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ABSTRACT Pulmonary fibrosis was induced in
eight baboons with bleomycin; five untreated animals
were controls. After 45-65 U/kg of bleomycin, lung
volumes and diffusing capacity were reduced, and
static lung pressure-volume curves were shifted to the
right. Right middle lobes were resected at this time in
five bleomycin-treated and two control animals. Com-
pared to controls, right middle lobes from bleomycin-
treated animals had increased weight and contained
increased amounts of total protein, collagen, elastin,
and DNA; synthesis of collagen and noncollagen pro-
tein were also elevated. Occasional alveolar septae
were edematous and infiltrated by mononuclear inflam-
matory cells; a slight increase in collagen was demon-
strable histologically. Four of six treated animals died
with extensive diffuse interstitial fibrosis after 95 U/kg
of bleomycin. Biochemical analyses revealed signifi-
cantly elevated lobar contents of dry weight, protein,
elastin, and collagen. Two animals survived 95 U/kg
of bleomycin and were terminated 6 mo after treatment.
In these animals, physiologic studies were indicative
of restrictive lung disease, but lung histology was
nearly normal. Lung weight, total protein, and DNA
had returned to control values, but collagen and elas-
tin were increased in amount and concentration. Bleo-
mycin induces an intense inflammatory response in the
lung. During this inflammation, connective tissue pro-
liferation occurs in concert with proliferation of other
tissue components. Cessation of bleomycin treatment
is followed by resolution of inflammation manifested by
decreases in tissue mass, cellular content, and noncon-
nective tissue protein. Collagen and elastin deposited
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during inflammation are less successfully removed dur-
ing resolution, leading to a stage characterized by in-
creased concentrations of these proteins. A similar
sequence of tissue alterations may occur in idiopathic
diffuse interstitial fibrosis of man in response to various
lung injuries.

INTRODUCTION

Diffuse interstitial fibrosis of the lungs occurs in
humans in association with a number of systemic
diseases, follows certain environmental exposures, and
is a serious side effect of some drugs. In 30-40%
of cases, no associated factor can be identified (1).
The natural history of pulmonary fibrosis is usually one
of progressive deterioration of lung function with death
due to cor pulmonale and respiratory insufficiency (2,
3). The pathogenetic mechanisms which lead to pul-
monary fibrosis are unknown. The consistent presence
of mononuclear inflammatory cells within fibrosing
lesions suggests that inflammatory or immunological
mediators may be involved (2, 4).

An apparent increase in collagen is a prominent
feature of the histopathology of pulmonary fibrosis.
However, Fulmer et al. (5, 6) reported a poor cor-
relation between concentration of lung collagen and
lung histology or physiology in patients with diffuse
interstitial fibrosis. In addition, collagen synthesis was
similar in normal and fibrotic lung tissues (5, 6).
This discrepancy between amount of biochemically
measurable and histologically identifiable collagen
may be due to nonuniform distribution or proportional
increases in other tissue components. Quantification of
elastin content in fibrotic lung tissue of patients has
not been reported.

The objectives of the present investigation were to
determine sequential changes in lung function,
histology, and tissue composition during the develop-
ment of diffuse interstitial fibrosis. For these studies we
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have produced a model of this lesion in baboons
with the antineoplastic antibiotic bleomycin.

METHODS

Animals. 13 baboons (Papio cynocephalus), eight males
and five females, 4-19 mo old and weighing 1.2-7.4 kg
were used for this study. All were born in captivity, had no
history of respiratory disease, and were free of parasites.
They were caged individually, fed a standard pelleted ration
for baboons (Ralston Purina Co., St. Louis, Mo.) and given
water ad libitum.

Bleomycin. Five male and three female baboons were in-
jected intramuscularly with 1.5 U/kg body weight of bleomy-
cin sulphate (Blenoxane, Bristol Laboratories, Syracuse, N. Y.,
Lot Nos. A5050, A5051, and M5541) twice weekly. Treat-
ment was interrupted when the accumulated dose reached
45 U/kg. After 3 mo, bleomycin treatments were reinstituted
and continued until an additional 50 U/kg had been given.
Three male and two female baboons served as untreated
controls.

