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Background:The aryl hydrocarbon receptor (AhR) suppresses lung inflammation andmay protect against cigarette smoke-
induced apoptosis.
Results:Genetic ablation of theAhR increases the sensitivity of lung cells to smoke-induced apoptosis by regulating antioxidant
proteins.
Conclusion: The AhR regulates pulmonary cell survival.
Significance: The AhR control over lung cell survival may be why only some smokers develop chronic lung diseases such as
chronic obstructive pulmonary disease.

Cigarette smoke is the primary risk factor for chronic obstruc-
tive pulmonary disease (COPD). Alterations in the balance
between apoptosis and proliferation are involved in the etiology
of COPD. Fibroblasts and epithelial cells are sensitive to the
oxidative properties of cigarette smoke, andwhose lossmay pre-
cipitate the development of COPD. Fibroblasts express the aryl
hydrocarbon receptor (AhR), a transcription factor that attenu-
ates pulmonary inflammation and may also regulate apoptosis.
We hypothesized the AhR would prevent apoptosis caused by
cigarette smoke. Using genetically deleted in vitro AhR expres-
sionmodels and an establishedmethodof cigarette smoke expo-
sure, we report that AhR expression regulates fibroblasts prolif-
eration and prevents morphological features of apoptosis,
including membrane blebbing and chromatin condensation
caused by cigarette smoke extract (CSE). Absence of AhR
expression results in cleavage of PARP, lamin, and caspase-3.
Mitochondrial dysfunction, including cytochrome c release,
was associated with loss of AhR expression, indicating activa-
tion of the intrinsic apoptotic cascade. Heightened sensitivity
of AhR-deficient fibroblasts was not the result of alterations
in GSH, Nrf2, or HO-1 expression. Instead, AhR�/� cells had
significantly less MnSOD and CuZn-SOD expression,
enzymes that protects against oxidative stress. The ability of
the AhR to suppress apoptosis was not restricted to fibro-
blasts, as siRNA-mediated knockdown of the AhR in lung
epithelial cells also increased sensitivity to smoke-induced
apoptosis. Collectively, these results suggest that cigarette
smoke induced loss of lung structural support (i.e. fibro-
blasts, epithelial cells) caused by aberrations in AhR expres-

sion may explain why some smokers develop lung diseases
such as COPD.

Exposure to tobacco smoke remains a leading cause of mor-
tality and morbidity worldwide. Cigarette smoke causes more
than 80% of cases of chronic obstructive pulmonary disease
(COPD),2 a progressive airway disease characterized by chronic
pulmonary and systemic inflammation and airspace enlarge-
ment (emphysema). A prevailing etiological hypothesis to
explain the emphysematous component of COPD has been the
protease-antiprotease imbalance where there is increased
destruction of parenchymal tissue due to excess proteolytic
enzymes such as matrix metalloproteinases (1–3) that are not
counterbalanced by antiproteases. This hypothesis was sparked
by the identification that, in some individuals, susceptibility to
emphysema is associated with �1-antitrypsin deficiency (4), a
heritable condition that accounts for less than 2%of all reported
cases (5).
In addition, the gradual loss of alveolarwall structure associated

with emphysemamay also be precipitated by alterations in prolif-
eration and apoptosis. Cigarette smoke is a potent oxidant (8),
yielding an estimated 1� 1017 oxidantmolecules per puff. Oxida-
tive stress caused by smoking can result in destruction of the alve-
olar wall due to apoptosis. Increased alveolar cell apoptosis is evi-
dent in the emphysematous lung (6–9) and may be coupled with
insufficient proliferation (10). As proposed by Calabrese and col-
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leagues (11), this apoptosis-proliferation imbalance suggests that
excess apoptosis, coupled with reduced proliferation, causes loss
of alveolarcells andeventual formationofemphysematous lesions.
Many cells within the alveolar wall are sensitive to the toxic and
apoptotic-inducing effects of cigarette smoke, including immune
cells (12), endothelial (13, 14) and epithelial cells (15), and fibro-
blasts (16, 17). Both fibroblasts and epithelial cells rapidly undergo
apoptosis after cigarette smoke exposure (16–18) and increase
antioxidant defense proteins (19–22). Thus, coordinated loss of
alveolar structural and repair cells, including alveolar epithelial
cells and fibroblasts, coupled with chronic inflammation, are now
considered central events during the development and progres-
sion of emphysema (23, 24) in susceptible individuals.
The signaling pathways that control inflammation and cell

death, including nuclear factor-�B (NF-�B), have been targeted
in an attempt to develop new strategies for intervention. Yet,
pharmacological and experimental therapies aimed at slowing
the progression and/or severity of COPD has largely been
unsuccessful, and no existing treatment is able to reduce dis-
ease progression (25). We recently published that the aryl
hydrocarbon receptor (AhR) is a novel attenuator of pulmonary
inflammation caused by cigarette smoke (26). The AhR is a
member of the basic helix-loop-helix Per-Arnt-Sim transcrip-
tion factor family, and is well known to mediate the toxic and
teratogenic effects of the manmade contaminant 2,3,7,8-tetra-
chlorodibenzo-p-dioxin (TCDD, dioxin). After dioxin binds to
the AhR, the AhR translocates to the nucleus and forms a het-
erodimer with the AhR nuclear transporter. This AhR�AhR
nuclear transporter complex binds to DNA sequences termed
the dioxin response element, initiating transcription of genes
involved in detoxification. Many basic helix-loop-helix Per-
Arnt-Sim members are involved in the adaptive response to
cellular stress, including the AhR (27).
To investigate whether the AhR plays a role in cigarette

smoke-induced pulmonary cell death, we utilized AhR-defi-
cient in vitromodels: primary pulmonary fibroblasts generated
fromAhR-deficient (AhR�/�)mice,AhR�/�mouse embryonic
fibroblasts stably transfectedwith a doxycycline-regulatedAhR
expression vector (28), and mouse lung epithelial cells tran-
siently transfected with siRNA for AhR. Here, we report for the
first time that AhR expression is essential for regulating prolif-
eration and preventingmitochondrial dysfunction and apopto-
tic cell death caused by cigarette smoke.We also show that this
is not due to a generalized oxidative stress response, nor does it
involve the transcription factor NF-E2-related factor 2 (Nrf2).
Instead, the AhR regulates the expression of superoxide dismu-
tases (SOD), cellular antioxidants that confer protection
against lung injury (29, 30). These results, in concert with our
recently published work (26), support the hypothesis that the
AhR is a novel and central regulator of pathogenic processes
implicated in COPD etiology and progression-inflammation
and cell death.

EXPERIMENTAL PROCEDURES

Chemicals

All chemicals were purchased from Sigma unless otherwise
indicated. 3,3�-Dihexyloxacarbocyanine iodide (DiOC6) and

MitoTracker�RedCM-H2XRoswere obtained fromMolecular
Probes (Eugene, OR). Actinomycin D was purchased from
Biomol (Plymouth Meeting, PA). Recombinant mouse IL-1�
was purchased fromR&DSystems (Minneapolis,MN). Recom-
binantmouseCD40 ligand (CD40L)was generated as described
(26).

Cell Culture

Primary Lung Fibroblasts—Primary lung fibroblasts were
generated from AhR�/�, AhR heterozygous (AhR�/�), and
AhR�/� C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME)
as described (31) and were maintained at 37 °C, incubated in
humidified 5% CO2, 95% air, and cultured in minimum essen-
tialmedium (MEM) supplementedwith 2mMglutamine (Invit-
rogen), 10% fetal bovine serum (FBS) (HyClone Labs, Logan,
UT), and antibiotics/antimycotics (penicillin G, streptomycin,
and amphotericin; Invitrogen). Unless otherwise indicated,
fibroblasts were plated at a density of 10,000 cells/cm2 and
experiments were conducted following 24 h in serum-free
MEM. Lung fibroblasts from wild-type or heterozygous mice
do not exhibit any difference in the ability to be activated by
AhR ligands (26) and are used interchangeably as AhR-express-
ing cells.
Conditional AhR Knock-out Mouse Embryonic Fibroblasts

(MEF)—The TET-OFF cell line, designated hereafter as
Off*B6AhRMEFs (a kind gift of Dr. Alvaro Puga, University of
Cincinnati), was generated and cultured as previously
described (28, 32). Briefly, cells were cultured in MEM-� con-
taining 10% FBS, 1% antibiotics/antimycotics, 26mMNaHCO3,
G-418 (600 �g/ml; Invitrogen), puromycin (3 �g/ml), and
hygromycin B (400 �g/ml; Calbiochem, Gibbstown, NJ).
Down-regulation of AhR expression was accomplished by the
addition of 5 �g/ml of doxycycline (DOX).
Mouse Lung Epithelial (MLE) Cells—MLE-12 cells, a distal

bronchiolar and alveolar epithelial cell line (ATCC, Manassas,
VA) (33), were cultured in HITES medium (50:50, DMEM:
Ham’s F-12) supplemented with 2% FBS, 2 mM L-glutamine, 10
mM HEPES, 1:100 insulin/transferrin/selenium supplement
(Invitrogen), and antibiotics/antimycotics.

