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Asbestos exposure results in pulmonary fibrosis (asbestosis) and
malignancies (bronchogenic lung cancer and mesothelioma) by
mechanisms that are not fully understood. Alveolar epithelial cell
(AEC) apoptosis is important in the development of pulmonary
fibrosis after exposure to an array of toxins, including asbestos.
An endoplasmic reticulum (ER) stress response and mitochondria-
regulated (intrinsic) apoptosis occur in AECs of patients with
idiopathic pulmonary fibrosis, a disease with similarities to asbesto-
sis. Asbestos induces AEC intrinsic apoptosis, but the role of the ER is
unclear. The objective of this study was to determine whether
asbestos causes an AEC ER stress response that promotes apoptosis.
Using human A549 and rat primary isolated alveolar type Il cells,
amosite asbestos fibers increased AEC mRNA and protein expression
of ER stress proteins involved in the unfolded protein response, such
as inositol-requiring kinase (IRE) 1 and X-box-binding protein-1, as
well as ER Ca®" release ,as assessed by a FURA-2 assay. Eukarion-134,
a superoxide dismutase/catalase mimetic, as well as overexpression
of Bcl-X_ in A549 cells each attenuate asbestos-induced AEC ER stress
(IRE-1 and X-box-binding protein-1 protein expression; ER Ca”* re-
lease) and apoptosis. Thapsigargin, a known ER stress inducer, aug-
ments AEC apoptosis, and eukarion-134 or Bcl-X, overexpression are
protective. Finally, 4-phenylbutyric acid, a chemical chaperone that
attenuates ER stress, blocks asbestos- and thapsigargin-induced AEC
IRE-1 protein expression, but does not reduce ER Ca®" release or
apoptosis. These results show that asbestos triggers an AEC ER stress
response and subsequent intrinsic apoptosis that is mediated in part
by ER Ca”" release.

Keywords: alveolar epithelium; asbestos; mitochondria; endoplasmic
reticulum; apoptosis

Asbestos fibers are a naturally occurring group of mineral sili-
cates (amphiboles and chrysotile) in which environmental and
occupational exposure causes pulmonary and pleural fibrosis,
lung cancer, and mesothelioma by mechanisms that are not fully
established (see Refs. 1-3 for review). Alveolar epithelial cell
(AEC) apoptosis is one important early event implicated in the
pathogenesis of pulmonary fibrosis after exposure to various
toxins, including asbestos (3, 4). Asbestos fibers are internalized
by AECs soon after exposure, resulting in the production of
iron-derived reactive oxygen species (ROS), DNA damage,

(Received in original form February 5, 2013 and in final form July 5, 2013)

This work was supported by a Department of Veterans Affairs Merit Review grant
(D.W.K.) and National Institutes of Health grants RO1ES020357 (D.W.K.), P30
HL101292 (A.P.L.), and POTHLO71643 (K.R. and N.S.C.).

Correspondence and requests for reprints should be addressed to David W.
Kamp, M.D., Northwestern University Feinberg School of Medicine, Pulmonary
and Critical Care Medicine, McGaw M-330, 240 East Huron Street, Chicago, IL
60611-3010. E-mail d-kamp@northwestern.edu

This article has an online supplement, which is accessible from this issue’s table of
contents at www.atsjournals.org

Am ] Respir Cell Mol Biol Vol 49, Iss. 6, pp 892-901, Dec 2013

Published 2013 by the American Thoracic Society

Originally Published in Press as DOI: 10.1165/rcmb.2013-00530C on July 25, 2013
Internet address: www.atsjournals.org

CLINICAL RELEVANCE

Because the mechanisms underlying asbestos-induced pul-
monary toxicity are not fully established, this work exam-
ines how asbestos fibers activate the endoplasmic reticulum
(ER) stress response to trigger mitochondria-regulated al-
veolar epithelial cell (AEC) apoptosis. Our findings show
that important crosstalk between the ER and the mito-
chondria in AEC exposed to oxidative stress is important in
the pathophysiologic events leading to oxidant-induced
toxicity as seen in various degenerative disorders, respira-
tory diseases (e.g., asbestosis, pulmonary fibrosis), tumors,
and aging.

and apoptosis (1-3). The mitochondria (intrinsic) apoptotic death
pathway is mediated by proapoptotic Bcl-2 family members (e.g.,
Bax, Bak, and others) after activation by diverse stimuli, such as
ROS, DNA damage, ceramide, and calcium, while antiapoptotic
Bcl-2 family members (e.g., Bcl-2, Bel-X|, etc.) are protective (5,
6). Apoptotic stimuli subsequently result in permeabilization of the
outer mitochondrial membrane, reductions in mitochondrial mem-
brane potential and apoptosome formation that activates caspase-9
and downstream caspase-3. We previously showed that iron-
derived ROS from the mitochondria mediate asbestos-induced
AEC DNA damage and apoptosis via the mitochondria-regulated
death pathway, and that overexpression of Bcl-X_ is protective (7,
8). Endoplasmic reticulum (ER) stress can also lead to intrinsic
apoptosis, but its role after asbestos exposure has not been studied.
The ER is responsible for both intracellular Ca®* storage and for
the folding, maturation, and transport of nascent proteins. Condi-
tions that disrupt these processes, including oxidative stress, pertur-
bation of Ca*", and/or accumulation of unfolded and/or misfolded
proteins, result in ER stress (see Refs. 3, 4, 6 for review).

