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Abstract

This short review addresses the alterations induced
by bleomycin in the lung, particularly those related to the
induction of fibrosis. Bleomycinisacytostatic drug commonly
employed in the treatment of cancer. As a side effect of its
therapeutic use, bleomycin inducesin some patients chronic
pulmonary inflammation that may progress to fibrosis.
Endotracheal ingtillation of the drug has been adopted asthe
elective experimental model to reproduce human interstitial
fibrosis of thelung in [aboratory animals. We recall herethe
major structural alterationsthat aretriggered by bleomycinin
thelung and we overview recent literature regarding cellular
and molecular mechanisms that have been identified as
participants in the physiopathology of bleomycin-induced
lung fibrosis. Recent data obtai ned with the bleomycin model
have offered detailed information on the major molecular
mediators of lung fibrosis. This achievement offersthe hope
that therapeutic strategies based on molecular medicine may
have auseful roleinimproving the treatment of human lung
fibrosisin the near future.
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Introduction

Bleomycin is an effective antineoplastic drug,
particularly when used in conjunction with other cytostatic
drugs (such as cisplatin and vinblastine). It binds to and
damages DNA of tumor cellsand hasfewer side effectsthan
most other antitumor drugs. Nonetheless, repeated systemic
administration of bleomycin may resultinlunginflammation
that can progressto fibrosis. Thisside effect is due mostly to
augmented concentration of reactive oxygen species, decrease
in nicotinamide adenine dinucleotide (NAD) and adenosine
triphosphate (ATP), and overproduction of mature collagen
fibrils[5, §].

Because bleomycin-induced lung fibrosis is easily
reproduced in different speciesof mammals(e.g., mouse, rat,
dog and pig), experimental models using the drug have been
adopted with the goal of either investigating the cellular and
molecular basisof lung interstitial fibrosisor preventing this
side effect of bleomycin therapy on the lung.

We have recently revisited the fine structural
aterations of the rat lung that are caused by bleomycin
instillation; our investigation revealed that extensive
neovascul arization accompanies the fibrotic transformation
of the lung [30]. We recall now the morphologica changes
induced by bleomycin on the lung, we add new structural
information from our current research work, and we present a
brief overview of recent progressmadein the pathophysiology
of lung fibrosistriggered by bleomycin.

Microanatomy of Bleomycin-Induced Lung Fibrosis

Intratracheal administration of bleomycin to rodents
is considered to thoroughly reproduce the histologic
alterationsthat arefound in human pulmonary fibrosis. Recent
work by Usuki and Fukuda [48] clearly documented this
assertion with regards to aveolar alterations. In fact, these
investigators reported that the three patterns seen in aveoli
of humanswith severelung fibrosis(i.e., intra-alveolar buds,
mural incorporation of collagen and obliteration of theaveolar
space) are also detected in rats given a single intratrachesl
ingtillation of bleomycin[48].

Inour experimentswe have observed marked distortion
of the architecture of aveoli from bleomycin-treated Wistar
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rats [30]. These alterations were readily observed by
transmission electron microscopy (Fig. 1); they were
particularly evident when three dimensiona views of the
alveolar capillarieswere made possible by casting the vessels
and observing of the replicas by scanning electron
microscopy. In these preparations, variation in the size of
capillariesreflected the obliterative or dilatation changesthat
were caused in aveali by the bleomycin treatment of the
animals; these size changes were confirmed by light
microscopy and transmission electron microscopy (Figs. 2
and 3).

These observations of ours are in accordance with
theorigina report of Schraufnagel and coworkerswho showed
capillary remodellingin bleomycin-induced pulmonary fibrosis
in rats using scanning electron microscopy of methacrylate
casts of the pulmonary vasculature [37]. These authors
documented that bleomycin caused increase in alveolar
capillary size, enhanced heterogeneity of theaveolar capillary
diameter and increased diameter of capillary rings[37].

In bleomycin lung fibrosis the major deposits of
connective tissue have a peribronchial location (Fig. 2), a
topography that we have also confirmed in our experiments
with rats, and which is in accordance with the reports of a
number of investigations [15, 42, 46]. We found that these
aress of extensive fibrosis were aso rich in newly formed
vessels; this new vascular component formed anastomosis
with both pulmonary and bronchial vessels (Fig. 4).
I nterestingly, enhancement in thiskind of anastomosisappears
to be associated with the more advanced stages of lung
fibrosisinhumans[47].

