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Mitochondria-Mediated Apoptosis of Lung Epithelial
Cells in Idiopathic Interstitial Pneumonias
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SUMMARY: We previously demonstrated that the up-regulation of p53, Fas, and DNA damage are present in lung epithelial cells
from patients with idiopathic interstitial pneumonias (lIP). Fas ligation induces apoptosis of lung epithelial cells predominantly
through the direct activation of the caspase cascade via caspase-8 activation, whereas the up-regulation of p53 and other cellular
stresses can induce mitochondria-mediated apoptosis. In this study, we investigated the incidence of mitochondria-mediated
apoptosis of epithelial cells in [IP. We performed TUNEL staining to detect apoptotic cells and western blot analysis and
immunohistochemistry to assess the expression and activation of caspases and the cytochrome c release from mitochondria in
lung tissues from eight patients with usual interstitial pneumonia, five patients with nonspecific interstitial pneumonia, and eight
patients with normal lung parenchyma. The expressions of pro- and cleaved caspase-8, 9, 3, and cytochrome c release from the
mitochondria were all significantly increased in the lung tissues of IIP compared with normal lung parenchyma. The positive
signals for caspases in epithelial cells were increased in IIP compared with normal lung parenchyma by immunohistochemistry.
The results of TUNEL and electron microscopy suggested that apoptotic cells were predominantly epithelial cells. TUNEL-
positive cells in % of epithelial cells were significantly increased in IIP compared with normal lung parenchyma, and significantly
correlated with cytochrome c release from the mitochondria and with the expression of cleaved caspase-3 in epithelial cells. We
conclude that mitochondria-mediated apoptosis may be involved in the pathophysiology of IIP. (Lab Invest 2002, 82:1695-1706).

poptosis has been implicated before as a homeo-

static mechanism. Recently, evidence has been
increasing that apoptosis may play a role in lung
diseases in two different ways. First, disease may be
caused by a malfunction of the apoptosis mechanism.
Repair following acute lung injury requires the elimi-
nation of proliferating mesenchymal and inflammatory
cells from the alveolar airspace or alveolar walls (Pol-
novsky et al, 1993). Failure to clear unwanted cells by
apoptosis will prolong the inflammation because of
the release of their toxic contents. Second, excessive
apoptosis may itself cause disease. It has been dem-
onstrated that intratracheal instillation of agonistic
anti-Fas antibody or recombinant Fas ligand induces
acute alveolar epithelial injury and lung inflammation
(Matute-Bello et al, 2001a, 2001b), and that repeated
inhalations of agonistic anti-Fas antibody induce epi-
thelial cell apoptosis and lung inflammation, which
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subsequently lead to pulmonary fibrosis in mice (Hagi-
moto et al, 1997).

There are two principle-signaling pathways of apo-
ptosis. One is a direct pathway from death receptor
ligation to caspase cascade activation and cell death.
Death receptor ligation triggers recruitment of the
precursor form of caspase-8 to a death-inducing
complex, through the adaptor protein FADD, which
leads to caspase-8 activation. The other pathway
triggered by stimuli such as drugs, radiation, infec-
tious agents, and reactive oxygen species is initiated
in mitochondria. After cytochrome c is released into
the cytosol from the mitochondria, it binds to Apafi
and ATP, which then activate caspase-9 (Kroemer and
Reed, 2000). The activation of caspase-8 or
caspase-9 leads to the activation of the caspase
cascade and apoptosis.

The etiology of idiopathic interstitial pneumonias
(IIP) is still uncertain. However, the initial lesion before
the development of fibrosis is probably alveolitis,
which subsequently leads to the loss of type | epithe-
lial cells and type Il pneumocyte hyperplasia. Although
there are various initiating factors or causes, the
terminal stages are characterized by proliferation and
progressive accumulation of connective tissue replac-
ing normal functional parenchyma. We previously
demonstrated that the Fas-Fas ligand (FasL) pathway
was up-regulated in IIP and may be associated with
the damage and apoptosis of lung epithelial cells
through FADD and caspase-8 activation (Kuwano et

Laboratory Investigation ® December 2002 o Volume 82 ® Number 12

1695



Kuwano et al

al, 1999; Maeyama et al, 2001). We also demonstrated
that there was DNA damage or apoptosis accompa-
nied by an up-regulation of p53 in lung epithelial cells
from patients with [IP (Kuwano et al, 1996). Up-
regulation of p53 expression and other cellular
stresses could induce mitochondria-mediated apo-
ptosis. Therefore, the purpose of this study is to
investigate whether or not the mitochondria-mediated
apoptotic pathway is involved in epithelial cell injury
and apoptosis in the lung tissues from patients with
1IP.

