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Summary. The effect of an oxygen-carrying perfluoroche- 
mical emulsion on bleomycin antitumor activity and pul- 
monary toxicity was examined. Fluosol-DA (0.3 ml/  
mouse, i. v.), combined with bleomycin (10 or 15 mg/kg, 
i. p.) and a 2 h exposure to 95% oxygen (BFO) increased by 
five- to six-fold the tumor growth delay of FSaIIC fibro- 
sarcoma compared to bleomycin alone (B). Only a slight 
increase in tumor growth delay was noted with the incom- 
plete combinations of bleomycin and O 2 (BO) and bleomy- 
cin and Fluosol-DA (BF). When bleomycin (10 mg/kg) 
was co-administered with 0.3 ml Fluosol-DA and 95% O2, 
cell survival was reduced ten-fold compared to that seen 
with bleomycin alone. In contrast, the surviving fraction 
of cells obtained from FSaIIC tumors treated in vivo indi- 
cated that 0.3 ml Fluosol-DA per mouse or a 2 h exposure 
to 95% 0 2 did not markedly alter the effects of bleomycin 
alone. 

The pulmonary effects of the BFO combination were 
assessed during the course of the therapy by bronchoalveo- 
lar lavage (BAL) analysis and pulmonary hydroxyproline 
(OH-Pro) content. Mice treated with this combination had 
a 20-fold increase in total numbers of ceils obtained in the 
BAL compared to control animals. An increased cellulari- 
ty in the lungs was also seen morphologically. The compo- 
sition of the cells in the lavage fluid was altered after BFO 
but not BO treatment and reflected a neutrophilic influx. 
Furthermore, total protein recovered in the BAL fluid was 
increased 5-fold in the BFO treatment group compared to 
that in the control mice. Pulmonary OH-Pro, an index of 
collagen and fibrosis, was unaffected acutely after three 
treatments of either BFO or BO compared to control mice. 
Thus, Fluosol-DA and 02 can enhance the antitumor activ- 
ity of bleomycin. The increased pulmonary cellularity sug- 
gests that this combination may also have adverse effects 
on lung tissue. 
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Introduction 

Bleomycin is an antitumor antibiotic used in the treatment 
of testicular carcinomas, squamous cell carcinomas of the 
head and neck, and lymphomas [2, 8, 27, 29, 36]. The an- 
tineoplastic properties of bleomycin appear to result from 
the fragmentation of DNA [22], although other sites of ac- 
tion may exist [1]. While the precise chemical state of bleo- 
mycin within cells is uncertain, in vitro data suggest that a 
DNA-bleomycin-ferrous ion-dioxygen complex is formed, 
which, via oxidation of the bound ferrous ion, reduces mo- 
lecular oxygen to yield highly reactive species [12, 15, 30]. 
In the presence of appropriate reducing agents, a ferric- 
ferrous redox cycle can occur, generating as many as 5000 
reactive species per minute [3]. These reactive free radicals 
then produce both single- and double-strand breaks in 
DNA. Differences in oxygen availability also appear to al- 
ter the type of DNA fragmentation products seen [5, 9, 10]. 
The importance of molecular oxygen in the cytotoxic ac- 
tion of bleomycin has been demonstrated directly; bleo- 
mycin was significantly more toxic to normally aerated 
malignant cells than to cells maintained in a hypoxic 
atmosphere [31]. 

Because of the role of molecular oxygen in the antitu- 
mor action of bleomycin, hypoxic cells in solid tumors can 
be assumed to be inherently resistant to this drug [31]. Oxy- 
gen-carrying perfluorochemical emulsions, such as Fluo- 
sol-DA, may offer a novel mechanism to enhance bleomy- 
cin action. Previous results from this laboratory and others 
[21, 32, 33] have demonstrated that Fluosol-DA can in- 
crease the antitumor action of ionizing radiation, which al- 
so requires oxygen. One objective of this study was to eval- 
uate the effect of Fluosol-DA and oxygen on the antitumor 
actions of bleomycin. 

