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The distribution and excretion of [*Co]Bleomycin,
dissolved in saline or encapsulated in liposomes, was
studied in normal or tumor-bearing [P388 leukemia,
reticulum cell sarcoma (RS)] mice. The free substance is
cleared relatively quickly from the organism both after
intravenous and intraperitoneal administration (f,, 0.17
and 2.41 h, respectively), and is excreted predominantly
via the urinary tract. In contrast, following entrapment in
small unilamellar vesicles (SUV) or multilamellar
vesicles (MLV), the "Co radioactivity remains 7- to
30-fold longer in the blood stream and is detectable in
considerable amounts in liver, spleen, lung and tumor of
the RS model even after 48 h. Concomitantly, the renal
excretion is diminished to about 50% of the free drug and
the feces excretion is slightly increased, possibly due to
the higher concentrations in the liver. Whereas the renal
levels of radioactivity were similar with all application
forms of [*’Co]Bleomycin, there were marked differences
in all the other tissues studied. After administration
of SUV there was a higher activity in liver, brain and
tumor, whereas MLV were more concentrated in spleen
and lung. Therapeutic experiments confirmed the
tavorable results obtained with liposomes. While the free
Bleomycin in the P388 leukemia had only a moderate
influence on the lifetime of the animals with a
treated/control value of 111%, encapsulation of the drug
in SUV or MLV improved the results to 194 and
167%, respectively. In the intramuscular transplanted RS
model, the SUV in a day 1 schedule had the same effect
on tumor growth as the free drug in a day 14 schedule.
These favorable results obtained with Bleomycin-
containing liposomes make this drug formulation
attractive for clinical use.
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Introduction

Bleomycin is an established glycopeptide antibiotic
of proven antineoplastic activity in human tumors,
e.g. head and neck cancers, testes and cervix
carcinomas and lymphomas.'™ The most prominent
side effect of this drug is the production of lung
fibrosis in about 10% of patients. Its pharmaco-
kinetic behavior is characterized by hydrolytic
inactivation and a relatively fast elimination via the
urinary tract. Various experimental and clinical
studies have examined how to prolong the
bioavailability of Bleomycin in the organism and,
hence, to improve the therapeutic effectiveness. A
number of research groups™’ stated that by a
continuous infusion of Bleomycin in murine tumor
models, the antineoplastic activity was elevated and
the lung toxicity diminished. Intratumoral or
intramuscular injection of Bleomycin—oil suspen-
sions’” led to a higher antitumor effect in
experimental systems, prolonged serum levels and
delayed renal excretion. This application form also
showed favorable results in some clinical studies’
but is not available for general use. Another
possibility for the generation of a depot form of a
normally very fast eliminated drug is encapsulation
in liposomes.'* Sur and Roy," who were the first
to use Bleomycin-containing liposomes in an
experimental tumor model (Ehrlich ascites carcino-
ma), noticed higher increase in life span values and
more cured animals in comparison with the free
drug. The best effects were obtained with positively
charged liposomes. Gabizon e# a/.'® used [“’Galde-
feroxamine and ''In-labeled Bleomycin in two

Anti-Cancer Drugs = 170/ 2+ 1991 555



I Fichtner et al.

murine and one human tumor model, and registered
a 20- to 40-fold tumor accumulation when using
special liposomal preparations. Firth ez a/. noticed
a sustained release effect following intracerebral
injection of Bleomycin in reverse phase evaporation
vesicles in rats' or patients with gliomas.'® We have
registered a remarkable improvement of therapeutic
results in P388 murine leukemia when Bleomycin
in liposomal form was administered to the animals.
We wondered if this effect could be due to different
pharmacokinetic behavior of the drug in liposomes
compared with the free form. We therefore decided
to use °'Co-labeled Bleomycin to examine this
question. We administered the substance, free or
liposomally encapsulated, both intraperitoneally
and intravenously and studied the disposition in
blood and different organs in normal or tumot-
bearing [P388, reticulum cell sarcoma (RS)] mice.