Results
Expression and Activation of Caspases

Immunohistochemistry.  Positive  signals  for
caspase-3 and -8 were predominantly detected in
bronchiolar and alveolar epithelial cells in lung tissues
from patients with usual interstitial pneumonia (UIP)
and nonspecific interstitial pneumonia (NSIP) as we
previously demonstrated (Maeyama et al, 2001). Pos-
itive signals for caspase-9 were predominantly de-
tected in bronchiolar and alveolar epithelial cells in UIP
and NSIP (Fig. 1). The immunostaining grade for these
caspases was significantly increased in lung epithelial
cells from patients with UIP and NSIP, compared with
the controls (Fig. 2). Positive signals for cleaved
caspase-3 were mainly detected in the nuclei of epi-
thelial cells of lung tissues from patients with UIP and
NSIP, but not in epithelial cells of normal lung paren-
chyma (Fig. 3). The immunostaining grade for cleaved
caspase-3 was significantly increased in lung epithe-
lial cells from patients with UIP and NSIP, compared
with the controls (Fig. 4A). The degree of positive
staining for cleaved caspase-3 was increased accom-
panied by the progression of pulmonary fibrosis in
UIP, but not in NSIP (Fig. 4B).

Western Blot Analysis. The representative results of
Western blot analysis show that the expression of
both procaspases and cleaved caspases was up-
regulated in UIP and NSIP, compared with the con-
trols (Fig. 5A). Quantitative results show that the
expression of procaspase-9 and -3 was significantly
up-regulated in both UIP and NSIP, whereas the
expression of procaspase-8 was significantly up-
regulated only in NSIP, compared with the controls.
The expression of cleaved caspase-8, -9, and -3 was
significantly increased in both UIP and NSIP. There
was a significant increase in the expression of cleaved
caspase-3 in UIP, compared with NSIP (Fig. 5B).

Release of Cytochrome ¢ from Mitochondria

To identify the activation of the mitochondria-
mediated apoptosis pathway, we assessed the re-
lease of cytochrome c from the mitochondria. We
extracted protein from the mitochondria-rich fraction
and the cytoplasm separately, and performed western
blot analysis for cytochrome c. The levels of cyto-
chrome c in the cytoplasm were remarkably increased
in both UIP and NSIP, compared with the controls (Fig.
6A). Quantitative results show that cytochrome c lev-
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Figure 1.

Representative results of immunohistochemical analysis for caspase-9 in lung
tissues from patients with IIP (b, ¢) and normal lung parenchyma (a) (original
magnification, a, b; <125, ¢; x250).

els were significantly increased in both UIP and NSIP,
compared with the controls, in both the cytoplasm and
the mitochondria-rich fraction. The ratio of cyto-
chrome c levels in the cytoplasm to those in the
mitochondria-rich fraction was also significantly
higher in both UIP and NSIP, compared with the
controls (Fig. 6B). The immunoreactivity for cyto-
chrome ¢ was predominantly detected in the cyto-
plasm of epithelial cells (Fig. 7).

Electron Microscopy

Although the number of cases we could observe using
electron microscopy (EM) was small, the type of
apoptotic cells was predominantly type Il epithelial
cells except some apoptotic cells within alveolar mac-
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Figure 2.

Semiquantitative analysis of inmunostaining grade for caspase-8, -9, and -3 in bronchiolar and alveolar epithelial cells (*p < 0.01, **p < 0.05). These positive signals
reflect pro- and cleaved form of caspases. Each circle represents one individual. The assessment of immunostaining grade is described in the Materials and Methods

section.

rophages. Figure 8a shows that the typical apoptotic
type Il epithelial cell, which included chromatin con-
densation to the nuclear membrane, numerous vacu-
oles, and vesicles in the cytoplasm, and the disap-
pearance of microvilli on the cell surface, compared
with the normal type Il epithelial cell in the left side of
the apoptotic cell. There are a few typical apoptotic
cells and some dark cells, which are suggestive of
apoptotic cells, in the lung tissues from patients with
IIP. Some necrotic epithelial cells were also seen in the
lung tissues from patients with IIP. The mitochondria
in apoptotic type Il epithelial cells (Fig. 8c) were
condensed, compared with those in normal type I
epithelial cells (Fig. 8b).

