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ulfur mustard induces apoptosis in lung epithelial cells via a caspase
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a b s t r a c t

Sulfur mustard (SM [bis-(2-chloroethyl) sulfide]) is a chemical warfare agent that causes skin blisters
presumably due to DNA alkylation and cross-links. We recently showed that SM also induces apoptotic
death in cultured normal human bronchial/tracheal epithelial (NHBE) cells and small airway epithelial
cells (SAEC) in vitro. In this process, caspases-8 and -3, but not caspase-9, were strongly activated; this
suggests a death receptor pathway for apoptosis. We now show that rat lungs were induced to undergo
apoptosis in vivo following exposure of rats to SM by inhalation. Further study of the mechanism of
apoptosis due to SM was performed with cultured NHBE cells and SAEC using tetrapeptide inhibitors
aspases
poptosis
mplification loop
ronchial/tracheal epithelial cells
mall airway epithelial cells
at lung

of caspases-3, and -8. Inhibition of caspase-8 drastically reduced the activation of caspase-3 and almost
eliminated that of caspase-9. Moreover, caspase-3 inhibition markedly reduced the activation of caspase-
8 and also almost completely inhibited activation of caspase-9. These results suggest a death receptor
pathway of apoptosis that utilizes a feedback amplification mechanism involving an activated death
receptor complex that leads to the activation of caspase-9 via a caspase-3 pathway. These results may
be important for the design of inhibitors of these pathways for therapeutic intervention to attenuate SM

lesio
injury in respiratory tract

. Introduction

Sulfur mustard (bis-(2-chloroethyl) sulfide; SM) is a highly reac-
ive vesicating compound. While originally used as a chemical

arfare agent, SM now poses a new threat to both the military and

ivilians (Saladi et al., 2006). In addition to severe skin blistering,
M causes epithelial damage to eyes and respiratory tract (Balali-
ood and Hefazi, 2006; Dacre and Goldman, 1996). SM injury to

Abbreviations: SM, sulfur mustard; NHBE, normal human bronchial/tracheal
pithelial; SAEC, small airway epithelial cells.
� The opinions, interpretations, conclusions, and recommendations are those of
he author and are not necessarily endorsed by the U.S. Army or the Department of
efense. The experimental protocol was approved by the Animal Care and Use Com-
ittee at the United States Army Medical Research Institute of Chemical Defense and

ll procedures were conducted in accordance with the principles stated in the Guide
or the Care and Use of Laboratory Animals (National Research Council, Publication
o. 85-23, 1996), and the Animal Welfare Act of 1966 (P.L. 89-544), as amended.

�� This research was supported by the Defense Threat Reduction Agency – Joint
cience and Technology Office, Medical S&T Division, by the US Army Medical
esearch and Materiel Command under contract DAMD17-00-C-0026, and in part
y the National Cancer Institute Grant 1RO1 CA100443-01A1 (to DSR).
∗ Corresponding author. Tel.: +1 410 436 3074.

E-mail address: radharaman.ray@us.army.mil (R. Ray).

300-483X/$ – see front matter Published by Elsevier Ireland Ltd.
oi:10.1016/j.tox.2010.03.008
ns.
Published by Elsevier Ireland Ltd.

any of these target organs may be quite debilitating; however, SM
mortality is associated with pulmonary damage and respiratory
tract lesions (Urbannetti, 1988). In humans, SM inhalation exposure
is associated with laryngitis, tracheobronchitis, bronchiolitis oblit-
erans, bronchopneumonia, chronic obstructive pulmonary disease
(COPD), bronchiectasis, asthma, and large airway narrowing; these
conditions are exacerbated over time (Balali-Mood and Hefazi,
2006; Ghanei and Harandi, 2007; Bijani and Moghadamnia, 2002;
Hefazi et al., 2005; Emad and Emad, 2007). The mechanisms
that underlie these SM-induced respiratory lesions, however, are
unknown.

SM induces cell death in the basal epidermal layer as well as
in the epithelial layers of the lung and cornea (Meier et al., 1984;
Gross et al., 1988; Petrali et al., 1990; Smith et al., 1990, 1991;
Papirmeister et al., 1991; Ray et al., 2008). Our results and those
from other laboratories indicate that cell death due to SM involves
apoptosis as an early event; however, also involves an apoptotic
to necrotic continuum depending on SM concentration and time

after SM exposure (Dabrowska et al., 1996; Rosenthal et al., 1998;
Ray et al., 2008). In vertebrates, apoptosis is subdivided into two
forms: an extrinsic pathway, mediated by death receptors within
the TNFR (tumor necrosis factor receptor) superfamily; and an
intrinsic pathway, mediated by the release of apoptogenic factors

http://www.sciencedirect.com/science/journal/0300483X
http://www.elsevier.com/locate/toxicol
mailto:radharaman.ray@us.army.mil
dx.doi.org/10.1016/j.tox.2010.03.008
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Fig. 1. SM-induced activation of caspase-3 in normal human small airway epithe-
lial cells (SAEC) and bronchial/tracheal epithelial (NHBE) cells. SAEC (A) or NHBE (B)
cells were exposed to the indicated doses of SM and cytosolic extracts were derived
R. Ray et al. / Toxic

rom the mitochondria (Kumar, 1999). Both forms of apoptosis are
ediated by caspases, cysteine proteases that recognize aspartate

t their substrate cleavage site (Porter and Janicke, 1999). Their pro-
eolytic substrates are key proteins involved in the structure and
ntegrity of the cell. The extrinsic and intrinsic modes of apopto-
is rely primarily on caspases-8 and -9, respectively, as initiator
aspases (Kumar, 1999).

