cells/animal (5 mice per group)
were injected, and on days 14 intraperitoneal injections of Blm were administered. Panel a: All groups
were placed on Fe(+) diet on day 5. Key: (@) control tumor; (O) no tumor; (M) 1 mg Bim/kg body
weight; (A) 3 mg Blm/kg; and (V) 6 mg Blm/kg. Panel b: All groups were maintained on Fe(—) diet.
Key: (@) control tumor; (O) no tumor; and (V) 6 mg Bim/kg body weight. Values are means + SD.
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Fig. 2. Effect of Bim on tumor growth in Cu(—) mice. On

day 0, 5% 10° cells/animal (5 animals per group) were

injected. Key: (@) Cu(-) control tumor; (l) control tumor

of animals changed to Cu(++) diet on day 5; and (Q) tumor

treated with 3 mg Blm/kg body weight on days 1-4. Values
are means = SD.

in mice maintained on the control and iron-deficient
diets. Serum copper was determined in copper-nor-
mal and copper-deficient mice. The mice were anes-
thetized with ether, and blood was collected
suborbitally into a heparinized capillary tube for
the hematocrit. The serum was removed from the
capillary tube after centrifugation, and iron or copper
levels were determined by atomic absorption
spectrophotometry. Hemoglobin concentration was
determined by mixing 0.02 m! of blood with 5 ml of

Hycel Cyanmet hemoglobin reagent and measuring
the absorbance of the solution at 540 nm. Ferritin
iron levels were measured in the cytosol of livers of
mice fed complete and iron-deficient diets to obtain
an indication of the iron stores of the host during the
course of the experiment. After animals were killed
by cervical dislocation, their livers were dissected
out and weighed. The whole liver was homogenized
in 5ml of ice-cold SmM Tris buffer containing
0.25M sucrose and 10mM 2-mercaptoethanol,
pH7.5. The homogenate was centrifuged at
20,000 rpm (48,000 g) for 40 min, and the super-
natant fraction was passed over a G-75 column
(2.5 x 60 cm) equilibrated with 5mM Tris, pH 7.8,
to separate ferritin iron from contaminant hemo-
globin iron. Fractions (5 ml) were collected, and the
amount of iron contained in the ferritin peak was
determined by atomic absorption spectro-
photometry.

The metal contents of ascites fluid and tumor
cytosol were also determined. The ascites suspension
was withdrawn from the peritoneum. Then the cells
were separated by centrifugation, and the ascites
fluid was saved for metal analysis. The tumor cells
were washed in 0.01 M phosphate-buffered saline,
pH 7.2, and red blood cells were lysed by incubating
the cell population with 0.01 M Tris containing
0.83% ammonium chloride for 20 min. Cold glass-
distilled water (2ml) was added to 3 x 10% cells;
the suspension was sonicated for 1 min and then
centrifuged at 20,000 rpm (48,000 g) for 20 min. The
resultant supernatant fraction was passed over a G-
75 column (1.5 X 30cm) equilibrated with 5mM
Tris, pH7.8, and 2-ml fractions were collected.
Metal was measured by atomic absorption spectro-
photometry.
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Cytotoxicity studies in Ehrlich cell culture.
Exposure of Ehrlich cells in culture to 1,10-phen-
anthroline markedly reduces cellular concentrations
of iron and zinc at concentrations of the reagent
which only modestly affect proliferation. Thus,
experiments were designed to see whether Blm
remains active against proliferating Ehrlich tumor
cells in culture that contain a reduced level of iron
or have a chelating agent present that can effectively
compete with Bim for Fe(II). Cells were either pre-
treated with 1,10-phen, washed, and then exposed
to Blm or pretreated with 1,10-phen and then
exposed to drug in the presence of the ligand. A
concentration of 1,10-phenanthroline was chosen at
the upper end of the range which did not depress
cell growth (see Table 4, footnote). Cells were grown
at 37° in spinner flasks for metal measurements or
culture plates for growth inhibition studies. The
medium contained Eagle’s Minimal Essential
Medium plus Earle’s salts supplemented with
2.5% fetal calf serum as described previously [12].
Metal contents of the cytosol and whole peliet from
2 » 108 cells were measured after mechanical homo-
genization and centrifugation using atomic absorp-
tion spectrophotometry.

