
Aldose reductase regulates acrolein-induced cytotoxicity in
human small airway epithelial cells

Umesh CS Yadav, KV Ramana, and SK Srivastava*

Department of Biochemistry and Molecular Biology, University of Texas Medical Branch,
Galveston, Texas, 77555

Abstract
Aldose reductase (AR), a glucose metabolizing enzyme, reduces lipid aldehydes and their
glutathione conjugates with more than 1000-fold efficiency (Km aldehydes 5-30μM) than glucose.
Acrolein, a major endogenous lipid peroxidation product as well as component of environmental
pollutant and cigarette smoke, is known to be involved in various pathologies including
atherosclerosis, airway inflammation, COPD, and age-related disorders but the mechanism of
acrolein-induced cytotoxicity is not clearly understood. We have investigated the role of AR in
acrolein-induced cytotoxicity in primary human small airway epithelial cells SAECs. Exposure of
SAECs to varying concentrations of acrolein caused cell-death in a concentration- and time-
dependent manner. AR inhibition by fidarestat prevented the low (5 to 10 μM) but not high (>10
μM) concentrations of acrolein-induced SAECs cell death. AR inhibition protected SAECs from
low dose (5 μM) acrolein-induced cellular reactive oxygen species (ROS). Inhibition of acrolein-
induced apoptosis by fidarestat was confirmed by decreased condensation of nuclear chromatin,
DNA fragmentation, comet tail-moment, and annexin-V fluorescence. Further, fidarestat inhibited
acrolein-induced translocation of pro-apoptotic proteins Bax and Bad from cytosol to the
mitochondria, and that of Bcl2 and BclXL from mitochondria to cytosol. Acrolein-induced
cytochrome c release from mitochondria was also prevented by AR inhibition. The mitogen-
activated protein kinases (MAPK) such as extracellular signal-regulated kinases 1 and 2
(ERK1/2), stress-activated protein kinases/c-jun NH2-terminal kinases (SAPK/JNK) and
p38MAPK, and c-jun were transiently activated in airway epithelial cells by acrolein in a
concentration and time-dependent fashion, which were significantly prevented by AR inhibition.
These results suggest that AR inhibitors could prevent acrolein-induced cytotoxicity in the lung
epithelial cells.
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Introduction
Acrolein is a ubiquitous environmental pollutant that arises from incomplete combustion of
plastic materials, forest fires, cigarette smoke, and pyrolyzed animal and vegetable fats
[1-3]. Presence of acrolein in the ambient air in urban atmosphere represents a considerable
exposure hazard to human resulting in various health problems including atherosclerosis and
airway disease such as asthma, chronic obstructive pulmonary disease (COPD), cystic
fibrosis and carcinogenesis [2,4-8]. Along with the strong reactive aldehyde 4-hydroxy-2-
nonenal (HNE), acrolein is also produced in-situ as the toxic by-product of oxidative stress-
induced endogenous lipid peroxidation [9]. Among , α,β-unsaturated aldehydes, acrolein is
considerably the strongest electrophile and readily reacts with nucleophilic reactive groups
of bio-molecules including the sulfhydryl group of cysteine, imidazole group of histidine,
and amino group of lysine resulting in the inactivation of the proteins [10].

A number of reports have described the damaging effects of acrolein on the airway ciliary
movement [11], airway inflammation, and infiltration of monocytes, macrophages, and
lymphocytes in the interstitium, mucous-cell metaplasia, and airway enlargement. Acrolein
is known to cause apoptosis in number of cell types including keratinocytes, neutrophils and
airway cells [12-14]. However, the biochemical and molecular mechanisms involved in the
cellular toxicity are not clearly understood.

Apoptosis is a programmed cell death mechanism and is known to play an important role in
the development as well as in maintaining tissue homeostasis [15]. Oxidant-induced
apoptosis involves morphological and biochemical changes such as DNA fragmentation into
180–200 pb, externalization of phosphatidylserine and cellular fragmentation forming
apoptotic bodies [16, 17]. Triggered by different kinds of stimuli, mitochondrial apoptosis
pathway is thought to be regulated by antiapoptotic (Bcl2 and Bcl-XL) and proapoptotic (Bad
and Bax) members of Bcl2 family of proteins, which modulate the release of proapoptotic
molecules such as cytochrome (cyt) c [18]. Translocation of Bad to the mitochondrial
membrane eliminates the inhibitory effects of Bcl2 on Bax. Bax then forms Bax-Bax
dimmers, forming pores on the outer mitochondrial membrane, which may result in
mitochondrial permeability transition leading to the release of proapoptogenic molecules
including cyt c [19]. Cyt c interacts with apoptosis protease activating factor in the cytosol
which leads to activation of caspases in a sequential manner. The activated effector caspases
cleave many cellular proteins including poly(ADP-ribose) polymerase (PARP) and inhibitor
of DNase. This leads to characteristic morphological changes in cells akin to apoptosis
including chromatin condensation, nuclear membrane breakage, cell blebbing and formation
of apoptotic bodies. Further, at the molecular level apoptosis is regulated by oxidative stress-
mediated activation of several signaling intermediates including the redox sensitive stress
kinases that activate transcription factors including nuclear factor – kappa B (NF-kB) and
activator protein (AP) −1 [20]. The oxidative activation of Jun-N-terminal kinase (JNK) and
mitogen-activated protein kinase (MAPK) phosphorylates and activates c-Jun, thereby
activate AP-1 [21, 22]. AP-1, a redox-sensitive transcription factor and known to regulate
transcription of a number of inflammatory genes, utilizes cysteiene residues as the redox
switches [23]. Among other redox-sensitive targets, ROS directly activate certain protein
tyrosine kinases, which then activate downstream signaling cascades [24]. Further, ROS also
inactivate protein tyrosine phosphatases resulting in the persistent activation of tyrosine
kinases [24, 25]. Thus, oxidative stress induced by acrolein may activate redox signaling
pathways that lead to enhanced expression of pro-apoptotic proteins which could be
responsible for acrolein-induced cell death [26].

