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Summary. The pulmonary toxicity and antitumor activity of a 
new bleomycin analog butylamino-3-propylamino-3-propylam- 
ine (Blm-BAPP) was investigated and compared with bleomy- 
cin and pepleomycin. Blm-BAPP was significantly more 
pulmonary toxic than bleomycin and had no greater activity 
against B16 melanoma than either bleomycin or pepleomycin. 
Although pepleomycin was as equitoxic as bleomycin in 
producing pulmonary fibrosis, doses of  pepIeomycin greater 
than 5 mg/kg were more lethal than bleomycin. Not only did the 
three drugs function similarly in vivo, but they behaved similarly 
in two in vitro test systems: rnicrosome-catalyzed drug-mediated 
DNA deoxyribose cleavage and binding to DNA. 

Introduction 

One of the major problems associated with cancer chemo- 
therapeutic agents is the existence of dose-limiting organ-spe- 
cific toxicities [16]. For example, the clinical usefulness of 
bleomycin, an  antibiotic which exhibits a significant thera- 
peutic effect against certain squamons cell carcinomas, Hodg- 
kins disease, and testicular carcinomas [2, 3, 6] is limited by the 
development of life-threatening pulmonary fibrosis [11]. In 
contrast to a number of other antineoplastic agents, bleomycin 
does not depress the bone marrow to a significant extent, thus 
making it an attractive candidate when designing combination 
chemotherapy regimens. Several approaches have been uti- 
lized to circumvent or minimize the organ-specific toxic 
reactions elicited by cancer chemotherapeutic agents. These 
include: (a)the co-administration of an agent(s) capable of 
preventing a potentially toxic reaction, as illustrated by the 
administration of sulfhydryl-containing compounds or a-toco- 
pherol with adriamycin [14, 15]; (b) the scheduling of a drug, 
such as by continuous infusion, in order to reduce the exposure 
of susceptible host tissues [18]; and (c)to isolate or to 
synthesize an analog of the parent compound which exhibits 
either an equal or enhances therapeutic effect but less toxicity, 
namely, a higher therapeutic index. 

Matsuda et al. [12] reported that the bleomycin analog, 
bleomycin-BAPP (Blm-BAPP), exhibited higher antitumor 
activity than bleomycin against two transplantable tumor 
systems and a chemically induced gastric carcinoma. More 
important perhaps is that Blm-BAPP elicited, as indicated by 
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light microscopy, both a lower incidence and a lower grade of 
pulmonary fibrosis relative to bleomycin. Interestingly, 
Blm-BAPP was similar in both its therapeutic and toxic actions 
to another bleomycin analog, pepleomycin, which had pre- 
viously been shown by Sikic et al. [20] to exhibit less 
pulmonary toxicity, as indicated in this case by lung hydroxy- 
proline content, an index of pulmonary collagen. In contrast, 
Raisfeld [17] reported that the pulmonary fibrosis elicited by 
both Blm-BAPP and pepleomycin either equalled or exceeded 
that of bleomycin and that Blm-BAPP was a much more potent 
stimulator of pulmonary metaplasia. It must be noted, 
however, that in these latter studies, the drugs were admin- 
istered directly into the lung by intratracheal instillation. 
Interestingly, Matsuda et al. [12] demonstrated that when 
Blm-BAPP was administered to animals SC that lower 
concentrations of drug accumulated in the lung when com- 
pared to bleomycin, but in contrast pepleomycin was distri- 
buted to the lung in equal or even higher concentrations than 
bleomycin. These observations suggest that Blm-BAPP has the 
potential to initiate toxic reactions in lung cells but suggest that 
when given systemically, the concentration achieved in the 
lung may not be sufficient to evoke toxicity in lung cells. Thus, 
it was of interest to evaluate both the therapeutic effects and 
pulmonary toxicity of Blm-BAPP relative to bleomycin and 
pepleomycin given systemically (Fig. 1). 

Materials and methods 

Animals. Male BDF1 mice weighing 15-20 g were obtained 
from Harlan-Sprague-Dawley, Madison, Wis., and were fed 
Purina chow and water ad libitum. 

Chemicals. NADP, glucose-6-phosphate, glucose-6-phosphate 
dehydrogenase, calf thymus DNA, and 2-thiobarbituric acid 
were purchased from Sigma Chemical Co., St. Louis, Mo. All 
other chemicals were of the highest purity available. 