Cytotoxicity studies using Euglena gracilis. The
unicellular organism, Euglena gracilis, strain Z, was
purchased from the Culture Collections of Algae,
University of Texas, Austin, TX, and was grown on
defined medium at pH 3.6 [13]. The iron requirement
was supplied by addition of 36 uM FeSQ,. Omission
of FeSO, produced an iron-deficient medium with
residual iron concentration of 0.1 uM. To reduce
the iron concentration further, traces of metal were
removed by filtering this nutrient medium through
Mg(OH), ge! and by using phosphoric acid to adjust
the pH of the medium, which was made by distilling
phosphorus oxy-chloride into water. The distillation
was carried out so that HCI produced in the reaction
was also distilled from the phosphoric acid solution.

The gel of magnesium hydroxide was prepared by
mixing 2.5 g MgSO, in 20 ml of water with 20 ml of
10% NH,OH, pH 10.5. About half of the gel was
deposited on a Whatman No. 40 ashless filter paper
contained in a Buchner funnel. Filter paper covered
it, and the rest of the precipitated Mg(OH), was
added and protected with a third filter paper. This
“sandwich” was washed with water and then used.
Medium was passed twice through this filter followed
the first time by 25 ml H,O and the second by 50 mi
H,O. After this treatment the iron content of the
medium was 3 nM as measured by flameless atomic
absorption spectrophometry utilizing a graphite fur-
nace.

To test the sensitivity of the proliferation of
Euglena gracilis to availability of nutrient iron and
the presence of Blm, the inhibition of cell pro-
liferation by Blm in iron-normal and iron-deficient
Euglena gracilis was assessed after incubation with
the drug. In the experiment shown in Fig. 4, Euglena
were suspended in either iron-sufficient or -deficient
medium at 1 X 10° cells/ml in a flat-bottom cell well
plate flooded with fluorescent light, and were
exposed to drug concentrations ranging from 0.01
to 16 nmol/ml for 96-120 hr at 25°. In the second
experiment summarized in Fig. 5, dark adapted cells
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were incubated in the absence of light in 25-mi cul-
ture flasks at an initial concentration of about
2 X 103 cells/ml.

Statistical analysis. Where the statistical sig-
nificance of results was compared, Student’s r-test of
significance was used for two sample means with
unpaired variates.

RESULTS

Antitumor effects of bleomycin in iron-deficient
mice. Weanling mice, 3 weeks of age, were placed on
the semipurified iron-sufficient and -deficient diets.
Liver cytosolic ferritin iron from individual Fe(+)
and Fe(—) animals was measured during the course
of the experiments. The young mice began the study
with little ferritin iron. Between ages 4 and 11 weeks,
a sampling of mice showed that in the Fe(+) groups
cytosolic ferritin iron increased from 20 to 46 ug/g
wet weight of liver, while those in the Fe(~) groups
declined from 7 to 1 ug/g. This large difference per-
sisted at 19 weeks (Table 1).

Table 1 demonstrates that the indications of iron
deficiency extended beyond liver iron status. Liver
weight was affected. Serum iron was also depressed.
More importantly for interpretation of the antitumor
studies, ascites fluid iron was much lower in iron-
deficient mice. This was also reflected in reduced
total cytosolic ferritin iron in Ehrlich cells. Thus,
both the host and its ascites tumor receiving iron
from the Fe(—) diet had less iron according to several
measurements.

It was interesting to find in mice that an extended
period of iron-deficiency did not lead to reduction in
growth or decreased hematocrit or hemoglobin levels
(Table 1). Apparently, mice are resistant to these
features of severe iron-deficiency, for in another
study carried out about the same time, rats given
nearly the same Fe(—) diet for 12 weeks grew much
slower than the control animals and had severely
depressed hematocrit and hemoglobin levels.*

The effects of Blm on tumor growth in Fe(-)
animals restored to the complete diet on day S are
portrayed in Fig. 1a. To be sure that the dose sched-
ule of Blm placed the drug in its effective range, 1,
3, and 6 mg Blm/kg body weight were tested [11].
The tumor grew when treated with the low dose
level, but upon intraperitoneal examination no
tumor was found in animals treated with 3 and 6 mg/
kg drug at the end of the experiment. Similar results
were obtained when animals remained on the Fe(—)
diet throughout the experiment (Fig. 1b). The results
are in accord with data not shown from Fe(+) mice
and a larger, previous study in which the lower dose
was partially effective and the larger concentrations
destroyed the Ehrlich tumor with increasing host
toxicity as measured by weight loss [11]. In the
present experiment it was noted that the tumor did
not cause large weight changes in control animals
receiving the iron-depleted diet. This was due to a
decrease in ascites fluid (Table 1).