The extrinsic pathway begins with the activation of one of
he death receptors by either the binding of its cognate ligand or
verexpression/inappropriate cross-linking of the death receptor
tself or both (Aragane et al., 1998). Following activation, FADD
Fas associated death domain) as well as additional adaptor pro-
eins, are recruited to the cytoplasmic C-terminal death domains of
eceptors, followed by procaspase-8. Procaspase-8 then undergoes
utocatalytic cleavage by induced proximity at the multiprotein
eath-inducing signaling complex (DISC) and, in turn, proteolyt-

cally cleaves and activates effector caspases, caspases-3, -6 and
7.

The intrinsic mode of apoptosis is centered around signaling
rom the mitochondria; this involves the release of pro-apoptotic
actors (e.g., AIF (apoptosis inducing factor), cytochrome c and
mac/Diablo), which depends on the apoptotic stimulus as well
s on the balance of members of the Bcl-2 family of pro-
eins (Wong and Puthalakath, 2008). Some of these factors (e.g.,
cl-2 and Bcl-xL) stabilize mitochondria, while other members,

ncluding Bax and Bak, destabilize this organelle. Cytochrome c
nd ATP/dATP bind Apaf1 (apoptosis activating factor 1) in the
ytosol to form the heptameric apoptosome, which activates the
nitiator procaspase-9, which in turn activates the effector cas-
ases.

The extrinsic and intrinsic pathways may not be mutually
xclusive. For example, many cells require the cleavage of Bid by
aspase-8, which in turn activates Bax and/or Bak and thus the
ntrinsic pathway and caspase-9, in order to effectively carry out
R-mediated apoptosis (Fulda et al., 2001; Scaffidi et al., 1998). An
lternate cross-talk pathway involving the activation of caspase-9
y caspase-3 has also been described (Fujita et al., 2001). Therefore,

n deciphering the apoptotic pathways, it is necessary to detect not
nly which caspases are activated but also the temporal relation-
hips between their activation signals.

Following SM exposure, keratinocytes undergo a combination of
oth intrinsic and extrinsic apoptosis (Rosenthal et al., 2000, 2003).
he intrinsic response involves increased levels and activation of
almodulin upstream to this pathway. SM also increases both the
as receptor and its ligand, causing procaspase-8 activation. Inhibit-
ng either the calmodulin (Simbulan-Rosenthal et al., 2006) or the
R pathway (Rosenthal et al., 2003) via expression of antisense or
ominant-negative constructs, respectively, reduced SM toxicity

n culture and vesication in human skin grafted onto nude mice.
ol et al. (2009) recently showed that peptide inhibitors specific

or caspase-8 or -9 could prevent SM-induced microvesication in
uman skin in organ culture. In the present study, we investigated
hether apoptosis due to SM in airway epithelial cells also involves

hese two pathways and the cross-talk between the two. We stud-
ed the activation of caspases-9, -8, -3, and the effects of inhibiting
aspases-8 and -3, by specific peptide inhibitors in cultured human
irway epithelial cells.

. Experimental

.1. Cells
Frozen stock primary normal human bronchial/tracheal epithelial (NHBE) cells
nd small airway epithelial cells (SAEC), as well as their growth media (BEGM, basal
pithelial growth medium; SAGM, small airway growth medium), were obtained
rom Lonza, Walkersville, MD. NHBE cells and SAEC were maintained in serum-free
EGM or SAGM, respectively, supplemented with bovine pituitary extract, hEGF,
ydrocortisone, epinephrine, transferring, insulin, and retinoic acid. Since NHBE
after 16 h and subjected to immunoblot analysis using antibodies specific for exe-
cutioner caspase-3. The positions of the immunoreactive proteins are indicated.
Results shown are representative of the whole.

cells and SAEC become irreversibly contact-inhibited, they were subcultured or used
when they reached 80% or less confluence. To maintain consistency in results, cells
from the same donor were used up to a culture passage 3.