Accumulating evidence convincingly show that ER stress
occurs in AECs undergoing apoptosis in patients with idiopathic
pulmonary fibrosis (IPF), and may contribute to epithelial—
mesenchymal transition, but the pathophysiologic significance
of this finding is unknown (4, 9-12). Overexpression of mutant
surfactant proteins in AECs results in misfolded proteins in the
ER that causes ER stress and apoptosis, as well as enhanced
susceptibility to bleomycin-induced pulmonary fibrosis (11, 13,
14). Given the radiographic and histopathologic similarities be-
tween IPF and asbestosis, ER stress may be important in asbes-
tosis. A rodent model of asbestosis documented abnormal AEC
ER morphology as assessed by electron microscopy (15). How-
ever, it is unknown whether asbestos fibers induce an AEC ER
stress response and, if so, whether ER stress is important for
activating intrinsic AEC apoptosis.

The ER and mitochondria are interconnected physically and
functionally, thereby regulating mitochondrial metabolism, in-
tracellular Ca** levels and complex cell survival/death signals
(see Refs. 3, 5, 6 for review). Bcl-2 family members have an
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important role in regulating ER/mitochondrial cross-talk. Tran-
sient ER Ca”" release activates prosurvival signaling (adaptive
response), whereas intrinsic apoptotic agents require sustained
ER Ca’" release along with mitochondrial Bax/Bak binding.
Bax and Bak are required to maintain homeostatic concentra-
tions of ER Ca®" necessary for regulating intrinsic apoptosis,
although mitochondrial localization of Bax/Bak is sufficient for
triggering BH3-only induced cell death (5, 6, 16-18). ER stress
can trigger intrinsic apoptosis by activating ER transmembrane
proteins involved in the unfolded protein response (UPR), in-
cluding inositol-requiring kinase (IRE) 1, protein kinase R-like
ER kinase (PERK) and activating transcription factor 6, which
activate downstream UPR genes, including X-box-binding pro-
tein 1 (XBP-1) and C/EBP homologous protein (CHOP), as well
as proapoptotic Bcl-2 family members (see Refs. 3-5 for review).
Proapoptotic factors, such as Bax and Bak, modulate ER Ca®"
homeostasis, whereas Bcl-X; interacts directly with the inositol
1,4,5-triphosphate receptor (IPsR) to enhance spontaneous Ca**
signaling (5, 6, 16-18). Overexpression of sarcoplasmic ER Ca*"
ATP (SERCA) in Bax/Bak double-knockout murine embryonic
fibroblasts restores ER Ca?" levels and intrinsic apoptotic cell
death in response to oxidative stress, suggesting that ER-localized
Bax/Bak acts as an apoptotic gateway by inducing ER Ca®* re-
lease (16-18). ER Ca“" release is necessary, but not sufficient, for
inducing intrinsic apoptosis by coordinating the ER stress survival
signaling through IRE-1o/TNF receptor—associated factor 2 that
results in activation of apoptosis signal-regulating kinase 1 and
c-Jun N-terminal kinase (6, 19). Collectively, these data show im-
portant cross-talk between the ER and mitochondria in regulating
intrinsic apoptosis, but the relevance of this cross-talk to AECs
exposed to asbestos is unknown.

We reasoned that asbestos causes an AEC ER stress response
that results in ER Ca’" release important in augmenting
mitochondria-regulated apoptosis. We show that amosite asbes-
tos fibers induce AEC ER stress, as evidenced by increased
mRNA and protein expression of ER stress proteins (IRE-1,
XBP-1 spliced, and CHOP), as well as ER Ca®" release, in human
A549 and rat alveolar epithelial type (AT) 2 cells. Asbestos-
induced AEC ER stress and apoptosis were reduced by eukarion
(Euk) 134, a superoxide dismutase (SOD)/catalase mimetic that
attenuates mitochondrial ROS production (20), as well as in
AS549 cells overexpressing Bcl-X;. Thapsigargin, a known ER
stress inducer, also augments AEC apoptosis, and both Euk-134
or Bcl-X; overexpression are protective. 4-Phenylbutyric acid
(4-PBA), a small chemical chaperone known to block the UPR,
reduces asbestos- and thapsigargin-induced AEC IRE-1 protein
expression, but does not attenuate ER Ca®* release or apoptosis.
These findings demonstrate that asbestos stimulates an AEC ER
stress response, and suggest an important role for ER Ca®" release
in mediating AEC intrinsic apoptosis.

MATERIALS AND METHODS

Reagents

Amosite asbestos fibers used in this study were Union International
Centere le Cancer reference standard samples kindly supplied by
Drs. V. Timbrell (21) and Andy Ghio (U.S. Environmental Protection
Agency), and were handled as described in the online supplement.

Cell Culture

AS549 and primary isolated rat AT2 cells were plated in six-well plates
and grown to confluence before adding asbestos, H,O,, or thapsigargin
for various time periods (1, 4, and 24 h) as described in the online
supplement. A549 cells that stably overexpress Bcl-X; were used as
described elsewhere (7). Primary isolated rat AT2 cells were isolated
from the lungs of Sprague-Dawley rats, as previously described and
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approved by the Animal Care and Use Committee for these studies
(7, 8).

Real-Time RT-PCR

Real-time RT-PCR analysis of ER-UPR mRNA was performed by iso-
lating total RNA from treated wells, synthesizing cDNA from 2 pg of
RNA using oligo-d(T) primers by reverse transcriptase Superscript 111
(Invitrogen, Carlsbad, CA), and cDNA production was performed with
specific TagMan probes that were commercially available (Tagman
Assays; Life Technologies/Applied Biosystems, Carlsbad, CA) to de-
tect human IRE-1, CHOP, XBP-1, and glucose-regulated protein
(GRP) 78 by real-time RT-PCR, as described in the online supplement.
The relative expression of each was determined from a cDNA standard
curve and normalized by the expression value of a control TagMan probe.