TUNEL Assay

Positive signals for TUNEL were predominantly de-
tected in the nuclei of bronchiolar and alveolar epithe-
lial cells in the lung tissues from patients with IIP,
whereas no positive signal was detected in the con-
trols (Fig. 9). The TUNEL-positive cells for TUNEL in %
of epithelial cells were significantly increased in both
UIP and NSIP, compared with the controls. There was
a significant increase of TUNEL-positive cells in UIP
compared with NSIP (Fig. 10A). In both UIP and NSIP,
positive signals were significantly increased in lesions
showing a moderate grade of fibrosis (Fig. 10B). DNA
repair and replication and RNA synthesis may be
detected by the TUNEL method. To exclude these
possibilities, we performed TUNEL staining and immu-
nohistochemistry for PCNA, Ki67, and SC-35 using
serial mirror sections. Positive cells for TUNEL were
different cells from those for PCNA, Ki67, and SC-35
in serial mirror sections (Fig. 11).

Correlation Between Apoptosis-Signaling Molecules in
Lung Epithelial Cells

There was a significant correlation between TUNEL-
positive cells in % of epithelial cells and the optical
density of cytochrome c in the cytosol (o < 0.01, rs =
0.790; Fig. 12A). TUNEL-positive cells in % of epithe-
lial cells were significantly correlated with the immu-
nostaining grade for cleaved caspase-3 (p < 0.01, rs
= 0.744; Fig. 12B), caspase-3 (p < 0.01, rs = 0.721),
caspase-8 (p < 0.01, rs = 0.612), and caspase-9 (p <
0.001, rs = 0.862) in lung epithelial cells. TUNEL-
positive cells in % of epithelial cells were significantly
correlated with the optical density of procaspase-8 (p
< 0.05, rs = 0.605), procaspase-9 (p < 0.01, rs =
0.734), procaspase-3 (p < 0.01, rs = 0.691), cleaved
caspase-9 (p < 0.05, rs = 0.540), and cleaved
caspase-3 (p < 0.01, rs = 0.887), but not with cleaved
caspase-8 in Western blot analysis.

Discussion

We demonstrated here for the first time that
mitochondria-mediated apoptotic pathways are acti-
vated in lung tissues from patients with [IP. The
translocation of cytochrome ¢ from the mitochondria
to the cytoplasm was increased in lung tissues from
patients with IIP, compared with normal lung paren-
chyma. The release of cytochrome ¢ from the mito-
chondria leads to the activation of caspase-9. In fact,
both the expression and activation of caspase-9 were
remarkably up-regulated in IIP compared with normal
lung parenchyma, and expression of caspase-9 was
predominantly up-regulated in lung epithelial cells
from patients with IIP. The expression and activation
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Figure 3.

Representative results of immunohistochemical analysis for cleaved caspase-3
in lung tissues from patients with IIP (b, ¢) and normal lung parenchyma (a)
(original magnification, a, b; X125, ¢; x250). Positive signals were predom-
inantly detected in the nucleus and cytoplasm of bronchiolar and alveolar
epithelial cells (arrows).

of the executioner caspase-3 were also up-regulated
in lung epithelial cells of IIP. Positive signals for TUNEL
were predominantly detected in lung epithelial cells
and significantly increased in IIP compared with nor-
mal lung parenchyma. TUNEL-positive cells in % of
epithelial cells were significantly correlated with cyto-
chrome c release from the mitochondria and with the
expression of cleaved caspase-3 in lung epithelial
cells in 1IP. Although the small number of subjects,
combined with the inherent variability of the two major
disease groups, represent a significant limitation in
their data, these results indicate that mitochondria-
mediated apoptotic pathways are up-regulated in lung
epithelial cells in lIP.
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Electron microscopic findings also demonstrate the
incidence of apoptosis and the morphological
changes to mitochondria in alveolar epithelial cells in
the lung tissues from patients with IIP. Dinsdale et al
(1999) demonstrated that the formation of ultracon-
densed mitochondria was observed in apoptotic
monocytes with the release of cytochrome c, activa-
tion of caspases, and a reduction in inner mitochon-
drial potential. Condensed mitochondria in the apo-
ptotic epithelium in this study also seemed to suggest
the functional characteristics for apoptosis in
mitochondria.