For exposure to SM, cells were grown to about 80% confluency and then exposed
to SM diluted in BEGM or SAGM to final concentrations of 50 (Figs. 2 and 3), 100
(Figs. 1–3), or 300 �M (Figs. 1–3). SM undergoes rapid hydrolysis in aqueous solution
and was, therefore, diluted in respective media immediately before use. Cells were
exposed to diluted SM in growth medium as described previously (Ray et al., 1995).
Briefly, a formulation consisting of 5 �l of neat SM oily globule frozen in 10 ml of
cell growth medium was thawed by warming to room temperature, and vortexed at
top speed for 1 min to solubilize the SM in the medium and produce a 4-mM stock
solution. The stock solution was then added to the cell culture medium in flasks for
indicated SM concentrations, and media was not changed until cells were harvested
after 16 h for further analyses.

2.2. Chemicals

SM (bis-(2-chloroethyl) sulfide; >98% purity) was obtained from the US Army
Edgewood Chemical Biological Center (ECBC), Aberdeen Proving Ground, MD, USA.

2.3. Fluorometric assay of caspase activity

Cytosolic extracts were derived from pooled floating and attached cells and
subjected to fluorometric caspase-3 activity assays using fluorescent tetrapeptide
substrate specific for caspases-3 (Ac-DEVD-aminomethylcoumarin (AMC), BioMol,
Plymouth Meeting, PA) as previously described (Simbulan-Rosenthal et al., 2002).
For the fluorometric caspases-8 and -9 activity assays, the tetrapeptide substrates
specific for caspases-8 and -9 (Ac-IETD-AMC and Ac-LEHD-AMC, respectively;
BioMol, Plymouth Meeting, PA) were utilized in essentially the same reaction assay
conditions as for caspase-3. Free AMC, generated as a result of cleavage of the
aspartate-AMC bond, was monitored over 30 min with a Wallac Victor3V fluorom-
eter (Perkin Elmer, Waltham, MA) at excitation and emission wavelengths of 360
and 460 nm, respectively. The emission at 460 nm from each sample was plotted
against time, and linear regression analysis was used to determine the initial veloc-
ity (slope) for each curve, which yielded the activity. The activity of the samples from
the treated (SM alone or SM + inhibitor) cells divided by that of the untreated con-
trols (0 �M SM) gave the fold increase. The results were presented as fold increase
due to the marked differences in the inherent levels of caspase activities between the
two cell lines, SAEC and NHBE. Inhibitors of caspase-8 (Z-IETD-fmk) and caspase-3
(Z-DEVD-fmk) were obtained from BioMol, Plymouth Meeting, PA, used at a con-

centration of 50 �M, and added to cells 30 min prior to addition of SM. In the amino
acid components of these tetrapeptides, the nitrogen atoms are in the amide form
and the acid groups are in the ester form; none of these should be a nucleophile to
react with SM.
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Fig. 2. SM-induced activation of caspases-3, -8, and -9 in normal human small air-
way epithelial cells. Cells were exposed to the indicated doses of SM, with or without
pretreatment with tetrapeptide inhibitors of caspase-3 or -8. Cytosolic extracts were
derived after 16 h and subjected to quantitative fluorometric caspase activity assays
with Ac-IETD-AMC (for caspase-8) (panel A), Ac-DEVD-AMC (for caspase-3) (panel
B), or Ac-LEHD-AMC (for caspase-9) (panel C) as substrates. Baseline (0 �M SM)
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Fig. 3. SM-induced activation of caspases-3, -8, and -9 in normal human
bronchial/tracheal epithelial cells. Cells were exposed to the indicated doses of
SM, with or without pretreatment with tetrapeptide inhibitors to caspase-3 or -8.
Cytosolic extracts were derived after 16 h and subjected to quantitative fluorometric
caspase activity assays with Ac-IETD-AMC (for caspase-8) (panel A), Ac-DEVD-AMC
(for caspase-3) (panel B), or Ac-LEHD-AMC (for caspase-9) (panel C) as substrates.
Baseline (0 �M SM) enzyme activity for each caspase was as follows (in relative fluo-
rescence units/min): 0.48 (caspase-3), 32.8 (caspase-8) and 0.2 (caspase-9); details
are provided in Section 2. Error bars represent average ± SEM, n = 3. Significance
relates to untreated control (0 �M SM) as follows, **p < 0.01, ***p < 0.001.
nzyme activity for each caspase was as follows (in relative fluorescence units/min):
.01 (caspase-3) and 0.6 (caspases-8 and -9); details are provided in Section 2. Error
ars represent average ± SEM, n = 3. Significance relates to untreated control (0 �M
M) as follows, **p < 0.01, ***p < 0.001.

.4. Immunoblot analysis

SDS-PAGE and transfer of separated proteins to nitrocellulose membranes were
erformed according to standard protocols. Proteins were measured (DCA pro-
ein assay; BioRad, Hercules, CA) and Ponceau S (0.1%) staining of membranes
as performed to verify equal loading and transfer of proteins. Membranes were

hen incubated with antibodies to the p17 subunit of caspase-3 (1:200; Santa Cruz
iotech), procaspase-8 (1:1000; PharMingen), and caspase-9 (1:500; Calbiochem).

mmune complexes were detected by subsequent incubation with appropriate
orseradish peroxidase-conjugated antibodies to mouse or rabbit IgG (1:3000) and
nhanced chemiluminescence (Pierce, Rockford, IL). Immunoblots were stripped of
ntibodies and reprobed with other antibodies to compare different proteins from
he same blot as described in Rosenthal et al. (2003).