AhR siRNA Knockdown Studies

MLE-12 cells were seeded at a density of 7.5 � 103 cells/cm2

and transiently transfected with 60 nM siRNA against AhR
(Santa Cruz, catalogue number sc-29655) or nontargeting con-
trol siRNA (SantaCruz, catalogue number sc-37007). Transfec-
tions were performed according to the manufacturer’s instruc-
tions. Seven hours after the transfection, the cells were
switched toMEMorHITESmedium and treated with cigarette
smoke extract (CSE) for 8–24 h. Verification of target knock-
down was done by Western blot 48 h after transfection.

Preparation of Cigarette Smoke Extract

Research grade cigaretteswith a filterwere obtained from the
Kentucky Tobacco Research Council (Lexington, KT) and CSE
was generated as previously described (16, 19, 26, 34). An opti-
cal density of 0.65 (320 nm) was considered to represent 100%
CSE (26). This CSE preparation was diluted to the appropriate
concentration in serum-free MEM.
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Histochemistry

To assess morphological changes consistent with apoptosis,
fibroblasts andMLE-12 cells were seeded onto 8-well chamber
slides (BDBiosciences) and left undisturbed for 24 h. Cells were
then treated with 2% CSE or media alone (control) for 6 h.
Hematoxylin & eosin (H&E) staining was performed according
to standard histological protocols (16). Briefly, the cells were
fixed in 4% paraformaldehyde for 10 min. Slides were then
rinsed with water and stained with hematoxylin, rinsed with
water, and then stained with eosin. Finally, cells were rinsed in
water, coverslipped in Immu-mount (Shanndon, Pittsburgh,
PA), and viewed using an Olympus BX51 microscope (New
Hyde Park, NY).

Immunocytochemical Imaging

MitoTracker Red CM-H2XRos—Fibroblasts and MLE-12 cells
were plated at a density of 1 � 104 cells/well, allowed to adhere
overnight, and treated with 1 or 2% CSE for 6 h. Following
treatment with CSE, MitoTracker Red (Molecular Probes)
(0.5–1 �M) was added for an additional 30–45 min at 37 °C.
Cells were then rinsed in PBS, 0.1% Tween 20 and coverslipped
with Vectashield.
Hoechst Fluorescence—Hoechst stain is a cell-permeant dye

that fluoresces upon binding to DNA. An increase in fluores-
cent intensity is associated with chromatin condensation, a
characteristic feature of an apoptotic cell (35). Primary lung
fibroblasts, Off*B6AhRMEFs, and MLE-12 cells were cultured
on glass chamber slides and treated with control media or with
2% CSE for 6 h. Following this, cells were fixed in 4% parafor-
maldehyde, incubated with the Hoechst stain for 15 min, cov-
erslipped, and viewed as described above. Viable and apoptotic
cells were counted and results were quantitatively expressed as
the percentage of apoptotic cells compared with the total num-
ber of cells.
Nrf2, HO-1, and Cytochrome c Detection—Fibroblasts were

cultured on glass chamber slides and cytochemical detection of
HO-1 and Nrf2 was performed as described (19). An anti-cyto-
chrome c antibody (Cell Signaling Technologies, Beverly, MA)
was used at 1:100. After secondary binding with biotinylated
anti-rabbit antibody, cells were incubated with streptavidin
(SA)-FITC, mounted in Immu-mount (Shandon), and photo-
graphed. Fluorescent images of nuclei are visualized by
Hoechst. All photographs were taken at the same time with
identical image settings.

Transient Transfection

AhR�/� fibroblasts were transiently transfected with a
mouse AhR (mAhR) expression plasmid using Nucleofection
(Basic Nucleofector Kit for Primary Fibroblasts, Amaxa Inc.,
Gaithersburg, MD) as previously described (26).

Western Blot

Fibroblasts were grown to confluence before being treated
with CSE. In some experiments, fibroblasts were treated with
recombinant mouse IL-1� or were pretreated with recombi-
nant IFN� prior to treatment with CD40L as described (26).
Total cellular protein was prepared using 1% IGEPAL lysis

buffer (19). Five �g of cellular proteins were fractionated on
SDS-PAGE gels, electroblotted onto Immun-blot PVDF mem-
brane (Bio-Rad). Antibodies against AhR (1:5000) (Biomol),
Nrf2 (1:500; R&D Systems), HO-1 (1:5000; Stressgen Biore-
agents, Victoria, BC, Canada), Cyp1B1 (1:500; Santa Cruz,
Santa Cruz, CA), cleaved caspase-3, lamin A/C, cleaved PARP
(1:1000; Cell Signaling Technologies), MnSOD (1:1000; R&D
Systems), CuZn-SOD (1:1000; R&D Systems), Bax (1:1000;
Santa Cruz), actin (1:10,000; Oncogene Research Products, San
Diego, CA), or GAPDH (1:4000; Millipore, Billerica, MA) were
used to assess changes in protein levels. In some experiments,
equivalent numbers of Off*B6AhR MEFs were treated with or
without DOX, followed by exposure to 2% CSE, and cytoplas-
mic andmitochondrial proteins were isolated using a commer-
cially available kit (Qiagen, Toronto, ON). Densitometry was
performed using Kodak One-dimensional Imaging Software
(Eastman Kodak, Rochester, NY).

Viability

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide assay was performed to assess differences in viability
between AhR-expressing and AhR�/� lung fibroblasts follow-
ing cigarette smoke exposure. Equivalent numbers of fibro-
blasts were cultured in triplicate in flat bottom 96-well plates
(Falcon, BDBiosciences). Cellswere allowed to settle overnight.
Fibroblasts were rinsed once in serum-free MEM and then
treated with 140 �l/well of varying concentrations of CSE for
24 h (0.25–10%). Following this, 10 �l of 5 mg/ml of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide was
added to eachwell for 4 h at 37 °C. The insoluble precipitatewas
dissolved by adding 200 �l of dimethyl sulfoxide to each well
and read with a Bio-Rad microplate reader at 510 nm.

Proliferation

Proliferation was assessed by [3H]thymidine incorporation
as previously described (36). Briefly, AhR�/� and AhR�/�

fibroblasts were cultured in triplicate (5,000 cells/well in MEM
containing 1% FBS), treated with increasing concentrations of
CSE (0.25–5%) for 24 h, and pulsed with 1 �Ci/well of [3H]thy-
midine. Plates were harvested with a Micromate 196 cell har-
vester (Packard Co., Meriden, CT) and incorporation of
[3H]thymidine was determined with aMatrix 96 direct � coun-
ter (Packard).

Measurement of Intracellular GSH

AhR�/� and AhR�/� fibroblasts were grown to confluence
in 25-cm2 cell culture flasks and either treated with control
media or with increasing percentages of CSE for 1, 3, 6, and
24 h. Measurements of intracellular GSH were performed as
previously described (16, 37). Briefly, after treatments, mono-
layers of cells were washed with 2 ml of ice-cold PBS and
scrapped into 300 �l of ice-cold extraction buffer (0.1% Triton
X-100, 0.6% sulfosalicylic acid in 0.1 M phosphate buffer with 5
mM EDTA, pH 7.5). Cells were then sonicated, vortexed, and
centrifuged. Determination of total intracellular levels of GSH
was performed as originally described by Tietze (38) using
dithiobis(2-nitrobenzoic acid)-GSSG/glutathione reductase
recycling.