Total lung capacity by planimetry (TLC,).* Using tech-
niques described in detail elsewhere,? total lung capacity
was monitored monthly. Briefly, the outlines of the lungs on
posteroanterior and lateral chest radiographs, taken under
standard conditions of lung inflation and exposure, were
traced with a planimeter (compensating polar planimeter,
Keuffel & Esser Co., Morristown, N. J.) to measure the re-
spective area. The three areas were summed, and monthly
values were expressed as percent of initial radiographic lung
area.

Pulmonary function testing. The animals were anesthe-
tized with ketamine, intubated with a cuffed endotracheal
tube, and seated in a restraining chair. Functional residual
capacity was measured during spontaneous breathing by nitro-
gen washout (7); if duplicate determinations varied by more
than 15%, further measurements were performed until two
successive values agreed within these limits. Additional sub-
divisions of lung volume were determined with the animals
positioned in a flow-sensitive, pressure-compensated ple-
thysmograph (8). Total lung capacity (TLC) and residual
volume were defined as the volumes existing at airway
pressures of 40 cm H,0 and —40 cm H,0, respectively;
these forced maneuvers were performed with a giant syringe
(Hans Rudolph, Inc., Kansas City, Mo.). Muscular paralysis
was induced by the intravenous injection of pancuronium,
0.03 mg/kg, for the performance of static pressure-volume
(PV) curves. An esophageal balloon-catheter (length 3 cm,
volume 0.4 ml) was positioned in the distal esophagus just
cephalad to the region of maximal cardiac artifact. Trans-
pulmonary pressure was recorded as the difference between
esophageal and airway pressures by use of a differential
transducer (MP 45+50, Validyne Engineering Corp., North-
ridge, Calif.). PV curves were obtained by incremental defla-
tion from total lung capacity, using the plethysmograph signal
for volume change. The diffusing capacity of the lung for
carbon monoxide was measured by the rebreathing technique
(9), using tidal volumes equal to 75% of the animal’s in-

t Abbreviations used in this paper: PV, pressure—volume;
TLC,, total lung capacity determined by planimetry of chest
radiographs; TLC, total lung capacity determined physiologi-
cally.

2 McCullough, B., and W. G. Johanson, Jr. Planimetric
determination of total lung capacity. Manuscript in prepara-
tion.

spiratory capacity. Gas concentrations were monitored with a
mals.} ;pectrometer(model 1100, Perkin-Elmer Corp., Pomona,
Calif.).

Right middle lobectomy. The right middle lobe of five
bleomycin-treated and two control baboons was removed
surgically. For the bleomycin-treated animals, three under-
went lobectomy after 45 U/kg and two after 65 U/kg. A control
animal was sampled with each bleomycin subgroup. Three
transverse slices were taken from each lobe, representing
hilar, central, and peripheral regions. These were fixed in
modified Millonig’s phosphate-buffered formalin (10). The re-
maining tissue was used for connective tissue biochemistry.

Terminal studies. All animals were subjected to a complete
necropsy. Surviving animals, including controls, were
terminated 6 mo after the last bleomycin treatment. Ex-
sanguination via a femoral artery was accomplished with the
animals deeply anesthetized with ketamine and paralyzed
with pancuronium. Ventilation was maintained manually.
The thoracic viscera were removed from the chest and the
lungs dissected free. The right mainstem bronchus was tied
at the trachea. The right lung was separated and fixed by
intrabronchial instillation of modified Karnovsky’s glutaralde-
hyde-formaldehyde fixative (11) with constant 30-cm fixative
pressure for at least 6 h. The left lung was used for in vitro
determination of the PV characteristics with air and saline.
These studies will be the subject of a separate report.> Upon
completion of the in vitro PV curves, the left lung was used
for connective tissue biochemistry. Representative pieces of
all organ systems were fixed in modified Millonig’s phosphate-
buffered formalin. The left lung from one and the right
lung from five bleomycin-treated animals which died were
processed for light microscopy. The contralateral lungs from
these animals were frozen for later connective tissue studies.