.5. Bronchoalveolar lavage (BAL) collection from rats exposed to SM by

nhalation

Male rats (250–300 g) were exposed to SM by inhalation, and bronchoalveo-
ar lavage (BAL) samples were collected as described previously (Anderson et al.,
996). According to this procedure, anesthetized rats were intubated and sub-

ected to SM inhalation by normal breathing. Twenty-four hours after SM exposure,
bronchoalveolar lavage (BAL) samples were collected to analyze cellular com-
ponents. Briefly, the rats were re-anesthetized and exsanguinated by clipping
the vena cava. From each rat, the trachea was isolated and nicked, and a 16-
gauge gavage needle was introduced and secured using a 3/0 suture. The lungs
were lavaged with three 5-ml aliquots of saline as described in Anderson et al.
(1996).

2.6. Statistical analysis

For caspase activity assays, data were compared using two-way ANOVA tests for
significance: p values of <0.05 were considered statistically significant. The results
are representative of at least three independent experiments with reproducible

results.
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Fig. 4. SM-induced activation of caspase-3 in BAL fluid cells in the rat SM inhala-
tion model. Rats were exposed to either ethanol (control) or SM by inhalation as
R. Ray et al. / Toxic

. Results

.1. Caspase-8 is the pivotal caspase in both NHBE cells and SAEC

The central signaling proteins for many of the pathways that
oordinate apoptosis are the caspases (cysteine proteases with
spartate at their substrate cleavage site), which cleave key pro-
eins involved in the structure and integrity of the cell (Porter
nd Janicke, 1999; Kumar, 1999). To dissect the pathways of
M-induced apoptosis in airway epithelial cells, which may be
esponsible for the respiratory lesions, we determined whether
aspase-8 was the pivotal caspase in the response of NHBE cells
nd SAEC to SM. Since caspase-3 has been shown to be a con-
erging point for different apoptotic pathways, we first focused on
aspase-3 proteolytic activation in the SM apoptotic response. Cells
ere exposed to SM at a concentration of either 100 or 300 �M in

he absence or presence of inhibitors of caspase-8 or caspase-3 as
escribed in Section 2. Proteolytic processing of procaspase-3 (p32)
o the active form (p17) was noted in both SAEC (Fig. 1(A)) and NHBE
ells (Fig. 1(B)) after exposure to SM in a concentration-dependent
anner; this was consistent with our previous results and simi-

ar to keratinocyte responses to SM (Rosenthal et al., 2003). We
reviously observed that cultured human keratinocytes exposed to
00–300 �M SM undergo apoptosis as seen by caspase-3 activation
nd other apoptotic markers, e.g., nucleosome-sized DNA ladder-
ng, TUNEL-positive staining of cells and cleavage of the death
ubstrate poly(ADP-ribose) polymerase (Rosenthal et al., 1998).

Next, we pretreated cells with a tetrapeptide inhibitor of
aspase-8 or -3 prior to SM exposure. Fig. 1 shows that cells pre-
reated with the caspase-8 inhibitor almost completely failed to
rocess caspase-3 to its active form. A very faint p17 band (Fig. 1(B),
anel 7) was observed in NHBE cells, but none in SAEC (Fig. 1(A),
anel 7). This is because NHBE cells contain a significantly higher

evel of caspase-9 compared to SAEC (Ray et al., 2008). These results
re in agreement with those of caspase-3 activity in the pres-
nce of the caspase-8 inhibitor shown in Figs. 2(B) and 3(B). Taken
ogether, these findings indicate that caspase-8 is the pivotal cas-
ase in SM-exposed NHBE cells and SAEC, supporting the model
f a DR pathway of apoptosis as we postulated (Ray et al., 2008).
he effects of pretreating the cells with a caspase-3 inhibitor on
aspase-3 processing and caspase-3 enzyme activity are shown in
igs. 1, 2(B) and 3(B), respectively. When cells were pretreated with
caspase-3 inhibitor, caspase-3 processing was inhibited, but not

ompletely blocked; this would be expected if caspase-3 were to
e processed by caspase-8. The bands shown in panel 5 of Fig. 1(A)
nd (B) do not represent the active form of caspase-3 as explained
n Section 4; this is supported by the caspase-3 activity results
Figs. 2(B) and 3(B)).

