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Apoptosis in the lung is a relatively new area of research
that is receiving increasing attention. A growing body of
evidence indicates that apoptosis is controlled in a tissue- and
cell type-specific manner; for this reason, the regulation of
apoptosis in specific cell types of the lung is currently an
area of intensive research [1]. This article provides evidence
supporting the viewpoint that apoptosis of alveolar epithelial
cells is a key event in the initiation of fibrotic lesions, and will
discuss a working hypothesis to explain possible mechanisms
by which epithelial apoptosis can lead to lung fibrogenesis.

Why study apoptosis?

Recent evidence implicates important roles for apoptosis
in animal models of lung injury/repair or remodelling and in
lung biopsies from patients with a variety of lung disorders.
For example, apoptosis plays a critical role in postnatal lung
development [2] and in the normal resolution of lung inflam-
mation by the regulated removal of unneeded cells such as
granulocytes, without the release of damaging histotoxins [3].
Dexamethasone has been known for many years to induce
apoptosis in some leukocyte subsets, and apoptosis is an
important mechanism underlying the anti-inflammatory
action of this and other glucocorticoids [4]. Considerable
literature now supports a role for apoptosis in the remodelling
of lung tissue after acute lung injury, both for the clearance
of excess epithelial stem cells after hyperplastic repair [5] and
for the normal removal of excess mesenchymal cells from
resolving lesions [6]. Extensive apoptosis is found in the lungs
of patients with idiopathic pulmonary fibrosis (IPF) [7, 8] and
in animals of this disease [9, 10]. Recent evidence also suggests
a role for apoptosis in the tissue remodelling associated with
chronic pulmonary hypertension [11] and with chronic
obstructive pulmonary disease [12].

Apoptosis in the alveolar epithelium

The author9s laboratory has focused on the alveolar
epithelial cell (AEC) because of its many important functions,
which include, but are not limited to, the synthesis and
secretion of pulmonary surfactant, local antioxidant defence,
local immunomodulation, synthesis and turnover of extra-
cellular matrix molecules, and high proliferative capacity for
the repair of damaged epithelium [13]. To study these cells
and their role(s) in lung injury and fibrosis, Wistar rat models
and primary cell cultures of AECs isolated from the same
animals are used.

The rapidly growing list of physiologically relevant
molecules that are now known to induce apoptosis of AECs
includes oxidants generated during the oxidative burst [14],
activators of the "death receptor" Fas (apoprotein 1/CD95)
[15], tumour necrosis factor (TNF)-a [16], the antineoplastic
agent bleomycin [9], the popular but pneumotoxic anti-
arrhythmic agent amiodarone [17] (fig. 1), noradrenaline
(NA) [18] and angiotensin (ANG)II [19, 20]. The latter is
particularly important because in vitro studies have demon-
strated that ANGII, synthesised de novo by the AEC, is
required as a mediator of the apoptotic response to Fas
activation, to TNF-a, amiodarone, NA [15–18], and possibly
other inducers [9]. Importantly, agents capable of blocking
the ANGII production or receptor interaction on AECs can
thus effectively block the apoptosis.

Apoptosis in lung fibrosis

With specific regard to pulmonary fibrosis, complimentary
lines of evidence suggest that apoptosis of specific cell types is
involved in both the pathogenesis and the resolution of
fibrotic lesions. A prominent feature of the fibrotic lung is
proliferation and accumulation of mesenchymal cells. These
include abnormal fibroblast populations that emerge in the
interstitium but may migrate into the alveolar spaces [21], and
endothelial cells that evolve during neovascularisation of
nascent fibrotic foci [6]. In patients who recover from fibrotic
lung disease, these excess cells are removed by processes,
which, although not completely understood, likely include
apoptosis [5, 6].

A number of studies now support the notion that apoptosis
contributes to the pathogenesis of lung fibrosis as well,
particularly in the initiation of fibrotic foci. In mouse lung,
intratracheal instillation of an antibody that activates the
receptor Fas, induced apoptosis of bronchial cells and AECs
(both of which express Fas constitutively) and initiated a
fibrotic response that was detectable 1 week later [22]. The
same research group showed that the induction of lung
fibrosis by intratracheal instillation of bleomycin is associated
with upregulation of Fas on the epithelium and concomitant
induction of epithelial apoptosis as a prelude to fibrogenesis
[10]. These results support the hypothesis proposed years
earlier by WITSCHI [23] and ADAMSON et al. [24], which
suggests that the destruction of the healthy alveolar epithe-
lium, in itself, creates a profibrotic microenvironment that
initiates a nascent fibrotic focus. Consistent with that
interpretation, the author9s study of lung biopsies from
patients with IPF has shown that nascent fibrotic foci
colocalise with apoptotic or absent alveolar epithelium [7].