In contrast to most anticancer drugs, bleomycin causes 
little or no bone marrow damage. Its use has been limited 
by the occurrence of irreversible pulmonary fibrosis [17, 
28, 38]. Although the precise mechanism of bleomycin-in- 
duced lung damage remains unknown, it is likely that the 
production of toxic oxygen radicals is involved [11]. A syn- 
ergistic effect of oxygen supplementation and bleomycin 
on lung toxicity has been described [35]. Because 
perfluorochemicals are excreted via the lungs, they might 
influence this synergistic interaction. Thus, we have also 
evaluated the acute pulmonary toxicity of the bleomycin/ 
Fluosol-DA/O 2 combination in mice. 
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Materials and methods 

Drugs. Bleomycin (Blenoxane) was a gift from Bristol La- 
boratories (Syracuse, NY). Fluosol-DA, 20% (Green Cross 
Corporation, Japan) was provided by Alpha Therapeutic 
Corporation (Los Angeles, CA). The stem emulsion was 
stored at - 2 0  °C and the complete emulsion was prepared 
immediately prior to use. 

Tumor. FSalIC fibrosarcoma [20, 32] was carried subcu- 
taneously in the flanks of  C3H/Be/FeJ  male mice (Jack- 
son Laboratories, Bar Harbor ME). For the experiments, 
2 × l 0  6 tumor cells prepared from a brei of several stock tu- 
mors were implanted subcutaneously in the legs of C3H/  
Be/FeJ male mice 8-10  weeks of age. When the tumors 
were approximately 50 mm 3 in volume (about 1 week after 
tumor cell implantation), treatment was initiated. 

Tumor growth delay experiments. The animals were given 
four injections of bleomycin of 10 or 15 mg/kg. The drug 
was administered intraperitoneally on days 6, 10, 13, and 
16 after tumor implantation. Fluosol-DA (0.3 ml) was ad- 
ministered in the tail vein immediately following each 
drug dose and the animals were allowed to breathe air or 
were placed in a 95% oxygen/5% carbon dioxide" (carbo- 
gen) atmosphere for 2 h then removed to air. The size of 
each tumor was measured using calipers thrice weekly un- 
til it reached a volume of 500 mm 3. Untreated FSaIIC tu- 
mors reached 500 mm 3 in about 12 days. Each treatment 
group had seven animals and the experiment was repeated 
three times; therefore, each point represents the treatment 
outcome for 21 animals. 

Tumor cell survival experiments. FSalIC tumor cells (2 x 106 
cells), a subline of the FSalI fibrosarcoma that had been 
adapted for growth in culture [32], were implanted subcu- 
taneously in the legs .of C3H/Be/FeJ  male mice 8 to 10 
weeks of age. One week after tumor cell implantation, 
when the tumors were about 50 mm 3 in volume, the ani- 
mals were given an intraperitoneal injection of bleomycin 
(10 mg/kg) immediately followed by intravenous adminis- 
tration of Fluosol-DA (0.3 ml) and 2 h carbogen breathing. 
Twenty-four hours after drug treatment, mice were killed 
and soaked in 70% ethanol. Their tumors were excised un- 
der sterile conditions in a laminar flow hood and were 
minced to a fine brei with small curved scissors. Four tu- 
mors (approximately 1 g total) were pooled to make each 
treatment group. Each brei was suspended in 20 ml Dul- 
becco's phosphate-buffered saline (Gibco, NY) containing 
deoxyribonuclease (93 gg/ml;  Sigma) and trypsin 
(1.85 mg/ml;  Gibco) in a 50-ml plastic centrifuge tube. 
The samples were incubated for 10 rain at 37 °C, after 
which the cells were allowed to settle and the liquid was 
gently decanted and discarded. Tumor homogenates were 
resuspended in the enzyme-containing phosphate-buffered 
saline (PBS), mixed (Vortex mixer), incubated and rocked 
for 10 rain, and mixed again. The deoxyribonuclease con- 
centration was then increased to 2.5 mg/ml  in each tube. 
After being thoroughly mixed, each sample was filtered 
through a 135-gm stainless steel mesh in a Nucleopore 
Swin-Lok holder into a 50-ml plastic centrifuge tube. The 
samples were centrifuged (E-model PR-5) at 500 g and 
4 °C for 10 min, after which the supernatant was decanted 
and the pellets resuspended in Eagle's MEM containing 

10% fetal bovine serum and antibiotics (Gibco, NY). The 
samples were centrifuged again, the supernatant fractions 
decanted, and the pellets resuspended in Eagle's MEM 
containing 10% fetal bovine serum and antibiotics. These 
suspensions were examined microscopically to ascertain 
that single cells were present. The number of viable cells 
was determined by trypan blue exclusion and the cells 
were plated for the colony-forming assay [32]. Cultures 
were incubated for 8 days in carbogen. Survival of a 
known number of tumor cells was determined with a co- 
lony-forming assay. Only colonies of >50 cells were 
counted. The control tumor cell plating efficiency was 
5%-15%. 

