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Abstract

Reactive lipid aldehydes are implicated in the pathogenesis of various oxidative stress-mediated
diseases, including non-alcoholic steatohepatitis, atherosclerosis, Alzheimer’s and cataract. In the
present study, we sought to define which hepatic Aldh isoform plays a major role in detoxification
of lipid-derived aldehydes, such as acrolein and HNE by enzyme kinetic and gene expression
studies. The catalytic efficiencies for metabolism of acrolein by Aldhlal was comparable to that
of Aldh3al (Vmax/Km = 23). However, Aldhlal exhibits far higher affinity for acrolein (K, =
23.2 uM) compared to Aldh3al (K, = 464 uM). Aldhlal displays a 3-fold higher catalytic
efficiency for HNE than Aldh3al (218 vs 69 ml/min/mg). The endogenous Aldhlal gene was
highly expressed in mouse liver and a liver-derived cell line (Hepa-1c1c7) compared to Aldh2,
Aldhlbl and Aldh3al. Aldhlal mRNA levels was 34-fold and 73-fold higher than Aldh2 in
mouse liver and Hepa-1c1c7 cells respectively. Aldh3al gene was absent in mouse liver, but
moderately expressed in Hepa-1c1c7 cells compared to Aldhlal. We demonstrated that
knockdown of Aldhlal expression by siRNA caused Hepa-1c1c7 cells to be more sensitive to
acrolein-induced cell death and resulted in increased accumulation of acrolein-protein adducts and
caspase 3 activation. These results indicate that Aldhlal plays a major role in cellular defense
against oxidative damage induced by reactive lipid aldehydes in mouse liver. We also noted that
hepatic Aldhlal mRNA levels were significantly increased (= 3 fold) in acrolein-fed mice
compared to control. In addition, hepatic cytosolic ALDH activity was induced by acrolein when 1
mM NAD* was used as cofactor, suggesting an Aldhlal-protective mechanism against acrolein
toxicity in mice liver. Thus, mechanisms to induce Aldhlal gene expression may provide a useful
rationale for therapeutic protection against oxidative stress-induced pathologies.
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1. INTRODUCTION

The liver being the major site for metabolism and biotransformation of drugs and foreign
compounds is constantly exposed to reactive oxygen species (ROS), resulting in oxidative
stress. During oxidative stress, these ROS which include hydrogen peroxide (H,05),
superoxide radicals (O,~) and hydroxyl radicals (OH.) can covalently modify proteins, lipids
and DNA.. The peroxidation of polyunsaturated fatty acids in membrane lipid by ROS
produces unstable lipid hydroperoxides which decompose into aldehydes such as
malondialdehyde (MDA), hexanal, trans-2-hexenal, propen-2 al (acrolein) and 4-hydroxy-2-
nonenal (HNE) [1-3]. Among these aldehydes, HNE and acrolein are highly electrophilic
a,f-unsaturated aldehyde and can undergo Schiff base and Michael addition reactions with
nucleophilic groups on proteins and DNA [4]. There is increasing evidence that the
pathophysiological effects of ROS in cells is mediated by these cytotoxic aldehydes because
they are very stable and can diffuse to distant sites of formation [5;6].

In addition, humans are exposed to these aldehydes as environmental pollutants and by
endogenous processes that generate reactive aldehydes in the liver. For example, chronic
alcohol consumption, high fat diet or exposure to foreign compounds such as carbon
tetrachloride (CCly), allyl alcohol and the widely used anticancer drug cyclophosphamide
markedly elevate the intracellular concentrations of cytotoxic aldehydes [7-10]. Reactive
a,f3-unsaturated aldehyde such as acrolein and crotonaldehyde are also present in cigarette
smoke, vehicle exhaust emission, overheated foods and oil, drinking water and in effluents
from industrial plants [10;11]. It is estimated that the maximum daily human consumption of
unsaturated aldehydes is 5 mg/kg, while the total aldehyde consumption has been suggested
to be ~ 7 mg/kg [12;13].