There was little difference in actual tumor cell

* Stemmer K, Petering H G, Lyman S, Krezoski § and
Petering D H, manuscripted submitted for publication.
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Table 2. Copper levels in mice fed a copper-deficient diet*

Plasmat Ascites fluidt Ehrlich cytosol

(ug/ml) (ug/ml) (ug/108 cells)
Cu(+) 0.68 +£0.21% 0.67 £ 0.10% 1.0+0.2f (4)
Cu(-) 0.29 + 0.06+§ 0.31 £ 0.0418§ 03202t (2)
Cu(—)— Cu(+)| 0.64 = 0.188 0.62 = 0.098%

* Plasma Cu levels were measured in control mice without tumor; ascites fluid Cu levels
were measured in control mice with tumor on day 14 after tumor injection. All groups
contained five mice except where indicated by parentheses.

t Averages * standard deviations are listed. Pairs of means in each column were
compared for statistically significant differences. Means being compared are given the

same symbol, (1§) P < 0.01.

| Cu(-) animals were replaced on the Cu(+) diet on day 6.

Table 3. Effect of 1,10-phenanthroline on the con-
centration of cytosolic Fe and Zn in Ehrlich cells*

Concentration of

1,10-phenanthroline Fet Zni
(nmol/10° cells) (% of control)
0 100 + 36§ 100 = 14§
0.05 30 = 13 80 + 20
0.12 34+ 7” 38+ 19
0.25 18 = 6 50 =29

* Cells were incubated with 1,10-phen for 24 hr followed
by chromatographic separation of cytosol over Sephadex
G-75.

+ Ferritin Fe.

$ Total cytosolic Zn.

§ Percent of untreated control for 2-3 experiments.
Untreated control values: 0.70 = 0.25 ug Fe/10® cells and
3.80 % 0.50 ug Zn/10% cells.

| Statistically different from 0nmol 1,10-phenanthro-
line, P < 0.01.

{ Statistically different from 0.05 nmol 1,10-phenanthro-
line, P < 0.01.

proliferation between mice fed the complete diet and
those on the Fe(—) diet, as shown by results in
Table 1. Indeed, in another experiment, cells were
passaged three times in Fe(—) mice without notice-
able effects on tumor viability. Hence, nutritional
iron deficiency had no effect on tumor cell pro-
liferation.

Antitumor effects of Blm in mice fed a copper-
deficient diet. Similar experiments were also con-
ducted in 3-month-old mice fed a copper-deficient
diet for 12 weeks before tumor injection. This dietary
regimen had no effect on tumor growth or the efficacy
of Blm against the tumor at a dose of 3 mg/kg animal
weight/day for 4 days (Fig. 2). Table 2 summarizes
findings about the copper status of animals in this
experiment. There is evidence that the animals fed
the Cu(—) diet had significantly less Cu than Cu(+)
control animals in both plasma and ascites fluid.
These levels returned to normal when copper was
restored to the diet. Finally, the cytosol of Cu(—)
Ehrlich cells had demonstrably less copper than did
Cu(+) controls.

Cytotoxic effects of Blm against cells treated with
1,10-phenanthroline. Means have been sought to
control the level of transition metals in Ehrlich cells

in culture. We found that 1,10-phen substantially
reduced cellular levels of iron and zinc. Table 3
shows that when approximately 1 X 10%cells/mlwere
incubated with various concentrations of 1,10-phen,
the cells lost both cytosolic iron and zinc.

Table 4 summarizes the results of several experi-
ments in which cells preincubated with 1,10-phen
were treated with Blm in the presence or absence of
1,10-phen. As in the whole animal, there was no
reduction in cytotoxicity of Blm relative to normal
controls in any of the experiments.