Biochemistry. Portions of resected right middle lobes and
left upper and lower lobes taken at necropsy were analyzed.
2 g of each lobe were minced with scissors, divided into six
samples, and incubated at 37°C in Dulbecco’s modified
Eagle’s medium containing [1*C]proline (12). At 1,2.5,and 4 h,
duplicate samples were harvested, washed with phosphate-
buffered saline, and homogenized in 0.5 M acetic acid.
Aliquots of each were used to determine total and newly
synthesized hydroxyproline (13), noncollagen protein synthe-
sis (12), DNA (14), protein (15), and specific activity of
proline (12, 16). Since hydroxyproline comprises 12.5% of the
weight of a baboon collagen chain (17), collagen content of
each lung was computed by multiplying the mean hydroxypro-
line value of six aliquots by 8. Insoluble elastin was isolated
by digesting 10-30 mg of lyophilized homogenate in 3 ml 0.1
N NaOH at 98°C for 50 min (18). The digest was centri-
fuged and insoluble material washed twice with water and
lyophilized. Elastin content was measured with the micro-
method of Naum and Morgan (19) using pancreatic elastase
(Sigma Chemical Co., St. Louis, Mo.).

Light microscopy. Fixed tissues were dehydrated in
graded ethanols, embedded in paraffin, sectioned at 5 um, and
stained with hematoxylin and eosin. 10-15 tissue blocks
were processed for each lung obtained at necropsy. Serial
sections of lung specimens were stained with the following:
Masson’s trichrome, Verhoeff-van Gieson elastica, Gomori’s
reticulin, and toluidine blue (pH 3).

Data analysis. Data obtained for bleomycin-treated animals
were compared to that of controls by use of the Student ¢ test
for unpaired observations or the Mann-Whitney U test (20).

3 McCullough, B., J. F. Collins, and W. G. Johanson, Jr.
Elastic behavior of lung tissue in experimental fibrosis.
Manuscript in preparation.
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RESULTS

Planimetry of thoracic radiographs revealed a progres-
sive increase in total lung capacity in control baboons,
reflecting their increasing body size (Fig. 1). TLC,
decreased in bleomycin-treated baboons after 15 wk of
drug administration, an accumulated dose of 45 U/kg.
This trend continued for 2 mo in the absence of
bleomycin administration. When TLC, returned
towards control values at the 6th mo of study, bleo-
mycin treatment was reinstituted, and TLC, for the
bleomycin group did not increase further. Body weight
gain was linear for the control animals, and their
weight doubled during 12 mo of study. In the same
period, body weight of the bleomycin group increased
by 46%.

Baboons receiving bleomycin developed circular ul-
cers in the skin over points of pressure, such as heels,
wrists, fingers, and tail, after several weeks. Medial
portions of the ischial callosities (corified pads over
the buttocks) were similarly affected. In addition,
during the later stages of the second treatment series,
generalized diffuse thickening of the skin was obvious,
and contractures due to skin thickening, particularly
affecting the hip and knee, were marked. Three
animals developed ischemic necrosis of the digital
extremities with eventual sloughing of portions of the
affected digits. Histologic evidence of vascular lesions
was not demonstrated. The cutaneous ulcerations re-
gressed upon interruption of bleomycin treatment, but
the skin thickening persisted.