Recent data suggest that specific blockade of apoptosis, in
itself, is sufficient to prevent the fibrotic response that would
otherwise follow. In a study of lung fibrogenesis in rats [9], the
author9s group found that the accumulation of lung collagens
after intratracheal administration of bleomycin could be
blocked with equal potency by the angiotensin-converting
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enzyme (ACE) inhibitor captopril or by intraperitoneal
injections of ZVADfmk, a broad spectrum inhibitor of
caspases (cysteine proteases) required for the induction of
apoptosis. These results were confirmed the following year by
KUWANO et al. [25] through a similar study of bleomycin-
induced lung fibrosis in mice, in which the caspase inhibitor
was administered by aerosol. Regardless of the route of drug
delivery, the blockade of collagen deposition in vivo by a
specific inhibitor of apoptosis suggests that the fibrotic
response is secondary to the apoptotic death of certain lung
cell types, and is consistent with the theories put forth by
WITSCHI [23] and ADAMSON et al. [24].

Angiotensin and lung fibrosis

The blockade of collagen deposition by the ACE inhibitor
captopril also confirmed earlier studies by MOLTENI et al. [26]
and WARD et al. [27], who had shown years before that ACE
inhibitors and related compounds had potent antifibrotic
potential in several animal models. In light of the in vitro
findings that ACE inhibitors and ANG receptor antagonists
also potently block apoptosis of AECs [15–17, 28], it was
hypothesised that at least part of the antifibrotic potential of
these agents can be attributed to their ability to prevent the
apoptotic death of the epithelial layer. In support of this
premise, antagonists of the ANG receptor AT1 can block
apoptosis of AECs in response to purified ANGII [29] or
bleomycin in vitro [30], and amiodarone both in vitro (fig. 1)
and in vivo [31]; furthermore, the AT1 antagonist losartan
blocked the development of amiodarone-induced lung fibrosis
[31].

These data suggest a critical role for ANG generation and
interaction with receptor AT1 in the induction of AEC
apoptosis and subsequent lung fibrogenesis. With regard to
human lung, the author has also shown that myofibroblasts
derived from lung biopsies obtained from patients with IPF
produce and secrete ANG peptides, and on this basis it was
hypothesised that local ANG production is key in both
initiating and "propogating" the fibrotic focus [20].

Working hypothesis

The author9s current work is addressing the mechanisms of

apoptosis-related ANG production by the AEC and adjacent
myofibroblasts, and its pathophysiological consequences in
the context of fibrogenesis. To summarise this working
hypothesis see figure 2.

These data provide a molecular mechanism that directly
links cell death in the alveolar epithelium to local production
of angiotensin, a molecule with well-documented and multiple
profibrotic actions. They also provide an explanation for the
documented ability of alveolar epithelial cell inhibitors or
angiotensin-receptor antagonists to prevent alveolar epithelial
cell apoptosis and experimental pulmonary fibrosis in several
animal models. One attractive feature of this model is its
ability to explain fibrogenesis of unknown origin, regardless
of whether the initial stimuli were chemicals, inflammatory
mediators or other endogenous inducers of apoptosis.
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Fig. 1. – Amiodarone (AM) or its metabolite desethylamiodarone
(DES) induce apoptosis in primary cultures of alveolar epithelial cells
(AECs) that can be abrogated by captopril (CAP), the angiotensin
receptor antagonists losartan (LOS) or saralasin (SAR) or the caspase
inhibitor ZVADfmk (ZVAD). ***: pv0.001 versus control.
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Fig. 2. – 1) Fibrogenic agents induce apoptosis and upregulate angio-
tensinogen (ANGEN) synthesis by alveolar epithelial cells. Blockers
of angiotensin (ANG)II synthesis (antisense or angiotensin-converting
enzyme inhibitors) block alveolar epithelial cell (AEC) apoptosis. 2)
Aspartyl proteases such as Cathepsin D (Cat D) are activated by
apoptosis inducers (fibrogenic agents); blockage by pepstatin A
prevents AEC apoptosis. 3) ANG receptor AT1 mediates AEC
apoptosis in response to ANGII produced by autocrine mechanisms
or by myofibroblasts. AT1 blockers prevent AEC apoptosis and fibrosis.
4) Activation of AT1 induces profibrotic gene expression by AECs
during apoptosis. Blockage of AT1 prevents apoptosis and profibrotic
gene expression. FasL: Fas ligand; TNF: tumour necrosis factor; mRNA:
messenger ribonucleic acid; ZVAD: N-benzylcarboxy-Val-Ala-Asp-
fluoromethylketone; DEVD: Asp-Glu-Val-Asp-fluoromethylketone.
===: known points of blockade.
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