Besides reducing total cellular iron potentially
available for the formation of Fe(II)Bim, this ligand
minimizes the possibility of formation of this complex
in another way. According to Fig. 3, 1,10-phen-
anthroline stoichiometrically and quantitatively
removed iron from Fe(II)Blm in a direct ligand
exchange reaction. The reaction was nearly complete
within the time of mixing as seen by the formation
of the characteristic Fe(II)phen; spectrum and thus
was both thermodynamically and kinetically favor-
able. It is also known that 1,10-phenanthroline is
readily taken up by cells such that 20% of a con-
centration of 10 nmol/10° cells/ml will rapidly associ-
ate with cells [12]. In contrast, less than 0.1% of
40 nmol Blm/5 x 10° cells/ml binds to cells over a 1-
hr period [14]. It is estimated, therefore, that about
50 times as much 1,10-phen as Blm associated with
Ehrlich cells under the conditions of the experiments
in Table 4. Should Fe(II)Blm form, intracellular
1,10-phen may also be able to bind this iron through
a direct ligand substitution process.

Cytotoxicity of bleomycin towards Euglena gra-
cilis. It was desirable to find a model to test the
requirement of Blm for iron in its cytotoxic actions,
which permitted simple, direct control of the iron
content of the cells. Euglena gracilis can be grown
in culture on a completely defined medium, which
includes FeSOy as the sole added source of iron.
Cells grown in the presence of 36 uM iron contained
about 0.22 ug Fe/10% cells in their cytosol. Their
cytosol contained two large pools of cytosolic iron,
separable by Sephadex G-75 chromatography, When
such cells were placed in Fe(—) medium {ca. 0.1 uM
iron), they grew as well as control cells in the com-
plete medium. They continued this rate of growth
even after cytosolic iron was exhausted, according
to flame atomic absorption analysis. Under these con-
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Table 4. Effects of 1,10-phenanthroline on growth inhibition induced by bleomycin*®

Treatment Cell/ml x 1075%
Pretreatment
with 1,10-phen 1,10-phen Blm 1) )
49=x1.1 3.8+0.6
® 4.4+0.6 4003
® 1.9 + 0.6% 1.2 +0.1%
® 45+1.1 3.6+03
® ® 22+0.7% 1.2 +0.1%
L 4 [ J 4507 43+0.2
L 4 L 1.6 £ 0.6% 1.5+0.1%
L o o 1.4+ 0.5% 1.3+0.1¢

* Concentrations used: 10° cells/ml, 1.75 nmol 1,10-phen/10° cells/ml, and 4 nmol/10°
cells/ml Blm. Dose response of Ehrlich cell to growth 24-hr treatment with 1,10-phen: at
0nmol/10° cells, 100% of untreated control growth after 24 hr (0, 100), (0.5, 116), (1.2,
105), (2.5, 35), (5.0, —2).

T In (1), pretreatment period was 24 hr; in (2), 48 hr. The treatment period for (1) and
(2) was 48 hr, starting with 10° cells/ml in each case. Results are presented as average +
standard deviation. (1) The averages of four experiments, each done in triplicate, were

averaged. (2) Averages from a single experiment done in triplicate.
i Significantly different from the growth of untreated control cells: P < 0,05.
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Fig. 3. Reaction of Fe(II)Blm with 1,10-phenanthroline. Fe?* (0.1 mM) and Blm (0.12 mM) were mixed

anaerobically with 0.3 mM 1,10-phen in 0.1 M N-2-hydroxyethylpiperazine-N'-2-ethanesuifonic acid

(HEPES) buffer and 0.1 M NaCl at pH 7.3 and room temperature. Spectra were taken before addition
of 1,10-phen, immediately after mixing, and over time.

ditions iron deficiency had no effect on the dose
response of Euglena gracilis proliferation to Bim (Fig.
4). As can be seen in this figure, cells proliferating
in the control medium showed a 50% reduction in
proliferation in the presence of 0.03 uM Blm. The
drug was at least as effective against cells depleted
of measurable cytosolic iron as it was against iron-
normal control cells. Cell counts included all cells
which appeared intact under the microscope. Some
were devoid of chiorophyll and may not have been
viable. An interesting observation about this exper-
iment is that Euglena gracilis is two orders of mag-

nitude more sensitive to Blm than are Ehrlich tumor
cells.