We have shown that inhibitors of aldose reductase have anti-inflammatory and anti-
oxidative properties [27,28]. Aldose reductase (AR) is a stress response protein and a
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metabolic enzyme that is known to detoxify aldehydes besides reducing glucose to sorbitol
in hyperglycemia. Increased AR expression and activity have been linked with pathological
conditions where acrolein levels are known to be elevated e.g. cigarette smoke-exposure
[29]. Although extensive literature on acrolein toxicity is available, the role of AR in
acrolein-induced cytotoxicity remains controversial and at best unclear. Therefore, we
investigated the modulatory role of AR on acrolein-induced cell death using primary human
small airway epithelial cells (SAECs). Our hypothesis is that AR is the mediator of low dose
acrolein-induced cytotoxicity and thus AR inhibition could prevent acrolein-induced
inflammatory signals and apoptosis in airway cells.

Our results show that inhibition of AR by fidarestat prevents acrolein-induced increased
ROS levels, nuclear condensation and DNA degradation, imbalance in the translocation of
pro- and anti-apoptotic proteins, and phosphorylation and activation of stress kinases that
lead to increase in SAEC apoptosis.

Material and Methods
Reagents

Small airway epithelial basal medium (SABM), small airway epithelial growth media
(SAGM™) bulletkit; and Reagentpack™ containing Trypsin 0.025%/EDTA 0.01%, Trypsin
neutralizing solution (TNS) and HEPES-buffered saline solution were purchased from
Lonza Walkersvillle, Inc. (Walkersville, MD). AR inhibitor, fidarestat was obtained as gift
from Sanwa Kagaku Kenkyyusho Co., Japan and Livwell, USA. Acrolein was purchased
from Sigma-Aldrich (St Louise, MO). Antibodies against Bad, Bax, Bcl2, BclXL,
cytochrome c, glyceraldehydes 3-phospahte dehydrogensae (GAPDH), cytochrome c
coxidase unit IV (COX IV), poly (ADP-ribose) polymerase (PARP) and caspase-3 and those
against phospho-JNK, -ERK1/2, -p38, -c-jun and JNK, ERK1/2, p38, c-jun were obtained
from Cell Signaling Technology (Danvers, MA). Dihydroethidium (DHE) fluorescent dye
was purchased from Molecular Probes, Invitrogen (Carlsbad, CA). The CometAssay™kit
was purchased from Trevigen, Inc. (Gaithersburg, MD). The reagents and supplies used in
the Western blot analysis were obtained from BioRad (Hercules, CA). All other reagents
used were of analytical grade.

Cell Culture
Primary human Small Airway Epithelial Cells (SAECs) were obtained from Lonza
Walkersville, Inc. (Walkersville, MD). The cells were cultured at 37°C in humidified
atmosphere containing 95% air and 5% CO2 according to the supplier's instructions and
used between passages 3 and 6. The cells were cultured in small airway epithelial basal
medium (SABM) as described [30].

MTT assay
The SAECs were plated in a 96-well plate at the density of 5000 cells/well and growth-
arrested for 24 h by replacing complete medium with fresh basal medium containing AR
inhibitor, fidarestat (10 μM) or carrier (PBS). The cells were incubated with various
concentrations of acrolein (0, 5, 10, 15 and 20 μM) for 48 h or with 5μM of acrolein for
various time points (0, 12, 24, 48 and 72h) unless otherwise indicated. At the end of
incubation 10 μl of MTT (5 mg/ml) were added to each well and incubated at 37°C for 2 h.
The medium was removed and 100% DMSO was added to each well to dissolve the
formazan granules. Absorbance was measured at 570 nm using a 96-well plate reader.
Results are expressed as mean absorbance ± SD (n=4).
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Detection of ROS
Approximately 1×105 SAECs were seeded on chambered slides and starved in serum-free
SABM with or without fidarestat for 24 h. The cells were washed with HBSS and treated
with acrolein (5μM) for 2 h. SAEC were rinsed with HBSS and incubated with DHE (2.5
μM) at 37°C for 15 minutes. Subsequently the cells were rinsed in PBS and mounted with
DAPI containing mounting medium (Vector Laboratories Inc., Burlingame, CA). The cells
were observed and photomicrographs were acquired with an Olympus camera fitted on
epifluorescence microscope with a 585 nm long-pass filter. The red fluorescence, indicative
of superoxide in the cells, was quantified using AlphaEaseFC software of AlphaImager 2200
(Alpha Innotech Corp.; Randburg, South Affrica) and shown as bar diagram (n=3). The
DAPI staining was used to depict cell nucleus, which appear blue.