Materials and methods
Animals and tumors

P388 leukemia and a newly discovered RS line®
were used as tumor models. The leukemia was
transplanted intraperitoneally (5 x 10° ascitic cells)
in female C57B1/6 x DBA/2 (BDF,) mice. RS was
inoculated intramuscularly in female Bln:NMRI
mice. All animals had a body weight of 20 + 0.5 g
at the beginning of the experiments. They were held
under conventional conditions with food and water
ad libitum. In the experiments in which urine and
feces were collected, the animals lived in metabolic
cages, otherwise they were kept in normal plastic
cages. Three to four mice were used for the
determination of each value.

Substances

Bleomycin was purchased from Fa. Mack (Germa-
ny), bleomycin A, 55-70%, bleomycin B, 25-32%,
and was always freshly dissolved in physiologic
saline. *’Co-labeling was performed according to
Grove et al.,”® chromatographic examination
(according to Grove) at start 0%, [>’Co]bleomycin
A 53.8%, [*’Co]bleomycin B 46.2%, *'Co** 0%.
Unlabeled or [*’Co]Bleomycin was encapsulated in
small unilamellar vesicles (SUV) or multilamellar
vesicles (MLV). For this purpose a lipid mixture
(egg-phosphatidylcholine : cholesterol : dicetyl-
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phosphate; 1:1:0.1 molar ratio), starting from
1 mmol phosphatidylcholine, was suspended in
14 ml phosphate buffered saline (PBS) pH 7.2. PBS
contained the drug (45 mg cold Bleomycin and
19 mg hot [*'Co]Bleomycin at 1.85 MBq). The
mixture was shaken overnight. For SUV produc-
tion the MLV suspension was sonicated for
a total of 16 min in an ice bath, using a probe system
(Branson B 15 sonifier) with a 50% pulsed input.
Unencapsulated substance was removed from the
MLV or SUV by dialysis (24 h, four changes of
buffer). The diameter of the SUV was 50-70 nm;
the size of the MLV was 15% smaller than 1200 nm,
65% between 1200 and 3000 nm, and 20% larger
than 3000 nm; the Bleomycin content was 1.3-2.0
mg/ml; lipid concentration (PC) was 0.076 mol/l;
and the radiochemical concentration was 0.03-0.08
MBgq/ml.

Experiments

Following intraperitoneal or intravenous admin-
istration of 40 mg/kg Bleomycin, corresponding to
an activity of about 0.037 MBq (10 uCi), blood was
collected 5 min, 10 min, 30 min, 1 h, 4 h, 24 h and
48 h later, respectively, from the retro-orbital venus
plexus, and the corresponding radioactivity/ml was
determined. The application volume was 0.4-
0.8 ml. A dilution effect of blood due to this
relatively high volume must be considered. Groups
(three mice each) of treated animals were killed by
cervical dislocation after 1, 4, 24 and 48 h; liver,
spleen, lung, kidney and brain were removed; and
the radioactivity was measured in whole organs. In
the RS model, where the substances were injected
intraperitoneally on day 21, the activity in the tumor
was also determined. For the evaluation of
antineoplastic activity, P388 tumor-bearing mice
were treated intraperitoneally on day 1 with the
corresponding substance, the median survival time
(MDST) of the animals was registered and
calculated in percent relation to the saline treated
control group ([treated/control (T/C)%]. Tumor
growth of intramuscularly transplanted tumor was
measured with a caliper-like mechanical instrument
and tumor volume was then calculated.
Intravenous infusion of Bleomycin (40 mg/kg/
day) was managed by means of an infusion pump
(463A, Medipan, Warszaw). The treatment volume
for free Bleomycin was 0.2 ml/20 g body weight,
the liposome volume varied between 0.4 and
0.8ml/20 g body weight depending on the
Bleomycin content of the different preparations.



Radioactive measurements

'Co radioactivity was measured in a scintillation
counter (y-Set 500, ICN, Germany) over 5 min
without further preparation of blood and tissues.

Calculations

The pharmacokinetic data were calculated by means
of a computer program (FORTRAN, ESER
computer).” Significant differences between values
were proved by the Mann—Whitney U-test.