AhR Regulates Apoptosis in Lung Cells

43216 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 50 • DECEMBER 16, 2011



Mitochondrial Membrane Potential (��m)

Flow cytometric analysis of apoptosis included assessment of
mitochondrial activity using DiOC6, a dye that strongly labels
active mitochondria in living cells. Equivalent numbers of
fibroblasts were treated with CSE for 6 h. Controls included
incubation with serum-free media alone with and without
DiOC6 (Molecular Probes). After treatment, DiOC6 was
added at a final concentration of 40 nM for 15 min at 37 °C.
Flow cytometric analysis was performed using a BD Biosci-
ences FACSCalibur flow cytometer. A minimum of 10,000
events was acquired for each sample. Debris was gated out and
analysis was performed only on the fibroblast population (16).

Caspase-3 Activity Assay

Equivalent numbers of fibroblasts were cultured in a 96-well
clear-bottom plate, allowed to adhere overnight, and treated
with control media, CSE, or actinomycin D for 6 h. Caspase-3
activity was measured using a commercially available fluoro-
metric kit (Calbiochem).

Statistical Analysis

Statistical analysis was performed using JMP version 8.0
(SAS Institute, Cary, NC). An analysis of variance was used to
assess differences between treatment groups of more than two.
Results are expressed as themean� S.E. In all cases, a p value�
0.05 is considered statistically significant.

RESULTS

AhR�/� Lung Fibroblasts Are More Sensitive to CSE Com-
pared with AhR�/� Fibroblasts—We published that cigarette
smoke induces apoptosis in human lung fibroblasts (16) and
hypothesize that the AhR promotes lung fibroblast survival
when exposed to CSE, a widely used in vitromodel of cigarette
smoke exposure (16, 19, 26, 39). To determine the effect of CSE
on cell viability, fibroblasts derived from AhR�/� and AhR-
expressingmicewere exposed to increasing percentages of CSE
for 24 h and viability was assessed. Both AhR�/� and AhR�/�

lung fibroblasts exhibited a dose-dependent decrease in viabil-
ity when exposed to CSE (Fig. 1A). In fibroblasts that express
the AhR, viability was not significantly reduced at concentra-
tions of CSE up to 2% (83 � 8%). When AhR�/� cells were
exposed to 5% CSE, viability was significantly reduced (23% �
4). However, AhR�/� lung fibroblasts were dramatically more
sensitive to CSE, and viability significantly declined at much
lower percentages of CSE. Compared with media-only, there
was a significant reduction in viability in AhR�/� fibroblasts
exposed to 1%CSE (76� 15%). The dramatic decline in viability
in AhR�/� fibroblasts at 2% was also significantly different
compared with AhR�/� cells (Fig. 1A). Therefore, most exper-
iments were conducted using 2% CSE, with key experiments
also performed using 5% CSE, as these concentrations differ-
ently reduced viability between AhR�/� and AhR�/�

fibroblasts.
The AhR Regulates Lung Fibroblast Proliferation—The AhR

may also regulate cell proliferation (28, 32). Therefore, we
hypothesized that primary pulmonary fibroblasts exposed to
cigarette smokewould exhibit alterations in proliferation based

on AhR expression. To test this, lung fibroblasts from AhR�/�

and AhR�/� mice were left untreated or were treated with
increasing percentages of CSE and proliferation was measured
by [3H]thymidine incorporation. Basal proliferation was less in
AhR�/� cells (�80%) when compared with the proliferative
capacity of AhR-expressing fibroblasts (0% CSE, Fig. 1B). CSE
dose dependently reduced proliferation in both AhR�/� and
AhR�/� fibroblasts. In AhR�/� fibroblasts, proliferation was
reduced by 2% CSE exposure, but not lower concentrations of
CSE (Fig. 1B, dotted line). Although there was a slight increase

FIGURE 1. AhR�/� fibroblasts exhibit a significant decline in viability and
proliferation after exposure to CSE compared with lung fibroblasts that
express the AhR. Equivalent numbers of fibroblasts were cultured in 96-well
plates and exposed to increasing concentrations of CSE for 24 h. Viability was
assessed by colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide assay and proliferation by [3H]thymidine incorporation. A, there
was a statistically significant decrease in viability in AhR�/� fibroblasts when
exposed to 1 (76 � 15%) or 2% CSE (46 � 8%). Neither 1 or 2% CSE signifi-
cantly reduce viability of AhR-expressing cells (95 � 5% and 83 � 8%, respec-
tively). There was no significant difference in viability between AhR�/� (40 �
6%) and AhR�/� (24 � 4%) fibroblasts that were exposed to 5% CSE. These
results were obtained from fibroblasts derived from two AhR�/� mice. Data
for AhR�/� cells represent combined results from AhR�/� and AhR�/� fibro-
blasts. All samples were run in triplicate and the data are presented as the
mean � S.E. (n � 5 independent experiments). * indicates statistical signifi-
cance compared with untreated controls (p � 0.05); #, indicates statistical
significance between CSE-treated AhR�/� and AhR�/� cells (p � 0.05); ns, no
statistical significance. B, AhR�/� fibroblasts have a lower proliferative
response compared with AhR�/� fibroblasts. Proliferation was dramatically
lower when AhR�/� fibroblasts were exposed to 1% CSE (	21% compared
with untreated). In contrast, proliferation of AhR�/� lung fibroblasts was
114% (compared with untreated). Proliferation continued to decline with
increasing percentages of CSE, where 5% CSE halted proliferation indepen-
dent of AhR expression. Results are expressed as mean � S.E.

AhR Regulates Apoptosis in Lung Cells

DECEMBER 16, 2011 • VOLUME 286 • NUMBER 50 JOURNAL OF BIOLOGICAL CHEMISTRY 43217



AhR Regulates Apoptosis in Lung Cells

43218 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 50 • DECEMBER 16, 2011



in proliferationwith concentrations of CSE up to 1% inAhR�/�

cells (Fig. 1B, dotted line), the proliferation of AhR-null fibro-
blasts in the presence of 1% CSE decreased by �80% (Fig. 1B,
solid line).
CSE Induces Morphological Changes Characteristic of Apo-

ptosis in AhR�/� Fibroblasts—To test our hypothesis that the
AhR regulates apoptosis in response to cigarette smoke, we
next confirmed that the AhR�/� pulmonary fibroblasts used in
this study were devoid of AhR expression. Densitometry per-
formed onWestern blots (Fig. 2A) revealed that there is noAhR
protein expression in lung fibroblasts derived from AhR�/�

mice. In addition, AhR�/� fibroblasts also lack cytochrome
P4501B1 (Cyp1B1) protein expression, an AhR-regulated gene
(40). Exposure of AhR�/� fibroblasts to CSE significantly
decreased AhR expression, concomitant with a slight increase
in Cyp1B1 expression (Fig. 2, A and B). Actinomycin D (ActD),
an RNA synthesis inhibitor and inducer of apoptosis (41), also
decreased AhR protein expression.
To then determinewhether these AhR�/� fibroblasts aremore

sensitive to CSE-induced apoptosis, fibroblasts fromAhR�/� and
AhR-expressing mice were exposed to 2% CSE for 6 h and H&E
staining was used to assess morphological parameters character-
istic of apoptosis, such as nuclear condensation and membrane
blebbing (42, 43).Cellsderived fromthe lungsofbothAhR�/� and
AhR�/� mice exhibit typical fibroblastic morphology (elongate,
spindle-shaped cells) (Fig. 2C, i and ii). Treatmentwith 2%CSE for
6 h did not dramatically alter the morphology of fibroblasts that
express the AhR (Fig. 2C, compare ii with iv). In contrast, lung
fibroblasts that are deficient in AhR expression are dramatically
more sensitive toCSE.Here, treatmentwith 2%CSE for 6h results
in fibroblasts that exhibited apoptotic characteristics, including
nuclear condensation (open arrows) and membrane blebbing
(closed arrows). Note that more untreated AhR�/� fibroblasts
exhibit nuclear condensation compared with AhR�/� fibroblasts
(Fig. 2C, open arrows).
Chromatin condensation is a characteristic of cells undergo-