It is possible that TUNEL-positive cells are not
necessarily dying cells. DNA repair and replication,
and RNA synthesis, may be detected by the TUNEL
method (Auten et al, 2002; Kanoh et al, 1999; Knox et
al, 1998; O’Reilly, 2001). To exclude these possibili-
ties, we performed TUNEL staining and immunohisto-
chemistry for proliferating cell nuclear antigen (PCNA),
an indicator of DNA replication and repair (Shivji et al,
1992), Ki67, a replication-associated antigen (Sawh-
ney and Hall, 1992), or splicing factor SC-35, an
indicator of RNA synthesis (Kockx et al, 1998), using
serial mirror sections. Positive cells for TUNEL were
different from those for PCNA, Ki67, and SC-35 in
serial mirror sections.

Since the distribution of positive signals for TUNEL
is not uniform, substantial numbers of specimens
should be examined to estimate the number of apo-
ptotic cells by EM. Although it seems difficult to
compare the number of apoptotic cells by EM and the
number of positive signals for TUNEL in this study, we
found several apoptotic cells and necrotic cells/mm?
in lung specimens from patients with [IP using EM.
This prevalence seems compatible to the result of
TUNEL. The results of immunohistochemistry using
serial mirror sections and EM suggest that most of
TUNEL-positive cells are dying cells.

Since the prognosis of patients with IIP is quite
different between those with UIP and those with NSIP,
we analyzed the data for UIP and NSIP separately to
investigate whether there is any difference in the
apoptotic pathway. There were some differences be-
tween these subgroups of IIP. Caspase-8 expression
in epithelium of NSIP was significantly increased com-
pared with that in UIP, whereas caspase-9 expression
in epithelium of UIP was significantly increased com-
pared with that in NSIP by immunohistochemistry.
There was a significant increase in the expression of
cleaved caspase-3 in UIP compared with NSIP in
western blot analysis. There was a significant increase
of TUNEL-positive cells in % of epithelial cells in UIP
compared with NSIP. These results demonstrated the
association between the degree of epithelial cell dam-
age and apoptosis and the distinction of UIP and
NSIP.

The fibroblastic foci, the signature of UIP, were
found in all of eight cases with UIP. The fibroblastic
foci appeared to be predominant in the intermediate
stage of fibrosis, which seems to be compatible with
the results that TUNEL-positive cells were also pre-
dominant in intermediate stage. Positive signals for
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A, Semiquantitative analysis of immunostaining grade for cleaved caspase-3 in lung epithelial cells (*p < 0.01, **p < 0.05). Each circle represents one individual.
B, Association between immunostaining grade for cleaved caspase-3 in lung epithelial cells and the grade of pulmonary fibrosis in each field under light microscopy
with X125 magnification in UIP and NSIP (*p < 0.05).
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A, Representative results of Western blot analysis for pro- and cleaved caspases in lung tissues from patients with 1P and normal lung parenchyma. B, Quantitative
results of Western blot analysis for caspases (*p < 0.01, **p < 0.05).

Laboratory Investigation ® December 2002 ® Volume 82 ¢ Number 12

1699



Kuwano et al

A.

l
15 kDa [y

B.
ESJuP  (n=8)

Il NSIP (n=5)
[] Control (n=8)

b. mitochondria

UIP IrNSIPq—Control—
.- - e e "8 mitochondria-rich fraction

cytoplasm

c. the a. to b. ratio

ol

a. cytosol
> 1200 - * 1200 1
@ ]
c
3 800
@ ]
= 400 7
(o ]
@)
0
Figure 6.

A, Representative results of Western blot analysis for cytochrome ¢ in mitochondrial-rich fraction and cytoplasm in lung tissues from patients with [IP and normal
lung parenchyma. B, Quantitative results of Western blot analysis for cytochrome ¢ in subcellular fractions.