Collagen fibers are clearly the connective tissue
elementsresponsiblefor most of thefibrosisobservedinlungs
of bleomycin-treated rats (Fig. 1), asit has been pointed out
before (for review see[15]). Wefound that components of the
elastic system, elastin fibers in particular, also accumulate
nearby the septal units; these elements were visualized by
transmission electron microscopy after treatment of thetissue
samplesaccording to aferricyanide method [ 1].

In circumscribed areas of the fibrotic lung, we found
direct penetration of respiratory areas of the septal units by
collagen fibrils which were positioned in between the
basement membraneand the surface of endothelial cells. This
invasion of the air-blood space will increase the distance
between theair and blood compartmentsand thusmay hamper
gasexchangeinthealveoli.

Dissection of the septal units by collagen was not,
however, afrequent eventinalveoli of bleomycin-trested mice.
Inour samples, two other structural alterationsof alveoli were
more often seen: enlarged width and folding of the basement
membrane (Fig. 1), and increased width of endothelial cells
that were characterized by their large content in pinocytotic
vesicles. These alterations have been interpreted before as
the morphological setting for adaptative changesto increase
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theaveolar surfaceand thetranscellular transport at the septal
unit[39,49].

A New Hypothesison Alveolar Fibrosis

We want to present here a hypothesis on the
physiopathology of lung fibrosis that is derived from our
experience on ultrastructure of lung fibrosis induced by
bleomycin. We suggest that the alveolar domain of the lung
may be somehow protected from invasion by collagenfibrils.
Thisisillustratedin Fig. 1 whereit isclear that collagen stops
at the periphery of the septd units, leaving the interstitial
space of the air-blood barrier untouched.

We put forward the hypothesis that in interstitial
fibrosis of the lung there is a putative mechanism that
transiently protects the respiratory units from expanding
collagen; this postul ated phenomenon would beimportant to
determine the progression of lung disease during thefibrotic
transformation of the organ.

Céllular ChangesintheLung

A variety of cells of the lung are affected by
intratrachedl or intravenousinjection of bleomycin. Alterations
in the physiology of alveolar macrophages and fibroblasts
are often considered to be the key phenomenathat lead to the
development of bleomycin-induced fibrosis. Bleomycin-
stimulated alveolar macrophages undergo a sequence of
changesthat startswith cellular activation of the phagocytes
that is associated with secretion of inflammatory cytokines
andenzymes(7,13].

Secreted enzymes, such as gelatinase, may then
facilitate the migration of the phagocytes in the tissue and,
thus, alow the activated macrophage to initiate widespread
inflammatory reactionsinthelung [26]. Later on, that isafter
activation has subsided, macrophages may enter apoptosis
due to lack of the protective mechanism coming from
intracellular synthesis of heat shock proteins, a process that
is inhibited by bleomycin [13]. The bleomycin-activated
alveolar macrophages also produce factorsthat stimulate the
synthesis of hyaluron, a connective tissue molecule that is
seeninfibroticlungs[44].

Fibroblastsand myofibroblastsarethe cellsresponsible
for the synthesisand secretion of extracellular matrix proteins
that are at the core of the fibrotic transformation of the lung.
The application of methods of detection of subpopulations of
fibroblastsin samplesof lung presenting bleomycin-induced
fibrosis revealed that fibroblasts with the Thy1*, but not the
Thy1, phenotype are activated by the cytostatic drug [9, 24].
Itlooksthusquite pertinent to better characterize other surface
markersand cellular functionsof thisfibroblast subpopulation
in order to learn how to interfere with its activation. In situ
hybridization studies have shown that expression of type |
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Figure 1. Micrograph obtained by transmission electron microscopy of thin section of lung of bleomycin treated rat. Thislow
magnification showsagenera view of thedistribution of thefibrotic tissuethat appearsto save the areas of the septa unitsof the
lung. Folding of the basement membrane of alveoli isobserved. Bar =2 mm.

procollagen genes increases in lungs undergoing fibrosis;
there are recent reports showing that there is both enhanced
geneexpression per cell andincreased number of cellsinvolved
inexpression[38, 50-53]. In bleomycin-induced fibrosis, this
expression of collagen | genesis preceded by expression of
collagen V1 genes|[43].

Other cells are dso altered by bleomycin, namely
aveolar type2 pneumocytes| 16], eosinophils[46], neutrophils
[5,19] and platelets[31, 32]. Thrall and coworkersdescribed a
prominent eosinophilia in rats with bleomycin induced
pulmonary fibrosis; both the fibrosis and eosinophilia were
suppressed by indomethacin [46]. Platel et trappingin alveolar
capillaries after bleomycin injection was demonstrated using
indium-111 |abelled platelets; thistrapping ismediated by the
CD11aantigen of platelets which binds to CD54, a surface
antigen of endothelia cells [32]. Other studies have added
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evidenceinfavor of platelets playing asignificant roleinthe
genesis of bleomycin induced lung inflammation, namely
experimental investigationsusing bombesin[10, 11, 33].