Determination of apoptosis by nuclear condensation assay
The SAECs were grown to 75-80% confluency in 2-chambered slides and growth-arrested
in 0.1% serum medium without or with AR inhibitor, fidarestat. After 24 h, acrolein (5μM)
without or with fidarestat were added to the basal media and the cells were incubated for
another 24 h. At the end of incubation, the cells were washed with cold HBSS and mounted
with mounting medium containing DAPI (Vector Laboratories Inc., Burlingame, CA). The
cells were subsequently observed and photomicrographs were acquired with an Olympus
camera fitted on epifluorescence microscope. The cells with fragmented and/or condensed
nuclei were classified as apoptotic cells and quantified by manual counting per viewing area.
The mean values ± SD from each group (n=3) are presented as bar diagram.

Determination of DNA damage
The comet assay was performed essentially as described in suppliers (Trevigen, Inc.
Gaithersburg, MD) manual under dark (with no lights) condition as described by us earlier
[31]. Briefly, 2×105 SAECs were plated in a 6-well plate, and starved in 0.1% serum
medium without or with fidarestat (10 μM) for overnight. The cells were washed with HBSS
and stimulated with acrolein (5 μM) for 3 h. Subsequently, the cells were harvested and
centrifuged at 500xg for 5 min at room temperature. Supernatant was discarded and the cells
in the pellets were re-suspended in PBS and were mixed with 1% low melting point (LMP)
Agarose in 1:10 ratio. Immediately, 75 μl of the cell suspension was pipetted and dispersed
onto CometSlides. The slides were placed at 4 °C in dark for 30 min to solidify Agarose and
subsequently immersed in a lysis solution (10 mM Tris–HCl, 100 mM EDTA (pH 10), 2.5
M NaCl, 1% sodium lauryl sarcosinate, 1% Triton X-100,) for 60 min. The slides were
washed with 1×Tris-buffered EDTA (TBE) solution. The electrophoresis was carried out in
a horizontal electrophoresis chamber at the rate of 1.0 volt/cm for 20 min. Subsequently, the
slides were washed in deionized water, dipped in 70% alcohol, air dried, and stained with
SYBR-Green. The comet images were obtained using epifluorescence (epi800) microscope
and at least 40 comets per slide were observed and quantified (% DNA in tail) using image
analysis software, Comet Score™(TriTek Corp., Sumerduck, VA).

For DNA laddering assay, the confluent SAECs in T-75 flasks were starved overnight in the
presence or absence of fidarestat for overnight, washed twice with HBSS and exposed to
acrolein (5 μM) for 18 h without or with fidarestat (10 μM). The cells were harvested,
washed with ice-cold PBS, and DNA was extracted using DNeasy Kit (Qiagen Inc.,
Valencia, CA) according to manufacturer's protocol using RNase to digest RNA. The
extracted DNA (1μg) was subjected to electrophoresis on 1.5% Agarose gel containing
ethidium bromide. UV-irradiated A549 cells-derived DNA was used as positive control.
After electrophoresis, DNA fragments were visualized and images were captured by
biospectrum 410 image systems from Ultra Violate Products Ltd. (Cambridge, UK).
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Cell Cycle analysis
The SAECs were grown to confluence in a T-75cm2 flasks and growth-arrested for 24 hours
by replacing fresh medium containing 0.1% FBS and AR inhibitor fidarestat (10 μM), or
carrier (PBS). After 24 hours, the cells were washed with HBSS and incubated with acrolein
(5μM) in basal medium without or with fidarestat and the cells were incubated for an
additional 24 h. The cells were harvested, washed, and fixed in 70% chilled ethanol for 2
hours followed by staining with propidium iodide (50μg/mL) in FACS buffer for 20
minutes. The Cell cycle analysis was performed by flow cytometry (FACSCanto; BD
Biosciences, San Jose, CA).

AR siRNA transfection
The SAECs were seeded (2×105cells/well) in 6-well plate and incubated overnight. The AR
siRNA transfection was performed by incubating the cells in basal media containing human
AR-siRNA (AACGCAUUGCUGAGAACUUUAUU) to a final concentration of 20 nM and
the hIpERfECT transfection reagent (Qiagen Inc., Valencia, CA) as described by the
supplier. Briefly, 700 ng AR siRNA per well was diluted in 100 μl serum-free medium and
subsequently mixed with 18 μl HiPerFect transfection reagent and incubated for 10 min at
room temperature. The transfection mixture was then added to the respective wells
containing 700 μl complete culture media and incubated for 3 h at 37°C. Subsequently, 1.6
ml complete culture medium was added to each well and cells were incubated for 24 h. One
group of cells was trypsinized and plated in 96-well plate for MTT assay as described above.
In the other group incubated for 48 h post transfection, changes in the expression of AR
were assessed by Western blot analysis using anti-AR antibodies.