.2. Caspase-9 is activated by a feedback amplification loop in
oth NHBE cells and SAEC

To further understand the series of molecular events leading
o apoptosis due to SM in airway epithelial cells, we studied the
ctivation of key caspases, in particular the effector caspase-3, the
pstream DR initiator caspase-8 and the upstream mitochondrial
aspase-9. The results are shown in Figs. 2 and 3. Quantitative flu-
rometric caspase-3 and -8 activity assays using cytosolic extracts
erived from SAEC and NHBE cells exposed to increasing doses of
M for 16 h revealed significant increases in both caspase-3 and -8
ctivity. These were similar to our previous observations in SM-

xposed human epidermal keratinocytes (Rosenthal et al., 2003).
lso, consistent with the results of proteolytic processing (Fig. 1),

nhibition of caspase-8 completely blocked the activity of caspase-3
n SAEC and almost eliminated this activity in NHBE cells. Interest-
ngly, inhibition of caspase-8 also greatly reduced the activation
described in Section 2. BAL fluid was collected at 24 h after SM exposure and cen-
trifuged to obtain a cell pellet. Caspase-3 activity was assayed in cytosolic extracts.
Error bars represent average ± SEM, n = 3. Significance relates to untreated control
(0 �M SM) as follows, **p < 0.01.

of caspase-9 in both SAEC and NHBE cells. Previously, it has been
shown that caspase-8 can activate a mitochondrial pathway of
apoptosis in certain cell types (Scaffidi et al., 1998). However, in
the present case, caspase-9 appears to be activated via caspases-8
and -3, since inhibition of caspase-3 also blocks the activation of
caspase-9. Caspase-3 inhibition blocked the activity of caspase-3
as expected and also blocked activation of caspase-8, although not
to the same extent as it inhibited caspase-9. As explained later in
Section 4, the blockade of caspase-8 due to caspase-3 inhibition
does not imply a direct activation of caspase-8 by caspase-3.

3.3. SM induces caspase-3 in vivo

To determine if SM induces apoptosis in vivo, rats were exposed
to SM by inhalation by intubation as described in Section 2, bron-
choalveolar lavage (BAL) samples were collected and cells in BAL
samples were subjected to fluorometric assays for caspase-3 activ-
ity. Results presented in Fig. 4 show that caspase-3 was significantly
(p < 0.05) activated in vivo following SM inhalation exposure. This
observation correlates with the observed sloughing of the tracheal
and bronchial epithelia at the mucosal/submucosal interface in rats
similarly exposed to SM by inhalation (Anderson et al., 1996). In
this study, histological examination of the detached epithelium
revealed scattered individual and small aggregates of cells that
had become condensed and intensely eosinophilic with pyknotic or
karyorrhectic nuclei; these are typical morphological expressions
of apoptotic cell death.

4. Discussion

Previously, we reported that SM induces apoptosis in cultured
normal human airway epithelial cells predominantly via the DR
pathway (Ray et al., 2008). We also showed that NHBE cells are
exquisitely sensitive to SM relative to the SAEC; this is consistent
with the greater degree of damage observed in bronchi vs. alveoli in
individuals exposed to SM (Balali-Mood and Hefazi, 2006). In this
study, we show that in apoptosis due to SM, a feedback amplifica-
tion loop appears to activate caspase-9 via caspase-3. Hypothetical
schemes of this amplification loop (indicated by thick arrows) are
presented in Fig. 5. According to these schemes, SM induces apop-
tosis by both the intrinsic mitochondrial pathway and the extrinsic

DR (Fas/Fas ligand) pathway (Rosenthal et al., 1998, 2003). Caspase-
8 is the initiator caspase in the DR pathway, whereas caspase-9 is
the initiator caspase in the intrinsic pathway. Both pathways acti-
vate caspase-3 which is the executioner caspase responsible for the
end effects in the apoptosis process. We examined these three key
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Cowling, V., Downward, J., 2002. Caspase-6 is the direct activator of caspase-8 in the
ig. 5. Hypothetical scheme of an amplification loop between caspases-8, -9, -3
nd -6 contributing to SM-induced caspase-8 exacerbation in normal human airway
pithelial cells. Dotted lines indicate data not shown.

aspases, -8, -9 and -3, to establish their roles in SM-induced apop-
osis in NHBE cells and SAEC to include the proposed amplification
oop.

As explained in Section 3, caspase-8 is the pivotal enzyme in
M-induced apoptosis. Caspase-8 is also the initiator enzyme in the
mplification loop; moreover, caspase-8 is stimulated by caspase-

via caspase-6 (Cowling and Downward, 2002). We used the
nhibitors of caspases-8 and -3 to elucidate further their roles in
he amplification loop. According to the proposed amplification
cheme, inhibiting caspase-3 activity would block the amplification
teps via caspase-3, but both caspases-8 and -9 would be acti-
ated via the extrinsic and the intrinsic pathways, respectively. The
esults presented in Figs. 2 and 3 show that the caspase-3 inhibitor
locks caspase-3 itself, as expected; however, there is still some
timulation of caspase-8, but not of -9. The absence of caspase-9
ctivity can be explained as due to the elimination of the positive
eedback loop in which active caspase-3 processes procaspase-9
nto its fully active form (Fujita et al., 2001). Thus in human air-

ay epithelial cells, caspase-8 appears to be the pivotal caspase
or activation of caspase-3, which in turn activates both caspases-8
nd -9. By a similar analysis, inhibiting caspase-8 activity would
lock the extrinsic pathway itself as well as the amplification steps
ia caspase-8. Our results (Figs. 2 and 3) are in agreement with this
nalysis; both caspases-8 and -9 are blocked. The residual activity
f caspase-3 in NHBE cells (Fig. 3(B)) may in fact be due to trace a
mount of caspase-9 activity and/or an additional (e.g., cathepsin
-dependent) pathway (Trincheri et al., 2007).