Results

Table 1 shows one of several experiments
concerning the antineoplastic activity of different
Bleomycin preparations in the P388 leukemia. The
substance in its free form had only a slight effect
on the lifetime of the animals (group A). After a
48 h infusion this minimal activity could not be
elevated (group G). Encapsulation in liposomes
decisively improved the T/C values. There was no
significant  difference between MLV and SUV
(group B and C). [*’Co]Bleomycin in SUV (group
F) had a comparably good activity, while the
unlabeled Bleomycin, both in free (group D) and
in liposomal form (group E), did not prolong the
lifetime of the tumor-bearing animals. This
apparent discrepancy can be explained by the fact
that for the preparation of [*"Co]Bleomycin SUV a
1:3 dilution with unlabeled Bleomycin was used.
We suppose that this amount of unlabeled drug was
enough to cause the relatively good effectiveness.

Table 1. Therapeutic effectiveness of different Bleomycin
preparations in the P388 leukemia®

Group T/C Cures/ Body

Substance (%) total weight

change
(%)
A Bleomycin 111° 0/10 1
B Bleomycin in SUV 194> 2/10 -3
C Bleomycin in MLV 167°¢  1/10 -3
D Co-Bleomycin 100 0/10 5
E Co-Bleomycin in SUV 100 0/10 7
F [¥Co]Bleomycin in SUV 183%¢  0/10 —
G Bleomycin as 48 h infusion 118° 0/ 9 -2

a Tumor cells (0.5 Mio) were transplanted i.p. on day 0; 24 h later
intraperitoneal treatment followed.

® Significant versus controls (p = 0.05).

¢ Significant versus free Bleomycin (p = 0.05).

Pharmacokinetics of [ ?7Co ] Bleomycin liposomes in mice

The blood levels of *'Co after intravenous
application of 'Co-labeled Bleomycin in free form,
in SUV or MLV can be seen in Figure 1. The free
Bleomycin is eliminated from the blood stream
relatively quickly, so that after only 1h minimal
amounts could be detected. In contrast, Bleomycin
in liposomes resulted in 6- to 10-fold higher peak
levels and a delayed clearance. Surprisingly, similar
half-lifes were determined with SUV and MLV in
this experiment regardless of the different sizes of
the vesicles. Pharmacokinetic parameters of in-
travenous and intraperitoneal application routes of
different experiments can be seen in Table 2.
Considering the elimination half-times these values
are lower after intravenous than after intra-
peritoneal administration of free drug. This
means that by using an extravasal route a certain
depot effect can be reached. However, liposomal
encapsulation resulted in a 7- to 30-fold prolonga-
tion of the elimination half-times. MLV were
cleared in experiment 1 at approximately the same
speed as SUV, in experiments 2 and 5 at a higher
speed. Comparing the AUC values after intravenous
or intraperitoneal administration of SUV, respec-
tively, about 35% or 70% of the liposome dose was
absorbed from the peritoneum of tumor-free or
tumot-bearing mice.

In the BDF, mice the AUC values were similar
for SUV and MLV, whereas in the RS-bearing mice
SUV had an about 5-fold higher AUC and an about
2.5-fold higher distribution volume. In general,
comparisons between different experiments should
be done with caution because of the relatively small
number of animals per value. Animals were killed
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Figure 1. Computer fitted curves of blood levels of
radioactivity between 5 min and 48 h after i.v. application
of [¥Co]Bleomycin in SUV, MLV and saline. Each point
represents the mean of four values. P388 mice received
0.5 Mio tumor cells i.p. 24 h before treatment.
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Table 2. Pharmacokinetic parameters of intravenously or intraperitoneally administered Bleomycin in saline, SUV or

MLV
Experiment Mice  Tumor Substance Administration AUC Volume Clearance e
no. (ug h/ml) of {ml/min) (n)
distribution
(ml)