Western Analysis

Cell lysates were collected and immunoblotting was performed as previ-
ously described (22) using antibodies that included monoclonal antibodies
directed against XBP-1 (1:500; ABCam, Cambridge, MA; detects both
the nonspliced [29 kD] and active, spliced [40 kD] components), IRE-1
(1:500; Cell Signaling Technologies, Danvers, MA), CHOP (1:500; Cell
Signaling Technologies), and actin (1:200; Santa Cruz Biotechnologies,
Santa Cruz, CA). The protein bands were quantified by densitometry,
as described in the online supplement.

Measurement of Intracellular Ca®*

A549 and rat AT2 cells were loaded with FURA-2/AM, which was used
as a fluorescence indicator of intracellular free Ca®* levels, as previ-
ously described (23). As described in the online supplement, changes in
intracellular calcium concentration were expressed using conventional
F340:F380 ratio (the ratio of the Fura-2 fluorescence intensities mea-
sured at wavelengths of 340 and 380 nm).

Apoptosis Assay

Apoptosis was assessed using a histone-associated DNA fragmentation
(mono and oligo nucleosomes) ELISA assay (Roche Diagnostics, Indi-
anapolis, IN), as previously described (7, 8, 22). Asbestos, H,O,, or
thapsigargin were added to the cultured A549 cells 24 hours before
performing the assay.

Immunofluorescence Microscopy

As described in the online supplement, A549 cells in the presence or ab-
sence of amosite asbestos (5 or 25 wg/em?) were immunostained for COX
IV (mitochondria; Cell Signaling Technology, Danvers, MA), calnexin
(ER; BD Transduction Laboratories, San Jose, CA), and Hoechst 34580
(nucleus; Invitrogen, Grand Island, NY). Individual cells were stratified
into three categories: () cells expressing COX IV and calnexin with low
colocalization (arbitrarily defined six or fewer colocalized areas per cell);
(2) cells expressing COX IV and calnexin with high colocalization (arbi-
trarily defined > 6 colocalized areas per cell); and (3) cells expressing
calnexin, but negligible COX IV (mitochondrial dysfunction).

Statistical Analysis

Data are expressed as the means (=SEM; n = 6 unless otherwise stated)
and analyzed as detailed in the online supplement.

RESULTS

Asbestos Causes AEC ER Stress Response

To determine whether asbestos induces an ER stress response in
AECs, we assessed A549 cell nRNA expression of IRE-1, XBP-
1, GRP78/BIP, and CHOP by real-time RT-PCR after exposure
to amosite asbestos (5-25 wg/cm?) for various periods of time
(0.5, 4, and 24 h). As compared to control, asbestos (5 pg/cm?)
significantly increased mRNA expression of IRE-1, XBP-1,
CHOP, and GRP78/Ig heavy chain binding protein (BiP) as
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early as 30 minutes and, in the case of XBP-1 and CHOP, the
increases persisted over 24 hours (Figure 1A). Similar changes
in XBP-1 and CHOP mRNA were noted after exposure of
A549 cells to a higher dose of asbestos (25 pg/cm?) that causes
apoptosis (7, 8, 22), but the increases were less pronounced
at 24 hours when apoptosis was evident (Figure 1B; see also
Figure E1A in the online supplement). After asbestos (25 wg/cm?)
exposure for 30 minutes or 4 hours, time points where we see
little cell death (7), asbestos significantly increased XBP-1
and CHOP mRNA by nearly twofold (Figure 1B and Figure
E1A). As shown in Figure 1C, we confirmed by RT-PCR and
gel electrophoresis that asbestos increased the spliced iso-
form of XBP-1, as did H,O, (100 pwM) and thapsigargin
(80 pM).
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Figure 1. Asbestos fibers trigger endoplasmic reticulum
(ER) stress mRNA expression. (A) A549 cells were exposed
to amosite asbestos (5 pug/cmz) for various periods, and
then mRNA for inositol-requiring kinase (IRE) 1, C/EBP
homologous protein (CHOP), glucose-regulated protein
(GRP) 78/BIP, and X-box-binding protein (XBP) 1 were
assessed by real-time RT-PCR, and data expressed as fold
control normalized to 18S. (B) A549 cells were exposed
to various doses of amosite asbestos (5-25 ;Lg/cmz) for
various periods, and then mRNA for XBP-1 was assessed
by real-time RT-PCR. *P < 0.05 versus control (n = 5).
(C) Using RT-PCR and gel electrophoresis, asbestos
(25 pg/cm?) was found to increase the spliced isoform
of XBP-1 in A549 cells after a 4-hour exposure period, as
did H,O, (100 wM) and thapsigargin (80 wM); blot is
representative of three separate experiments.
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Given the findings previously described here, plus work by
other groups implicating a role for IRE-1 and downstream sig-
naling by XBP-1 in modulating ER stress—induced intrinsic ap-
optosis and pulmonary fibrosis (9-11, 14, 19), we focused on this
arm of ER stress activation in AECs. Amosite asbestos (5-25
pg/em?) augmented IRE-1 protein expression in both human
A549 (Figure 2A) and primary isolated rat AT2 cells (Figure
2B). Furthermore, asbestos-induced IRE-1 expression was com-
parable to thapsigargin, a known ER stress inducer. Asbestos
also increased XBP-1 spliced protein (active version) expression
after a 1- to 24-hour exposure period (Figure 2C). In general,
1.5- to twofold increases in IRE-1 and XBP-1 spliced protein
expression were evident as early as 1 hour, and persisted over 24
hours. H,O,, an endogenous oxidative stress that acts similarly

