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Abstract. Bleomycin, an antineoplastic drug, is known to produce interstitial pulmonary 
fibrosis (IPF). As a result, it is commonly employed in various species to produce animal 
models of fibrosis. We have examined the uptake of ['4C]acetate by lung slices and its incorpora- 
tion into lipids in the slices at various times following intratracheal administration of a fibro- 
genic dose ( 10 units/kg) of bleomycin in hamsters. As compared to saline controls, bleomycin 
had no effect on [I4C]acetate uptake at 4 and 7 days but it increased the uptake at 2 and 14 days 
after treatment. The incorporation of [ I4C]acetate into total lipid was significantly reduced to 
44,62,62, and 75% of the control at 2,4,7,  and 14 days after bleomycin treatment, respectively. 
The incorporation into lipid as a percentage of the uptake was 12.2 in control animals whereas 
in bleomycin-treated animals, it was 4.7, 8.0, 7.3,  and 6.9 at the corresponding times. Separa- 
tion of lipids into various fractions revealed that bleomycin treatment specifically inhibited the 
synthesis of phosphatidylcholine and neutral lipid at all times of the study. The synthesis of all 
other phospholipids except phosphatidylethanolamine was depressed at 2 days. The latter was, 
however, depressed at 7 and 14 days after bleomycin treatment. It was concluded from the 
present study that bleomycin treatment inhibits the synthesis of phospholipid and neutral lipid 
and this may eventually lead to decreased surfactant production. o 1987 Society for Experimental 

Biology and Medicine. 

Bleomycin, a mixture of glycopeptides, is 
therapeutically used for treatment of selected 
human cancers in combination with other 
antineoplastic agents and radiotherapy 
(1-3). One of the serious adverse side effects 
of this anticancer drug is that it produces in- 
terstitial pulmonary fibrosis (IPF) in a dose- 
related fashion (4, 5) .  As a result intratra- 
cheal administration of bleomycin is com- 
monly employed to produce an animal 
model of IPF (6-9) since the histopathologic 
and biochemical features of the model are 
similar to IPF seen in humans (7,9, 10). The 
biochemical mechanisms responsible for 
bleomycin-induced lung fibrosis are not 
clearly understood. It is known, however, 
that bleomycin is capable of generating reac- 
tive oxygen species (ROS) such as superoxide 
and hydroxyl radicals in the presence of mo- 
lecular oxygen ( 1 1 - 1 3). The availability of 
excess ROS is shown to cause DNA strand 

This work was supported by Grant 5R01 HL2735- 
06 from the National Heart, Lung and Blood Institute of 
the National Institute of Health, Bethesda, Maryland. 

scission ( 14, 1 5) and lipid peroxidation of the 
cell membrane (1 6, 17). 

Microscopic studies of the lung from mice 
treated with bleomycin revealed that the pri- 
mary lesions were endothelial swelling, in- 
terstitial edema, thickening of the alveolar 
wall, and proliferation of type I1 pneumo- 
cytes containing giant lamellar bodies ( 18). 
The lamellar bodies are considered to be the 
main storage and secretory granules of sur- 
factant in type I1 cells of the lung (19). 

There are conflicting reports in the litera- 
ture with respect to changes in the level of 
surfactant in the lung of bleomycin treated 
animals. According to Burkhardt (20) and 
Gebbers (21) the pathogenic basis for bleo- 
mycin-induced lung damage is a reduction in 
lamellar bodies and consequent surfactant 
deficiency. This is diametrically opposed to 
the findings of Fasske and Morgenroth (1 8) 
who reported proliferation of type I1 pneu- 
mocytes with overproduction of surfactant. 
However, in none of the above studies was 
the synthesis of phospholipids, a major com- 
ponent of the lung surfactant, biochemically 
assessed. 
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In view of this uncertainty, the objective of 
the present study was to evaluate the various 
stages involved in the de novo synthesis of 
phospholipids and neutral lipids from [ 14C]- 
acetate in lung slices of hamsters treated with 
a fibrogenic dose of bleomycin. The evalua- 
tion of various stages included (i) the uptake 
of [14C]acetate into lung slices and (ii) the 
incorporation of [ 14C]acetate into total lipids 
as well as into various lipid fractions includ- 
ing phosphatidylcholine, a major constituent 
of surfactant and an important structural 
component of the lung membrane. 