TUNEL and caspases in epithelial cells were detected
around the fibroblastic foci. However, these positive
signals were also found in lesions without fibroblastic
foci. Although the association of epithelial cell apopto-
sis and fibroblastic foci could not be verified in this
study, this is an important issue to be clarified.

TUNEL staining disclosed evidence of apoptosis in
all cases of lIP. The frequency of TUNEL-positive cells
in epithelium was as low as 1 to 3% in IIP, compared
with the observations in cell culture. Since apoptotic
cells are quickly phagocytosed, they can be observed
for only a few minutes under light microscopy, and
apoptotic bodies can be found for only a few hours
under electron microscopy (Gavrieli et al, 1992).
Therefore, even the frequency of apoptotic cells is low,
and the small number of TUNEL-positive cells visual-
ized in tissue specimens may reflect a considerable
magnitude of cell loss (Isner et al, 1995).

Although immunostaining grade for cleaved
caspase-3 was significantly correlated with TUNEL-
positive signals in % of epithelial cells, actual number
of positive signals for cleaved caspase-3 was much
higher than that of TUNEL-positive cells. Therefore, it
is likely that the positive signals for cleaved
caspase-3, especially in cytoplasm, are not always
dying cells (Ishizaki et al, 1998; Weil et al, 1999). There
was also a difference in the grade of fibrosis at the site
where cleaved caspase-3 expression in lung epithelial
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cells is detected and the site where TUNEL-positive
cells are predominantly detected. Concerning this
difference, we assume that the lung epithelial cells are
hyperplastic or regenerated epithelial cells in lesions
showing severe fibrosis, and these cells may be resis-
tant to apoptosis because of a survival mechanism
acquired during the remodeling process.

Lung epithelial cells are always exposed to a variety
of stresses such as oxygen stress. Reactive oxygen
species (ROS) and their reactions with epithelial cells
are involved in the pathophysiology of lung diseases. It
has been reported that the spontaneous production of
oxidants by lung inflammatory cells, and the myelo-
peroxidase concentration, are both increased in the
alveolar epithelial lining fluid of patients with lIP (Can-
tin et al, 1987). ROS not only damage the cell mem-
brane, which leads to necrosis, but also play important
roles in apoptosis-signaling pathways induced by di-
verse stimuli. ROS were shown to up-regulate the
Fas-FasL pathway and the release of cytochrome c
(Stridh et al, 1998; Suhara et al, 1998), and also to
activate p53 (Uberti et al, 1999). The activation of p53
leads to the up-regulation of Fas (Muller et al, 1998).

Cross talk between Fas-mediated and mitochondria-
mediated pathway is provided by Bid. Activated
caspase-8 directly activates caspase cascade and/or
cleaves bid. Truncated bid transduces death signal to
mitochondria, which results in cytochrome c release
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Figure 7.

Representative results of immunohistochemical analysis for cytochrome ¢ in
lung tissues from patients with 1IP (b, ¢) and normal lung parenchyma (a)
(original magnification, a, b; %125, ¢; %x250). Although positive signals were
detected in cytoplasm of bronchiolar and alveolar epithelial cells in normal lung
parenchyma, strong signals were detected in epithelial cells of [IP (arrows).

from mitochondria. The vulnerability to apoptosis in-
duced by death receptors or other apoptosis stimulators
is variable from cell type to cell type. In some cells,
Fas-mediated apoptosis is associated with disruption of
mitochondrial polarity and cytochrome c release with
caspase-9 activation (Gewies et al, 2000). However, this
cross talk is reported to be usually minimal, and Fas-
mediated and mitochondria-mediated pathways operate
largely independently of each other (Gross et al, 1999;
Hengartner, 2000; Yin et al, 1999). Moreover, since
caspase-8- and caspase-9-deficient mice develop al-
most normally (Wang and Lenardo, 2000), additional
apoptosis-pathways, such as caspase-independent

Mitochondria-Mediated Apoptosis in IIP

Figure 8.

Representative results of apoptotic type Il alveolar epithelium (arrow in a),
normal type Il alveolar epithelium (asterisk in a), normal mitochondria in
normal type Il alveolar epithelium (arrows in b), and condensed mitochondria
in apoptotic alveolar epithelium (arrows in ¢) by electron microscopy (bar in A
=10 pum, bars in Band C = 1 um).

pathway, exist and may associate with the pathophysi-
ology of diseases.