After the administration of 45 U/kg, the bleomycin
group demonstrated significantly reduced TLC, and
vital capacity (Table I), and rightward shift of lung PV
curves (Fig. 2A). To quantify the shift in PV curves,
we calculated lung volume as percent of predicted
TLC for each group at 15 cm H,O transpulmonary
pressure. The mean value=SEM was 82.6+3.9% for the
control group and 66.2+2.5% for the bleomycin group
(P = 0.005). At this time, diffusing capacity for carbon
monoxide and the diffusing capacity for carbon
monoxide per unit of alveolar volume were not signifi-
cantly different from the control group. Similar reduc-
tions in lung volumes were found after 65 U/kg of
bleomycin (Table I) and both the diffusing capacity
for carbon monoxide and the diffusing capacity for
carbon monoxide per unit of alveolar volume were
significantly reduced in the bleomycin group (Table I).
Lung PV curves of the bleomycin-treated animals were
again shifted down and to the right (Fig. 2B). The
percent of predicted TLC at 15 cm H,0 was 86.2+5.2%
for the control group and 66.7+5.5% for the bleomycin
group (P = 0.025). Two animals which survived 95 U/
kg of bleomycin were studied at 6 wk and at 6 mo after
discontinuance of the drug. Changes in lung volumes
and diffusing capacity similar to those found during
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FIGURE 1 Total lung capacity determined by planimetry.
Mean values+SEM, expressed as percent of initial value
(ordinate), are shown for control (@ —— @) and bleomycin-
treated (O ——- O) baboons. Periods of bleomycin treatment
are indicated (crosshatched bars). Pulmonary function tests
(open arrows) and right middle lobectomies (closed arrows)
were performed. Animal deaths are marked (*).

the treatment period were observed at these times
(Table I). Lung PV curves were shifted rightward as
before (Fig. 3). Thoracotomy and resection of the right
middle lobe had no discernible effect on lung function
in either control or bleomycin-treated animals.

The lungs were grossly altered only in animals
subjected to lobectomy after 65 U/kg of bleomycin.
The pleural surfaces were pitted, and pin-point white
foci were observable beneath the glistening pleura.
Histologic examination of right middle lobes removed
after 45 U/kg of bleomycin showed occasional alveolar
septae to be edematous and infiltrated by mono-
nuclear inflammatory cells. A slight increase in col-
lagen was demonstrable with special stains in these
thickened septae. After 65 U/kg of bleomycin, randomly
distributed areas of alveolar septal inflammation were
more numerous and intensely infiltrated (Fig. 4). Col-
lagen was densely accumulated within these lesions,
and often alveolar surfaces were in apposition. In-
creases in elastin were not apparent in Verhoeff-van
Gieson elastica-stained sections. Intraalveolar exuda-
tion was minimal. The composition of the alveolar
epithelium was not visibly abnormal. Pleural thicken-
ing varied from slight to moderate.

Five bleomycin-treated baboons died, and a sixth
was killed in extremis. The first died after 21 Ulkg
of bleomycin. All of the lung lobes had grossly visible
foci of pleural fibrosis. Histological examination con-
firmed that these foci were composed of dense accumu-
lations of collagen within the pleura and subpleural
alveolar septae. Inflammation was minimal. The death
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TABLE I
Physiologic Parameters in Control and Bleomycin-Treated Baboons

Total Diffusing
Ani- Body lung Vital Diffusing capacity per
mals weight pacity pacity ity alveolar volume
% pre- % pre- mlimin per mlimin per
kg dicted* dictedt mm Hg mm Hglliter
Study 1
Control 5 4.1+0.4§ 88+4 90+4 1.71+0.24 10.66+0.40
Bleomycin (45 U/kg) 6 4.1+0.9 712! 66+3" 1.82+046 11.11+0.76
Study 2
Control 5 43+0.4§ 100+8 103+9  2.00+0.28 11.33+0.30
Bleomycin (65 U/kg) 6 4.1+0.8 73+61 57+7 1.29+0.33 8.06+0.971
Study 3
Control 5 4.9+0.4 114+1 126+1 3.83+0.20 12.45+0.60
Bleomycin (95 U/kg) 2 6.0%* 83 73 2.76 9.95
Study 4
Control 2 5.5%* 129 135 —_ —
Bleomycin (6 moafter 2 6.1 80 84 — —_
treatment)

* Predicted total lung capacity = 56.5 X body weight (kg)'-1%.
t Predicted vital capacity = 50.9 x body weight (kg)!-1364,

§ Mean+SEM.