Materials and Methods. Male Golden 
Syrian hamsters weighing 90 to 120 g were 
purchased from Simonsen, Inc. (Gilroy, CA). 
They were housed in groups of four in plastic 
cages and had access to tap water and labora- 
tory chow ad libitum. Bleomycin sulfate 
(Blenoxane) was a gift from Bristol Labora- 
tories (Division of Bristol Myers Co., Syra- 
cuse, NY). Sodium acetate ( 1-l4C, sp act 54 
mCi/mmol) was purchased from Amersham 
Corporation (Arlington Heights, IL). Pre- 
coated I(6 silica gel plates 40 A (250-p thick) 
were obtained from Whatman, Inc. (Hills- 
boro, OR). Standards for neutral lipid and 
different phospholipids were from Sigma 
Chemical Co. (St. Louis, MO). Dulbecco's 
modified Eagle's medium (DMEM) with 
Hepes buffer was purchased from GIBCO 
Laboratories (Chagrin Falls, OH). All other 
chemicals and solvents were from standard 
commercial sources. 

Treatment of animals. Hamsters were ac- 
climated for at least 1 week in the laboratory 
housing facilities prior to use in the experi- 
ment. They were anesthetized with sodium 
pentobarbital (80-90 mg/kg ip). Bleomycin 
sulfate freshly dissolved in sterile isotonic sa- 
line was instilled into the lung by transoral 
route under anesthesia. The dose of bleomy- 
cin was 1 unit in 0.5 ml saline per 100 g of 
body weight or an equivalent volume of sa- 
line in control hamsters. The hamsters were 
killed by exsanguination under anesthesia at 
2 ,  4, 7, and 14 days after treatment. The 
lungs were perfused with oxygenated ice-cold 
isotonic saline through the right side of the 
heart in situ. All lung lobes from each ani- 
mals were excised, cleaned of the extraneous 
tissues, rinsed in oxygenated ice-cold saline 
three times, and then transferred into a 

beaker containing ice-cold oxygenated 
DMEM. Using a Stadie-Riggs Microtome, 
slices of uniform thickness (0.5 mm) were 
cut from all lung lobes from each animal in a 
cold room at 4-6°C. The slices of each ani- 
mal were pooled into a beaker containing 
DMEM. After gentle rinsing, the slices from 
each hamster's lung were transferred into a 
25-ml Erlenmeyer flask containing 9 ml of 
DMEM pregassed with 5% C02  + 95% O2 
(v/v). One milliliter of the same medium 
containing 5 pCi [ l-'4C]acetate was added to 
each flask sitting on ice. After mixing, 25 pl 
of the medium was removed for determina- 
tion of radioactivity. The flasks were incu- 
bated at 37°C in a Dubnoff metabolic shaker 
for 3 hr under an atmosphere of 5% C02  
+ 95% 02. At the end of the incubation pe- 
riod an aliquot of 25 pl of the medium was 
removed for determination of radioactivity. 
The difference in radioactivity of the me- 
dium between pre- and postincubation was a 
measure of the [14C]acetate uptake by the 
slices (22). The slices, after removal from the 
incubation flask, were washed three times 
with saline and then stored at -20°C. 