Figure 2. Oxidative stress from
asbestos or H,O, induces al-
veolar epithelial cell (AEC) ER
stress as assessed by protein
expression of IRE-1 and XBP-
1 (spliced). (A) A549 cells were
exposed to amosite asbestos (5-
25 ng/cm?) or Hy0, (20-50 wM)
for 1 hour, and then IRE-1 pro-
tein expression was assessed by
Western blot analysis (blot is
representative of four separate
experiments). (B) Rat alveolar
epithelial type (AT) 2 cells were
exposed to amosite asbestos
25 nglem?), H0, (20 pM),
or thapsigargin (Thap; 80 uM)
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for 1 hour, and then IRE-1 pro-
tein expression was assessed by
Western blot analysis (repre-
* sentative blot of eight sepa-
rate experiments). (C) A549
cells were exposed to amosite
asbestos (5-25 p.g/cm?) or H,0,
(20 uM) for various periods of
time, and then XBP-1 spliced pro-
tein expression was assessed by
Western blot analysis (blot is rep-
resentative of six separate experi-
ments). *P < 0.05 versus control.
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to asbestos in triggering DNA damage, p53 activation, and
mitochondria-regulated apoptosis (8, 22), also stimulated AEC
IRE-1 and XBP-1 spliced protein expression. Furthermore, asbestos
and H,O, each augmented A549 cell BiP protein expression over 1
to 4 hours to levels that were comparable to thapsigargin (Figure
E2). Taken together, these findings suggest that AEC ER stress
activation occurs after exposure to both exogenous (asbestos fibers)
and endogenous (H,O,) oxidative stress (Figure 2 and Figure E2).

Asbestos Stimulates AEC ER Ca* Release and Apoptosis

Calcium release from the ER to the mitochondria is triggered by
several intrinsic apoptotic stimuli (6, 24, 25). However, ER Ca®"
release to the mitochondria appears necessary, but not sufficient,
for inducing intrinsic apoptosis in some cells (19, 24, 25). Crocid-
olite asbestos-induced release of intracellular Ca** stores is im-
portant in mediating DNA damage in human white blood cells
(26). We reasoned that oxidative stress (e.g., asbestos fibers and
H,0,) augments AEC ER Ca®* release, which may lead to intrinsic
apoptosis. To address AEC ER Ca?" release, we used FURA-2—
loaded AECs exposed to amosite asbestos, HyO,, or thapsigargin.
As shown in Figure 3, amosite asbestos (25 wg/em?®) and H,0, (20
M) rapidly augmented Ca®" release from A549 and rat AT2 cells
in a manner comparable to thapsigargin (80 uM). In general, Ca®*
release occurred within 5 to 10 minutes, and remained slightly
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elevated for over 12 minutes of monitoring. As shown in Figure
3D, asbestos-induced Ca?' release occurred in Ca*-free media,
implicating an important role for the ER as the source of the
Ca*". In contrast, control AT2 cells not exposed to asbestos dem-
onstrated negligible Ca®* release for over 15 minutes of monitoring
(Figure 3F). These findings demonstrate that AEC oxidative stress
after exposure to asbestos fibers or H,O, results in intracellular
ER Ca®" release that is similar to thapsigargin.

Previous studies have established that agents inducing ER
stress, such as thapsigargin and tunicamycin, can trigger apoptosis
in various cells (27, 28). To confirm whether thapsigargin alone
causes AEC apoptosis, we used a highly sensitive DNA fragmen-
tation assay. Thapsigargin (30-200 nM) augmented AS549 cell
apoptosis in a dose-dependent manner after a 24-hour exposure
period (Figure E3A). To assess whether blocking ER Ca®" re-
lease attenuates oxidant-induced AEC apoptosis, A549 cells
were exposed to either amosite asbestos (25 wg/cm?) or H,0,
(100 wM) for 24 hours in the presence or absence of BAPTA
(10 wM), an intracellular Ca®* chelator known to inhibit ER
stress—induced intrinsic apoptosis in A549 cells exposed to the
antitumor agent, rhein (29). As expected, asbestos and H,O,
each induced apoptosis by two- to 2.5-fold, respectively (Figure
E3B). BAPTA modestly reduced asbestos- and H,O,-induced
apoptosis, although these differences did not reach statistical
significance (Figure E3B). Collectively, these data show that
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Figure 3. Oxidative stress from asbestos or H,O, induces AEC Ca** signaling that is similar to a known ER stressor, thapsigargin. A549 cells were exposed
to (A) thapsigargin (80 uM), (B) H20, (50 uM), or (C) amosite asbestos (25 wg/cm?) for 15 minutes, and Ca?" signaling assessed by a Fura-2 assay was
evident under all conditions. (D) A549 cells exposed to amosite asbestos (25 Mg/sz) for 15 minutes in a Ca®*-free media still showed evidence of Ca®*
release, suggesting that the ER is a source of Ca®". (£) Rat AT2 cells were exposed to amosite asbestos (25 wg/cm?) or control media without asbestos (F) for
15 minutes; Ca®" release was evident only in the asbestos-exposed AT2 cells. Representative data from at least three separate experiments are shown.
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oxidative stress after asbestos or H,O, exposure induces intra-
cellular AEC Ca”" release, and suggest that ER Ca’" release
may be important in mediating AEC apoptosis.