ing apoptosis, resulting in nuclei that have compact and simple
shapes (44). Increased fluorescence of the DNA dye Hoechst is
indicative of chromatin condensation (35). Therefore, we
examined the ability of CSE to induce nuclear condensation in
fibroblasts from AhR�/�, AhR�/�, and AhR�/� mice. The
majority of fibroblasts that were treatedwith controlmedia had
nuclei that were spherical to ovoid in shape (Fig. 2D, open
arrows). AhR-deficient fibroblasts that were treated with 2%
CSE had an increase in the number of cells exhibiting nuclear
condensation (Fig. 2D, iv, closed arrows), as evidenced by

increased fluorescence. Few CSE-treated AhR-expressing
fibroblasts exhibited nuclear condensation (Fig. 2D, v and vi).
The increase in apoptotic cells in CSE-exposed AhR�/� fibro-
blasts was significant compared with media only and CSE-ex-
posed wild-type cells (Fig. 2E).
To eliminate the possibility that by virtue of being derived

from different mice, the enhanced sensitivity of AhR-null pul-
monary fibroblasts was not the result of clonal variability, we
utilized MEFs derived from AhR�/� mice (designated
Off*B6AhR) stably transfected with the TET-regulated AhR
expression vector, where treatment with DOX attenuates AhR
expression and function (28, 32). The use of these cells, whereby
AhR expression is governed by the presence of DOX, rules out
the possibility that our results are due to genetic differences
between clonally unrelated cell lines. Therefore, we replicated
key pieces of data utilizing these cells. We first confirmed that
treatment of Off*B6AhR MEFs with DOX virtually eliminated
AhR expression (Fig. 3, A and B). In addition, exposure of
Off*B6AhR MEFs (�DOX) with the AhR ligand 2-(1�-H-in-
dolo-3�-carbonyl)-thiazole-4-carboxylic acid methyl ester
(ITE) (26, 45, 46) significantly increased Cyp1B1 expression
and decreased AhR expression (Fig. 3,B andC), consistent with
AhR activation. Elimination of AhR expression (�DOX) signif-
icantly reduced Cyp1B1 protein expression elicited by ITE (Fig.
3, B and C). There was residual ITE-induced Cyp1B1 expres-
sion in Off*B6AhR cells treated with DOX (no AhR) that likely
reflects an AhR-independent induction (47, 48).
We then analyzedwhether or not ablation of AhR expression

inMEFs would result inmorphological alterations indicative of
apoptosis when provokedwithCSE.Here, cells not treatedwith
DOX (i.e. those expressing theAhR) exhibited typicalmorphol-
ogy (i.e. elongate cells that are spindle-shaped) (Fig. 3D). Expo-
sure to 2% CSE for 6 h resulted in a few cells with condensed
nuclei (Fig. 3D, iv, open arrow). Similar to that observed in the
AhR-deficient fibroblasts (compare with Fig. 2C), fibroblasts
exposed to DOX (i.e. no AhR) followed by exposure to 2% CSE
resulted in dramaticmorphological alteration, including exten-
sive membrane blebbing (Fig. 3, D, iii, closed arrows). We also
utilized the Off*B6AhR MEFs to assess chromatin condensa-
tion. Here, deletion of AhR expression by DOX resulted in a
significant increase in basal (Fig. 3,E, i, closed arrows, andF) and
CSE-induced chromatin condensation (Fig. 3E, iii, closed
arrows). Off*B6AhR MEFs, which express the AhR exhibited
only a modest change in chromatin condensation (Fig. 3, E, iv,

FIGURE 2. CSE induces morphological changes characteristic of apoptosis in AhR�/� fibroblasts. A, AhR and Cyp1B1 expression in lung fibroblasts:
AhR�/� and AhR�/� pulmonary fibroblasts were exposed to CSE or actinomycin D (ActD; 5 �g/ml) and cell lysates were harvested for Western blot. A
representative Western blot is shown. B, there was no AhR or Cyp1B1 protein in cells derived from AhR�/� mice. Exposure to 5% CSE and ActD significantly
decreased AhR protein levels in wild-type cells (***, p � 0.0001 compared with media only). There was a slight but not statistically significant increase in Cyp1B1
expression only in AhR�/� pulmonary fibroblasts. C, AhR�/� and AhR�/� fibroblasts were cultured on glass chamber slides and exposed to 2% CSE for 6 h and
H&E staining was performed. Lung fibroblasts generated from AhR�/� (i) and AhR�/� (ii) mice display typical fibroblastic morphology. Upon exposure to 2%
CSE, AhR�/� fibroblasts retain this morphology (iv); nuclear condensation is observed in a few cells (iv, open arrow). AhR�/� fibroblasts exposed to 2% CSE
exhibit morphological signs characteristic of apoptosis, including membrane blebbing (iii, closed arrow) and nuclear condensation (iii, open arrow). Inset,
enlargement of the cell depicting membrane blebbing. Magnification, �20; inset depicting membrane blebbing, �60. D, in pulmonary fibroblasts that are
treated with control media (Untreated), most of the cells have nuclei that are oval, with minimal fluorescence (i–iii, open arrows), regardless of AhR expression.
There was an increase in the number of cells exhibiting chromatin condensation (closed arrows) in fibroblasts that lack the AhR (iv) compared with those that
express the AhR (v and vi) upon exposure to 2% CSE. Magnification, �40. E, based on Hoechst fluorescence, there was a significant increase in the percentage
of apoptotic cells when AhR�/� cells were exposed to 2% CSE (*, p � 0.05 compared with both media only and CSE-exposed wild-type cells). Results are
expressed as mean � S.E. of 2– 4 independent experiments.
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closed arrow, and F). Collectively, these data provide strong
evidence that AhR expression confers protection against ciga-
rette smoke-induced cell death.

AhR�/� Pulmonary Fibroblasts Have Increased Caspase
Activation and Apoptotic Protein Cleavage in Response to Cig-
arette Smoke—Changes in cellular morphology associated with

FIGURE 3. Elimination of AhR expression in Off*B6AhR MEFs results in increased basal- and CSE-induced cell death. A, attenuation of AhR
expression in Off*B6AhR MEFs by DOX: Off*B6AhR MEFs were cultured in MEM� containing 1% FBS in the presence or absence of DOX (5 �g/ml) and
whole cell lysates were collected for Western blot analysis of AhR expression. Exposure of Off*B6AhR MEFs to DOX through 48 h results in a near
complete loss of AhR expression. All samples were run on the same gel. Actin was used as a loading control. B, attenuation of AhR expression by DOX
reduces ITE-induced Cyp1B1 expression. In a separate experiment, Off*B6AhR MEFs were cultured with or without DOX for 72 or 96 h. Some cells were
treated with ITE (1 �M) for 24 h. Representative Western blot for AhR and Cyp1B1 is shown. C, densitometry: in the continued presence of DOX, AhR
expression was significantly decreased through 96 h (***, p � 0.0001 and **, p � 0.001 compared with no DOX at the respective time point). Treatment
of MEFs (�DOX) with ITE significantly reduced AhR expression (**, p � 0.001). There was significantly less ITE-induced Cyp1B1 expression in �DOX
Off*B6AhR MEFs compared with �DOX MEFs (*, p � 0.05). D, treatment with DOX (to eliminate AhR expression) in conjunction with 2% CSE (i and iii)
resulted in membrane blebbing (iii, closed arrows). Few MEFs express the AhR (�DOX) and were exposed to 2% CSE exhibited morphological changes
consistent with apoptosis (iv). Inset, enlargement of cell depicting membrane blebbing. Magnification, �40; inset depicting membrane blebbing, �60.
E, chromatin condensation: Off*B6AhR MEF were cultured with or without DOX for 24 h and then treated with 2% CSE for 6 h. Off*B6AhR MEFs were
treated with DOX (�DOX) to eliminate AhR expression, but did not receive any CSE (i), had a greater number of cells with condensed nuclei (closed
arrows) compared with Off*B6AhR that express the AhR (ii). Nuclei from viable cells are indicated by open arrows. Few Off*B6AhR cells not treated with
DOX exhibited condensed nuclei (iv, closed arrow). F, quantitative assessment of condensed nuclei revealed there was significantly more apoptosis in
Off*B6AhR MEFs exposed to DOX (*, p � 0.05 compared with �DOX). Results are presented as mean � S.E.; n � 2– 4 independent experiments.
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apoptosis (Figs. 2 and 3) are the result of caspase activation and
subsequent degradation of proteins involved in cellular assem-
bly and repair, such as lamin A/C and poly(ADP-ribose)poly-
merase (PARP) (49, 50). Densitometric analysis revealed that in
CSE- andActD-exposedAhR�/� fibroblasts, therewas a signif-
icant increase in both cleaved PARP and the small fragment of
lamin A/C (Fig. 4, A and B). There was approximately a 60-fold
increase in the level of cleaved PARP when AhR�/� fibroblasts
were exposed to 5% CSE or ActD, respectively (Fig. 4A). In
AhR-expressing cells, only ActD increased the amount of
cleaved PARP (�20-fold). It is interesting to note that basal
amounts of cleaved PARP were considerably less in media-
treated AhR�/� fibroblasts (�30% compared with AhR�/�

cells). Cleavage of lamin A/C was also significantly increased in
AhR�/� fibroblasts (Fig. 4B). In contrast, there was no signifi-
cant indication of cleaved lamin in AhR�/� fibroblasts.

Next, we used Western blot, and an antibody that detects
only the cleaved fragment of caspase-3, to assess caspase-3
activity in pulmonary fibroblasts. Activation of caspase-3
results in catalytic processing, yielding smaller molecular
weight fragments (51). Here, densitometric analysis indicated
that cigarette smoke (CSE-2 and 5%) significantly increased
cleaved caspase-3 only in the AhR�/� fibroblasts (Fig. 4C).

ActD also yielded the greatest significant increase in cleaved
caspase-3 in the AhR�/� cells, compared with AhR�/� fibro-
blasts. Finally, we used an in vitro fluorescent enzyme activity
assay that uses a fluorescent, selective caspase-3 substrate
(DEVD-AFC); cleavage of this substrate by caspase-3 yields a
shift in fluorescence. We treated AhR�/� and AhR�/� fibro-
blasts withmedia only, CSE (2 and 5%), or ActD for 6 h.Media-
only treated AhR�/� fibroblasts had significantly more basal
caspase-3 activity compared with AhR�/� fibroblasts (Fig. 4D).
There was a significant increase in caspase-3 activity when
AhR�/� fibroblasts were exposed to ActD, which was also sig-
nificantly higher comparedwithAhR�/� fibroblasts. Therewas
no significant increase in caspase-3 activity in either AhR�/�

and AhR�/� cells exposed to CSE (Fig. 4D). Taken together,
these data support the concept that the AhR is a regulator of
apoptosis in pulmonary fibroblasts.
Genetic Deficiency of the AhR Potentiates Cigarette Smoke-in-

duced Mitochondrial Dysfunction in Pulmonary Fibroblasts—
Induction of apoptosis by the intrinsic pathway results from an
intracellular cascade of events leading to mitochondrial mem-
brane permeabilization and subsequent loss of mitochondrial
membrane potential (
�m) (52).We therefore tested for differ-
ential alterations in
�m between AhR�/� and AhR�/� mouse

FIGURE 4. AhR�/� pulmonary fibroblasts have increased apoptotic protein cleavage in response to cigarette smoke. Pulmonary fibroblasts from AhR�/�

and AhR�/� mice were exposed to CSE or ActD for 24 h and the level of apoptotic proteins were assessed by Western blot analysis. Caspase-3 activity was
determined using a fluorometric assay. Graphical representation (densitometry) is based on relative protein expression normalized to actin (n � 2– 4 inde-
pendent experiments and corresponding Western blots). The expression in the media-treated AhR�/� fibroblasts was set to a value of 1 and fold-change
represents comparison to this group. A, cleaved PARP: there was a significant increase in the level of cleaved PARP when AhR�/� fibroblasts were exposed to
5% CSE as well as ActD (***, p � 0.0001 and *, p � 0.05, compared with media control). The increase in AhR�/� fibroblasts exposed to 5% CSE was significantly
higher than AhR�/� fibroblasts. There was a statistically significant increase in cleaved PARP when AhR�/� fibroblasts were treated with ActD. B, cleaved lamin:
there was a significant increase in cleaved lamin A/C when AhR�/�, but not AhR�/�, fibroblasts were treated with CSE (*, p � 0.05 compared with media
control). ActD also significantly increased cleaved lamin A/C in AhR�/� cells. C, cleaved caspase-3: CSE significantly increased cleaved caspase-3 only in the
AhR�/� pulmonary fibroblasts. ActD increased cleavage of caspase-3 in both AhR�/� and AhR�/� pulmonary fibroblasts, with the increase in AhR�/� cells
being significantly higher (***, p � 0.0001). D, detection of caspase-3 activity: AhR�/� fibroblasts have significantly higher basal caspase-3 activity compared
with AhR�/� fibroblasts (#, p � 0.05). ActD significantly increased caspase-3 activity in AhR�/� (***, p � 0.001). This increase in caspase-3 activity in the AhR�/�

fibroblasts was significantly higher compared with AhR-expressing fibroblasts.
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lung fibroblasts exposed to CSE using DiOC6, a fluorescent dye
that strongly labels intact mitochondria; a decrease in 
�m is
identified by reducedDiOC6 incorporation (16). AlthoughAhR
expression did not influence resting 
�m (mean fluorescence
intensity 942 versus 971 for AhR�/� andAhR�/�, respectively),
treatment with 2 and 5% CSE (Fig. 5A) resulted in a dramatic
decline in 
�m. Treatment with 2% CSE decreased DiOC6
incorporation by�50% (mean fluorescence intensity� 982 for
untreated versus 489 for 2% CSE) in AhR�/� fibroblasts. In
contrast, 2% CSE had negligible effects on lung fibroblasts that
express the AhR (Fig. 5A, left histograms). Alterations in 
�m
were more dramatic when fibroblasts were treated with 5%

CSE. Here, AhR-deficient fibroblasts exhibited a robust decline
in 
�m compared with AhR�/� cells (Fig. 5A, right
histograms).
We also assessed mitochondrial dysfunction using Mito-

Tracker Red, amitochondrion selective dye that accumulates in
the mitochondria in a membrane potential-dependent manner
(53); the use of MitoTracker Red as an indicator of changes in

�m has been described (54). In media-treated AhR�/� fibro-
blasts, staining was evident as punctuate cytoplasmic fluores-
cence, indicative of selective uptake of MitoTracker Red by
healthy and activemitochondria. A similar punctuate cytoplas-
mic pattern was observed in AhR-deficient fibroblasts (Fig. 5B,

FIGURE 5. AhR expression prevents mitochondrial dysfunction caused by CSE. A, flow cytometric measurement of 
�m: lung fibroblasts from AhR�/� and
AhR�/� mice were exposed to 2 or 5% CSE for 6 h and 
�m was assessed by flow cytometric analysis of DiOC6 incorporation. Basal 
�m was similar between
the fibroblast strains. Treatment with 2% CSE caused a larger decrease in DiOC6 incorporation in AhR�/� fibroblasts compared with AhR�/� fibroblasts (mean
fluorescence intensity (MFI) � 489 versus 982, red and green histograms, respectively). Treatment with 5% CSE resulted in decreased 
�m in both AhR�/� and
AhR�/� fibroblasts, as measured by DiOC6 incorporation. Fluorescence intensity was dramatically lower in the AhR-null fibroblasts (MFI � 27) when compared
with lung fibroblasts that express the AhR (MFI � 507). B, MitoTracker Red CM-H2XRos: AhR�/� and AhR�/� fibroblasts were exposed to CSE for 6 h and 
�m
was assessed via fluorescence microscopy with the mitochondrion-selective dye MitoTracker Red. Media-exposed pulmonary fibroblasts AhR�/� (i) or AhR�/�

(iv) exhibited punctuate cytoplasmic fluorescence (arrows). No fluorescence was observed in the nuclei (N). This same cytoplasmic distribution was observed
in AhR�/� fibroblasts treated with 1 or 2% CSE (v and vi, respectively). In contrast, exposure of AhR�/� fibroblasts to 1% CSE resulted in diffuse cytoplasmic
fluorescence (ii, open arrows). Morphological alterations indicative of apoptosis were also evident (asterisk) in the 2% CSE-treated AhR�/� pulmonary fibro-
blasts (iii). Magnification, �40 (inset is a digital enlargement of a single cell to illustrate the subcellular localization).
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media, i and iv, arrows). Exposure to 1% CSE did not alter this
staining pattern in fibroblasts that express the AhR (AhR�/�,
panel v). However, in AhR�/� fibroblasts, this concentration of
CSE resulted in a dramatic loss of punctuate staining and more
diffuse cytoplasmic staining (Fig. 5B, panel ii, open arrows),
indicative of reduced uptake of MitoTracker Red. Upon expo-
sure to 2% CSE, the fluorescence of the MitoTracker Red
became more diffuse in AhR�/� fibroblasts, and indicators of
apoptosis (i.e. membrane blebbing) were also evident (Fig. 5B,
panel iii, asterisk). In AhR�/� fibroblasts, there was some dif-
fuse staining, although the punctuate pattern remained inmany
cells (Fig. 5B, panel vi, arrows).

Cytochrome c release from the mitochondria and transloca-
tion to the nucleus is a hallmark of early events that initiates the
intrinsic apoptotic cascade (55). Therefore, pulmonary fibro-
blasts from AhR�/� or AhR�/� mice were treated with CSE,
and cytochrome c release was determined by immunofluores-
cence. In fibroblasts that were treated with control media only,
the fluorescence was punctuate, indicative of mitochondrial
distribution (Fig. 6, panels i and iv, arrows). Upon exposure to
2% CSE, the cellular distribution of cytochrome c changed dra-
matically only in the AhR�/� cells where there was a rapid and
pronounced alteration in the subcellular distribution of cyto-
chrome c to the nucleus (Fig. 6, panels ii and iii, asterisk). In
AhR�/� fibroblasts, cytochrome c remained restricted to the
cytoplasm, regardless of CSE treatment (Fig. 6, compare panel
iv with panels v and vi, arrows). Collectively, these data high-

light that mitochondrial dysfunction plays a key role in the
enhanced apoptotic response ofAhR�/� fibroblasts to cigarette
smoke.
The AhR Does Not Regulate Elements of the Antioxidant

Response in Primary Fibroblasts—We also assessed whether or
not the AhR regulates intracellular GSH levels, the most abun-
dant nonprotein thiol in the lung. Here, the concentration of
GSH frommedia-treated (untreated) cells was not significantly
different between AhR�/� and AhR�/� fibroblasts (32 � 4 and
26 � 1 nmol of GSH/mg of protein, respectively) (Fig. 7A).
Although exposure to higher concentrations of CSE (2 and 5%)
resulted in a slight decline in GSH levels at 3 and 6 h post-
exposure, there was no significant difference in intracellular
GSH levels between AhR�/� and AhR�/� fibroblasts (Fig. 7A).

Next, we examined the expression andnuclear localization of
Nrf2, a transcription factor known to regulate antioxidant
defense in response to cigarette smoke (19). Expression of Nrf2
was not different between AhR�/� and AhR�/� fibroblasts. In
either lung fibroblasts or Off*B6AhR MEFs, which express the
AhR or not, Nrf2 was expressed at approximately equivalent
levels (Fig. 7B). Exposure to 2% CSE yielded a slight increase in
Nrf2 expression thatwas not dramatically different between the
cell types (lung fibroblast or Off*B6AhR MEF) (Fig. 7B). Nrf2
expression was largely cytoplasmic in both AhR�/� and
AhR�/� lung fibroblasts cultured in control media (Fig. 7C,
open arrows). Following treatment with 2% CSE, there was a
pronounced translocation ofNrf2 to the nucleus (Fig. 7C, closed
arrows). There was no perceptible difference in nuclear Nrf2
between AhR�/� and AhR�/� fibroblasts (Fig. 7C, closed
arrows).
Finally, we examined the expression of HO-1, a cytoprotec-

tive, Nrf2-regulated enzyme that can be induced by cigarette
smoke in lung fibroblasts (19). Basal HO-1 expression was low
in both AhR�/� and AhR�/� pulmonary fibroblasts (Fig. 7D).
Exposure to CSE for 24 h yielded a dramatic increase in HO-1
expression that was comparable between AhR�/� and AhR�/�

fibroblasts (Fig. 7D). Re-expression of the AhR in AhR�/� lung
fibroblasts using an expression plasmid for mAhR (26) also had
no effect on the ability of CSE to increase HO-1 protein expres-
sion (Fig. 7E). HO-1 localizes to the mitochondria following
CSE exposure (21). Therefore, utilizing Off*B6AhR MEFs that
were exposed to DOX to decrease AhR levels, we generated
cytoplasmic and mitochondrial protein and assessed HO-1
expression. AhR expression was exclusively cytoplasmic (C)
(Fig. 7F), which was dramatically attenuated following treat-
ment with DOX. Treatment of Off*B6AhR MEFs with 2% CSE
resulted in an increase in mitochondrial HO-1 expression,
regardless of whether DOX was present or not (Fig. 7G). Col-
lectively, these data suggest that key components of the antiox-
idant defense system are not controlled by the AhR and cannot
account for the increased sensitivity of the AhR�/� pulmonary
fibroblasts to cigarette smoke.
Genetic Ablation of the AhR Dysregulates SOD Expression—

Copper-zinc SOD (CuZn) and manganese SOD (MnSOD) are
cellular proteins that convert superoxide anions to hydrogen
peroxide and water, and protect cells against oxidative damage.
MnSOD is a mitochondrial enzyme whose expression is
induced by several cytokines, including IL-1� and members of

FIGURE 6. Cigarette smoke causes cytochrome c release in AhR�/� pulmo-
nary fibroblasts. Pulmonary fibroblasts were treated with control MEM
(Untreated) or 2% CSE for 1 or 2 h and the intracellular distribution of cyto-
chrome c was determined by immunofluorescence. i and iv, in both AhR�/�

and AhR�/� pulmonary fibroblasts cultured in control media (Untreated),
cytochrome c was restricted to the cytoplasm, as evidenced by punctuate
fluorescence (arrows). In AhR�/� cells treated with 2% CSE for 1 (ii) or 2 h (iii),
there was an increase in the immunolabeling for cytochrome c within the
nucleus (asterisk). In AhR�/� fibroblasts treated with 2% CSE (v and vi), cyto-
chrome c remained in the cytoplasm of most cells (arrows), with a few cells
exhibiting nuclear cytochrome c (asterisk). Magnification, �40.
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the tumor necrosis factor (TNF) family (56). Therefore, we first
examined whether IL-1� or CD40L (a TNF family member)
could regulate MnSOD in pulmonary fibroblasts. When pul-
monary fibroblasts derived from AhR�/� and AhR�/� mice

were exposed to either IL-� or CD40L, there was an increase in
MnSODexpression (Fig. 8A). Therewas no apparent difference
in the induction of MnSOD between AhR�/� and AhR�/�

fibroblasts by either IL-1� or CD40L. Neither CSE (2% or 5%)