Drug doses and administration. Bleomycin (NSC 125066), 
pepleomycin (NSC 276382); and Blm-BAPP (NSC 294979) 
were obtained from the Natural Products Section, Develop- 
mental Therapeutics Program, National Cancer Institute. The 
drugs were given at the following doses in both the toxicity and 
therapy studies: bleomycin 5, 10, 15 mg/kg; pepleomycin 5, 
6.5, 8, 10, 15 mg/kg; and Blm-BAPP 5, 7.5, 10, 12.5, 15 mg/kg. 
All drugs were dissolved in 0.9% NaC1 solution and admin- 
istered SC in the left flank. Control mice received SC injections 
of 0.9% NaC1. 
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Fig. 1. Chemical structure of bleomycin A> pepleomycin, and 
Blm-BAPP; * denotes metal-binding sites 

Pulmonary toxicity studies. For measurements of pulmonary 
toxicity, the drugs were injected twice weekly for 4 weeks and 
the mice killed 8 weeks after the initial treatment. The mice 
were killed by cervical dislocation, the lungs removed, blotted, 
and their weights recorded. The lungs were transferred to 
Pyrex hydrolysis tubes (Preiser Scientific, Inc., Charleston, 
WVa),  five volumes of 6 N HC1 were added, and the tubes 
were sealed and placed in an oven at 130 ° C for 3 h. The sample 
was then allowed to cool and titrated to pH 6 - 7  and diluted to 
a final volume 400 times the original wet lung weight with glass 
distilled water. Two-milliliter aliquots were assayed in dupli- 
cate for whole-lung hydroxyproline content as described by 
Woessner [26]. Tissue blanks consisted of a sample aliquot 
with perchloric acid added before chloramine-T. Data are 
expressed as micrograms of hydroxyproline/whole lung. 

Therapeutic studies. B16 melanoma was originally obtained 
from EG & G Mason Research Institute, Worcester, Mass. 
For transplantation into additional mice, B16 melanoma was 
prepared by careful mincing and passing the tumor through 
sequentially smaller-gauge needles to form a homogenous 
suspension of cells in Hanks'  buffered salt solution. Cell 
viability was determined using trypan blue exclusion, and 106 
cells in 0.1 ml were injected SC into the right flank of each 
animal. Treatments began on day 4 after implantation with 
daily SC injection of the drug for 10 days. The length and width 
of the tumors were measured at 5-day intervals, and the 
survival time of tumor-bearing animals was recorded. 

Microsomal preparation. Mice were killed by cervical dislo- 
cation and control lungs (30 lungs/pool), or B16 melanoma 
were quickly excised and placed in ice-cold 150 mM KCI-50 
mM Tris-HC1, pH 7.4. The tissues were homogenized using a 
Potter-Elvehjem-type homogenizer fitted with a Teflon pestle. 
Microsomes were prepared by differential centrifugation as 
previously described [9]. The microsome pellet was resus- 
pended in KC1-Tris buffer and assayed for protein content [10]. 
Microsomes were diluted to 3.5 mg protein/ml in O2 saturated 
KC1-Tris buffer. 

Assay for drug-mediated DNA deoxyribose cleavage. DNA 
exposed to an activated bleomycin intermediate results in the 
cleaving of deoxyribose, resulting in an aldehyde group which 
reacts with 2-thiobarbituric acid, yielding a chromophore 
which can be read spectrophotometrically at 533 nm [4]. 
Microsomes (final concentration 0.5 mg protein/ml) were 
incubated with drug [100 ~tM bleomycin A 2 (NSC 146842), 
pepleomycin, or Blm-BAPP], 0.25 mg/ml DNA,  and an 
N A D P H  regenerating system (1.9 mM NADP,  20 mM 
glucose-6-phosphate, 1.1 fU/ml glucose-6-phosphate dehydro- 
genase, 4.3 mM magnesium chloride) in the absence or 
presence of 100 ,uM Fe 3+ [22]. All  incubations were conducted 
at 37°C in a Dubnoff metabolic shaker under an 02 
atmosphere (flow rate 5 l/rain) for 60 min. The reactions were 
stopped by the addition of 0.75 ml 2.0 M trichloroacetic acid - 
1.7 N HC1, and the tubes were centrifuged at 1,000 g for 10 min 
to pellet the denatured protein. The supernatant (0.5 ml) was 
reacted with 2.0 ml of 1% (w/v) 2-thiobarbituric acid (TBA) at 
90 ° C for 10 rain. After cooling, the absorbance was read at 533 
nm, and the nmoles TBA-reacting product mg protein/60 min 
was calculated using an extinction coefficient of 1.6 x 105 
M - I .  cm -1. The basis of this assay has been described 
elsewhere [4, 24, 25]. 