Procedures were developed to limit further the
iron in the culture medium (Methods), allowing for
a more rigorous test of the sensitivity of Blm activity
to the iron-status of cells. According to Fig. 5A at
3 nM Fe in the medium, there was nearly no growth
of the Euglena gracilis population over a 7-day
period. Control proliferation rates returned as iron
was increased to 50-85nM. At the lowest con-
centration, intracellular iron was lowered to less than
5% of that for cells grown in 36 uM Fe.
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Fig. 4. Effect of Blm on Euglena gracilis. Euglena were incubated [1 x 10* cells/ml of either Fe(+) (O)

or Fe(—) (@)] in their respective medium with 1 nM to 1 uM Blm for 96 hr and counted for cell growth

inhibition. The plotted values are averages of results for two duplicate samples with an average range
of = 10%. Fe(—) medium contained 0.1 uM Fe.
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Fig. 5. Dose-response curves for growth of Euglena gracilis.
Panel A: Cells were incubated initially in 3 nM Fe and then
grown in 3 (W), 13 (O), 23 (@), 33 (O), 48 (A), and 88
(A) nM Fe. Panel B: Same experiment, except that all
cultures contained 260 nM Blm.

Cells depleted of iron in the medium containing
3 nM Fe were treated with 260 uM Blm under con-
ditions of various added concentrations of iron as in
Fig. 5A. As seen in Fig. 5B, the concentration of
tron in the medium was without effect on the growth-
inhibiting effect of the drug.

This concentration of 260 nM Bim is nearly 100
times that of Fe?* in the medium. Thus, it is not
possible to form extracellular stoichiometric amounts
of FeBlm. Moreover, the medium has a pH of 3.6 at
which Fe(III)Blm is partially dissociated in solution
[15]. In the normal growth medium, formation of
Fe(II)BIm cannot be detected spectro-
photometrically at pH 3.6, but is observed when the
pH is adjusted to 7.0. It is evident that, if significant
concentrations of FeBlm are to form, they must do
so within the cells and that this must occur even

when the cells are stressed for iron to the point that
their growth rate is reduced.

DISCUSSION

Since the discovery of Bim and its antitumor prop-
erties two decades ago, there have been indications
that metals are involved in its mechanism of cytotoxic
action. Thus, Blm was isolated from Streptomyces
verticillus as a complex mixture containing up to 10%
CuBIm [16]. The early tests of its antitumor activity
utilized CuBlm [17]. Later, after it had been shown
that exposure of cells to Blm leads to strand breakage
of its DNA, studies of the interaction of Blm with
isolated DNA revealed that Fe?* enhances strand
cleavage and that Cu?*, Zn?*, and Co?* inhibit the
reaction [1-3]. It is now evident that other metals in
conjunction with Blm may cleave DNA under special
conditions [4-6]. Nevertheless, it has generally been
assumed that FeBlm is the active metallodrug. A set
of elegant studies has eludicated how Fe(II)Blm
activates oxygen to attack the backbone of DNA
[18-20]. However, it has not been demonstrated that
FeBlm can form in cells from the chelation of cellular
iron by the drug to carry out strand cleavage or that
such chemistry is responsible for the biological effects
of the drug.

Previous studies have tested the requirement of
biologically essential metals for the activation of
other antitumor or cytotoxic agents. First, it was
shown that 3-ethoxy-2-oxobutyraldehyde-bis(thio-
semicarbazone) is only active in copper-sufficient
rats [8]. Copper deficiency completely inhibits its
activity. Indeed, the copper complex is substantially
more active in copper-normal animals than the
metal-free drug, presumably because it already has
a full complement of metal, whereas the ligand finds
relatively little copper in the organism available for
chelation [21]. Furthermore, among a whole series
of metal ions, only Cu?* activates this bis(thio-
semicarbazone) to be cytotoxic against tumor cells
in cell suspensions maintained for short times in a
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metal-depleted medium [22]. In another study, using
cells held in a metal-deficient medium during their
exposure to a-N-heterocyclic carboxaldehyde thio-
semicarbazones and their copper and iron
complexes, the metal-free ligands were essentially
inactive in comparison with their copper and iron
complexes [9].