Euk-134 Attenuates Asbestos-Induced ER Stress
and Apoptosis

We previously demonstrated that mitochondria-derived ROS
are important for mediating asbestos-induced AEC intrinsic ap-
optosis (7, 8, 22). Furthermore, our group showed that Euk-134,
a combined SOD and catalase mimetic, prevents particulate
matter—-induced mitochondrial ROS production assessed using
a mitochondria-targeted ratiometric sensor, as well as intrinsic
apoptosis of human A549 and primary isolated rat AT2 cells
(20). Because antioxidants, including those targeted to the mi-
tochondria, attenuate ER stress and apoptosis (30-33), we rea-
soned that Euk-134 would be protective in our model. To
determine whether Euk-134 attenuates asbestos-induced AEC
ER Ca’" release, we used FURA-2-loaded A549 cells that had
been pretreated with Euk-134 (20 uM) or control media and
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then exposed to amosite asbestos (25 wg/cm?). As compared to
untreated asbestos-exposed A549 cells, Euk-134 greatly dimin-
ished asbestos-induced Ca’" release over the 15 minutes of
monitoring (Figures 4A and 4B). To address whether Euk-134
alters AEC ER stress and downstream apoptosis, we examined
the protective effects of Euk-134 (20 nM) against amosite as-
bestos- (25-50 p.g/cm?) and thapsigragin (80 wM) -induced IRE-1
protein expression and apoptosis. Euk-134 prevented asbestos- and
thapsigragin-induced IRE-1 protein expression after a 4-hour expo-
sure period (Figure 4C), as well as apoptosis assessed by DNA
fragmentation at 24 hours (Figure 4D). Thus, these findings suggest
an important upstream role for mitochondrial-derived ROS in me-
diating asbestos-induced AEC ER stress response and subsequent
intrinsic apoptosis.

Bcl-X, Overexpression Blocks Asbestos-Induced
AEC ER Stress and Apoptosis

Others, as well as our group, have shown that overexpression of
antiapoptotic Bcl-2 family members, such as Bcl-X; , prevent the

g ———

1.9 351.75 651.75 951.75 1,251.75 1,551.75

Time (sec)

= A549 "
m A549 + Euk-134

DNA Fragmentation
(Fold Control)

0 25 50 TG
Asbestos (ug/cm?) (80 uM)

Figure 4. Eukarion (Euk) 134 attenuates asbestos-induced ER stress and apoptosis. A549 cells were pretreated with either control media or Euk-134
(20 wM) for 2 hours and then exposed to amosite asbestos (25 pg/cm?) in the absence (A4) or presence (B) of Euk-134 for 15 minutes to assess Ca*
release by a Fura-2 assay. Euk-134 reduces asbestos-induced Ca®* release (representative data depicted from three separate experiments). (C) A549
cells were pretreated as described previously here, then exposed to either control media, amosite asbestos (5-25 wg/cm?), or thapsigargin (80 pM)
in the absence or presence of Euk-134 for 1 hour, and then IRE-1 protein expression was assessed. A densitometric analysis of IRE-1 expression
corrected for protein loading from three separate experiments is shown above the blot. *P < 0.05 versus control, 1P < 0.05 versus asbestos or TG in
the absence of Euk-134 (n = 3). (D) A549 cells were pretreated as described previously here, then exposed to control media, amosite asbestos (5-25
pug/cmz), or thapsigargin (TG; 80 nM) in the absence (blue bars) or presence (red bars) of Euk-134 for 24 hours, and then apoptosis was assessed by
DNA fragmentation expressed as fold control. *P < 0.05 versus control, TP < 0.05 versus asbestos or TG in the absence of Euk-134 (n = 6).
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reductions in mitochondrial membrane potential and intrinsic
apoptosis after exposure to various apoptogenic agents, includ-
ing asbestos (5, 7). Antiapoptotic Bcl-2 family members, which
act at both the mitochondria and the ER, modulate ER Ca?*
release to the mitochondria in part by controlling the phosphor-
ylation state of IP;R located in the mitochondria-associated
membrane via its BH4 domain (5, 6, 17, 24, 25). We reasoned
that the protective effects of Bcl-X; overexpression in AECs
occurs by attenuating asbestos-induced ER stress response and
Ca®" release. To address this possibility, we used A549 cells
that stably overexpress Bcl-X; as previously characterized (7).
As compared to lentivirus empty vector—transfected A549 cells,
Bcl-X; overexpression greatly diminished amosite asbestos
(25 wg/em?)-induced Ca*" release over the 15 minutes of mon-
itoring (Figures 5A and 5B). To determine whether Bcl-X,
overexpression reduces AEC ER stress, we examined the effects
of Bcl-X overexpression against asbestos- (5-25 wg/cm?) and
thapsigragin (80 wM)-induced IRE-1 and XBP-1 spliced protein
expression over 4 hours. Bcl-X; —overexpressing A549 cells had
negligible increases in asbestos- and thapsigragin-induced ER
stress response (IRE-1 and XBP-1 spliced protein expression) as
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compared to lentivirus empty vector-transfected controls (Figure
5C). Finally, we determined whether Bcl-X; —overexpressing A549
cells have diminished thapsigargin-induced apoptosis similar to what
we previously reported in asbestos-exposed Bcl-X; —overexpressing
A549 cells (7). As compared to lentivirus empty vector—transfected
controls, Bcl-X| —overexpressing A549 cells have significantly
reduced amosite asbestos- (25-50 pg/cm?) and thapsigargin
(80 wM)-induced apoptosis (Figure 5D). Taken together, these
findings show an important role for Bcl-X in regulating asbestos-
induced AEC ER stress response, Ca>* release, and subsequent
intrinsic apoptosis.