Annexin V FITC assay
The SAECs (5000 cells/well) were seeded in a 96-well plate grown till 80% confluence. The
growth-arrested cells without or with fidarestat (10 μM) were incubated with acrolein (5
μM) for 8 h at 37°C. At the end of incubation the cells were stained with annexin V FITC
following manufacturers protocol (Cayman Chemical, Ann Arbor, MI) and the fluorescence
was detected with excitation and emission wavelengths of 485 and 535 nm, respectively
using a 96-well plate reader (Biotek, Winooski, VT). Results are expressed as mean
fluorescence +/− SD (n=4).

Preparation of cytosolic and mitochondrial fraction
The mitochondrial and cytosolic fractions of the SAECs were prepared using the
cytochrome c assay kit from Abcam (Cambridge, MA). Briefly, the cells were harvested and
washed with ice-cold PBS and resuspended in cytosol extraction buffer mix and incubated
on ice for 10 mins. The cells were homogenized using Dounce homogenizer and centrifuged
for 10 mins at 700xg and the supernatant was further centrifuged at 10,000xg for 30 min at
4°C. At this stage, supernatant was collected and labeled as cytosolic fraction. The pellet
was suspended in mitochondrial extraction buffer, mixed by vortexing and labeled as
mitochondrial faction. Both cytosolic and mitochondrial factions were used to determine the
translocation and release of Bcl2 member proteins and cytochrome c, respectively by
Western blotting as described below.

Western blot analysis
The whole cell lysates were prepared using RIPA lysis buffer and equal amount of proteins
(40 μg) were resolved on 10% SDS-PAGE. The proteins were transferred to a nitrocellulose
membrane using Trans-Blot turbo transfer system from BioRad (Hercules, CA). The
membranes were blocked with 5% nonfat milk in Tris-Buffered Saline Tween-20 (TBST)
and probed with primary antibodies (1:1,000 dilutions) for 3 h at room temperature or
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overnight at 4°C. The blots were washed with TBST for 3 times, 5 min each, and exposed to
HRP-conjugated secondary antibodies (1:5,000 dilution) for 1 h and the antigen-antibody
complex was detected by enhanced chemiluminescence (Amersham Pharmacia Biotech,
Piscataway, NJ). The immune-positive bands were quantified by scanning and determining
the pixel density by using AlphaEaseFC software of AlphaImager 2200 (Alpha Innotech
Corp.; Randburg, South Affrica).

Statistical analysis
The data presented are mean ± SD and P values were determined by unpaired, two-tailed
Student's t test using Graph-pad prism software. p<0.05 was considered as statistically
significant.

Results
Effect of AR inhibition on acrolein-induced cell death in SAECs

We first investigated the role of AR in acrolein-induced cellular toxicity in SAEC. The
airway epithelial cells abundantly express AR and treatment with fidarestat for 24 h
significantly inhibited AR activity as well as expression (data not shown). The dose and
time-dependent decrease in the cell viability in SAECs by low doses of acrolein (<10μM)
was significantly prevented by AR inhibition (Fig 1A, and B). However, the decrease in the
cell viability of SAECs at doses of acrolein (>10μM) was not prevented by AR inhibition
(Fig 1A) indicating that AR inhibition offers protection at lower acrolein doses while
remains ineffective at higher doses. To further confirm the involvement of AR in low dose
acrolein-induced cytotoxicity, we performed loss of function studies using AR siRNA in
SAECs. As shown in Fig 1C, Acrolein-induced loss of cell's viability in SAECs was
prevented in AR-ablated cells, indicating the role of AR in acrolein cytotoxicity.

Effects of AR inhibition on acrolein-induced ROS generation in SAECs
The cellular toxicity and DNA damage are indicative of increased oxidative stress in cells
upon exposure to acrolein [16]. To investigate the role of acrolein-induced oxidative stress
in the cellular apoptosis, we determined ROS levels in SAECs subsequent to acrolein
exposure in the absence and presence of fidarestat. As shown in Fig 2 incubation with
acrolein caused a significant (~3.5-fold) increase in intracellular ROS levels, as indicated by
red fluoresce around the nuclei in acrolein treated cells (Fig 2A), which was significantly
(by >50%) prevented in fidarestat treated and acrolein exposed SAECs (Fig 2B). These
results indicate that acrolein-induced ROS generation could be prevented by AR inhibition,
which plays a protective role in acrolein-induced airway epithelial cell damage.

Effect of AR inhibition on the acrolein-induced translocation of apoptotic proteins
Cellular apoptosis is mediated by a fine balance of pro- and anti-apoptotic proteins in cells.
Specifically, mitochondrial apoptosis pathway is regulated by early translocation of
antiapoptotic (Bcl2 and Bcl-XL) and proapoptotic (Bad and Bax) members of Bcl2 family
proteins to or from mitochondria [18], which modulate the release of proapoptotic molecules
such as cyt c that activates the effecter caspases and DNases. We therefore, investigated in
SAECs the translocation of Bcl2 member proteins to mitochondria or cytosol following
incubation with acrolein in the absence or presence of fidarestat. As shown in Fig 3, acrolein
caused translocation of proapoptotic members such as Bad and Bax to the mitochondria,
while that of anti-apoptotic members to the cytosol. These changes were significantly
prevented in fidarestat-treated SAECs followed by acrolein exposure. Further, the release of
proapoptotic molecule cyt c was more in the cytosolic fraction indicating its release from
mitochondria subsequent to acrolein exposure, which was inhibited in the cells treated with
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AR inhibitor, fidarestat. These results indicate that low-dose acrolein activates
mitochondrial apoptotic pathway and AR inhibition prevents it.