Fluorescence quenching by DNA. Chien et al. have used the 
quenching of bleomycin fluorescence by DNA to study the 
interaction between bleomycin and DNA [5]. Fluorescence 
was measured in an Aminco SPF-500 spectrofluorometer in a 
quartz cuvette. The reaction mixture (2.0 ml) consisted of 2.5 
mM Tris-HC1 and 1.2 mM NaC1, pH 8.4 [5, 8]. Drugs were 
studied at a concentration of 14 ~tM and DNA at 0.875 mg/ml 
final concentration. Fluorescent quenching was measured at 
360 nm with an extinction of the excitation set at 300 nm. 

Statistics. Statistical analysis was performed using the Student's 
t-test and results were considered significant if P < 
0.05 [21]. 

Results 

Comparison of the therapeutic activity of Blm-BAPP, pepleo- 
mycin and bleomycin against B16 melanoma. The administra- 
tion of Neomycin to tumor-bearing mice has previously been 
shown to reduce the growth rate of B16 melanoma significantly 
[20]. While both Blm-BAPP and pepleomycin markedly 
inhibited tumor growth (Fig. 2), neither analog was more 
effective than bleomycin at any of the doses tested, although 
each drug treatment was significantly different from untreated 
animals. Twenty-four days after tumor implantation, 100% of 
the animals were still alive following the administration of 
Blm-BAPP or pepleomyin at 5 mg/kg, while only 75% of the 
animals were alive at this time point with Neomycin at 5 mg/kg; 
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Fig. 2. Therapeutic effect of bleomycin, pepleomycin and Blm-BAPP on tumor size, 0-24 days after implantation. Four days after implantation, 
animals were injected daily for ten days. Tumors were implanted, measured and recorded as described in Materials and Methods. n = 8-16 for 
each dose. The doses tested were not significant from each other, but were significant from control at P < 0.001 
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Fig. 3. Toxicity of bleomycin, pepleomycin, and Blm-BAPP at varying 
doses. Whole-lung hydroxyproline content was measured as described 
in Materials and methods. Animals were injected twice weekly for 4 
weeks, * P < 0.01 from Neomycin; ** P < 0.05 from pepleomyein. All 
data points are significant from control at P < 0.01 

at higher doses of the three compounds there was even lower 
survival which can be attributed to lethal drug toxicity. Thus, 
although there is a reduction in tumor growth and hence a 
therapeutic effect, drug-induced host toxicity appears to be a 
contributing factor in the survival of tumor-bearing animals, 
which is what appears to happen clinically. 

Comparison of the pulmonary toxicity of Blm-BAPP, pepleo- 
mycin and bleomycin. Whole-lung collagen, as measured by 
hydroxyproline content ,  has previously been shown to be a 
reliable index of drug-elicited pulmonary toxicity [20]. Of the 
three drugs and several doses studied, only Neomycin at 5 
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Fig. 4. Percentage lethality of bleomycin, pepleomycin, and 
Blm-BAPP at varying doses. Animals were injected as in Fig. 3. At 15 
mg/kg bleomycin, four of 16 animals died. At 12.5 mg/kg Blm-BAPP, 
two of 16 animals died 

mg/kg did not  produce a significant increase in lung hydroxy- 
proline content  (Fig. 3). Blm-BAPP was 1.5 times more potent  
than Neomycin  in producing pulmonary toxicity even at the 
lowest dose, while on the other hand,  pepleomycin was not  
significantly more pulmonary toxic than bleomycin at 5 mg/kg. 
Pepleomycin could not,  however, be compared to Neomycin at 
the higher doses (10 and 15 mg/kg) because of the marked 
lethality produced by this compound,  even at 8 mg/kg (Fig. 4). 
In general, Neomycin  and Blm-BAPP were about equilethal 
while pepleomycin produced about five times greater lethal 
toxicity at all doses (Fig. 4). 

In vitro interaction of bleomycin A2, Blm-BAPP and pepleo- 
rnycin with DNA. Although the exact mechanism by which 
bleomycin exerts its action on tumor cells is not presently 
understood,  drug-mediated alterations in D N A  are believed to 
contribute to this process [13]. When  bleomycin binds to 
DNA,  the fluorescence of the bithiazole moiety of bleomycin is 
quenched [5, 8]. The data in Table 1 demonstrate that both 
Blm-BAPP and pepleomycin bind to D N A  as indicated by a 
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Table 1. Effects of DNA on the fluorescence of bleomycin A 2 
(BlmA2), pepleomycin (Pep) and Blm-BAPP 

Relative fluorescence a 

Blm Ax 0.731 + 0.003 
Blm A2, DNA 0.662 + 0.010" 
Pep 0.660 + 0.003 
Pep, DNA 0.577 + 0.006* 
BAPP 0.783 + 0.003 
BAPP, DNA 0.640 + 0.016" 