Asbestos Does Not Alter Mitochondria—-ER Colocalization

The mitochondria and the ER are intimately associated, and this
connection can be increased by apoptotic signals (34, 35). How-
ever, the association between the mitochondria and the ER in
AECs, and whether this association is altered in the setting of
intrinsic apoptosis after asbestos exposure, are unknown. To de-
termine whether asbestos alters AEC mitochondria—ER colocal-
ization, we used immunofluorescence microscopy to label A549
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that overexpress Bcl-X, (B) have reduced baseline Ca®* levels and less asbestos-induced Ca?* release as assessed by a Fura-2 assay over 15 minutes
(representative data depicted from three separate experiments). (C) Lentivirus empty vector-transfected A549 cells and A549 cells that overexpress
Bcl-X, were exposed to either control media, amosite asbestos (5-25 pg/cm?), or thapsigargin (80 M) for 1 hour, and then IRE-1, XBP-1 spliced,
and Bcl-X, protein expression was assessed. A densitometric analysis of IRE-1 and XBP-1 spliced expression corrected for glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) from at least three separate experiments shows negligible asbestos- or thapsigargin-induced protein expression. (D) As
compared to lentivirus empty vector—transfected A549 cells (blue bars), A549 cells that overexpress Bcl-X, (red bars) have reduced amosite asbestos—
(25-50 p.g/cm?) or thapsigargin (TG; 80 pM)-induced apoptosis, as assessed by DNA fragmentation at 24 hours, expressed as fold control. *P < 0.05
versus control, TP < 0.05 versus asbestos or TG in lentivirus empty vector-transfected A549 cells (n = 3-6).
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cell mitochondria (COX IV) and ER (calnexin) after a 4-hour
exposure period in the presence or absence of amosite asbestos.
As shown in Figure 6, semiquantitative analysis revealed that,
under control conditions, nearly 90% of the cells had evidence
of colocalization of the mitochondria and the ER, with roughly
45% of the cells with low-level colocalization (arbitrarily defined
as six or fewer colocalized areas per cell) and another 45% with
high-level colocalization (defined as over six colocalized areas per
cell). As compared to controls, amosite asbestos (5-25 wg/cm?)
afforded negligible changes in the levels of mitochondria—ER coloc-
alization: low- and high-level colocalization was approximately 38
and 45%, respectively, for over 200 cells assessed for each condi-
tion. Consistent with our previous reports (7, 8), asbestos induced
AEC mitochondrial dysfunction, as assessed by loss of COX IV
immunostaining (Figure 6D).

4-PBA Attenuates Asbestos- and Thapsigargin-Induced AEC
IRE-1 Expression, but Affords Negligible Protection against
ER Ca’' Release and Apoptosis

Small molecular chaperones, such as 4-PBA, can improve ER protein
folding and mitigate the ER-UPR (36). The role of 4-PBA is being
investigated in the treatment of diverse ER-related diseases involv-
ing misfolded proteins, such as cystic fibrosis, diabetes, Alzheimer’s
disease, cardiac fibrosis, and myofibroblast differentiation of lung
fibroblasts important in pulmonary fibrosis (36-40). To determine
whether 4-PBA is protective in our model, we treated AECs with
4-PBA (2.5 mM) for 4 hours and then assessed amosite asbestos—,
H,0,-, and thapsigargin-induced IRE protein expression at 4 hours,
ER Ca®" release over 15 minutes, and apoptosis at 24 hours. As
expected, 4-PBA reduced asbestos-, H,O,-, and thapsigargin-
induced increases in A549 cell IRE-1 protein expression (Figure
7A). Notably, 4-PBA afforded negligible protection against
asbestos-induced AT2 cell ER Ca’" release (Figure 7B),
thapsigargin-induced A549 cell ER Ca”" release (Figure 7C),
and asbestos-induced apoptosis in human A549 or rat AT2 cells
(Figure 7D).

DISCUSSION

AEC apoptosis is an important early event implicated in the
pathogenesis of pulmonary fibrosis, including that due to asbes-
tos exposure. The major findings in this study are that exposure
of AECs to oxidative stress (e.g., amosite asbestos fibers or
H,0,) induces an ER stress response consisting of ER Ca?*
release and increased mRNA and protein expression of IRE-1
and XBP-1 spliced that are comparable to thapsigargin, a known

® Mitochondrial

ER stress inducer. Furthermore, we show that Euk-134, a SOD/
catalase mimetic, as well as Bcl-X; overexpression each atten-
uate asbestos- and thapsigargin-induced ER stress response
(IRE-1 expression and ER Ca*" release) and apoptosis. Finally,
we show that 4-PBA reduced asbestos- and thapsigargin-induced
AEC IRE-1 expression, but did not attenuate ER Ca™ release or
apoptosis. Collectively, our results demonstrate that asbestos and
H,0, activate an AEC ER stress response, and that oxidant-
induced ER Ca™ release has an important role in promoting
AEC apoptosis.

An important observation in this study is that asbestos fibers in-
duce an ER stress response in cultured AECs—both human A549
and primary isolated rat AT2 cells. Asbestos-induced AEC ER
stress is supported by several lines of evidence that includes the
following: (1) increased mRNA expression of molecules involved
in the ER UPR (e.g. IRE-1, XBP-1, BiP, and CHOP); (2) in-
creased ER UPR protein expression (e.g. IRE-1, XBP-1 spliced,
BiP, and, to a lesser extent, CHOP); and (3) augmented ER Ca®*
release, even in the presence of a Ca’"-free media (Figures 1-3;
Figures E1 and E2). These findings of oxidative stress-induced ER
stress in AECs parallel our earlier studies showing that asbestos
fibers and H,O, induce comparable levels of mitochondrial dys-
function, p53 activation, and intrinsic apoptosis in A549 and rat
AT?2 cells (7, 8, 22). Our observation that asbestos activates an ER
stress response in AECs concurs with prior in vitro studies showing
that asbestos stimulates ER stress in breast cancer and white blood
cells (26, 41), as well as a rat model of asbestosis demonstrating
abnormalities in the ER of AECs (15). Although we chose to focus
on AEC ER stress pathway involving IRE-1 expression and ER
Ca®" release given their implicated roles in apoptosis, it will be of
interest determining whether other arms of the ER stress pathway
contribute to AEC apoptosis after asbestos exposure (e.g. PERK
and ATF6).