Recently, the antitumor and cytotoxic properties
of Blm and its cobalt, iron, copper, and zinc com-
plexes were assessed in animals fed a normal stock
diet and in culture in which drugs were incubated
with cells in complete or metal-deficient medium,
washed free of unbound drug, and then placed in
the complete medium [11]. In contrast to the other
examples cited above, Fe(III)Blm, the immediate
precursor of the presumed active form Fe(II)Blm, is
less active in animals than Blm, CuBlm, and ZnBlm
at the same dose level. In culture Bim is approxi-
mately as active as its iron, copper and zinc com-
plexes even when cells and drugs are incubated in
the metal-restricted medium. Such experimental
conditions assure that there will be little metal com-
plex formation or metal exchange between com-
plexes in the external medium. Although these
experiments did not determine which species of Blm
exist intracellularly, it could be argued that, if metal
exchange reactions occurred, they take place prin-
cipally within the cell. For example, Blm, which is
accumulated by cells, might chelate cellular iron to
form an active species, FeBlm, or CuBlm might
exchange its metal for iron.

In the present investigation, the growth inhibitory
effects of Blm were examined under conditions which
limit both the external and internal concentrations
of iron available to the drug. In each case the agent
was still completely active. In particular, in the ani-
mal study, the drug was effective when injected
intraperitoneally among tumor cells, already grown
in iron-deficient mice to deplete them of mobilizable
iron (Fig. 1). Table 1 shows that the animals were
deficient in iron stored in liver and in circulating iron
in plasma. Furthermore, the tumor cells maintained
in iron-deficient mice had a clearly reduced iron
content as did the ascites fluid, which is the direct
nutrient source for the cells.

Second, Blm remained active against cells in cul-
ture that had been pretreated with 1,10-phen, which
substantially reduced cellular iron, as well as the zinc
content of the cell pellet (Tables 3 and 4). Further,
it was active in such cells even when, 1,10-phen
remained in the suspension with Blm. This bidentate
ligand is readily taken up by Ehrlich cells, while little
Blm enters cells [12, 14]. Thus, the ligand exchange
reaction (1) is favored both by

3 phen + Fe(II)Blm = Fe(II)(phen); + Blm (1)

the large excess of 1,10-phen relative to Blm in cells
(calculated as about 50-fold), as well as by the rapid
kinetics of the reaction (Fig. 3). The ligand, 1,10-
phenanthroline, has large thermodynamic affinity for
Fe?* (log apparent stability constant, pH 7, log K =
21.13), Cu** (log K =17), and Zn (log K = 17.1),
forming tris complexes with each metal [23]. Thus,
when 1,10-phen interacts with Ehrlich cells, it might
perturb the distribution of iron, copper and zinc.
Indeed, experiments show that cytosolic iron and
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zinc were diminished in these cells (Table 3). As
such, hypothetical effects of 1,10-phen on Blm
activity cannot be specificaily ascribed to its inter-
action with iron. Nevertheless, because it reduces
cellular zinc and iron, one infers that it competes
with Blm for these metals.

In a recent publication, Takahashi et al. [24] also
examined the effects of 1,10-phenanthroline and
2,2'-dipyridyl, both Fe?* chelating agents, on the
inhibition of DNA synthesis and cell growth caused
by Blm and FeBlm. Inspection of their results reveals
that there is relatively little capacity of 1,10-phen-
anthroline to prevent the inhibition of HeLa S; cell
growth by these compounds: at 2.5 uM 1,10-phen
rate of growth increases from 47 to 70% of control
for 0.5 uM Blm; 23 to 30% for 1 uM Blm; and 2 to
10% for 2 uM Blm.

Lin and coworkers [25] also examined the effects
of chelating agents on the cytotoxicity of Bim. Des-
ferioximine, diethylenetriamine, and pencillamine
were without significant effect. The first of these is
a particularly effective multidentate ligand for Fe3*
which is used in humans to treat iron overload [26].
In this study as well, chelating agents which can
compete with Blm for transition metals do not alter
drug activities.