" Significantly less than controls by ¢ test, P <0.1.
9 Significantly less than controls by ¢ test, P < .02.

** Mean.

of this animal was precipitated by severe chilling. The
second baboon was asymptomatic. It had received 30 U/
kg of bleomycin. Grossly, the lungs failed to col-
lapse completely. They were moist, heavy, and firm
with red mottling. In all lung regions, extensive

Volume (% Predicted TLC)

i

1 | 1 1 I
30 a0 50

accumulation of interstitial and intraalveolar edema-
tous collagenous connective tissue and infiltrating
mononuclear inflammatory cells effaced the alveolar
architecture (Fig. 5). Fibroblasts were frequently
present within intraalveolar fibrinous exudate. In some

20+

T T 1 1 J
10 20 30 40 50

Transpulmonary Pressure (cm H,0)

FIGURE 2 Static pressure-volume curves of lungs. Pressure-volume curves are shown for
control (solid lines) and bleomycin-treated (dashed lines) baboons after accumulated doses of
bleomycin of 45 U/kg (A) and 65 U/kg (B). Volume as percent of predicted TLC is plotted
against transpulmonary pressure. Predicted TLC equals 56.5 x body weight (kg)!#¢. Data were
not available for one control animal after 65 U/kg.
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FIGURE 3 Static pressure-volume curves of lungs. Pressure-volume curves are shown for
control (solid lines) and bleomycin-treated (dashed lines) baboons after total dose of 95 Urkg
of bleomycin (A) and 6 mo after last treatment (B). Volume as percent of predicted
TLC is plotted against transpulmonary pressure. Data were available for two controls only

for the terminal studies.

instances, distinction between inter- and intraalveolar
areas was not possible. Numerous alveoli were lined
by cuboidal epithelial cells. Many large mononuclear
cells, probably sloughed alveolar epithelial cells as
well as macrophages, were present in alveolar spaces.
Moderate numbers of lymphocytes were also observed.

Three baboons died 1, 2, and 8 wk after ter-
mination of bleomycin treatments (accumulated dose, 95
U/kg). Another was killed in extremis after 10 wk. Right
middle lobectomy had been performed on the first
three. The pleurae of their right lungs were markedly
thickened posteriorly, and multiple adhesions were
present. The consistency of the lung was more dense
and firm than normal in two animals. In con-
trast to the lobectomy specimens, interstitial fibrosing
inflammation was more intense and more gener-
alized in its distribution (Fig. 6). The thickened
alveolar septae contained prominent collagen bundles
(Fig. 7), and fibroblasts were frequent. In general,
alveolar epithelial cells were hyperplastic (Fig. 7), and
focal squamous metaplasia of bronchoalveolar epithe-
lium was observed in two animals. Some alveolar
spaces contained fibrinous exudate, but hyaline
membranes were present only occasionally.

The two bleomycin-treated baboons which survived
had both undergone right middle lobectomy and had
moderate pleural thickening over the right lung with
dense adhesions. The pleura of the left lung was only
slightly thickened. Except for the presence of scattered
focal alveolar septal fibrosis in basilar regions, these
lungs appeared normal histologically (Fig. 8) in marked

FIGURE 4 Section of right middle lobe of lung surgically
resected from baboon after 65 U/kg of bleomycin. Alveolar
septae are edematous and infiltrated by mononuclear in-
flammatory cells; a slight increase in collagen is present.
Hematoxylin and eosin. Original magnification X 190.
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FIGURE 5 Section of right lower lobe of lung taken at
necropsy from baboon which died after 30 U/kg of bleomy-
cin. The alveolar architecture is effaced by inflammatory
exudation and accumulation of connective tissue. Occasional
“skip zones” composed of less severely affected alveoli are
present. Hematoxylin and eosin. Original magnification x70.

contrast to the proliferative changes observed in the
earlier lobectomy specimens from these animals, one of
which is shown in Fig. 4.