Similar to various groups working in other cell types (27, 28), we
show that a well known ER stressor (thapsigargin) induces AEC
apoptosis (Figure E3). Collectively, our data support a model in
which oxidative stress from asbestos or H,O, induce AEC ER
stress that can lead to apoptosis (Figure E4). This model is con-
sistent with the observations of several groups showing that the
alveolar epithelium in patients with IPF demonstrates colocaliza-
tion of ER stress response in apoptotic AECs (4, 9, 10). Interest-
ingly, using a novel murine model of AEC-specific mutant
surfactant protein expression, Lawson and colleagues (14) dem-
onstrated that AEC ER stress occurs in vivo, but that this does
not cause pulmonary fibrosis unless the mice were also exposed to
a low dose of a fibrogenic agent (e.g., bleomycin). Notably, aug-
mented pulmonary fibrosis in the mice with AEC-specific mutant

Figure 6. Asbestos causes AEC mitochondrial dysfunction
without altering colocalization of the mitochondria and
the ER. A549 cells were exposed to control media (A
and B) or 25 pug/cm2 amosite asbestos (C and D) for
4 hours, and then immunofluorescence with semiquanti-
tative analysis of the mitochondria (COXIV; punctate red),
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Low Co-
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o
N
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% Cells (n = 200)

the ER (calnexin; punctate green), colocalization (punctate
yellow—orange; arrows), and mitochondrial dysfunction
(loss of mitochondrial red staining) (D) was performed as
described in the MATERIALS AND METHODS. The graph depicts
the semiquantitative analysis for control and asbestos
(Asb-5, 5 pug/cmz; Asb-25, 25 pug/cmz)-exposed cells; x-axis
(percentage of 200 cells analyzed for each condition). A
representative cell with low mitochondria—ER colocaliza-
tion (A), high mitochondria—ER colocalization (B and C),
and mitochondrial dysfunction (D) are shown. Data are
from one of two separate experiments with similar results.
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Figure 7. 4-Phenylbutyric acid (4-PBA) prevents oxidant- (asbestos and H,0O,) and thapsigargin-induced AEC IRE-1 expression, but does not
attenuate Ca’" release or apoptosis. (A) A549 cells were pretreated with either control media (blue bars) or 4-PBA (red bars) for 4 hours, then
exposed to amosite asbestos (25 pug/cmz), H,0, (20 uM), or thapsigargin (80 wM) for 4 hours, and IRE-1 protein expression was assessed. The
densitometric analysis of IRE-1 expression for each condition corrected for actin from at least three separate experiments is shown. (B) Rat AT2 cells
or (C) A549 cells were pretreated with 4-PBA, as described previously, and then exposed to either (B) amosite asbestos (25 wg/cm?) or (C)
thapsigargin (80 uM) in the absence (blue lines) or presence (red lines) of 4-PBA for 15 minutes while assessing Ca®" release by a Fura-2 assay
(representative data depicted from two separate experiments). (D) A549 (blue bars) and rat AT2 (red bars) cells were pretreated as described
previously, then exposed to either control media (Con), amosite asbestos (Asb; 25 pug/cmz), 4-PBA (2.5 mM), or asbestos plus 4-PBA for 24 hours,
and then apoptosis was assessed by DNA fragmentation. Data are expressed as fold control. *P < 0.05 versus control (n = 6); TP < 0.05 versus

asbestos, H,0,, or thapsigargin in the absence of 4-PBA.

surfactant protein expression exposed to low-dose bleomycin was
associated with increased AEC apoptosis. Future in vivo studies
are warranted to assess the causal role of AEC ER stress in the
pathogenesis of asbestosis.

A novel finding in this study is that Euk-134, a SOD/catalase
mimetic that we have previously shown blocks particulate
matter—induced mitochondrial ROS production and intrinsic
AEC apoptosis, as well as Bcl-X; overexpression each attenuated
asbestos- and thapsigargin-induced ER stress response (IRE-1
expression and ER Ca®" release) as well as apoptosis (Figures 5
and 6). We also confirm that the ER and mitochondria are
closely associated in AECs, as assessed by immunofluorescence
microscopy with semiquantitative analysis (Figure 6). Moreover,
we showed that asbestos exposure does not alter this close associ-
ation, despite evidence of inducing mitochondrial dysfunction.
These findings implicating mitochondrial ROS production as the
principal source of asbestos-induced free radicals in our model
are in accord with our prior studies that include the following:
() p0-A549 cells lacking mitochondrial DNA and incapable of