Interestingly, O’ Brien-Ladner and coworkers[28] have
reported that micethat aredeficient inmast cellsareresistant
to bleomycin induced fibrosis; before ascribing this effect
solely to the absence of mast cells, the authors cautiously
pointed out that the mice used in their study also lacked
basophilsand naturd killer cells.

Bleomycin in Chemother apy of Cancer

The effectiveness of bleomycin in the chemotherapy
of malignant tumors was recently underlined in studies
reporting the outcome of treatment of patients suffering from
Hodgkin's disease, seminomas and choriocarcinoma[6, 20,
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Figure 2. Light micrograph showing fibrotic transformation of the lung induced in Wistar rats by intratracheal instillation of
bleomycin 2.5 months before sacrifice. Fibrosis is seen surrounding sections of the airways and it is also associated with
heterogeneoussize of thealveoli. Fromreference[30]. Bar =75 mm.

Figure 3. Architectural arrangement of dveollar capillariesof lungsfrom ratswith bleomycininduced fibrosis. Micrograph of resin
casts of alveolar capillaries studied by scanning electron microscopy documenting the heterogenous size of the alveolar spaces
seenin between themeshwork of the capillaries. From reference[30]. Bar = 100 mm.

Figure4. Micrograph obtained by scanning electron microscopy of resin casts of the newly formed vesselsthat are presented in
the peribronchia fibrotic areas of the lung of rats treated with bleomycin. Anastomoses between these vessels are seen in the

figure. From reference[30]. Bar =500 mm.

45]. Importantly, it was shown that administration of
recombinant granulocyte-stimulating factor (GSF) to
bleomycin-treated cancer patientsenhanced lunginflammation.
This effect of GSF was probably due, at least in part, to
enhancement in oxygen radical sreleased by neutrophilsthat,
because of the GSF treatment, werein higher concentrationin
thelungs of thetumor patients[2, 19].

Molecular Mediatorsof Lung Fibrosis

Transforming growth factors (TGF) have been widely
implicated to bethe major molecular mediatorsof proliferation
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of fibroblasts and aso of increased collagen synthesis seen
in lung fibrosis [18]. Although other growth factors and
cytokines have been implicated in lung fibrosis, recent
evidenceindicatesthat TGF-b may indeed work asthe* master
switch” (asTGF-bwascalled by Bienkows and Gotkin[3]) of
fibrotic transformation of the lung. In bleomycin treated
animals, the source of TGF-b is a question still open to
discussion. Myofibroblasts, fibroblasts and eosinophilshave
been identified by some authors asthe key cellsthat produce
thiscytokineinthefibroticlung[36, 53]. Othershaveidentified
typell aveolar epithelial cellsand macrophages asthe more
important sourcesof TGF-b[17, 21].
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As expected, pro-inflammatory cytokines are
augmented during bleomycininduced lung injury. Suchisthe
case of tumor necrosis factor (TNF), interleukin-1 (IL-1),
macrophageinflammatory protein-1 (MIP-1), and monocyte
chemoattractant protein-1 (MCP-1). Theparticipation of these
cytokines in fibrosis has been inferred from the decreased
severity of lung lesions seen in bleomycin rats when the
animals were given antibodies specific for each of these
molecules, thusinhibiting their biological activity [31, 35, 40,
41,53).

Fibrosisand Edemacf theL ung

Bleomycin treatment of dogs was used by Zwinkler
and coworkers [54, 55] to compare experimental edema in
normal and fibrotic lungs. They found that fibrosis will
markedly decrease the space of the lung interstitium that is
available for accumulation of edema fluids. Consequently,
fibrotic lungs showed a 50% reduction in interstitial edema
and thiswasaccompanied by a2 fold enhancement in alveolar
edema. It was, thus, concluded that the same volume of
infusionthat causesinterstitial edemain the normal lung will
resultinaveolar floodingin thefibroticlung. Thiswasclearly
dueto unavailability of theinterstitial spaceto harbor edema
fluids, sincethecompartment wasobliterated by collagenfibers
inthefibroticlung.