Considering our previous studies and the current
study, it is possible that multiple proapoptotic mole-
cules interrelate with each other and potentiate epi-
thelial cell apoptosis through death-receptors and the
mitochondrial-mediated pathway in [IP. Recently, King
et al (2001) demonstrated that the critical pathway to
end-stage fibrosis is not in fact “alveolitis” but rather
the ongoing epithelial damage and repair process
associated with persistent fibroblastic proliferation.
Therefore, protecting epithelial cells from apoptosis
and maintaining their function may be the primary and
most effective strategy against IIP.

Materials and Methods
Materials

This study of IIP was performed on 13 lung samples
obtained by thoracoscopic lung biopsy. The diagnosis
of IIP was established by a combination of medical
history, physical examination, laboratory tests, chest
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Figure 9.

A, Representative results of TUNEL staining. Positive signals for TUNEL
staining were predominantly detected in bronchiolar and alveolar epithelial
cells in [IP (arrows in b, c). There were no positive signals in normal lung
parenchyma (a) (original magnification, a, b; x125, ¢; x250) (B).

roentgenograms, pulmonary function tests, and the
results of histological findings, according to previously
described criteria (American Thoracic Society, 2000).
The histologic findings of lung biopsy specimens were
compatible with those of UIP in eight patients and
NSIP in five patients. The UIP patients comprised
eight men, whose ages ranged from 42 to 67 years
(mean, 58.6 years). Seven were smokers and one was
a nonsmoker. The NSIP patients comprised three men
and two women, whose ages ranged from 50 to 68
years (mean, 58.2 years). Two were smokers and three
were nonsmokers. The results from the IIP specimens
were compared with those from eight normal lung
parenchyma specimens obtained by lobectomy for
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lung cancer of a solitary pulmonary nodule. The lung
cancer patients comprised five men and three women,
whose ages ranged from 56 to 78 years (mean, 67
years), and all were smokers. After the lung tissue was
obtained, it was immediately frozen in liquid nitrogen
and stored at —80° C for Western blot analysis.
Formalin-fixed, paraffin-embedded lung tissues were
used for TUNEL staining and immunohistochemistry.

The specific antibodies used in this study were as
follows: goat polyclonal anti-human caspase-3 anti-
body (K-19) (Santa Cruz Biotechnology, Santa Cruz,
California), rabbit polyclonal anti-human caspase-8
antibody (R&D Systems Inc., Minneapolis, Minnesota),
rabbit polyclonal anti-human caspase-9 antibody
(R&D Systems Inc.), rabbit anti-human cleaved
caspase-3 polyclonal antibody (Cell Signaling Tech-
nology, Beverly, Maine), rabbit anti-cleaved caspase-9
polyclonal antibody (Cell Signaling Technology), rabbit
anti-human cytochrome c antibody (C-20) (Santa Cruz
Biotechnology), mouse anti-splicing factor SC-35
monoclonal antibody (Clone SC-35) (Sigma, St. Louis,
Missouri), rabbit anti-human Ki-67 antigen antibody
(DAKO, Tokyo, Japan), and rabbit anti-PCNA poly-
clonal antibody (FL-261) (Santa Cruz Biotechnology).
The antibodies used for Western blot analysis and
those used for immunohistochemistry were the same.

Western Blot Analysis

Frozen lung tissues were homogenized in buffer A (25
mm Hepes pH 7.5, 5 mm MgCl,, 1 mm EGTA, 1 mm
phenylmethyl sulfonyl fluoride (PMSF), 1 pg/ml leu-
peptin, and 1 pg/ml aprotinin) using a polytron ho-
mogenizer (Kinematica, Luzern, Switzerland). Ex-
tracted protein was used for Western blot analysis for
caspases except for cleaved caspase-3.