Pulmonary toxicity studies. To determine pulmonary toxici- 
ty during the course of therapy, we administered three in- 
traperitoneal injections of bleomycin (15 mg/kg) on days 
1, 4, and 8 to normal C3H/Be/FeJ  male mice 8-10  weeks 
of age. Fluosol-DA (0.3 ml) was administered intravenous- 
ly immediately after the bleomycin in the combined treat- 
ment group. Treatment groups were exposed for 2 h to ei- 
ther carbogen or air immediately after drug treatment, and 
then housed in air. Lungs were prepared for bronchoal- 
veolar lavage (BAL), hydroxyproline (OH-Pro) assay and 
histology 4 days after the last drug injection. 

Bronchoalveolar lavage and analysis of cells and fluid. The 
trachea was isolated and a tracheotomy performed. The 
abdomen was opened and the diaphragm cut. A 20-gauge 
plastic cannula was inserted into the trachea and tied in 
place. BAL was performed by a modification of our me- 
thod for lavage of rat lungs [18, 19]. Saline was instilled in 
three 1-ml aliquots. Each aliquot was instilled and aspirat- 
ed three times prior to collection by gentle syringe aspira- 
tion. Recovered aliquots were pooled, fluid recovery was 
measured with calibrated pipets, and cellular elements 
were counted by hemacytometer at high (400 ×)  power. 
The fluid was then centrifuged (500 g, 4 °C, 10 min) and 
the supernatant removed from the cell pellets and stored at 
- 2 0  °C for subsequent analysis. Cells were resuspended 
in Hanks balanced salt solution (Ca 2+ and Mg2+-free) and 
aliquots containing 50-100× 103 cells were applied to 
glass slides by cytocentrifugation. Slides were stained with 
Wright's stain and 300 cell differential counts were per- 
formed. Total protein in supernatant fluid was assessed by 
an automated spectrophotometric method [13]. Data are 
expressed as total cells or protein recovered per lavage. 
This final value was calculated by multiplying the cellular 
or protein concentration by the recovered lavage volume. 

Hydroxyproline assay. Since pulmonary OH-Pro is derived 
almost exclusively from collagen [4], whole pulmonary col- 
lagen content was estimated by measuring OH-Pro con- 
tent. Following BAL, both lungs were removed, washed 
free of blood in PBS, and placed in 2 ml 6 M HC1. Trace 
amounts of [3H] OH-Pro (0.2 lxCi; New England Nuclear, 
Mass) were added to each sample as an internal standard 
for recovery. After sealing the tubes, the samples were 
heated for 24 h at 110 °C, resuspended in 20 ml g. d. H20 
and neutralized to pH 6 -8  with NaOH. The sample was 
filtered through a Whatman paper filter and the eluant was 
assayed for OH-Pro using the spectrophotometric method 
of Woessner [39]. All values were corrected for recovery of 

radiolabeled OH-Pro, which was 60%-79%. 



Histopathologic assessment of the lung. Animals  were pre- 
pared  as descr ibed for lavage except that  the lungs were in- 
ga t ed  with 4% buffered formal in  at 20 cm H20 dis tending 
pressure after tracheal  cannulat ion.  The left upper  lobe 
was then embedded  in paraff in  and cut sections were 
s tained with hematoxyl in  and eosin or Masson tr ichrome. 
Representat ive areas were pho tographed  at 100x and 
400 x magnif icat ion [7, 24]. 

Data analysis. Data  were analyzed by one-way analysis of  
var iance (ANOVA).  Differences between subgroup means 
were assessed by referring the calculated value of  t to a t 
dis t r ibut ion corrected for mul t ip le  tests by the Bonferroni  
procedure  [6]. Tumor  growth delay da ta  were analysed 
using unpa i red  t-tests and  with the Dunn mult iple-  
compar isons  test after a very significant effect was found 
by  A N O V A  [321. 