" Expressed in arbitrary units, mean + SD, n = 3 
*P < 0.001 from no DNA 

Table 2. Comparison of bleomycin A 2 (Blm A2), pepleomycin (Pep), 
and Blm-BAPP in mediating DNA chain breakage catalyzed by 
microsomes from control lung or B16 melanoma 

Source of Additions Drug-mediated-DNA 
microsomes deoxyribose cleavage ~ 

Controllung Blm A2 37.2 _+ 2.9 
Blm A2, Fe 3+ 80.2 + 8.0 
Pep 38.2 + 1.3 
Pep, Fe 3+ 84.8 + 3.5 
BAPP 44.5 + 4.3 
BAPP, Fe 3+ 81.9 + 3.3 

B16 Melanoma Blm A2 16.7 + 3.7 
Blm A2, Fe 3+ 52.9 + 10.9 
Pep 24.9 + 5.3* 
Pep, Fe 3+ 46.1 + 23.7 
BAPP 17.9 + 3.3 
BAPP, Fe 3+ 58.7 + 8.4 

a Expressed as TBA reacting product/rag protein/60 rain; mean + SD, 
n = 3-10 

* P < 0.05 from Blm A2 

quenching of their fluorescence and, in fact, their fluorescence 
was quenched by DNA to a greater extent than bleomycin. 
This suggests that these two compounds may have a greater 
affinity for this potential target molecule than bleomycin. 

Even though bleomycin can bind to DNA, this action in 
itself does not result in DNA-damage such as base release or 
deoxyribose cleavage [4]. Studies in cell-free chemical systems 
have indicated that these actions are facilitated by an activated 
bleomycin intermediate [4] utilizing iron and molecular oxygen 
as cofactors. Previous studies in this laboratory have estab- 
lished that the microsomal mixed-function oxidase system is an 
efficient biological system capable of catalyzing the formation 
of this DNA-damaging bleomycin intermediate [24, 25]. The 
data in Table 2 demonstrate that the interaction of bleomycin 
A2, Blm-BAPP, and pepleomycin with microsomes isolated 
from either the lung, the organ of toxicity, or B16 melanoma 
results in significant deoxyribose cleavage. Moreover, the 
addition of exogenous ferric iron as a cofactor resulted in a 
significant enhancement of deoxyribose cleavage [22, 23]. 

Discussion 

In contrast to the results of Matsuda et al. [12] and Sikic et al. 
[20], which suggested that the bleomycin analogs Blm-BAPP 
and pepleomycin may be more useful clinically because they 
produced less pulmonary toxicity, the results of this study do 
not support this contention. Neither Blm-BAPP nor pepleo- 

mycin was less pulmonary toxic than bleomycin and, in fact, 
BIm-BAPP was significantly more pneumotoxic than bleomy- 
cin (Fig. 3). This observation is in agreement with Raisfeld [17] 
with Blm-BAPP and demonstrates that both the systemic and 
intratracheal administration of this compound results in 
damage to lung cells which ultimately results in pulmonary 
fibrosis. In agreement with the report of Sikic et al. [20], we 
also observed that pepleomycin was substantially more lethal 
than Neomycin, This response may be related to the unique 
toxic effect of this compound on the nervous system, as 
previously described by Sikic et al. [20]. 

Although many of the morphological and physiological 
changes associated with bleomycin pulmonary toxicity are well 
characterized [1, 19], the underlying biochemical and molec- 
ular events by which bleomycin initially damages lung cells and 
thereby sets into motion a complex sequence of cellular events, 
which ultimately results in the deposition of collagen, is not 
well understood. Since DNA is generally considered to be the 
cellular target by which bleomycin causes cytotoxicity and 
exerts its antiproliferative activity, it is possible that bleomy- 
cin-mediated damage to DNA could also contribute to the 
pulmonary toxicity of bleomycin [24, 25], since DNA damage 
has been implicated in the pulmonary toxic effects of radiation 
[7]. The in vitro results presented in this study demonstrate 
that not only bleomycin A2 but that also two of its analogs can 
produce a similar lesion in DNA, that is, deoxyribose cleavage. 
This iron-dependent reaction was catalyzed by the mixed-func- 
tion oxidase system of microsomes isolated from both tumor 
and lung. 

The fact that all three compounds responded identically in 
this in vitro system was not surprising since their structures are 
identical in the metal-binding site (Fig. 1), which may also 
account for the fact that all three compounds responded 
similarly in vivo from both a therapeutic and pneumotoxic 
standpoint. In this context it is interesting to note that the 
fluorescence of Blm-BAPP was quenched to the greatest 
extent by DNA, which may allow it to elicit a pulmonary toxic 
response at lower doses than bleomycin. 
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