FIGURE 7. The aryl hydrocarbon receptor is not involved in the regulation of key elements of the antioxidant response. A, pulmonary fibroblasts from
AhR�/� and AhR�/� mice were exposed to media (Untreated) or to increasing concentrations of CSE for 1, 3, 6, or 24 h and intracellular GSH levels were
measured. Basal GSH was not significantly different between AhR�/� (open bars) and AhR�/� (closed bars) fibroblasts. Treatment with increasing concentra-
tions of CSE resulted in a dose-dependent decline in intracellular GSH, with the largest decrease occurring when fibroblasts were exposed to 5% CSE for 3 or
6 h. There was no significant difference in GSH between AhR�/� and AhR�/� fibroblasts exposed to 1, 2, or 5% CSE. Results are expressed as mean � S.E. and
values represent duplicate samples of 2– 6 independent experiments. B, Nrf2 expression was similar between AhR�/� and AhR�/� fibroblasts. Pulmonary
fibroblasts (lanes 1, 3, 5, and 7) and Off*B6AhR MEFs (lanes 2, 4, 6, and 8; � DOX) were left untreated (No CSE) or exposed to 2% CSE for 24 h and Nrf2 expression
was analyzed by Western blot. Basal Nrf2 expression was similar regardless of AhR expression. Exposure to 2% CSE slightly increased Nrf2 expression in all cells
examined. L, lung fibroblasts; M, Off*B6AhR MEFs. A representative Western blot is shown. C, translocation of Nrf2 to the nucleus in response to 2% CSE is
independent of AhR expression. Nrf2 localization in untreated AhR�/� and AhR�/� pulmonary fibroblasts was predominantly cytoplasmic (open arrows).
Exposure to 2% CSE resulted in a pronounced translocation of Nrf2 to the nucleus (closed arrows). D, CSE increases HO-1 expression in AhR�/� and AhR�/�

fibroblasts. Fibroblasts that were exposed to media alone expressed little HO-1. Treatment with CSE dramatically increased HO-1 expression, predominantly in
the cytoplasm. E, CSE-induced HO-1 occurred independent of AhR expression. Transient transfection of a mouse AhR expression plasmid (mAhR) into AhR�/�

fibroblasts did not dramatically affect either basal or CSE-induced HO-1 expression. F, cytoplasmic AhR expression in Off*B6AhR MEFs is attenuated by treatment with
DOX. Off*B6AhR MEFs were untreated or treated with DOX and cytoplasmic and mitochondrial proteins were isolated. AhR was undetectable in the mitochondrial
fraction (M), confirming the purity of the mitochondrial isolation. AhR expression was repressed in the cytoplasmic (C) fraction upon treatment of Off*B6AhR MEFs with
DOX. G, mitochondrial HO-1 protein expression is independent of AhR expression. Off*B6AhR MEFs (�/�DOX) were treated with 2% CSE and cytoplasmic and
mitochondrial proteins were isolated. CSE increased HO-1 expression only in the mitochondria. There was little difference in the relative expression of CSE-induced
HO-1 between Off*B6AhR MEFs that express the AhR (�DOX; lane 7) or where AhR expression is attenuated (�DOX; lane 8).
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actinomycin D increased MnSOD expression (Fig. 8B). It was
evident, however, that AhR�/� fibroblasts expressed less basal
MnSOD compared with AhR�/� cells (compare media-only;
Fig. 8, A and B). These results were verified using DOX-treated
Off*B6AhR MEFs, whereby ablation of the AhR by DOX
resulted in less MnSOD protein compared with AhR-express-
ing Off*B6AhR MEFs (�DOX) (Fig. 8C); treatment with DOX
attenuatedMnSODexpression by�80% (Fig. 8C, compare lane
1 to lane 5), confirming thatAhR regulates SODprotein expres-
sion. The AhR did not regulate the expression of the pro-apo-
ptotic protein Bax (Fig. 8B). There was also less basal CuZn-
SOD in AhR-deficient fibroblasts (Fig. 8D). Densitometry on
Western blots revealed that there was significantly less basal
MnSOD and CuZn-SOD in AhR�/� fibroblasts (Fig. 8E). Here,
AhR�/� fibroblasts expressed only 25% of MnSOD and 20% of
CuZn-SOD protein compared with AhR�/� fibroblasts. These
results suggest that the AhR may confer protection in the lung
via the regulation of critical antioxidant enzymes.
siRNAKnockdown of the AhR Increases Susceptibility of Lung

Epithelial Cells to Cigarette Smoke-inducedApoptosis—Epithe-
lial cells are a direct target for smoke-induced damage, rapidly
undergoing apoptosis after cigarette smoke exposure (16–18).
To determine whether the AhR also promotes epithelial cell
survival, we transiently transfected siRNA for AhR into
MLE-12 cells, a distal bronchiolar-alveolar epithelial cell line
(33). After confirming successful reduction of AhR expression

(Fig. 9A), apoptosis was assessed as described above. Knock-
down of the AhR in the absence of smoke increased morpho-
logical parameters of apoptosis, including nuclear condensa-
tion. Following exposure to 2% CSE, there was a further
increase in apoptotic markers (Fig. 9, B and C, compare with
Figs. 2 and 3). AhR-knockdown epithelial cells also exhibited
mitochondrial dysfunction upon CSE exposure, as assessed by
cytoplasmic retention of MitoTracker Red (Fig. 9D, compare
with Fig. 5). Finally, reducing AhR levels in lung epithelial cells
also resulted in a significant increase in the levels of cleaved
PARP (Fig. 9E). Taken together, our data highlight the univer-
sality of the AhR as an important and novel promoter of pul-
monary structural cell survival.

DISCUSSION

COPD is a heterogeneous disease that worldwide claims the
lives of�3million people annually (57). Despite the global bur-
den of COPD, there are no new pharmacological therapies that
prevent disease progression. COPD is notoriously resistant to
conventional anti-inflammatory treatment, including cortico-
steroids, which fail to reduce the progression or mortality of
COPD (58), accentuating the need for new therapeutic targets
that have the capacity to regulate the multifaceted pathologies
that exist in obstructive airway disease. Recent evidence from
our lab highlights the role of the AhR in attenuating pulmonary
inflammation caused by cigarette smoke (26). The results pre-
sented in our current study now reveal that theAhR is critical in
preventing excessive cell death caused by cigarette smoke.
Excessive apoptosis contributes to the gradual loss of alveolar

wall structure and eventual formation of emphysematous
lesions (23).Markers of apoptosis are evident in human emphy-
sema, and apoptotic cells include epithelial cells and fibroblasts
(6, 8, 59). In our study, using genetically altered in vitro cell
culture models, we have demonstrated that when challenged
with cigarette smoke, AhR expression reduced cellular features
consistent with apoptosis, including morphological changes
and the cleavage of apoptotic proteins (Figs. 2–4 and 9).
The AhR also maintained mitochondrial function (Figs. 5, 6,
and 9). AhR�/� cells also have significantly higher basal
caspase-3 activity, which was significantly increased by ActD
(Fig. 4D). However, there was no increase in caspase-3 activity
in response toCSE, despite the appearance of cleaved caspase-3
and a robust apoptotic response. CSE can reduce caspase-3
activity due to a direct effect on the active protein, without
affecting the processing of procaspase-3 or impending apopto-
sis (60). Here, the threshold level of caspase-3 activity needed to
induce apoptosis is very low, and only complete inhibition of
caspase-3 suppresses apoptosis (60). Although our results do
not exclude the involvement of upstream caspases (i.e.
caspase-9) in smoke-induced apoptosis, our findings suggest
that higher basal levels of caspase-3 activity in AhR�/� fibro-
blasts are sufficient to drive the apoptotic response due to cig-
arette smoke.
Although the toxicological aspects of AhR signaling are not

in doubt, there is ample new evidence to indicate a physiologi-
cal role for the AhR independent of its response to dioxin.
Ligand-independent functions associated with AhR expression
include apoptosis and proliferation (32, 61). Our data demon-

FIGURE 8. AhR-dependent regulation of basal SOD expression. Primary
lung fibroblasts were treated with CD40L (1:100), IL-1� (10 ng/ml), CSE, or
actinomycin D (ActD) for 24 h and MnSOD protein expression was deter-
mined. A, treatment with CD40L or IL-1� increased MnSOD expression in both
AhR�/� and AhR�/� fibroblasts. B, pulmonary fibroblasts from AhR�/� mice
have decreased expression of MnSOD (compare with A). There was no change
in MnSOD protein expression following treatment with CSE or ActD for 24 h.
Bax levels were similar and not altered by CSE exposure or AhR expression.
C, attenuation of AhR expression by doxycycline (�DOX) results in less basal
MnSOD protein expression. D, basal CuZn-SOD was also less in the AhR�/�

fibroblast. E, densitometry revealed that there was significantly less MnSOD
and CuZn-SOD expression in the AhR�/� fibroblasts compared with AhR�/�

fibroblasts (**, p � 0.01). MnSOD expression in AhR�/� fibroblasts was arbi-
trarily set to one and the results shown are for AhR�/� fibroblasts. Results are
expressed as the mean � S.E.; n � 3–5 separate experiments and correspond-
ing Western blots.
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strate that in addition to apoptosis, AhR expression regulates
the proliferative capacity of pulmonary cells (Fig. 1). Here,
AhR�/� fibroblasts proliferated less, particularly when exposed
to CSE, compared with AhR�/� fibroblasts. As an imbalance in
both apoptosis and proliferation has been proposed as a con-
tributing factor in the development of emphysema (11), AhR
deficiency may hasten airspace enlargement in an animal
model. Our results support the concept that the AhR is a pre-

viously undiscovered regulator of both apoptosis and prolifer-
ation in the lung, which has important implications for the
development of COPD. It is intriguing to speculate that smok-
ers’ who develop COPD have lower expression of the AhR, and
are unable to prevent the loss of alveolar cells nor maintain a
correct proliferative balance in the lung, ultimately skewing this
apoptosis/proliferation ratio, and inciting the development of
emphysema.