Results  

In tumor  growth delay experiments  with four doses of  
b leomycin  given at 4-day intervals,  there was approxi-  
mately five-fold enhancement  of  b leomycin  ant i tumor  ac- 
tivity in combinat ion  with F luoso l -DA and carbogen 
breathing (BFO; Table 1). There was no significant differ- 
ence between the tumor  growth delay achieved with either 
10 m g / k g  or 15 m g / k g  b leomycin  under  any of  the experi- 
mental  t reatment  condi t ions ;  however,  t reatment  with the 
higher dose of  drug p roduced  greater weight loss in the an- 
imals which was not  inf luenced by the presence of  Fluo- 
sol-DA. Bleomycin and carbogen breathing (BO) pro-  
duced a significant increase in tumor  growth delay com- 
pa red  to b leomycin  alone (B ;p  < 0.05). BFO led to a mark-  
edly improved  t reatment  outcome compared  with B (p 
< 0.0001). BFO also p roduced  a significant increase in tu- 
mor  growth delay compared  to BO and b leomycin  plus 
F luoso l -DA (BF; p <0.0001 and p <0.0003 respectively). 

Using the cell survival assay with the F S a I I C  fibrosar-  
coma,  there was approx imate ly  a ten-fold increase in tu- 
mor  cell kill in animals  t reated with BFO compared  with B 
(Table 2). F luoso l -DA alone had no effect on the survival 
of  the tumor  cells. With a single dose of  B, BO, or BF there 
was no significant cell ki l l ing;  however,  BFO produced  
approx imate ly  one log of  cell kill. 

Hydroxypro l ine  content,  histology, and cellular and 
protein  composi t ion  of  the lungs of  t reated and normal  
mice were examined to determine the acute pu lmonary  
toxici ty of  the combina t ion  BFO. Lavage fluid recovery 
was 2.15 ml / con t ro l  mouse and was similar in all groups 
examined in Fig.1 (p >0.1 for all comparisons,  unpa i red  
t-test). Animals  treated with BO had increases in the mean 
values for all the observed cell popula t ions  and in total  
BAL prote in;  however,  these values were not  statistically 
significantly different  from control  (t7 > 0.05 for all com- 
parisons).  By contrast ,  animals  receiving the combinat ion  
BFO had significant increases in all cell popula t ions  and 
in total  recoverable lavage protein.  For  example,  the tr iple 
combinat ion  resulted in a five-fold increase in total  pul- 
monary  lavage protein  compared  to control  mice and a 
2.5-fold increase compared  to the BO group. The total cell 
number  in the lavage fluid of  mice treated with BFO was 
20- and five-fold greater than that  seen in control  and BO 
mice respectively (p <0.05 for BFO compared  to BO). 
Among  the morphologica l ly  dis t inguishable cells in lavage 

Table l .  
delay 
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Enhancement in FSalIC fibrosarcoma tumor growth 

Treatment group Tumor growth delay (days) a 

Bleomycin dose b 
10 mg/kg 15 mg/kg 

B 2.3 _+ 0.7 3.7 -+ 1.0 
BO c 4.7+ 1.0 5.6_+ 1.5 
BF 5.5 +2.3 5.9 _+ 1.6 
BFO 14.6_+2.9 16.9_+2.9 

B, bleomycin; BO, bleomycin + carbogen; BF, bleomycin + 
Fluosol-DA; BFO, bleomycin + Fluosol-DA + carbogen 
a Based on days for the tumors to reach 500 mm 3 in volume com- 

pared to untreated controls. The experiment was repeated three 
times with groups of seven animals in each condition and untreat- 
ed controls. Means _+ SEM 

b Bleomycin was given on days 6, 10, 13, and 16. Fluosol-DA was 
given immediately after bleomycin 

° Carbogen breathing was maintained for 2 h 

Table 2. Cell survival from FSalIC fibrosarcoma tumors 

Treatment group Surviving fraction 

Control 1.00 _+0.01 
F" 1.00 +0.01 
B b 0.90 _+0.01 
BO ° 0.95 _+0.01 
BF 0.84 +0.01 
BFO c 0.096 + 0.02 

Tumors were excised 24 h after treatment. Values are means of 
five separated experiments _+ SEM. For abbreviations, see Table 1 
a FluosoI-DA was given as an intravenous injection of 0.3 ml 

Bleomycin was given as an intraperitoneal injection of 10 mg/kg 
c Carbogen breathing was maintained for 2 h 

fluid, a marked elevation was observed in alveolar  macro-  
phages (20-fold), lymphocytes  (45-fold) and neutrophi l ic  
granulocyte  numbers  (560-fold) compared  to control  mice. 
Significant increases in these cell types were also seen with 
BFO compared  with the BO group. 