Effects of AR inhibition on acrolein-induced DNA damage and nuclear condensation
Since aldehyde-induced cytotoxicity is known to be caused by oxidative damages to DNA
[31], we next examined the effect of AR inhibition on acrolein-induced DNA damage in
SAECs using comet and DNA-laddering assays. As shown in Fig 4A, the comet tails were
visible in acrolein treated cells as compared to the control cells. Upon quantification, the
comet tail intensity (% DNA in comet tail) in acrolein-treated cells was significantly
elevated and in AR inhibitor-treated group, these parameters were significantly low (Fig
4B). Similarly, acrolein -induced DNA damage in SAECs showed a characteristic ladder
pattern, a characteristic of apoptosis, when subjected to agarose gel electrophoresis
indicating apoptosis in those cells. The DNA ladder was absent in AR inhibitor-treated
SAECs (Fig 4C). These results suggest that AR inhibition could protect SAECs from
apoptosis caused by exposure to toxic aldehydes.

To further confirm that the nature of apoptotic cell death, we performed nuclear
condensation assay. SAECs were incubated with acrolein (5 μM) for 18 h with or without
fidarestat, and nuclear condensation was examined by fluorescent microscope following
nuclear staining with 4',6-diamidino-2-phenylindole (DAPI). As shown in Fig 5A, there
were numerous condensed and blebbed nuclei in acrolein-treated group (marked with arrow)
as compared to acrolein + fidarestat-treated group. Further, as shown in Fig 5B, significantly
increased number (~8- fold) of acrolein-treated cells showed nuclear condensation whereas
in AR inhibitor-treated cells nuclear condensation was significantly (~50%) prevented. In
order to affirm that the acrolein-induced cell death was indeed due to apoptosis, we
performed Annexin V FITC staining to capture the early cell death, i.e. externalization of
phosphatidylserine. A fluorochrome-labeled annexin V binds specifically to externalized
phosphatidylserine in early apoptotic cells. This was detected by measuring the fluorescence
in a plate reader. As shown in Fig 5C, there was significant increase in the annexin V-
specific mean fluorescence intensity (MFI) in acrolein-exposed cells, which was
significantly prevented in fidarestat-treated cells. Collectively, these data suggest that
inhibition of AR prevents low dose acrolein-induced DNA damage and nuclear
condensation, well known characteristics of apoptosis, which may be responsible for
decreased cell death in fidarestat-treated cells.

Effect of AR inhibition on the acrolein-induced cell cycle changes in SAECs
ROS-induced cell cycle arrest in the G2 phase is known to lead to apoptosis [32]. Therefore,
we examined the effect of AR inhibition on acrolein-induced cell cycle arrest in SAECs. The
serum-starved quiescent cells were exposed to acrolein (5 μM) for 24 h with or without
fidarestat following which the cells were harvested and subjected to FACS analysis. As
shown in Fig 6A, significantly (~3-fold) increased numbers of nuclei with double set of
DNA (27.9%) were observed in post synthetic G2 phase of cell cycle in acrolein-treated
group as compared to control (9.08%), suggesting a G2 arrest. Similarly, as shown in Fig
6B, increased number of cells were found in acrolein-treated group. On the other hand
treatment with fidarestat significantly decreased these numbers indicating the protection
from acrolein-induced cytotoxicity.

Effect of AR inhibition on the acrolein-induced activation of stress kinases
Since stress kinases such as MAKP, SAPK/JNK and c-Jun that activate redox sensitive
transcription factors play important role in apoptosis [21, 22], we next examined the
phosphorylation and activation of these proteins. As shown in Fig 7, acrolein caused dose-
dependent increase in the phosphorylation of JNK, while ERK1/2 and p38 showed increased
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phosphorylation on lower doses of 1 and 5 μM only. In the fidarestat-treated cells, on the
other hand, a marked decrease in acrolein-induced phosphorylation of these kinases was
observed as compared to the un-phosphorylated form of these proteins, which remained
mostly unaltered. Similarly, when airway epithelial cells were stimulated with 5 μM of
acrolein for different time points, a rapid increase in the phosphorylation of ERK1/2 and
JNK MAP kinases within 5 to 15 min was observed, which decreased significantly in AR
inhibitor treated cells (Fig 8).

We next investigated phosphorylation of c-jun, a subunit of redox-sensitive transcription
factors AP-1, by acrolein. A low dose acrolein exposure of SAECs caused a dose-dependent
(Fig 7 lowest panel) as well as a time-dependent (Fig 8, lowest panel) increase in the
phosphorylation of c-jun, indicating the activation of transcription factor AP-1. In the
presence of AR inhibitor, acrolein-induced phosphorylation of c-jun decreased significantly
(Figs 7, 8).

Taken together, these results indicate a dose- and time-dependent increase in the
phosphorylation and activation of redox-sensitive signaling kinases and transcription factors,
known to regulate oxidative stress-induced cytotoxicity and AR inhibition prevented these
changes suggesting that AR regulates low-dose acrolein-induced changes in cell physiology
that cause programmed cell-death by activating redox-sensitive signaling molecules.