The critical event in the proposed amplification loop is
he caspase-8-dependent activation of caspase-9, via caspase-3.
aspase-8 can activate caspase-9 via proteolysis of Bid, which
timulates the intrinsic mitochondrial pathway of apoptosis by
nhancing cytochrome c release. When the amplification loop

s blocked, e.g., by a caspase-3 inhibitor, there is still a minor
rocessing of caspases-3 (Fig. 1); however, the weak caspase-9
esponse is insufficient to cause complete caspase-3 processing and
ctivation. On the other hand, inhibiting caspase-8 virtually elimi-
271 (2010) 94–99

nates caspase-3 processing (Fig. 1) as well as caspase-9 activation
(Fig. 3(C)). We postulate that in the presence of caspase-3 inhibitor,
P20/P12 (weakly active caspase-3 intermediate) is the predomi-
nant form as opposed to P17/P12 (fully active caspase-3) seen in
cells treated with SM alone (Fig. 1(B), lane 5 vs. 3) via involve-
ment of XIAP and Smac/Diablo (Srinivasula et al., 2001; Sun et al.,
2002; Bratton and Cohen, 2003) The involvement of Bid as shown in
Fig. 5 is suggested by the effects of caspase-3 or -8 inhibitors. The
lack of caspase-3 processing when caspase-8 is inhibited can be
explained if Bid is involved in caspase-9 processing and activation
by caspase-8. The partial processing of caspase-3 observed (Fig. 1)
when caspase-3 is inhibited can also be explained by the Bid medi-
ated caspase-9 processing and activation via caspase-8 (Fulda et al.,
2001). While the relative contributions of these feedback amplifica-
tion loops are hard to determine, at least one other study has shown
that caspase-9 can be activated via caspases-3 by a process involv-
ing cleavage and elimination of an XIAP inhibitory binding site (Zou
et al., 2003). Whether this is occurring in SM-treated NHBE cells or
SAEC requires further studies.

There are reports using human bronchial epithelial cells sug-
gesting intervention of SM toxicity by preventing the mitochondrial
pathway of apoptosis (Sourdeval et al., 2006) and other cytotoxic
mechanisms (Rappeneau et al., 2000). Recently, Kehe et al. (2009)
have extensively reviewed the molecular toxicology and therapy of
skin toxicity due to SM. In our study, we have obtained new infor-
mation on the role of the mitochondrial mechanism in the caspase
amplification cascade due to SM. Our results have also explained
how the mitochondrial mechanism could be a basis for the differ-
ence in SM sensitivity between SAEC and NHBE cells. Additionally,
we have shown that lungs exposed to SM by inhalation undergo a
caspase-3 apoptotic response in vivo in rats. This provides justifi-
cation for further in vivo studies utilizing the suppression of the DR
response by either chemical inhibitors or a molecular method, e.g.,
RNA interference for therapeutic development.

Conflict of interest

None.

Acknowledgments

We are grateful to Ms. Priscilla Liu of Georgetown Univer-
sity School of Medicine, Washington, DC for technical assistance.
We thank Drs. Albert Ruff and Margaret Martens of the US Army
Medical Research Institute of Chemical Defense, Aberdeen Prov-
ing Ground, MD for their thorough reviews of the manuscript and
critical comments.

References

Anderson, D.R., Yourick, J.J., Moeller, R.B., Petrali, J.P., Young, G.D., Byers, S.L., 1996.
Pathologic changes in rat lungs following acute sulfur mustard inhalation. Inhal.
Toxicol. 8, 285–297.

Aragane, Y., Kulms, D., Metze, D., Wilkes, G., Poppelmann, B., Luger, T.A., Schwarz, T.,
1998. Ultraviolet light induces apoptosis via direct activation of CD95 (Fas/APO-
1) independently of its ligand CD95L. J. Cell Biol. 140, 171–182.

Balali-Mood, M., Hefazi, M., 2006. Comparison of early and late toxic effects of sulfur
mustard in Iranian veterans. Basic Clin. Pharmacol. Toxicol. 99, 273–282.

Bijani, K., Moghadamnia, A., 2002. Long-term effects of chemical weapons on respi-
ratory tract in Iraq–Iran war victims living in Babol (North of Iran). Ecotoxicol.
Environ. Saf. 53, 422–424.

Bratton, S.B., Cohen, G., 2003. Death receptors leave a caspase footprint that smacs
of XIAP. Cell Death Differ. 10, 4–6.
cytochrome c-induced apoptosis pathway: absolute requirement for removal of
caspase-6 prodomain. Cell Death Differ. 9, 1046–1056.