1 BDF, — Bleomycin in SUV i.v. 4904.8 962 41.2 6.50
Bleomycin in MLV 5926.4 1700 19.6 8.48
Bleomycin in saline 19.2 7325 5425.2 0.17
2 BDF, P388 Bleomycin in SUV i.v. 7092.8 785 451 12.06
Bleomycin in MLV 5496.8 1019 36.0 7.93
Bleomycin in saline 104.0 21518 327.8 0.63
3 BDF, — Bleomycin in SUV i.p. 1747.2 3458 168.0 14.29
Bleomycin in saline 83.2 13318 3829.0 2.41
4 BDF, P388 Bleomycin in SUV i.p. 5002.4 1429 52.6 18.80
Bleomycin in saline 35.2 15750 9013.0 1.21
5 NMRI RS Bleomycin in SUV i.p. 4940.8 2225 61.7 24.99
Bleomycin in MLV 1060.0 890 60.4 9.76
Bleomycin in saline 19.2 20917 16728.0 0.87

48 h after intravenous application and the remaining
activity was measuted in various organs (Table 3).
Consistent with the fast clearance from the blood
stream, free Bleomycin could be found after this
relatively long period only in liver and kidney in
amounts worth mentioning. Similar levels were also
noticed in the kidney after treatment with
drug-containing SUV or MLV, while in all other
organs higher concentrations were registered
following liposomes. Especially impressing are the
about 100-fold increased values in the liver, when
the drug was given in liposomes instead of free
form. In the lungs MLV are 14- to 32-fold more
concentrated than SUV after 48h and both
vesicles are considerably higher than the free drug.
Surprisingly, a remarkable elevation of radioactivity
content in the brain resulted from the treatment

with liposomes, from MLV more than from SUV.
Results of two experiments in normal and
P388-bearing mice with intraperitoneal application
of Bleomycin in saline or SUV are summarized in
Figures 2-5. The results from the intravenous route
confirmed the differences in blood levels and tissue
concentrations of free and liposomal drug. Again,
similar amounts were found during the whole test
period in the kidneys, while in all other organs and
the blood stream [*’Co]Bleomycin SUV were
retained longer than the free substance. Highest
blood concentrations in tumor-bearing animals
were measured 4 h after treatment with liposomes
and 30 min after giving the saline solution with
peak levels of 18.8 and 5.1% of administered dose,
respectively.

The higher activity levels in liver, spleen, lung

Table 3. Organ radioactivity 48 h after intravenous treatment with [¥Co]Bleomycin in saline, SUV or MLV (each value

is the mean + SD of four animals)

Percentage of dose + SD

[¥Co]Bleomycin in SUV

[¥Co]Bleomycin in MLV

[¥"ColBleomycin in saline

P388 normal mice P388 mice normal mice P388 mice normal mice
Liver 16.2 + 0.72° 16.9 + 2.12° 83 +25° 12.6 + 0.06 062 + 0.06 0.38 + 0.09
Spleen 40 +0.3? 2.3 +0.8% 52 +1.22 6.7 + 1.32 0.04 4 0.008 0.01 l 0.005
Lung 05 +0.12° 0.25 + 0.032° 72 +12° 8.1+ 05° 0.02 + 0.007 0.008 4_- 0.001
Kidney 0.38 + 0.042° 0.39 + 0.048 0.26 + 0.03 04+0.2°2 0.24 +0.08 0.15 I 0.02
Brain 0.06 + 0.012° 0.04 + 0.009%° 0.21 + 0.06° 0.3 +0.072 0.002 + 0.0 0.001 I 0.001

@ gigniticant versus free [¥Co]Bleomycin (p = 0.05).
® Significant between SUV and MLV (p = 0.05)
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Figure 2. Radioactivity in different organs measured 1 h
after intraperitoneal treatment of P388-bearing or normal
mice with [¥Co]Bleomycin in SUV or saline. Each value is
the mean of three mice.
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Figure 3. Radioactivity in different organs measured 4 h
after intraperitoneal treatment of P388-bearing or normal
mice with [¥Co]Bleomycin in SUV or saline. Each value is
the mean of three mice.
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Figure 4. Radioactivity in different organs measured 24 h
after intraperitoneal treatment of P388-bearing or normal
mice with [¥Cao]Bleomycin in SUV or saline. Each value is
the mean of three mice.
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Figure 5. Radioactivity in different organs measured 48 h
after interperitoneal treatment of P388-bearing or normal
mice with [*Co]Bleomycin in SUV or saline. Each value is
the mean of three mice.

and brain of tumor-bearing mice compared with
normal mice corresponded to the higher concentra-
tions in the blood stream. The question whether
these differences are really due to the presence of
leukemic cells in the organism or are deviations
between the two experiments cannot be answered.