Discussion
A number of studies suggest that acrolein-induced toxic effects are due to its conjugation
with cellular GSH, resulting in the formation of GS-acrolein conjugate thereby depleting
cellular GSH [33, 34]. This reaction is catalyzed by glutathione-S-transferase (GST), but
could also occur spontaneously due to high electrophilic nature of acrolein [34]. Depletion
of GSH results in increased oxidative stress that causes cytotoxicity. The increase in
oxidative stress causes endogenous activation of lipid peroxidation pathway, which produces
more lipid aldehydes such as acrlein and further accentuates the stress. Aldehydes are
known to cause cell death by apoptosis as well as necrosis depending upon their
concentration [35]. At the lower concentration (<5μM), aldehydes cause GSH depletion
which results in increased cellular ROS levels followed by increase in inflammatory markers
leading to apoptosis [36, 37]. Simultaneously, cells try to circumvent these effects by
enhancing antioxidant machinery including induction of antioxidant enzymes [38]. Acrolein
is known to cause oxidative stress by inducing, directly or indirectly, the production of
excessive ROS which promotes to cellular apoptosis [35, 39, 40]. In the present study,
increase in the cytotoxicity of airway epithelial cells subsequent to acrolein exposure shows
concurrence with previous findings. Additionally, cells showed significantly increased levels
of ROS after acrolein exposure, which correlated with acrolein-induced apoptosis in airway
epithelial cells. However, when treated with fidarestat, the ROS level as well as apoptotic
cell death decreased in SAECs, indicating protective role of AR inhibition in low-dose
acrolein-induced lung epithelial cells cytotoxicity. Further, acrolein has been shown to cause
DNA damage in many cells, which is linked with apoptosis [4, 16]. Consistent with these
studies we also observed that acrolein-treated cells had significantly more DNA degradation
and DNA strand-breaks compared to the control cells. Our findings in the present study
suggest that inhibition of AR prevents acrolein-induced DNA strand-breaks and degradation,
thereby protects from acrolein-induced cytotoxicity.

In order to investigate the effect of AR inhibition of the early apoptotic events, we examined
the translocation of Bcl2 family proteins in cells. Mitochondrial apoptosis pathway is known
to be regulated by members of Bcl2 family proteins which include antiapoptotic (Bcl2 and
Bcl-XL) and proapoptotic (Bad and Bax) members [18]. Stimulated by the oxidants such as
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acrolein, Bad translocates to the mitochondria and removes the inhibitory effects of Bcl2 on
the Bax, which leads to formation of Bax-Bax dimmer pores on the outer membrane that
could alter mitochondrial permeability. This results in the release of proapoptotic molecules
such as cyt c. It has been shown that changes in mitochondrial permeability leads to the
release of cytochrome c from mitochondria, which is required for the hallmarks of cytosolic
and nuclear apoptosis such as caspase 3 activation and nuclear laddering [19]. The present
study provides new information on the role of AR in the regulation of mitochondrial
pathway of acrolein-induced apoptosis and results suggest that inhibition of AR prevents
translocation of pro-apoptotic proteins Bax and Bad to the mitochondria and that of Bcl2
from mitochondria to cytosol. Further, once in cytosol, cyt c activates caspases which cleave
many cellular proteins including poly(ADP-ribose) polymerase (PARP) and inhibitor of
DNase leading to apoptosis which is marked by DNA damage, chromatin condensation,
nuclear membrane breakage, cell blebbing and formation of apoptotic bodies. We have
demonstrated in this study that acrolein-induced cyt c release into cytosol was inhibited by
AR inhibition, which may lead to the inhibition of PARP-1 cleavage, DNA strand break,
nuclear condensation and eventually of apoptosis. The effect of AR inhibition on the
acrolein-induced cytotoxicity of the airway epithelial cells was further evident by inhibition
of acrolein-induced cell cycle arrest in AR inhibitor-treated cells.

Increased level of oxidative stress causes activation of redox signaling via phosphorylation
and activation of redox-sensitive kinases such as MAPK, SAPK/JNK and transcription
factors c-jun [20-22,41]. Further, treatment with acrolein has been shown to increase
phosphorylation of ERK1/2, p38, and JNK in human umbilical vein endothelial cells leading
to activation and nuclear translocation of the redox-sensitive transcription factor NF-kB and
subsequent increase in inflammatory cytokines and chemokines including TNF-α, IL-6 and
IL-8 [42]. We therefore, examined the phosphorylation of various kinases including p38,
SAPK/JNK and c-jun in response to acrolein. Our results indicate that low dose acrolein
induces a redox imbalance and activates the stress kinases which lead to the activation of c-
jun, a constituent of transcription factor AP-1. Since AP-1 is known to transcribe
inflammatory markers that cause cytotoxicity, our findings suggest that AR inhibition may
prevent acrolein-induced activation of signaling cascade that cause cellular toxicity via
expression of inflammatory markers. We have shown previously that AR inhibition prevents
HNE-induced expression of inflammatory markers iNOS and COX-2 in macrophages [43].