The third model investigated in the present study
is distinctly different. It uses Euglena gracilis, a pho-
tosynthetic microorganism, as a system in which to
test the requirement of iron for the activity of Blm.
Having been isolated from a microbe, Blm may well
function naturally as an antibiotic. For example, it
has been shown to be cytotoxic to Escherichia coli
[27].

According to Fig. 4, control cultures of Euglena
gracilis were very sensitive to Blm. Even when the
iron concentration in the acidic medium was reduced
from 36 to 0.1 uM and intracellular storage pools of
iron were depleted, there was no discernible effect
of iron on the dose-response curve for inhibition of
growth of the cells by Blm.

Under these conditions of iron-deficiency, Euglena
gracilis continued to grow at normal rates. Thus,
despite the loss of intracellular storage forms of iron,
enough iron can be acquired by the cells to satisfy
their needs for proliferation.

By suitably treating the growth medium as
described in Methods, one can lower the iron con-
centration to the point that it severely limits cell
growth (3 nM Fe), as seen in Fig. SA. As the iron
concentration was raised to 85nM, control pro-
liferation rates were restored. Over this range of
iron concentrations, Blm was active and apparently
unaffected by the level of iron in the culture system.

The accumulation of results indicates that nutrient
or ligand-imposed iron-deficiency attained in three
models has no effect on the growth inhibitory activity
of bleomycin. From this it is suggested that host iron-
insufficiency or -deficiency will probably not affect
the antitumor activity of this drug in humans.

Finally, an experiment was conducted on the
effects of a copper-deficient diet on the antitumor
properties of Blm (Fig. 2). None was observed even
though clear evidence of deficits in host plasma and
ascites fluid and cytosolic copper was obtained (Table
2). Thus, even though Blm was isolated from its
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microbiological source containing copper and might
be inferred to have activity as the copper complex,
there is no indication that copper status is a critical
factor in the efficacy of the drug [15, 16].

The results provide a useful baseline for future
studies inquiring into the role of metals in the anti-
tumor activity of bleomycin. In the past, clear
distinctions in biological efficacy of thiosemi-
carbazones and their copper, iron, and in some cases
zinc complexes have been drawn in cellular models
or animal studies, which compared the activity of
these agents under normal and metal-deficient con-
ditions [21, 22]. In contrast, iron, copper and zinc
complexes of bleomycins are not more active than
metal-free Blm in animals or cell culture [11, 14].
Nor have the present experiments been able to dem-
onstrate a sensitivity of the cell proliferative effects
of Blm to changes in the iron or copper content of
target organisms or cells.

The present experiments do not prove or disprove
that iron or copper is required for the mechanism of
action of bleomycin. No matter how little metal
remains in the system, one can always argue that it
is sufficient to activate the drug. Nevertheless, they
do cast a new light on the question. For example, if
one believes that iron is needed, then identification
of the mechanism of cellular iron acquisition by Blm
becomes an important problem because the obvious
sources of stored iron can be substantially depleted at
least in Euglena gracilis without losing drug activity.
According to this view, these results indicate that
Blm is a remarkably good cellular chelating agent
for iron, and suggest that experiments be designed
to elucidate this characteristic of the structure.

The observations about tumor growth in control
populations of mice provide new information about
the effect of metal deficiencies on tumor growth.
Previous reports demonstrated the profound, rapid
effect that host zinc-deficiency has on Ehrlich cell
proliferation [28, 29]. Similar results have been seen
in other tumor systems [30, 31]. In contrast, pro-
longed feeding of an iron-deficient diet to mice had
little effect on the growth of the Ehrlich tumor,
despite the evidence that the tumor cells, themselves,
had reduced concentrations of iron (Table 1). There
have been scattered reports in the literature that cell
proliferation in culture is inhibited by agents, such
as a-picolinic acid and desferrioxamine, thought to
act as iron-chelating agents [32, 33]. It is also known
that the iron-transport protein, transferrin, is a
ubiquitous growth factor for mammalian cells grown
in defined culture. However, the present results indi-
cate that in the whole animal even extended iron-
deficient conditions imposed on young growing mice
are not sufficient to affect Ehrlich tumor growth.
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