Around 20.6% of dose after [’Co}Bleomycin
SUV and 45.3% of dose following free drug
treatment of tumor-bearing animals were excreted
via the urinary tract. In contrast, the feces excretion
increased from 0.55% of the dose (Bleomycin in
saline) to 6.63% of the dose (Bleomycin in SUV)
within 24 h.

We used a solid reticulum cell sarcoma (RS) as a
second tumor model. Therapeutic effectivity of
Bleomycin in SUV compared to Bleomycin in saline
can be seen in Table 4. Unfortunately, no treatment
modality in this experiment prolonged the lifetime
of animals in a significant way. However, when
administering the drug once on day 1 in SUV, the
tumor volume inhibition was better than after the
free drug treatment in the same schedule and
corresponded to a therapy over 4 days. This may
be due, at least in part, to the higher blood levels
(Figure 6) and tumor concentrations (Figures 7-10)
measured with [*’Co]Bleomycin liposomes. Two- or
4-fold higher peak concentrations in blood were
registered, when using the drug in MLV or SUV,
respectively. The appearance of maximal levels was
delayed from 10 min (saline) to 4 h (SUV) or 24 h
(MLV), respectively. From the parallel decline
during the last measured phase of blood levels we
conclude that the still available MLV and SUV had
a similar stability and were cleared with the same
speed. During the whole time, higher tissue
concentrations following liposome treatment could
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Table 4. Antineoplastic activity of bleomycin in the RS model

Group Number of Treatment Schedule Dose MDST T/C Tumor volume on
animals (days) {mg/kg) (days) (%) day 18
(% of controls)

A 10 Bleomycin 1 20 33.5 85 82

B 10 Bleomycin in SUV 1 20 40.0 101 502

C 10 Bleomycin 14 20 425 107 27°

D 10 Bleomycin in SUV 14 20 43.0 109 352

E 10 physiological saline 14 39.5
2 Significant versus controls (p = 0.05).
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Figure 6. Blood levels of 5Co after treatment of RS
tumor-bearing mice with [¥Co]Bleomycin in SUV, MLV or
saline. Each value is the mean of three mice. (x)
Significant versus free drug. (+) Significant between
MLV and SUV (p = 0.05).
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Figure 7. Radioactivity in different organs and in tumors
measured 1h after intraperitoneal treatment of RS-
bearing mice with [¥Co]Bleomycin in SUV, MLV or saline.
Each value is the mean of three mice. (x) Significant
versus free drug. (+) Significant versus MLV and SUV
(p = 0.05).
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Figure 8. Radioactivity in different organs and in tumors
measured 4 h after intraperitoneal treatment of RS-
bearing mice with [¥Co]Bleomycin in SUV, MLV or saline.
Each value is the mean of three mice. () Significant
versus free drug. (+) Significant versus MLV and SUV
(p = 0.05).
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Figure 9. Radioactivity in different organs and in tumors
measured 24 h after intraperitoneal treatment of RS-
bearing mice with [¥Co]Bleomycin in SUV, MLV or saline.
Each value is the mean of three mice. () Significant
versus free drug. (+) Significant versus MLV and SUV
(p = 0.05).
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Figure 10. Radioactivity in different organs and in tumors
measured 48 h after intraperitoneal treatment of RS-
bearing mice with [¥Co]Bleomycin in SUV, MLV or
saline. Each value is the mean of three mice. (#)
Significant versus free drug. (+) Significant versus MLV
and SUV (p = 0.05).

be found in liver, spleen, lung, brain and tumor,
while in the kidney similar levels were registered as
with free Bleomycin. Interestingly, we observed a
change in distribution between MLV and SUV. At
earlier times (1 and 4 h) higher liver concentrations
were measured after MLV treatment, later (24 h and
48 h) higher liver concentrations were found after
SUV treatment. We suppose that the liver uptake
at earlier times is due to a capture of liposomes by
the RHS, which occurs faster or at a higher degree
with MLV. The values measured at later periods
are possibly the result of the accumulation in the
liver parenchyma, which is more pronounced with
SUV® In spleen and lung, higher activity levels
were registered during the whole test period
following MLV treatment. On the contrary, in
brain and tumor tissues there was a preferred
enrichment of SUV. Because of the higher tumor
affinity we decided to use Bleomycin in SUV for
the determination of therapeutic activity (Table 4).
The 24 h urinary excretion for [*'Co]Bleomycin in
SUV, MLV or saline was 0.9, 13.5 and 49.1% of
the dose administered; the corresponding feces
excretion was 19.3, 8.7 and 3.2%, respectively.