As shown in Table 3, 4 days after the last drug injec- 
t ion there was no difference in OH-Pro  content  between 
lungs of  animals  receiving the combina t ion  BFO and lungs 
o f  control  or BO animals.  

Histological  assessment o f  animal  lungs revealed find- 
ings similar to those i l lustrated in Fig. 2. An apparen t  in- 
crease in cellularity was noted in sections obta ined from 
animals  treated with BFO. The most prominent  cells were 
large alveolar  macrophages.  Alveolar  walls appeared  
thickened,  and  sections from one of  three examined ani- 
mals treated with the combina t ion  showed evidence of  
alveolar  wall fibrosis on Masson staining. 

Discuss ion 

Oxygen has been impl ica ted  as directly involved in the 
mechanism of  cytotoxici ty of  several ant ineoplas t ic  agents, 
including bleomycin,  adr iamycin  streptonigrin,  and the 
hematoporphyr ins .  Previously it was demonst ra ted  that  
removing oxygen from cells or D N A  being treated with 
b leomycin  significantly reduced or complete ly  inhibi ted 
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Fig. 1. Bronchoalveolar lavage assessment of whole lungs after 
bleomycin (15 mg/kg) and 95% 02 (2 h) on days I, 4, and 8 with 
and without Fluosol-DA (n = 5-7). N, controls; ~,  FO; II~, BO; 
N, BFO. Means ___ SEM 

damage by the drug [23]. In  this study, we have demon- 
strated that intravenous Fluosol-DA and carbogen brea- 
thing for 2 h following intraperitoneal administration of  
bleomycin s ignifcant ly improved tumor growth delay and 
enhanced the tumor cell kill produced by this drug. It is 
interesting that tumor growth delay was independent  of  
Neomycin  dose in the range tested. The addition of  car- 
bogen or Fluosol-DA increased the growth delay but nei- 

Table 3. Hydroxyproline content of whole lungs 

Treatment group Hydroxyproline (gg) 

Control 378 + 28 
BO 356_+47 
BFO 382+35 

Hydroxyproline was measured in both lungs [16]. Bleomycin 
(15 mg/kg) was administered on days 1, 4, and 8. Groups receiv- 
ing Fluosol-DA were given it immediately after Neomycin. Car- 
bogen breathing was maintained for 2 h. For abbreviations see 
Table 1 

ther intervention alone produced a significant effect. 
These findings suggest that intratumor oxygen may limit 
the therapeutic action of  bleomycin. We propose that Flu- 
osol-DA with carbogen breathing allows increased oxygen 
delivery to previously hypoxic areas and thus enhances the 
anti tumor activity of  bleomycin. We cannot rule out a 
pharmacokinetic component  of  drug enhancement. Ble- 
omycin solvation on the perfluorochemical particles might 
result in an increase in the drug's exposure-time index. 

It has been shown that complete transfusion of  animals 
with perfluorochemical emulsions produces no acute pul- 
monary toxicity [25, 26]. Ble0mycin, however, produces 
dose-limiting pulmonary toxicity, which may be exacer- 
bated by elevated ambient oxygen tension [35]. The oxy- 
gen-carrying perfluorochemicals are excreted by expira- 

Fig. 2A, B. Lung sections from mice. Inflated lungs from control (A) and BFO-treated (B) mice were fixed and portions of the left lobe 
were embedded in paraffin, cut, and stained with hematoxylin and eosin. Bar = 20 gm 
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t ion and may deliver increased amounts  of  oxygen to bleo- 
mycin  residing in the pu lmonary  parenchyma.  Thus, we 
examined the lungs of  t reated animals  for potent ia t ion  of  
or protect ion from b leomycin- induced  pu lmonary  toxicity. 
Dur ing BFO treatment  we observed no increase in colla- 
gen content as measured by OH-Pro  shortly after treat- 
ment,  indicat ing that  there is p robab ly  no major  change in 
the kinetics of  OH-Pro  deposi t ion  in the lungs. BAL of 
BFO-treated animals  indica ted  a marked  increase in cellu- 
lari ty and protein  recovery. The increase noted in the num- 
bers of  po lymorphonuc lea r  leukocytes and alveolar  mac- 
rophages  in lavage specimens of  BFO-treated animals  sug- 
gest the recrui tment  of  both  monocytes  and po lymorpho-  
nuclear  leukocytes to the alveolar  structures. Both cell 
types can secrete mediators  which injure cells [37]. The in- 
crease in lavage prote in  suggests a toxic effect o f  t reatment  
on the alveolar  wall, leading to increased protein  flux. 
Athough we did not reproducib ly  see pu lmonary  fibrosis 
in histologic specimens,  the al terat ions in lavage cells and  
protein  suggest significant lung injury. The consequences 
of  these acute changes cannot  be predic ted  from our re- 
sults, and these pu lmonary  derangements  may be transient  
or may por tend  irreversible lung damage.  