To assess the release of cytochrome c from the
mitochondria to the cytoplasm, subcellular fractions
were separately extracted according to the methods
of Marti et al (2001). Frozen lung tissues were homog-
enized on ice for 30 seconds (6-8 strokes) with a
Potter-Elvehjem homogenizer (Tokyo Rikakikai, To-
kyo, Japan) in buffer A (25 mm Hepes pH 7.5, 5 mm
MgCl,, 1 mm EGTA, 1 mm phenylmethyl sulfonyl
fluoride (PMSF), 1 wg/ml leupeptin, and 1 wg/ml apro-
tinin). After incubation on ice for 10 minutes, extracts
were vortexed for 10 seconds and centrifuged at 800
X g for 2 minutes at 4° C to pellet nuclei. The super-
natant was centrifuged at 15,000 Xg for 30 minutes at
4° C. The cleared supernatant was taken as the cyto-
plasmic extract and the pellet as the mitochondria-
enriched fraction. The mitochondria-enriched fraction
was directly dissolved in SDS-sample buffer and
boiled. Nuclear pellets were incubated in 50 ul buffer
B (25 mm Hepes pH 7.5, 420 mm NaCl, 5 mm MgCl,, 1
mm EGTA, 1 mm PMSF, 1 ug/ml leupeptin, and 1
ng/ml aprotinin, and 25% glycerol) on ice for 30
minutes and then centrifuged at 15,000 Xg for 30
minutes at 4° C. The supernatant was taken as the
nuclear extract and was used for Western blot analysis
for cleaved caspase-3.
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A, Quantitative results of TUNEL staining in lung tissues from patients with IIP and normal lung parenchyma. Each circle represents one individual. The quantification
of TUNEL-positive cells is described in the Materials and Methods section. B, Association between TUNEL-positive cells in % of epithelial cells and the grade of
pulmonary fibrosis in each field under light microscopy with <250 magnification in UIP and NSIP (*p < 0.05, **p < 0.01).
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Figure 11.

TUNEL staining and immunohistochemistry using serial morror sections.
Serial morror sections stained with TUNEL (a, c, e, arrows = positive signals)
and PCNA, Ki67, and SC-35 (b, d, and f, respectively) (original magnification,
x125).

Protein concentrations were determined using the
Bio-Rad protein assay (Bio-Rad Laboratories, Her-
cules, California). Thirty micrograms of protein were
loaded in each column. Proteins were separated by
SDS-polyacrylamide gel electrophoresis (SDS-
PAGE). After SDS-PAGE, the proteins were trans-
ferred to a polyvinylidene fluoride hydrophobic
membrane (Millipore, Bedford, Massachusetts).
Membranes were blocked by 5% nonfat dry milk in

Tris buffer saline containing 0.05% Tween-20
(TBST) at 4° C for 2 hours. The membranes were
rinsed with TBST and incubated with specific anti-
bodies in blocking buffer at 4° C overnight. After
being rinsed, the membranes were incubated with
HRP-conjugated secondary antibodies (Santa Cruz)
for 30 minutes at room temperature. The blots were
developed using an ECL western blotting detection
kit (Amersham Pharmacia Biotech, Buckingham-
shire, United Kingdom). Pictures of the membranes
were taken and scanned. The images were analyzed
using NIH image Ver.1.61 (National Institutes of
Health, Bethesda, Maryland).

Electron Microscopy

We performed electron microscopy to investigate the
morphologic changes in mitochondria in apoptotic
epithelial cells in IIP. Lung tissues used for electron
microscopy were obtained from three patients with
UIP and one patient with NSIP. Lung tissues were
fixed with 2.5% glutaraldehyde in 0.1 M phosphate
buffer, pH 7.4, for 18 hours. Lung tissues were post-
fixed for 1.5 hours in 1% OsO,, dissolved in 0.1 M
phosphate buffer (pH 7.4), and dehydrated through a
series of graded ethanol solutions and embedded in
Epon. Ultrathin sections were cut, stained with uranyl
acetate and lead nitrate, and examined under a JEM-
1200 EX transmission electron microscope (JEOL Co.,
Tokyo, Japan).