The results of biochemical studies on surgically re-
sected right middle lobe specimens are shown in Table
I1. Lobar wet weight, dry weight, total protein, DNA,
collagen, and elastin were increased in the bleomycin
group when expressed as content’kilogram body
weight. Synthesis of collagen and noncollagen protein
by minced lung in vitro was also increased. Concen-
tration of collagen relative to lobe weight was similar
in control and bleomycin groups, but concentration of
elastin/milligram dry weight was increased. Normaliza-
tion of lobar collagen and elastin by total protein
or DNA content yielded similar relationships.

The left lungs of three bleomycin animals which
died after 95 U/kg of bleomycin showed marked in-
creases in dry weight, protein, DNA, elastin, and col-
lagen (Table III). However, much of the increased lobe
weight was due to nonconnective tissue substance,
causing concentration of collagen relative to unit
weight to be decreased, whereas the relative amount of
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elastin with respect to dry weight was close to con-
trol levels. Agonal pulmonary edema may have con-
tributed to this finding. Synthesis studies on necropsy
specimens, performed after in vitro PV maneuvers,
proved to be unreliable and will not be reported.

In the two bleomycin-treated animals sacrificed 6 mo
after cessation of treatment, increases were found in
lobe weight, protein, DNA, elastin, and collagen (Table
I1I). Concentration of collagen relative to other tissue
components was slightly increased, but elastin concen-
tration was markedly elevated. Left upper and lower
lobes were analyzed separately in both control and
bleomycin-treated animals. Differences other than those
explainable by the larger size of lower lobes were not
demonstrated.

DISCUSSION

Pulmonary infiltration, dyspnea, and cough are well-
known complications of bleomycin therapy (21, 22).
The pathology of bleomycin-induced lung injury in

FIGURE 6 Section of right lower lobe of lung taken at
necropsy from baboon which died after 95 U/kg of bleomycin.
The alveolar septae are thickened by mononuclear inflam-
matory cells and connective tissue. Many lymphocytes and
macrophages are present within alveolar spaces. Fibrinous
exudate partially fills several alveoli. Hematoxylin and eosin.
Original magnification x190.
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man initially consists of interstitial edema and mono-
nuclear inflammatory cell infiltration which progresses
with larger doses to fibrinous exudation into alveolar
spaces and proliferation of fibroblasts and type II
alveolar epithelial cells (23-25). Our observations and
those of others (26, 27) indicate that similar lesions
may develop in experimental animals treated with
bleomycin. The histopathology of bleomycin pul-
monary toxicity mimics many features of “usual inter-
stitial pneumonitis” (23) and appears to provide a suit-
able model for investigating the relationship of altered
lung histology, biochemistry, and mechanical function
associated with usual interstitial pneumonitis.

The mechanism of bleomycin-induced lung damage
is not known with certainty and, although our studies
were not directed at this question, they do provide
a more complete view of the evolution of this pul-
monary lesion. The early lesion is inflammatory and
proliferative. Lobar weight is increased in association
with widespread accumulations of inflammatory cells.
Total protein, collagen, and elastin are increased in
the lungs of treated baboons in proportion to in-

FIGURE 7 Higher magnification of section shown in Fig. 5.
Connective tissue fibers are visible within the thickened
septae. Inflammatory cells are located within interstitial and
intraalveolar areas. Hyperplastic alveolar epithelial cells are
present (arrow). Hematoxylin and eosin. Original magnifica-
tion x445.