The thawed lung slices from each animal 
were homogenized in 10 ml of chloro- 
form:methanol (2:  1, v/v) using a Polytron 
(Brinkmann Instruments, NY). H20 (2 ml) 
was added to the homogenate to create a 
two-phase system. After mixing and centrifu- 
gation, the chloroform layer, which con- 
tained the lipid material, was aspirated and 
transferred into a tube. Chloroform was 
evaporated to dryness under a stream of ni- 
trogen. The residual lipid layer was redis- 
solved in 250 pl of ch1oroform:methanol 
(2:  1, v/v) and then the total volume was re- 
corded. A 100-pl aliquot was used to mea- 
sure the radioactivity and 10 pl was spotted 
onto precoated I(6 silica gel plates (250 p). A 
mixture of sphingomyelin (SM), phosphati- 
dylcholine (PC), phosphatidylserine (PS), 
phosphatidylinositol (PI), phosphatidyleth- 
anolamine (PE), and tripalmitin (neutral 
lipid, NL) was also spotted onto the plates. 
The plates were developed to a height 
of 15 cm in a solvent system consisting 
of ch1oroform:methanol:acetic acid:water 
(50:37.5:3.5:2), air dried, and sprayed with a 
saturated solution of fluorescein in metha- 
no1:water ( 1 : 1, v/v). This is a modification of 
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the method of Skipski et al. (23). Once the 
plates were air dried, the spots were visual- 
ized under uv light after exposure to ammo- 
nium hydroxide vapor. The bands contain- 
ing the various lipid fractions corresponding 
to authentic lipid standards were scraped 
into vials and used for determination of ra- 
dioactivity. 

Determination of radioactivity. In order to 
determine radioactivity, 15 ml Tritosol scin- 
tillation cocktail (24) was added to each vial. 
After mixing, the vials were left at room tem- 
perature overnight to get rid of any chemilu- 
minescence and then counted in a Model 
LS5 80 1 Beckman scintillation spectrometer 
at a setting of 2% 2-a. The cpm of each sam- 
ple was automatically converted to dpm by a 
quench curve programmed in the counter. 
The quench curve was prepared with [‘“CI- 
toluene and varying amounts of chloroform. 
The counting efficiency of the samples 
ranged from 85 to 90%. 

Presentation and statistical analysis of the 
data. The data are expressed per total lung 
per 100 g body weight. Expression of the data 
on a per lung basis rather than per milligram 
wet weight, per milligram protein, or DNA 
avoids the artifactual lowering of the values 
in bleomycin-treated animals (25, 26) since 
this treatment causes the leakage of plasma 
proteins and infiltration of leukocytes into 
the lung and they cannot be completely 
washed out by in situ perfusion of the lung. 
The values are reported as the mean k stan- 
dard error (SE). Statistical significance was 
determined by using unpaired t test. P values 
< 0.05 were considered significant. 

Results. The effect of intratracheal admin- 
istration of bleomycin on [ 14C]acetate uptake 
by lung slices is shown in Table I. The uptake 
of [14C]acetate by lung slices from bleomy- 
cin-treated animals remained unaltered as 
compared with the control except that the 
uptake was increased to 114 and 132% of 
control at 2 and 14 days after treatment. As 
shown in Table 11, the incorporation of 
[ 14C]acetate into total lipid of lung slices was 
significantly reduced to 44, 62, 62, and 75% 
of control at 2, 4, 7, and 14 days after intra- 
tracheal instillation of bleomycin. The incor- 
poration into lipid expressed as percentage of 
uptake was 12.2% in lung slices from control 
hamster whereas in bleomycin-treated ani- 

TABLE I. EFFECT OF INTRATRACHEAL INSTILLATION 
OF BLEOMYCIN (Bleo) (10 units/kg) ON THE 
UPTAKE OF [ 14C]ACETATE BY LUNG SLICES 

~ 

Time after 
treatment (dpm/lung/ 100 g P value between 

(day) body wt) X lo5 control and Bleo 

Uptake of [ I4C]acetate 

Controla 43.7 t 1.7’ (10)‘ - 
Bleom ycin 

2 50.0 f 2.1 (6) <0.05 
4 40.3 f 1.9 (6) NS 
7 52.5 k 5.7 (6) NS 

<o.oo 1 14 57.8 k 21.9 (5) 

a Control values at 2, 4, 7, and 14 days after intratra- 
cheal injection of isotonic saline have been pooled since 
the values were not different. ‘ Each value represents the mean k standard error. 
‘ Number in parentheses is the number of animals. 

NS, not significant. 

mals, the incorporation was 4.7, 8, 7.3, and 
6.9% of the uptake at 2, 4, 7, and 14 days 
after treatment, respectively (Table 11). 