Apoptosis Analysis in Lung Tissues

Apoptosis was detected by the TUNEL method using
the DeadEnd Colorimetric Apoptosis Detection sys-
tem (Promega, Madison, Wisconsin). After proteinase
digestion and the removing of endogenous peroxi-
dase, the sections were incubated in a mixture con-
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A, Correlation between TUNEL-positive cells in % of epithelial cells and the optical density of cytochrome c in cytosol in lung tissues from patients with [IP and normal
lung parenchyma. rs = Spearman’s rank correlation coefficient. B, Correlation between TUNEL-positive cells in % of epithelial cells and the immunostaining grade
for cleaved caspase-3 in lung epithelial cells from patients with [IP and normal lung parenchyma.

taining TdT and fluorescein isothiocyanate-labeled
dUTP. The sections were then treated with the perox-
idase labeled with anti-fluorescein isothiocyanate an-
tibody. The reaction products were developed with
3,3[prime]-diaminobenzidine tetrahydrochloride and
counterstained with methyl green. The number of
positive cells for TUNEL was counted in randomly
selected 20 fields per section under a microscope with
X250 magnification. The number of positive cells is
presented as percent of epithelial cells positive. The
fibrotic grade for each field was also analyzed at the
same time. DNA repair and replication, and RNA
synthesis may be detected by the TUNEL method. To
exclude these possibilities, we performed TUNEL
staining and immunohistochemistry for PCNA, Ki67,
and SC-35 using serial mirror sections.

Immunohistochemistry

The tissue samples were fixed in 10% formalin over-
night and embedded in paraffin. A 5-um paraffin
section was adhered to slides pretreated with poly-L-
lysine. These sections were dewaxed by washing
three times, for 5 minutes each in xylene, then dehy-
drated in 100%, 95%, and 80% ethanol, for 5 minutes
each, before finally being rinsed with distilled water.
We used hydrated autoclaving as a pretreatment to
immunostaining for cleaved caspase-3, PCNA, Ki67,
and SC-35, but not the others, as previously de-
scribed (Shin et al, 1991). Following deparaffinization
in xylene and rehydration in ethanol, the tissue sec-
tions were autoclaved at 121° C for 10 minutes in a
glass pot filled with enough distilled water to com-
pletely immerse the sections, before being washed
three times in 0.1M PBS.

Immunohistochemistry was performed using a modi-
fied streptavidin-biotinylated peroxidase technique us-
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ing a Histofine SAB-PO kit from Nichirei Corporation
(Tokyo, Japan). Nonspecific protein staining was
blocked by rabbit or goat serum for 30 minutes at room
temperature. The sections were incubated with a pri-
mary antibody or a control nonspecific antibody at 4° C
overnight. The sections were rinsed with PBS and incu-
bated with biotinylated secondary antibodies for 30
minutes, before being washed again with PBS and
treated with 0.3% hydrogen peroxide in methanol for 30
minutes to inhibit the activity of any endogenous per-
oxide. The slides were washed, incubated with
streptavidin-biotin-peroxidase complex for 30 minutes,
and developed according to the manufacturer’s direc-
tions. The sections were lightly counterstained with he-
matoxylin and mounted.

The degree of staining in lung epithelial cells was
graded from 0 to 3 according to the percentage of
immunoreactive cells per bronchiolar and alveolar
epithelial cells (0, 0%; 1, <25%; 2, 25-50%; 3, >50%)
in each field with X125 magnification. The grade of
fibrosis in each field was also assessed using the
previously described criteria (Ashcroft et al, 1988) with
slight modifications from grade 0 to 5 (0, normal lung;
1, minimal fibrous thickening of alveolar or bronchiolar
walls; 2, moderate thickening of walls without obvious
damage to lung architecture; 3, increased fibrosis with
definite damage to lung structure and formation of
fibrous bands or small fibrous masses; 4, severe
distortion of structure and large fibrous areas, “hon-
eycomb lung” is placed in this category; 5, total
fibrous obliteration throughout the field). The immuno-
reactivity grade and fibrotic grade in each field were
determined at the same time by two observers. The
two observers agreed with each other regarding each
of the grades. Twenty to 50 fields were assessed for
each case.



Statistics

The optical density of Western blot analysis and
TUNEL assay were analyzed by ANOVA followed by
Scheffe’s F test. The difference in the immunostaining
grade was analyzed by Kruskal-Wallis test followed by
Mann-Whitney U test. The correlation was assessed
by Spearman’s rank correlation. Statistics were ana-
lyzed by using Abacus Concepts Statview 5 package.
A p value of less than 0.05 was considered statistically
significant.
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