Prevention or Amelior ation of Fibrosis

A number of experimental treatments were shown to
be successful in the past few years in prevention or
amelioration of lung fibrosis produced in rodents by
bleomycin. These treatments have been directed to severa
aspects of the physiopathology of interstitial fibrosis of the
lung, namely to the inhibition of macrophage activation and
inactivation of oxidants produced during the inflammatory
process, to the interference with blood cells (such as
neutrophils, eosinophils and platelets) that augment lung
inflammation, and to the decrease of local concentration of
known molecular mediatorsof fibrosis.

Tranilast, an inhibitor of macrophage activation,
significantly decreased the severity of bleomycin induced
fibrogsof thelung[26]. Inhibitorsof rel ease of oxygenresctive
species (e.g., phospholipase A2), of oxidation (e.g., taurine)
or of lipid peroxidation (e.g., 21 aminosteroids) haveall been
shown to result in amelioration of lung fibrosis caused by
bleomycin[4,5, 11, 25]. Prevention of bleomycininducedloss
of NAD in the lung was achieved by administration of
nicotinamide and niacin and this was associated with
attenuation of the inflammatory reaction [27]. Urokinase, an
enzymethat interfereswith the establishment of fibrosis, also
lowered fibros swhen it wasadministered by theintratrachesl
route[14].
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Treatment of Lung Fibrosis

Conventional therapy of humaninterstitial fibrosisof
the lung has focused on the use of glucocorticoids to stop
the inflammatory process. Some clinica trias have added
cytotoxic drugsthat work asimmunosuppressive agents(e.g.,
cyclophosphamide, cyclosporine, chlorambucil, azathioprine,
methotrexate) to the usua prednisonetherapy. It isgenerally
acknowledged that it is difficult to evaluate whether the
patients will benefit from this use of cytotoxic drugs in
conjunction with corticosteroids [22]. It has been reported
that onethird of these patientsmay seetheir life spanincreased
because of the addition of cyclophosphamide or azathioprine
to the conventiona prednisone therapy [23].

Here, as in other fields of human disease, there are
now high expectations coming from the hope that novel
therapeutic strategiesto be provided by advancesin molecular
medicinewill soonbeavailable. Itishoped that what hasbeen
learned recently regarding the molecular mediatorsof fibrosis
will soon be put to use in designing new ways to treat lung
fibrosis [12, 29]. It is indeed hoped that in the near future
molecular medicine will provide doctors with substances
directed againgt growth factors (such as TGF), cytokines(such
asTNF, IL 1, MIP 1 or MCP 1) or oxidants that mediate or
cause thefibrotic transformation of the lung.
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Discussion with Reviewers

Reviewer |: Bleomycin is normally used intravenoudly in
humans. Intratracheal injection of the drug will damage the
wholelower respiratory tract. Arethereany studiesreporting
on the comparison of thesetwo applications (i.e., intravenous
vs intratrached) and there effects on the respiratory tract,
particularly the lung? Do the authors have any pertinent
experience?

Authors: We do not agree that intratracheal injection of
bleomycin will damage the whole respiratory tract and, also,
that themarked inflammatory reaction that isproduced directly
by the drug, mediated damage of the tissues, will certainly
havearoleinthefibrotictransformation of thelung that follows
theintratracheal ingtillation of bleomycinintherat. Infact, we
also have investigated aspects of this local inflammatory
response produced by bleomycin in the respiratory tract,
namely the fine structure of the Clara cells (e.g., [56]).
Unfortunately, we have no information coming from
experiments performed with the goa of characterizing the
effectsof bleomycin onthelungtissuewhenthedrugisgiven
to rodentsby routesdifferent fromtheintratrached ingtillation
that we have performed in our work with Wistar rats.

Reviewer |I: The amount of pulmonary edema and the
inflammatory response of the pulmonary tissue (e.g.,
macrophages) and the degree of fibrosis may vary when one
single (intratracheal) injection of bleomycin is given. In
addition, bleomycin is normally given periodicaly, and the
period of time between injections varies, which in turn
influences the immunological response of the tissues. Did
the authors consider this?
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Authors: To understand the pathophysiological relationships
between pulmonary edema, locd inflammatory responseand
thedegree of fibrosisof thelungisacentra goal of researchers
workingonfibrosis. Wedo not have origina information that
may help answer these aspects of fibrosis, and we also have
not eval uated the rel ative participation of theimmunological
response of the pulmonary tissue during bleomycin-induced
fibrogs.
Additional Reference

[56] Pefio MND, Aguas AP, de S4CM, Grande NR

(1993) Anatomy of Clara cell secretion: surface changes

captured by scanning electron microscopy. JAnat 183: 377-
3338
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