The second phase of the study was de- 
signed to show the effect of bleomycin treat- 
ment on the synthesis of specific lipids. This 
objective was accomplished by fractionating 
total lipid into various fractions by thin layer 
chromatography. As shown in Table 111, 
[ 14C]acetate incorporation into phosphati- 
dylcholine of lung slices from bleomycin- 
treated animals was significantly depressed at 
all times as compared with the control. The 
inhibitory effect of bleomycin treatment on 
incorporation of [ 14C]acetate into sphingo- 
myelin, phosphatidylserine, and phosphati- 
dylinositol was seen only at 2 days after 
treatment. The incorporation into phospha- 
tidylethanolamine was depressed at 4 and 7 
days, whereas into neutral lipid it was de- 
pressed at all times except 7 days after bleo- 
mycin treatment. 

Discussion. The data collected in this 
study indicate that intratracheal administra- 
tion of bleomycin decreased the incorpora- 
tion of [ 14C]acetate into some phospholipids, 
specifically phosphatidylcholine and neutral 
lipid. One of the mechanisms which may ac- 
count for decreased synthesis of phosphati- 
dylcholine and neutral lipids may be a de- 
creased uptake of [14C]acetate by the lung 
slices of bleomycin-treated animals. How- 
ever, this was found not to be the case since 
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TABLE 11. INCORPORATION OF [ I4C]ACETATE INTO 
LIPIDS OF LUNG SLICES FROM HAMSTERS TREATED 

WITH BLEOMYCIN (Bleo) (10 units/kg) 
INTRATRACHEALLY 

[ I4C]Acetate 
Time after into total lipid [ I4C]Acetate into 
treatment (dpm/lung/ 100 g lipid as % of 

(day) body wt) X lo5 uptaked 

Control' ( 5.3 f 0.4' 
Bleo-2 (6) 2.4 k 0.4 

P < 0.001 
-4 (6) 3.3 k 0.5 

P < 0.01 
-7 (6) 3.3 f 0.5 

P < 0.01 
-14 ( 5 )  4.0 f 0.5 

P < 0.05 

12.2 f 0.7 
4.7 f 0.7 

P < 0.001 
8.0 k 1.0 

P < 0.01 
7.3 f 1.0 

P < 0.01 
6.9 f 0.8 

P < 0.001 

' Control values at 2, 4, 7, and 14 days after intratra- 
cheal injection of isotonic saline have been pooled since 
the values were not different. 

Numer in parentheses is the number of animals. 
' Each value represents the mean k standard error. 

See Table I for uptake. 
P values are between Control and Bleo groups. 

there was no difference in the uptake of 
[14C]acetate by lung slices between the con- 
trol and bleomycin-treated animals at 4 and 

7 days. In fact, a significant increase in the 
uptake was obtained in the latter case at 2 
and 14 days after treatment. 

When compared with the control, bleo- 
mycin treatment markedly inhibited the in- 
corporation of [ 14C]acetate into total lipids of 
lung slices for the entire period of the study. 
Similarly, [ 14C]acetate incorporation into 
lipid expressed as a percentage of ["C]- 
acetate uptake by the lung slices of bleomy- 
cin-treated animals was also significantly less 
than that of control at all times of the study. 

Fractionation of total lipids into various 
phospholipids and neutral lipid revealed that 
bleomycin treatment selectively inhibited 
the synthesis of phosphatidylcholine and 
neutral lipid. The synthesis of other lipids 
was variably affected. A marked reduction in 
incorporation of [ I4C]acetate into neutral 
lipid and phosphatidylcholine suggests that 
the [ 14C]acetate was not available in the fatty 
acid of the diacylglycerol pool for incorpora- 
tion. One of the reasons why synthesis of 
these lipids was depressed in the lung slices of 
bleomycin-treated animals may be the inhi- 
bition of fatty acid synthetase complex in 
these animals. This enzyme is a cytosolic en- 
zyme which is responsible for conversion of 