X

FIGURE 8 Section from right lower lobe of lung from previ-
ously biopsied baboon (Fig. 3). This tissue was taken at
necropsy 6 mo after cessation of bleomycin treatments (ac-
cumulated dose, 95 U/kg). A focus of residual fibrosis is
shown. The remaining alveolar septae have normal features.
Hematoxylin and eosin. Original magnification x70.

creased lobe weight, and synthesis rates of collagen
and noncollagen proteins exceed those of untreated
control animals. Aso et al. (28) reported that increased
amounts of total phospholipids and disaturated lecithin
are present in bronchoalveolar lavages of mice with
bleomycin toxicity. These findings were attributed to
numerous, hyperactive alveolar type II cells lining
alveolar spaces. Thus, the bleomycin lesion involves
a variety of cell types within the lung.

Biochemical analyses have been performed on fi-
brotic human lungs only recently. Fulmer and Crystal
(5) and Fulmer et al. (6) studied lung tissue obtained
by open-biopsy from eight patients with idiopathic
diffuse interstitial fibrosis. In these specimens, DNA
per dry weight was almost threefold higher than levels
in control tissues, indicating that the cellularity of the
fibrotic lungs was markedly increased. Collagen con-
tent per dry weight and rate of collagen synthesis
per cell were decreased slightly in fibrotic lungs, and
percent protein synthesis devoted to formation of col-
lagen was less than 50% of control levels (5). The rate
of noncollagen protein synthesis per cell was modestly
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TABLE I1
Biochemical Composition of Right Middle Lobe at Biopsy

Controls Bleomycin
(n=2) (n =5)
Wet weight, g* 1.08+0.12¢ 1.44+0.21
Dry weight, mg 101+20 142+28
Protein, mg 58.6+7.6 75.0+21.5
DNA, mg 3.3+0 43+1.3
Elastin, mg 2.2+04 4315
Collagen, mg 18.6+2.2 27.5+4.8§
Collagen synthesis, nmol
hydroxyproline/h) 2.4+0.6 42+1.8
Other protein synthesis
(nmol proline/h) 43.8+0.3 61.7+25.3
Elastin/dry weight, % 2.2+0 32+1.0
Collagen/dry weight, % 19+1 20+2

* Right middle lobe content per kilogram body weight.
{ Mean+average deviation.
§ P = 0.1 by two-tailed Mann-Witney U test (20).

elevated. These findings are not at variance with our
results, which show that lung weights and DNA con-
tent are influenced strongly by inflammation. Further,
our data indicate that during the inflammatory phase
of pulmonary fibrosis, absolute amounts of collagen,
elastin, and total protein in the lung do increase, but
relative amounts are not different from controls.
Pulmonary function tests revealed similar abnormali-
ties in bleomycin-treated animals at all stages and were

not helpful in predicting either histologic or biochemi-
cal findings. Bleomycin toxicity was associated with
reduced lung volumes, reduced diffusing capacity, and
a rightward shift of lung PV curves, as reported by
others in man (21, 29, 30) and experimental animals
(31). These findings fit established criteria for diagnos-
ing pulmonary fibrosis (2) although, as our data show,
such abnormalities in physiology may be associated
with highly variable histology including nearly normal
lung structure, intense inflammation, or marked fibro-
sis. Planimetry of chest radiographs provided a con-
venient means of comparing lung volume changes in
control and bleomycin-treated animals. Total lung
capacity and the area of the lungs in two projections
are closely correlated in humans (32). Based on our
data, it appears that planimetry of serial standardized
posteroanterior and lateral chest radiographs should be
evaluated in patients as a means of detecting the
early pulmonary toxicity of bleomycin and other drugs
known to affect the lungs.