Discussion

Bleomycin forms a chelate complex with *’Co which
is relatively stable under physiologic conditions®?*
and in the urine.? This labeled complex has a higher
affinity for tumor tissue than other marker
Bleomycins or the unlabeled drug?®®?% and was,
therefore, proposed for diagnostic purposes,

Pharmacokinetics of [>’Co ] Bleomycin liposomes in mice

especially for the scintigraphic imaging of liver
metastases. We used this complex as a model to
examine the pharmacokinetic behavior of a
liposome encapsulated drug. In all experiments we
noticed a marked prolongation of elimination
half-time, higher peak levels, and a longer retention
in such tissues as liver, spleen, lung, brain, tumor
and in the blood, when Bleomycin was encapsulated
in SUV or MLV. Concomitantly, the relatively fast
urinary elimination of the free substance is slowed
down. However, a slight increase in feces excretion,
possibly caused by the higher liver enrichment,
could be found. We conclude that the amounts of
radioactivity measured after administration of the
liposome-encapsulated drug are largely, if not
entirely, due to the presence of intact vesicles in
these organs or in the blood. Otherwise the
breakage of liposomes and the leakage of
[*’Co]Bleomycin would have led to a fast clearance
of the marker from the organism as registered for
the free substance. In general MLV had a more
pronounced affinity for spleen and lung, whereas
SUV had a high affinity for liver and tumor tissues.
For that reason we used SUV in therapeutic
experiments in two tumor models. The P388
leukemia is a model tumor in which tumor cells
settle within 24 h after inoculation in liver, spleen,
lung and brain of the animals. As in this case, the
pharmacokinetic studies allowed no clear differ-
entiation between normal and tumor tissues, we
used normal, tumor-free mice for comparison. Free
[*'Co]Bleomycin revealed no definite difference
between these two kinds of mice, so that a special
affinity of the marker to tumor cells could not be
concluded from our experiments. However, higher
blood levels after intravenous and intraperitoneal
application, and increased liver, spleen, lung and
brain concentrations after intraperitoneal applica-
tion of SUV in tumor-bearing animals compared
with normal mice led us to suppose a certain affinity
for these tumor-cell-containing tissues. This is
confirmed by the results of the therapeutic
experiment. The slight effectivity of Bleomycin in
this model, which is also known from the
literature,>”? can be decisively improved when
giving the drug in liposomes. Even a 48 h infusion
of the saline soluted substance did not result in a
comparable good effect.

The ineffectiveness of the unlabeled Co—Bleomy-
cin, both in free and in liposomal form, can be
explained by the fact that the relatively strong
linkage between cobalt and the antibiotic® prevents
the formation of the Fe(II) complex normally taking
place under physiologic conditions. This complex
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1s responsible for the DNA strand scissions and the
cytotoxic action.”**? The lack of antineoplastic
activity is independent of the binding capacity of
the Bleomycin molecule to DNA, which is caused
by the intercalation of the planar bithiazole moiety
and electrostatic attraction of the terminal amine.”’
Therefore, we conclude that in spite of the absence
of cytotoxicity of the cobalt complex, the
distribution pattern in the organism can be
transferred to the situation of the cobalt-free
Bleomycin normally used in cancer chemotherapy.
Unambiguous evidence for the active drug in the
different tissues and cells of the organism can be
obtained only by using the unlabeled substance with
other detection method, e.g. high performance
liquid chromatography.

The favorable distribution pattern of liposomes,
especially SUV, in the second, solidly growing
tumor model supports our opinion that Bleomy-
cin-liposomes could be a valuable drug carrier
complex in cancer patients.
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