TABLE 111. INCORPORATION OF [14C]ACETATE INTO VARIOUS LIPID FRACTIONS' OF LUNG SLICES FROM 
HAMSTERS TREATED WITH BLEOMYCIN ( 10 units/kg) INTRATRACHEALLY 

Time after 
treatment 

(day) SM PC PS PI PE NL 

Controlb(lO)' 23157 t 3558d 
Bleomycin 

2 (6) 4713 f 1409 

4 (6) 18286 t 5408 

7 (6) 20692 f 2504 

14 ( 5 )  31551 k 8384 

P < 0.001 

NS 

NS 

NS 

(dpm/lung/ 100 g body wt) 

215941 k 9652 9593f  1127 9068 k 664 

93671 It_ 16450 
P < 0.00 1 

110690 f 15869 
P < 0.001 

145375 ? 30184 
P < 0.05 

164307 f 21 194 
P -= 0.05 

4979 f 1014 
P < 0.01 

9311 k 1233 
NS 

7700 k 1248 
NS 

10160 f 1507 
NS 

5802 f 11 12 
P < 0.05 

8220 f 1 1  10 
NS 

6432 f 1403 
NS 

9290 f 1167 
NS 

30333 t 5431 

38238 f 5652 
NS-' 

15579 f 2845 
P < 0.05 

16191 * 3151 
P < 0.05 

22673 f 37 17 
NS 

191 143 k 15565 

79239 f 10585 
P < 0.001 

137263 k 17577 
P < 0.05 

145018 k 22769 
NS 

I26473 -t 15605 
P < 0.02 

a Lipid fractions are abbreviated as follows: SM, sphingomyelin; PC, phosphatidylcholine; PS, phosphatidylserine; PI, phosphati- 

Control values at 2 ,  4, 7, and 14 days after intratracheal injection of isotonic saline have been pooled since the values were not 
dylinositol; PE, phosphatidylethanolamine; NL, neutral lipid. 

different. 
'Number in parentheses is the number of animals. 

Each value is the mean k standard error. 
P values are between the control and bleomycin-treated groups. 

/NS, not significant. 
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acetate to fatty acid. It has been demon- 
strated that 80 to 90% of bleomycin present 
in the lung is not only associated with the 
cytosolic portion of the lung parenchyma but 
also a certain percentage of this compound is 
covalently linked with the cytosolic protein 
(27). It is conceivable that decreased incorpo- 
ration of [14C]acetate into neutral lipid and 
phosphatidylcholine may be due to inhibi- 
tion of cytosolic fatty acid synthetase com- 
plex by bleomycin or its metabolites. 
Whether incubation of bleomycin with lung 
slices in vitro would have an inhibitory effect 
on the incorporation of [ 14C]acetate into 
neutral lipid and phosphatidylcholine is not 
presently known. However, it should be 
noted that a pneumotoxin such as 3-methy- 
lindole when incubated with goat lung slices 
inhibited the synthesis of all phospholipids 
without any effect on neutral lipid (22). 

The rate of phosphatidylcholine and 
sphingomyelin synthesis depends on the 
availability of choline and activities of three 
sequential enzymes such as choline kinase, 
phosphatidylcholine cytidyl transferase, and 
phosphatidylcholine transferase. It is possi- 
ble that a marked reduction in the incorpora- 
tion of [14C]acetate into all phospholipids at 
the early time and phosphatidylcholine at all 
times in the lung slices of bleomycin-treated 
animals may be due to a deficiency of cho- 
line and/or inhibition of the key enzymes 
involved in their synthesis. However, it is 
also possible that bleomycin might have al- 
tered metabolism of labeled acetate and its 
distribution of incorporation into various 
lipid components of the lung. 

Regardless of the mechanism, it should be 
recognized that phosphatidylcholine is a 
major component of the lung surfactant. A 
decrease in the rate of phosphatidylcholine 
synthesis would lead to a deficiency of lung 
surfactant and this may constitute the path- 
ogenic basis for bleomycin-induced lung 
damage as postulated by Burkhardt et al. 
(20) and Gebbers et al. (21). 

The author acknowledges the skillful help of Mary J. 
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