Although the precise mechanism of how AR induces aldehydes-mediated apoptosis is not
known, we contemplate that metabolic product of glutathione-acrolein conjugates catalyzed
by AR could be involved in the activation of ROS-mediated signaling intermediates.
Inhibition of AR may prevent apoptosis by blocking the activation of redox-sensitive
signaling cascade in addition to inhibiting the translocation of Bcl2 family member proteins
as evident by present findings (Fig 9) [27,28]. We have previously demonstrated similar
phenomenon in mouse macrophages where AR inhibitors prevented HNE and GS-HNE-
induced cytotoxic effects but not that induced by GS-DHN [43]. These observations
bequeath an important role to AR-catalyzed reduced product of glutathione-acrolein
conjugate in the aldehydes-induced cytotoxicity and indicate that AR inhibition could play a
protective role in low-dose aldehyde exposure-related injury. Indeed, GS-acrolein has been
found to be more nephrotoxic than acrolein alone [44]. It has been reported previously that
down regulation of AR renders the macrophages susceptible to acrolein-induced cell death,
which is in contrast with our finding [45]. Besides the difference in the cell type
(macrophages vs airway epithelial cells) and their source (cell line vs primary cells), another
reason behind this difference in observation could be the higher concentration (25 μM) of
acrolein used in that study in compared to a lower concentration of 5 μM used in the present
study. However, we also observed that at higher concentration of acrolein, the cell death was
not prevented by AR inhibition, suggesting that higher aldehyde concentrations overwhelms
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the cellular antioxidant and protection machinery and cells could undergo direct necrosis
than apoptosis. Nevertheless, these differences need to be taken in consideration for
mechanistic studies in future.

Taken together, our results provide evidence that AR inhibition prevents low dose acrolein-
induced sub-cellular translocation of apoptogenic Bcl2 family proteins and modulates
cytotoxic signals by inhibiting the activation of ROS formation and subsequent activation of
inflammatory signals in airway epithelial cells.
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Highlights

1. Aldose reductase (AR) mediates low-dose acrolein-induced cytotoxicity in
airway epithelial cells

2. AR inhibition prevents acrolein-induced ROS formation and subsequent
apoptosis

3. AR inhibition regulates cellular translocation of the Bcl2 family proteins and
activation of effecter molecules

4. Acrolein-induced phosphorylation and activation of stress kinases in lung
epithelial cells is prevented by inhibition of AR