The pulmonary toxicity of bleomycin progressed as
long as the drug was administered. Histologic and
biochemical findings in animals which died after 95
Ulkg were similar to, but more extensive than, those
documented by biopsy at early stages. However, the
histology of the lungs in the two animals which were
sacrificed 6 mo after discontinuance of bleomycin
was nearly normal. Both had undergone right middle
lobe resection earlier, and the specimens showed the
inflammatory changes described. Compared to control
middle lobes, mean dry weight of the middle lobes of

TABLE 111
Biochemical Composition of Left Lung at Necropsy

Left upper lobe Left lower lobe
Bleomycin* Bleomycin*
Controls Spont: 1 Terminated§ C 1 Spont: H Terminated§

Number 5 3 2 5 3 2

Dry weight, mg" 209299 551+3519** 261+211% 326521 1135+4359** 416+6211
Protein, mg 97+16 306+179** 124+8 165+29 689+271** 190+20
DNA, mg 6.0+1.1 9.3+5.3 7.1+0.2 9.4+0.7 19.1+£7.3** 11.4+0.6§§
Elastin, mg 5.9+1.2 15.0+4.0%* 15.9+0.4§§ 9.0+1.7 24.1+4.0** 21.5+2.4§§
Collagen, mg 46+10 78+21 76+6§§ 73+17 131+38§§ 101+11§§
Elastin/dry weight, % 2.8+0.5 3.1+1.0 6.1+0.4§§ 2.8+0.1 2.3+0.7 5.2+0.1§§
Collagen/dry weight, % 22+5 166 29+0 22+4 1242+ 25+1

* Total dose = 95 U/kg body weight.

{ Died 2, 8, and 10 wk after last bleomycin treatment.
§ Killed 6 mo after last bleomycin treatment.

' Lobar content per kilogram body weight.

9 Mean+standard deviation.

11 P = 0.05 by two-tailed Mann-Whitney U test (20).
** Mean+average deviation.

§§ P = 0.1 by two-tailed Mann-Whitney U test (20).
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these two treated animals was increased by 22% and
collagen content by 49%. Although cellular inflam-
mation had regressed at the time of necropsy, eleva-
tions in lung connective tissue proteins persisted. In
fact, elastin and collagen contents were similar to those
of treated animals which died with extensive inflam-
matory lesions, despite the finding that lung weight
was close to control levels. Thus, relative concentra-
tions of lung elastin and collagen were increased only
in those animals in which the inflammatory component
of the lesion had resolved. The tissue changes which
occur during the development of bleomycin-induced
pulmonary fibrosis and resolution of the morphologic
lesions are presented graphically in Fig. 9.

It is not known whether a similar sequence occurs
following lung injuries other than that caused by
bleomycin. The persistence of increased amounts of
elastin in our material may be a unique feature of
bleomycin toxicity, but quantitative analyses of elastin
have not been reported for other fibrotic conditions.

Selective preservation of collagen and elastin in pul-
monary fibrosis could be due to varying combinations
of increased synthesis or decreased degradation. The

4004

8

———

2001

Percent of Control Value

| Injury >te Resolution —
TIME

FIGURE9 Tissue changes occurring during injury and resolu-
tion of bleomycin-induced fibrosis. The amount of each
component present in the total lung was calculated by as-
suming that the right middle lobe represents 10% of total
lung weight and that the left lung comprises 45% of total
lung weight. Mean values for dry weight (O O), DNA
(O0-—-0), collagen (@ @), and elastin (l - — - W) of the
total lung are shown. The stippled area shows mean+1 SD
for all values in control specimens, expressed as total lung
contents.

rate of collagen synthesis in the lungs increases soon
after irradiation (33). We have found that collagen
synthesis rates are depressed in late stages of pul-
monary fibrosis induced by irradiation when concentra-
tion of collagen is increased and that, in general,
collagen synthesis rates parallel changes in lobar DNA
content.* It is likely that selective retention of collagen
and elastin during resolution of pulmonary fibrosis is
due to a lesser capacity for hydrolysis of these proteins
in the lung. The interplay between protein synthetic
and degradative mechanisms in the lung appear to be of
critical importance in the development and persistence
of chronic parenchymal pulmonary diseases, such as
diffuse interstitial fibrosis.
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