In conclusion,  the ant i tumor activity of  b leomycin  was 
potent ia ted  by F luoso l -DA and carbogen breathing;  how- 
ever, caution must be expressed regarding possible en- 
hancement  of  pu lmonary  toxicity.  

References 

1. Berry DE, Kilkuskie RE, Hecht SM (1985) DNA damage in- 
duced by bleomycin in the presence of bibucaine is not pre- 
dictive of cell growth inhibition. Biochemistry 24:3214-3219 

2. Carter SK, Crooke ST, Umezawa H (eds) (1978) Bleomycin: 
current status and new developments. Academic, New York 

3. Caspary WJ, Niziak C, Lango DA, Friedman R, Bachur NR 
(1979) Bleomycin A2: a ferrous oxide. Mol Pharmacol 16: 
256-260 

4. Crystal RG (1974) Lung collagen, definition, diversity and de- 
velopment. Fed Proc 33:2246-2255 

5. Cunningham ML, Ringrose PS, Lokesh BR (1984) Inhibition 
of the genotoxieity of bleomycin by superoxide dismutase. 
Mutat Res 135:199-202 

6. Duncan RC, Knapp RG, Miller MC (1983) Introductory bio- 
statistics for the sciences. Wiley, New York 

7. Dungworth DL, Schwartz LW, Tyler WS (1976) Morphologi- 
cal methods for evaluation of pulmonary toxicity in animals. 
Ann Rev Pharmacol 16:381-399 

8. Ervin TJ, Weichselbaum R, Miller D, Meshad M, Posner M, 
Fabian R (1981) Treatment of advanced squamous cell carci- 
noma of the head and neck with cisplatin, bleomycin and 
methotrexate (PBM). Cancer Treat Rep 65:787-791 

9. Kross J, Henner WD, Haseltine WA, Rodriguez L, Levin 
MD, Hecht SM (1982) Structural basis for the deoxyribonu- 
cleic acid affinity of bleomycin. Biochemistry 21:3711-3721 

10. Kross J, Henner WD, Hecht SM, Haseltine WA (1982) Speci- 
ficity of deoxyribonuclease acid cleavage by bleomycin, 
phleomycin and tallysomyein. Biochemistry 21 : 4310- 4317 

11. Lazo JS, Humphreys CJ (1983) Lack of metabolism as the 
biochemical basis of bleomycin-induced pulmonary toxicity. 
Proc Natl Acad Sci USA 80:3064-3068 

12. Lown JW, Kim S-K (1977) The mechanism of the bleomycin- 
induced cleavage of DNA. Biochem Biophys Res Commun 
77:1150-1157 

13. Merrill WW, O'Hearn E, Rankin JR, Naegel GP, Matthey 

RA, Reynolds R (1982) Kinetic analysis of respiratory tract 
proteins recovered during a sequential lavage protocol. Am 
Rev Resp Dis 126:610-617 

14. Moulder JE, Rockwell S (1984) Hypoxic fractions of solid tu- 
mors: experimental techniques, methods of analysis, and a 
survey of existing data. Int J Radiat Oncol Biol Phys 10: 
695-712 

15. Oberley LW, Buettner GR (1979) The production of hydroxy 
radical by bleomycin and iron (II). FEBS Lett 97:47-49 

16. Orr FW, Adamson IYR, Young L (1986) Promotion of pul- 
monary metastasis in mice by Neomycin-induced endothelial 
injury. Cancer Res 46:891 

17. Parvinen LM, Kilkku P, Makinen E, Luikko P, Gronroos M 
(1983) Factors affecting the pulmonary toxicity of bleomycin. 
Acta Radiol 22:417-421 

18. Rankin JR, Merrill WW, Hitchcock M, Askenase PW (1982) 
IgE dependent release of leukotriene C4 from alveolar macro- 
phages. Nature 297 : 329-331 