5. AR inhibitors may be used to prevent acrolein-induced cytotoxicity in the lungs
of acrolein-exposed subjects.
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Fig 1. AR inhibition or siRNA ablation prevents acrolein-induced cell death in SAECs
In (A) and (B) the SAECs were seeded while in (C) the normal and siRNA transfected cells
were seeded in a 96-well plate (5000 cells/well) and incuabted for overnight. The cells were
starved for 24 h by incubating in 0.1% serum medium without or with AR inhibitor,
fidarestat (10 μM) or carrier (PBS) as indicated. The cells were washed with HBSS and
incubated with (A) different concentrations (0, 5, 10, 15 and 20 μM) of acrolein for 48 h;
(B) with 5μM of acrolein for various time points (0, 12, 24, 48 and 72h) or (C) with 5μM of
acrolein for 24 h. At the end of various incubations MTT assay was performed and
absorbance at 570 nm is expressed as bars (mean±SD (n=4). *p<0.01 Vs Control; #p<0.05
Vs Acrolein alone. C, control; Fid, fidarestat; Acrol, acrolein; AR, aldose reductase; ARSi,
aldose reductase specific siRNA
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Fig 2. Effect of AR inhibition on Acrolein-induced ROS formation in SAECs
(A) Approximately 1×105 SAECs were seeded on 2-chambered slides and starved in serum-
free SABM with or without fidarestat (10μM) for 24 h. The cells were washed with HBSS
and treated with acrolein (5μM) for 2 h. SAEC were rinsed with HBSS and incubated with
DHE (2.5 μM) at 37°C for 15 minutes. The cells were washed with PBS and mounted with
DAPI containing mounting medium and observed with epifluorescence microscope. The
representative photomicrographs are shown (n=3). (B) Quantification of DHE-specific red
fluorescence, indicative of superoxide in the cells, is shown as bars (Mean±SD; n=3).
*p<0.001 Vs Control; #p<0.05 Vs Acrolein. C, control; Acrol, Acrolein; Fida, fidarestat.
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Fig 3. AR inhibition in airway epithelial cells prevents acrolein-induced translocation of Bcl2
family proteins
Approximately 80% confluent SAECs in T-75 flasks were incubated with or without
fidarestat (10 μM) for 24 h. The cells were incubated with acrolein (5 μM) for 3 h after
which cytosolic and mitochondrial fractions were prepared and Bcl2 member proteins and
cytochrome c were detected using specific antibodies by immunoblotting. A representative
blot from duplicate experiments is shown in the left column. The right column shows
densitometric analyses of respective protein bands relative to the untreated control. *p< 0.01
Vs Control; **p<0.001 Va Control; #p<0.01 Vs Acrolein’ ##p<0.05 vs acrolein. Cont,
control; Acrol, acrolein; Fid, fidarestat
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Fig 4. Effect of AR inhibition on Acrolein-induced DNA damage in SAEC
(A) Approximately 2×105 SAECs were seeded in a 6-well plate, and starved in 0.1% serum
medium without or with fidarestat (10 μM) for 18 h. The cells were washed with HBSS and
stimulated with acrolein (5μM) for 3h and comet assay was performed. The representative
comets photomicrographs are shown (n=3). (B) Quantification of the comet is shown as bar
diagram representing % DNA in comet tail (mean±SD) (*p<0.001 vs Control, **p<0.01 vs.
Acrolein. (C) Approximately 75% confluent SAECs in T-75 flasks were starved overnight
without or with fidarestat (10 μM) for 24 h, washed twice with HBSS and incubated with
acrolein (5μM) for 18 h without or with fidarestat (10μM). The cells were harvested, washed
with ice-cold PBS and DNA was extracted and 1 μg DNA was subjected to Agarose gel
electrophoresis. UV-irradiated A549 cells-derived DNA was used as positive control. (n=3).
C, control; Acrol, Acrolein; Fida, fidarestat.
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Fig 5. Effect of AR inhibition on acrolein-induced nuclear condensation and apoptosis in SAECs
(A) Approximately 75% confluent SAECs in 2-chambered slides were growth-arrested for
24h in 0.1% serum medium without or with AR inhibitor. The cells were washed with HBSS
and stimulated with acrolein (5μM) for 24h. The cells were washed with cold PBS and
mounted with DAPI containing mounting medium and observed with epifluorescence
microscope and photographed. The representative photomicrographs are shown (n=3). (B)
The quantification of the condensed nuclei was performed by manual counting per viewing
area (5 areas per slide; four corners and center). An SEM±SD of three slides is presented as
bar diagram. #p<0.0001 vs Control; ##p<0.002 Vs Arolein. C, control; Acrol, Acrolein; Fida,
fidarestat. (C) SAECs (105cell/well) were seeded and cultured till ~75% confluence. The
cells were starved with or without fidarestat (10 μM) for 24 h and incubated with acrolein
for 8 h and stained with Annexin V FITC. The mean fluorescence intensities (excitation at
485, emission at 535nm) are presented as bars. Data represents SEM±SD (n=3) from
different experimental groups. #p<0.006 Vs Control; ##p<0.03 Vs Acrolein. Cont, Control;
Fid, fidarestat; Acrol, acrolein
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Fig 6. Effect of AR inhibition on acrolein-induced cell cycle arrest in SAECs
Approximately 75% confluent SAECs were growth-arrested and made quiescent by
incubating in 0.1% serum medium without or with fidarestat for 24 h. The cells were rinsed
with HBSS and incubated with acrolein (5μM) for 24 h. The cells were harvested and cycle
analysis was performed by flow cytometry, and data is presented as histograms showing (A)
percent nuclei with single and double set DNA, and (B) number of cells in different cell
cycle stages (n=4). Fida, fidarestat.
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Fig 7. AR inhibition prevents acrolein-induced dose-dependent changes in phosphorylation of
signaling intermediates in SAECs
Approximately 2×105 SAECs were seeded in 6-well plates, and growth arrested in 0.1%
serum medium without or with fidarestat (10μM) for 24h. The cells were washed with
HBSS and stimulated with acrolein for 15 min using different concentrations as indicated.
Western blot analysis was performed using equal amount of proteins from each group, the
representative blots are shown (n=3). The bars on the top of each blot show the fold-change
in the pixel density of respective bands compared to control. *p<0.05 Vs control (0 μM
acrolein); **p<0.01 Vs control (0 μM acrolein); #p<0.05 Vs acrolein-treated (corresponding
concentrations); Fida, fidarestat
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Fig 8. Effect of AR inhibition on Acrolein-induced time-dependent changes in the
phosphorylation of signaling intermediates in SAECs
Approximately 2×105 SAECs were seeded in 6-well plates, and growth arrested in 0.1%
serum medium without or with fidarestat (10μM) for 24 h. The cells were washed with
HBSS and stimulated with acrolein (5μM) for different time intervals as indicated. Western
blot analysis was performed using equal amount of proteins from each group, the
representative blots are shown (n=3). The bars on the top of each blot show the fold-change
in the pixel density of respective bands compared to control. *p<0.05 Vs control (0 μM
acrolein); **p<0.01 Vs control (0 μM acrolein); #p<0.05 Vs acrolein-treated (corresponding
time-points); Fida, fidarestat
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Fig 9. Schematic of mechanism of acrolein-induced apoptotic changes in airway cells and role of
AR inhibition
Acrolein causes apoptosis by activating mitochondrial pathway of apoptosis by inducing the
translocation of Bad and Bax to mitochondria and that of Bcl2 and BclXL to the cytosol and
subsequent release of proapoptosis molecules causing caspase and PARP cleavage leading
to apoptosis. Acrolein also increases ROS formation which via lipid peroxidation produces
more of this reactive aldehyde, which in turn conjugates with cellular glutathione (GSH).
The resultant conjugate is reduced by AR to GS-propanol, which activates stress kinases
resulting in the activation of transcription factor (T.F.) AP-1. AP-1 transcribes inflammatory
cytokines and chemokines genes causing cytotoxicity. Inhibition of AR blocks these
changes at various levels as indicated by blunt arrows.
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