mitochondrial ROS production, are protected against asbestos-
induced DNA damage, p53 activation, and apoptosis (7, 8, 22);
(2) using highly sensitive reduction—oxidation—sensitive green
fluorescent proteins targeted to the mitochondria or cytoplasm
to detect ROS production, we have previously reported that
the mitochondria are the primary source of ROS generation
(42); (3) the mitochondria-regulated (intrinsic) death pathway is
the primary pathway mediating AEC apoptosis in vitro (7); and (4)
a mitochondria-targeted DNA repair protein (8-oxoguanine
DNA glycosylase) or mitochondrial aconitase 2 overexpression
each prevent oxidant-induced AEC apoptosis, despite high levels
of mitochondrial ROS production (42). Our data with asbestos-
exposed AECs implicating mitochondrial ROS in triggering ER
stress also concur with studies showing that antioxidants, including
those targeted to the mitochondria, attenuate oxidative stress—in-
duced ER stress and apoptosis in other cell types (30-33).
Mitochondria-targeted antioxidants protect against oxidant-
induced ER stress and intrinsic apoptosis of pancreatic beta cells
(31, 33). Mitochondrial ROS activate the UPR in cancer cells,
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thereby promoting cell survival under glucose deprivation condi-
tions (43). Although not examined in our study, there is likely
a spectrum of mitochondrial ROS production whereby low levels
of ROS support cell survival, but higher levels promote cell
death. We acknowledge that mitochondria-independent ROS
derived from the plasma membrane and/or cytoplasmic sources
may contribute to the protective effects of Euk-134. However, work
by others (44-48), as well as our group (20), using a variety of
experimental systems has established that Euk-134 primarily func-
tions by limiting mitochondrial ROS production. Taken together,
these observations implicate important cross-talk between the ER
and the mitochondria in AECs exposed to oxidative stress that
determines whether cells will survive or undergo apoptosis.

Numerous studies show that Ca®>" transfer from the ER to
the mitochondria, which acts in conjunction with a variety of
apoptotic signals, is a crucial trigger for opening the permeabil-
ity transition pore that irreversibly commits cells to intrinsic
apoptosis (5, 6). Several lines of evidence presented herein im-
plicate an important role for ER Ca’" release in mediating
oxidant-induced AEC apoptosis. First, similar to thapsigargin,
asbestos and H,O; each trigger AEC ER Ca®" release within
minutes after exposure. Second, Euk-134 and overexpression of
Bxl-X; each reduce AEC ER Ca®" release as well as apoptosis
after exposure to oxidative stress or thapsigargin. Finally, 4-
PBA, which facilitates ER protein folding and reduces the ER
UPR (36-40), attenuates oxidative stress—induced IRE-1 pro-
tein expression, as expected, but does not prevent AEC ER
Ca®" release or apoptosis (Figure 7). This suggests that ER
Ca®" release, rather than activation of the IRE-1 pathway, is im-
portant in mediating oxidative stress-induced AEC apoptosis. The
detailed molecular mechanism(s) underlying ER-mitochondria
cross-talk in AECs exposed to asbestos that promotes apoptosis
is unclear. Some possible mechanisms involved in our model are
suggested by the work of several groups demonstrating that the
antiapoptotic molecule, Bcl-Xp , interacts directly with the IP;R
located on the ER to empty ER Ca?* stores, thereby preventing
mitochondrial Ca®>* loading, whereas proapoptotic molecules
(e.g., BAX) enhance ER Ca’" release to the mitochondria in
part by binding to Bcl-X;_ to counteract its effect on IP3R (6, 16,
17). Bax/Bak double-knockout murine embryonic fibroblasts
have reduced ER Ca’" levels, and are resistant to intrinsic
apoptotic cell death, an effect that can be overcome by over-
expression of sarcoplasmic ER Ca®"ATP, suggesting that
ER-localized Bax/Bak acts as an apoptotic gateway by inducing
ER Ca®" release (16-18). Furthermore, recent studies have
established that close ER-mitochondria juxtapositioning at
mitochondria-associated membranes enables ER Ca®" transfer
to the mitochondria by protein—protein interactions between
the IP;R and the voltage-dependent anion channel located on
the outer mitochondrial membrane, followed by Ca®* transfer
via the mitochondrial Ca®" uniporter located in the inner mito-
chondrial membrane (6, 24, 25, 34, 35). Another possibility is
that the inability of 4-PBA to prevent asbestos-induced AEC
apoptosis in our model may be mediated by a recently described
effect of 4-PBA in preventing prosurvival signaling via NF-xB
in lung epithelial cells (49). Although the precise molecular
mechanism(s) that account for asbestos-induced AEC mito-
chondria—ER cross-talk that drives intrinsic apoptosis, as well as
the in vivo relevance of our in vitro findings, await further study,
our data suggest an important role for mitochondrial ROS pro-
duction, ER Ca®" release, and modulation by Bcl-2 family
members.

In conclusion, our data establish an innovative role for ER
Ca®" release in mediating oxidant-induced AEC mitochondrial
dysfunction and apoptosis. We demonstrate that Euk-134,
a SOD/catalase mimetic, as well as Bcl-X overexpression, each

reduce asbestos- and thapsigargin-induced ER stress response
(IRE-1 expression and ER Ca’" release) and apoptosis.
Asbestos-induced AEC ER stress and apoptosis occur despite
not altering the close association between the ER and mito-
chondria. Finally, 4-PBA, a small molecular chaperone known
to inhibit the ER UPR, reduces asbestos- and thapsigargin-
induced AEC IRE-1 expression, but does not attenuate ER
Ca®" release or apoptosis. A hypothetical model illustrating
how these events might be coordinated is shown in Figure E3.
The coupling of mitochondrial ROS production to an ER stress
response, especially ER Ca®" release, is crucial for mediating
intrinsic AEC apoptosis after exposure to oxidative stress, such
as asbestos fibers. We reason that these findings, showing cross-
talk between the ER and the mitochondria in AECs exposed to
oxidative stress, are important in the pathophysiologic events
leading to oxidant-induced toxicity, as seen in various degener-
ative disorders, respiratory diseases (e.g. asbestosis and pulmo-
nary fibrosis), tumors, and aging.

Author disclosures are available with the text of this article at www.atsjournals.org.
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