19. Rankin JR, Hitchcock M, Merrill WW, Huang SS, Brashler 
FR (1984) IgE immune complexes induce immediate and pro- 
longed release of leukotriene C4 (LTC4) from rat alveolar 
macrophages. J Immunol 132:1993-1999 

20. Rice L, Urano M, Suit HD (1980) The radiosensitivity of a 
murine fibrosarcoma as measured by three ceil-survival as- 
says. Br J Cancer 41 [Suppl 4]: 240-245 

21. Rochwell S (1985) Use of a perfluorochemical emulsion to 
improve oxygenation in a solid tumor. Int J Radiat Oncol 
Biol Phys 11:97-103 

22. Sausville EA, Peisach J, Horwitz SB (1978) Effect of chelating 
agents and metal ions on the degradation of DNA by bleomy- 
cin. Biochemistry 17:2740-2746 

23. Sausville EA, Stein RW, Peisach J, Horwitz SB (1978) Pro- 
perties and products of the degradation of DNA by bleomy- 
cin and iron (II). Biochemistry 17:2746-2754 

24. Schachter EN, Buck MG, Merrill WW, Askenase PS, Witek 
TJ Jr (1986) Skin testing with an aqueous extract of cotton 
bract. J Allergy Clin Immunol (in press) 

25. Schneeberger EE (1982) Circulating proteins and marcomo- 
lecular transport across continuous nonfenestrated endothe- 
lium. Ann NY Acad Sci 1982:25-37 

26. Schneeberger EE, Neary BA (1982) The bloodless rat: a new 
model for macromolecular transport studies across lung endo- 
thelium. Am J Physiol 242 (Heart Circ Physiol 11): 
H890-H899 

27. Shah PM, Shukla SN, Patel KM, Baboo HA, Patel DD (1981) 
Effect of bleomycin-radiotherapy combination in manage- 
ment of head and neck squamous cell carcinoma. Cancer 48: 
1106-1109 

28. Sikic BI, Young DM, Mimnaugh EG, Gram TE (1978) 
Quantification of Neomycin pulmonary toxicity in mice by 
changes in lung hydroxyproline content and morphometric 
histopathology. Cancer Res 38:787-792 

29. Spaulding MB, Kahn A, De Los Santos B, Klotch D, Lore JM 
(1982) Adjuvant chemotherapy in head and neck cancer; an 
update. Am J Surg 144:432-436 

30. Sugiura Y (1979) Production of free radicals from phenol and 
tocopherol by bleomycin-iron (lI) complex. Biochem Biophys 
Res Commun 87:649-653 

31. Teicher BA, Lazo JS, Sartorelli AC (1981) Classification of 
antineoplastic agents by their selective toxicities toward oxy- 
genated and hypoxic tumor cells. Cancer Res 41:73-81 

32. Teicher BA, Rose CM (1984) Perfluorochemical emulsions 
can increase tumor radiosensitivity. Science 223 : 934-936 

33. Teicher BA, Rose CM (1984) Oxygen-carrying perfluoro- 
chemical emulsion as an adjuvant to radiation therapy in 
mice. Cancer Res 44:4285-4288 

34. Thrall RS, McCormick JR, Jack RM, McReynolds RA, Ward 
PA (1979) Bleomycin-induced pulmonary fibrosis in the rat. 
Am J Pathol 95:117-130 

35. Tryka AF, Skornik WA, Godleski J J, Brain JD (1982) Poten- 
tiation of bleomycin-induced lung injury by exposure to 70% 



218 

oxygen: morphologic assessment. Ann Rev Resp Dis 126: 
1074-1079 

36. Twentyman PR (1984) Bleomycin-mode of action with parti- 
cular reference to the cell cycle. Pharm Therapeut 23: 
417-441 

37. Weiss S J, Regiani S (1984) Neutrophils degrade subendotbel- 
ial matrices in the presence of alpha-l-proteinase inhibitor. J 
Clin Invest 73: 1297-1303 

38. Willson JKV (1978) Pulmonary toxicity of antineoplastic 
drugs. Cancer Treat Rep 62:2003-2009 

39. Woessner JF (1961) The determination of hydroxyproline in 
tissue and protein samples containing small proportions of 
this amino acid. Arch Biochem Biophys 93:440-447 

Received March 7, 1986/Accepted August 22, 1986 