Dabrowska, M.I., Becks, L.L., Lelli Jr., J.L., Levee, M.G., Hinshaw, D.B., 1996. Sulfur
mustard induces apoptosis and necrosis in endothelial cells. Toxicol. Appl. Phar-
macol. 141, 568–583.



ology

D

E

F

F

G

G

H

K

K

M

M

P

P

P

R

R

R

R

R. Ray et al. / Toxic

acre, J.C., Goldman, M., 1996. Toxicology and pharmacology of the chemical warfare
agent sulfur mustard. Pharmacol. Rev. 48, 289–326.

mad, A., Emad, Y., 2007. Increased in CD8 T lymphocytes in the BAL fluid of patients
with sulfur mustard gas-induced pulmonary fibrosis. Respir. Med. 101, 786–792.

ujita, E., Egashira, J., Urase, K., Kiuda, K., Momoi, T., 2001. Caspase-9 processing by
caspase-3 via a feedback amplification loop in vivo. Cell Death Differ. 8, 334–344.

ulda, S., Meyer, E., Friesen, C., Susin, S.A., Kroemer, G., Debatin, K.M., 2001. Cell type
specific involvement of death receptor and mitochondrial pathways in drug-
induced apoptosis. Oncogene 20, 1063–1075.

hanei, M., Harandi, A., 2007. Long term consequences from exposure to sulfur
mustard: a review. Inhal. Toxicol. 19, 451–456.

ross, C.L., Innace, J.K., Smith, W.J., Krebs, R.C., Meier, H.L., 1988. Alteration of lym-
phocyte glutathione levels affects sulfur mustard cytotoxicity. In: Proc. Meeting
NATO Res. Study Group, Panel VIII/RSG-3.

efazi, M., Attaran, D., Mahmoudi, M., Balali-Mood, M., 2005. Late respiratory com-
plications of mustard gas poisoning in Iranian veterans. Inhal. Toxicol. 17,
587–592.

ehe, K., Balszuweit, F., Steinritz, D., Thiermann, H., 2009. Molecular toxicology of
sulfur mustard-induced cutaneous inflammation and blistering. Toxicology 263,
12–19.

umar, S., 1999. Regulation of caspase activation in apoptosis: implication in patho-
genesis and treatment of disease. Clin. Exp. Pharmacol. Physiol. 26, 295–303.

eier, H.L., Gross, C.L., Papirmeister, B., Daszkiewicz, J.E., 1984. The use of human
leukocytes as a model for studying the biochemical effects of chemical warfare
(CW) agents. In: Proc. Fourth Annual Chemical Defense Biosci. Rev., U.S. Army
Medical Research Institute of Chemical Defense, Aberdeen Proving Ground, MD,
AD #B089975.

ol, M.A., va den Berg, R.M., Benschop, H.P., 2009. Involvement of caspases and
transmembrane metalloproteases in sulphur mustard-induced microvesication
in adult human skin in organ culture: directions for therapy. Toxicology 258,
39–46.

apirmeister, B., Feister, A.J., Robinson, S.I., Ford, R.D., 1991. Medical Defense Against
Mustard Gas: Toxic Mechanisms and Pharmacological Implications. CRC Press,
Boca Raton.

etrali, J.P., Oglesby, S.B., Mills, K.R., 1990. Ultrastructural correlates of sulfur mus-
tard toxicity. J. Toxicol. Cutan. Ocul. Toxicol. 9, 193–214.

orter, A.G., Janicke, R.U., 1999. Emerging role of caspase-3 in apoptosis. Cell Death
Differ. 6, 99–104.

appeneau, S., Baeza-Squiban, A., Marano, F., Calvet, J.-H., 2000. Efficient protec-
tion of human bronchial epithelial cells against sulfur and nitrogen mustard
cytotoxicity using drug combinations. Toxicol. Sci. 58, 153–160.

ay, R., Legere, R.H., Majerus, B.J., Petrali, J.P., 1995. Sulfur mustard-induced increase
in intracellular free calcium level and arachidonic acid release from cell mem-
brane. Toxicol. Appl. Pharmacol. 131, 44–52.
ay, R., Keyser, B., Benton, B., Daher, A., Simbulan-Rosenthal, C.M., Rosenthal, D.S.,
2008. Sulfur mustard induces apoptosis in cultured normal human airway
epithelial cells: evidence of a dominant caspase-8-mediated pathway and dif-
ferential cellular responses. Drug Chem. Toxicol. 31, 137–148.

osenthal, D.S., Simbulan-Rosenthal, C.M., Iyer, S., Spoonde, A., Smith, W., Ray, R.,
Smulson, M.E., 1998. Sulfur mustard induces markers of terminal differentiation
271 (2010) 94–99 99

and apoptosis in keratinocytes via a Ca2+-calmodulin and caspase-dependent
pathway. J. Invest. Dermatol. 111, 64–71.