FIGURE 9. siRNA-mediated knockdown of the AhR increases susceptibility to smoke-induced apoptosis in mouse lung epithelial cells. MLE-12 cells
were transiently transfected with siRNA against AhR or control siRNA (Ctrl), exposed to 2% CSE, and apoptosis was determined. A, transfection of MLE-12 cells
with AhR siRNA for 48 h reduced AhR levels. Densitometric analysis revealed that AhR levels were reduced to 42% compared with Ctrl (*, p � 0.05; n � 4).
B, knockdown of AhR increases apoptosis, AhR siRNA- or Ctrl-transfected MLE-12 cells were incubated with media or 2% CSE and H&E staining was performed.
MLE-12 cells transfected with Ctrl siRNA exhibited few morphological indicators of apoptosis, with or without CSE exposure (compare ii and iv). MLE-12 cells
with AhR knockdown (AhR siRNA) exposed to media had condensed nuclei (open arrows). Exposure to CSE further increased nuclear condensation (open
arrows). C, chromatin condensation, MLE-12 cells transfected with AhR-siRNA and maintained in medium had increased chromatin condensation (white arrows,
i) compared with cells receiving the Ctrl siRNA (black arrows, ii). There was a further increase in chromatin condensation in both the siRNA- (iii) and Ctrl-
transfected cells (iv) exposed to 2% CSE, with the increase being more dramatic in the AhR knockdown cells. D, MitoTracker Red, AhR siRNA MLE-12 cells (i)
exposed to medium exhibited slightly diffuse staining compared with the punctuate fluorescence of Ctrl siRNA-transfected epithelial cells (ii, arrows). Note that
nuclei (N) in the Ctrl siRNA-transfected cells exhibited negligible fluorescence. Exposure to 2% CSE resulted in dramatic cytoplasmic distribution of the
MitoTracker, where the fluorescence was very diffuse; this was especially evident in the AhR knockdown cells (iii) compared with Ctrl (iv). Magnification, �40
(insets represent digital enlargements of representative cells). E, cleaved PARP- siRNA-mediated knockdown of the AhR significantly increased CSE-induced
PARP cleavage. Results are representative of 2–3 independent experiments.
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The ability of the AhR to control proliferation and apoptosis
was unrelated to a generalized defect in the antioxidant
response, as neither GSH nor HO-1 expression was altered as a
consequence of AhR expression (Fig. 7). These were surprising
results, as activation of the AhR induces rat hepatic HO-1 (62).
Also intriguingwas the lack of association betweenAhRexpres-
sion andNrf2 activation. Nrf2 is an oxidant-sensitive transcrip-
tion factor that is activated by cigarette smoke (19) to increase
the expression of antioxidant proteins, including HO-1 and
GSH (63). Moreover, there is a strong reciprocal association
betweenAhR andNrf2 pathways, including direct regulation of
Nrf2 by the AhR (64). However, we were unable to find a differ-
ence in the expression or nuclear translocation of Nrf2 (Fig. 7).
This discrepancy could be the result of cell-specific differences
in Nrf2 in those studies compared with ours, as has been previ-
ously reported (19). Another key difference is the use of TCDD
to activate the AhR in the aforementioned studies. TCDD is an
environmental chemical and the most potent AhR ligand
known. Activation of the AhR by TCDD is associated with
numerous pathologies, including tumor promotion and terato-
genesis. Although the endogenous ligand of the AhR is unclear,
the recently reported AhR ligand ITE, isolated from the lung
(46), exhibits potent AhR agonist activity, but does not elicit the
same toxic response as TCDD (45). This suggests that activa-
tion of the AhR by TCDD may not be reflective of the physio-
logical response of theAhR to an endogenous ligand, and hence
explain the lack of differences in Nrf2 observed in our study.
We found a strong association between AhR expression and

the levels of basalMnSODandCuZn-SOD (Fig. 8).MnSOD is a
principal antioxidant within themitochondria, and is responsi-
ble for degrading superoxide (O2

. ) into H2O2. Cigarette smoke
is a potent oxidant, containing high concentrations of ROS as
well as stable free radicals capable of generating O2

. within the
pulmonary alveoli (65). MnSOD is induced by inflammatory
cytokines, including IL-1 andmembers of theTNF� family, and
is also increased or repressed to match ROS conditions. In our
study, basalMnSODwas significantly less in fibroblasts lacking
AhR expression (Fig. 8). Likewise, there was less basal CuZn-
SOD in AhR�/� fibroblasts.

Although the mechanism by which the AhR regulates SOD
expression is unclear, it is unlikely to be via modulation of
NF-�B. AlthoughNF-�B is thought to be a dominant transcrip-
tion factor involved in regulatingMnSOD expression (66), sev-
eral lines of evidence preclude its involvement. First, there was
no obvious difference in the ability of IL-1�, a potent inducer of
NF-�B (20), to increase MnSOD expression between AhR�/�

and AhR�/� fibroblasts (Fig. 8A). In addition, we have pub-
lished that there is also no difference in NF-�B (p65) signaling
with regards to AhR expression (26). Here, AhR�/� and
AhR�/� fibroblasts did not show differences in p65 transloca-
tion in response to CSE or IL-1�. It is possible that interaction
of the AhR with other transcription factors, such as activator
protein-1, or the ability of the AhR to manipulate post-tran-
scriptional control of MnSOD expression, are involved in its
regulation.
The functional significance of lower basal SOD in lung fibro-

blasts may extend beyond its involvement in promoting oxida-
tive stress and mitochondrial dysfunction. MnSOD is also

important in fibroblast proliferation. Increased expression of
MnSOD boosts fibroblast proliferation (67), and it could be
inferred that the higher MnSOD in the AhR-expressing fibro-
blasts may be one reason for the higher proliferative capacity
observed (Fig. 1). MnSOD is also postulated to function as a
tumor suppressor, andmany cancer cells express lower levels of
MnSOD compared with their normal counterparts (68). Along
these same lines, it has also been shown that boosting MnSOD
protects against tumor formation inmany experimental cancer
models (69, 70). Thus, attenuation of MnSOD caused by low
AhR expression, in addition to the lack of inflammatory control
(26),may further favor the formation of amalignant phenotype,
and develop into lung cancer when provoked by chronic ciga-
rette smoke.
Using a combination of genetic, biochemical, and cellular

approaches, we have demonstrated that the AhR is crucial in
regulating apoptosis, proliferation, andmitochondrial dysfunc-
tion caused by cigarette smoke. We also show that the AhR
controls SOD expression, enzymes that protect against oxida-
tive stress and apoptosis (71–73). Until recently, the AhR has
been regarded as a toxicology receptor, with little information
on its physiological function. These data, combined with our
recent publications on the AhR and regulation of pulmonary
inflammation (26, 74), solidifies an important role for this
receptor in modulating lung physiology. A further understand-
ing of the signaling pathways governing activation of the AhR,
independent of its ability to bind manmade environmental
chemicals, has the potential to lead to new treatment options
for those afflicted with airway diseases associated with inflam-
mation and apoptosis, particularly COPD and lung cancer.
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