Rosenthal, D.S., Simbulan-Rosenthal, C.M., Iyer, S., Smith, W.J., Ray, R., Smul-
son, M.E., 2000. Calmodulin, poly(ADP-ribose)polymerase and p53 are
targets for modulating the effects of sulfur mustard. J. Appl. Toxicol. 20,
S43–S49.

Rosenthal, D.S., Velena, A., Chou, F.P., Schlegel, R., Ray, R., Benton, B., Anderson, D.,
Smith, W.J., Simbulan-Rosenthal, C.M., 2003. Expression of dominant-negative
Fas-associated death domain blocks human keratinocyte apoptosis and vesica-
tion induced by sulfur mustard. J. Biol. Chem. 278, 8531–8540, Epub 2002 Dec
8512.

Saladi, R., Smith, E., Persaud, A., 2006. Mustard: a potential agent of chemical warfare
and terrorism. Clin. Exp. Dermatol. 31, 1–5.

Scaffidi, C., Fulda, S., Srinivasan, A., Friesen, C., Li, F., Tomaselli, K.J., Debatin, K.M.,
Krammer, P.H., Peter, M.E., 1998. Two CD95 (APO-1/Fas) signaling pathways.
EMBO J. 17, 1675–1687.

Simbulan-Rosenthal, C.M., Velena, A., Veldman, T., Schlegel, R., Rosenthal, D.S., 2002.
HPV-16 E6/7 immortalization sensitizes human keratinocytes to ultraviolet B by
altering the pathway from caspase-8 to caspase-9-dependent apoptosis. J. Biol.
Chem. 277, 24709–24716.

Simbulan-Rosenthal, C., Ray, R., Benton, B., Soeda, E., Daher, A., Anderson, D., Smith,
W., Rosenthal, D., 2006. Calmodulin mediates sulfur mustard toxicity in human
keratinocytes. Toxicology 227, 21–35.

Smith, W.J., Gross, C.L., Chan, P., Meier, H.L., 1990. The use of human epidermal
keratinocytes in culture as a model for studying the biochemical mechanisms
of sulfur mustard toxicity. Cell Biol. Toxicol. 6, 285–291.

Smith, W.J., Sanders, K.M., Gales, Y.A., Gross, C.L., 1991. Flow cytometric analysis of
toxicity by vesicating agents in human cells in vitro. Cutan. Ocul. Toxicol. 10,
33–42.

Sourdeval, M., Lemaire, C., Deniaud, A., Taysse, L., Daulon, S., Breton, P., Bren-
ner, C., Boisvieux-Ulrich, E., Marano, F., 2006. Inhibition of caspase-dependent
mitochondrial permeability transition protects airway epithelial cells against
mustard-induced apoptosis. Apoptosis 11, 1545–1559.

Srinivasula, S.M., Hegde, R., Saleh, A., Datta, P., Shiozaki, E., Chai, J., Lee, R.A., Robbins,
P.D., Fernandes-Alnemri, T., Shi, Y., Alnemri, E.S., 2001. A conserved XIAP-
interaction motif in caspase-9 and Smac/DIABLO regulates caspase activity and
apoptosis. Nature 410, 112–116.

Sun, X.M., Bratton, S.B., Butterworth, W., MacFarlane, M., Cohen, G.M., 2002. Bcl-
2 and Bcl-xL inhibit CD95-mediated apoptosis by preventing mitochondrial
release of Smac/DIABLO and subsequent inactivation of X-linked inhibitor-of-
apoptosis protein. J. Biol. Chem. 277, 11345–11351.

Trincheri, N.F., Nicotra, G., Follo, G., Castino, R., Isidoro, C., 2007. Resveratrol induces
cell death in colorectal cancer cells by a novel pathway involving lysosomal
capthepsin D. Carcinogenesis 28, 922–931.
Urbannetti, J., 1988. Battlefield Chemical Inhalation Injury. Dekker, New York.
Wong, W.W., Puthalakath, H., 2008. Bcl-2 family proteins: the sentinels of the mito-

chondrial apoptosis pathway. IUBMB Life 60, 390–397.
Zou, H., Yang, R., Hao, J., Wang, J., Sun, C., Fesik, S.W., Wu, J.C., Tomaselli, K.J., Arm-

strong, R.C., 2003. Regulation of the Apaf-1/caspase-9 apoptosome by caspase-3
and XIAP. J. Biol. Chem. 278, 8091–8098.


	ray.pdf
	P09-025 Ray - Toxicology.pdf
	Sulfur mustard induces apoptosis in lung epithelial cells via a caspase amplification loop
	Introduction
	Experimental
	Cells
	Chemicals
	Fluorometric assay of caspase activity
	Immunoblot analysis
	Bronchoalveolar lavage (BAL) collection from rats exposed to SM by inhalation
	Statistical analysis

	Results
	Caspase-8 is the pivotal caspase in both NHBE cells and SAEC
	Caspase-9 is activated by a feedback amplification loop in both NHBE cells and SAEC
	SM induces caspase-3 in vivo

	Discussion
	Conflict of interest
	Acknowledgments
	References