The levels of reactive lipid aldehydes are elevated in various oxidative stress-mediated
diseases, including steatohepatitis [14], atherosclerosis [15], Alzheimer’s [16], cataract [17],
diabetes [18] and cancer [19]. In fact, accumulation of reactive aldehydes is associated with
the pathogenesis of these diseases. The toxicity of a,B-unsaturated aldehyde lies in their
ability to form Michael adducts with thiol and amino groups of proteins resulting in
alteration of several cellular processes. For example, cellular enzymes such as
glyceraldehyde-3-phosphate, glucose-6-phosphate dehydrogenases and cytochrome ¢
oxidase containing lysine and cysteine residues in their active sites are readily inactivated by
reactive aldehydes [20-22]. In addition, a,B-unsaturated aldehyde can induce oxidative
stress in cells by depleting cellular reduced glutathione, thereby altering signal transduction
pathways in cells. At low concentrations, acrolein is known to trigger apoptotic cell death by
mechanisms that involve activation of mitochondrial death pathways and caspases
[10;23;24]. Caspases, particularly caspase 3, which can cleave substrates such as poly(ADP-
ribose) polymerase (PARP), actin, laminin are widely used as marker for apoptosis in
different cell types. However at high concentrations acrolein causes necrotic cell death. This
phenomenon has also been observed with HNE [25-27].
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Despite their toxicity, many cytotoxic lipid-derived aldehydes can be successfully
metabolized to less toxic compounds by the action of oxidative, reductive and conjugative
enzymes. These enzymes include glutathione S-transferases (GST), aldehyde
dehydrogenases (ALDH), aldo-keto reductases (AKR), alcohol dehydrogenases (ADH) and
cytochrome P450 (CYP) [28-31]. The relative importance of these enzymes in reactive
aldehydes metabolism is cell type- and species-dependent. It is now known that the
conjugation of acrolein with glutathione is not a true detoxification process, since acrolein-
glutathione conjugates can undergo renal processing to form reactive species [32]. In
addition, the conjugation process is compromised when GSH concentrations are depleted,
such as may occur during oxidative stress. ALDH oxidizes a range of toxic aldehydes to
their corresponding non toxic carboxylic acids using either NAD* or NADP* as cofactors.
They play a critical role in the cellular protection against these toxic species. There are 19
ALDH genes in the human genome [30]. To date three isozymes, the cytosolic ALDH1A1
and ALDH3AL, and the mitochondrial ALDH2 are the main lipid aldehyde-oxidizing
enzymes expressed in the mouse liver.

The role of these enzymes in the cellular defense against oxidative damage induced by
cytotoxic aldehydes is controversial. Previous studies by Townsend et al revealed that
ALDH1AL1 overexpression provides only moderate protection against trans-2-nonenal and
not against other lipid aldehydes [33]. However, ALDH3A1 could protect cells against
HNE-induced apoptosis. Aldh3al is poorly expressed in normal liver and highly expressed
in cancerous cells [34]. It is also abundantly expressed in the cornea and protects the cornea
against cytotoxic lipid peroxidation-derived aldehydes [35]. However, recent experiments
with Aldhlal™~ mice indicate that Aldhlal protects the eye from cataract formation
induced by oxidative stress by detoxifying cytotoxic lipid aldehydes [36;37]. Moreover, the
human lens ALDH1AL1 efficiently oxidizes lipid-derived aldehydes, including HNE (K, 4.8
UM), trans-2-heptenal (K, 177.1 pM) and MDA (K, 3.5 M) [38]. In addition,
overexpression of ALDH1 in neuroblastoma cells reduces production of protein-HNE
adducts and activation of caspase-3 [27]. Aldhlal is known to decrease the effectiveness of
the anticancer drugs cyclophosphamide by detoxifying its major active metabolites acrolein
[39]. These results indicate that Aldhlal has the potential to protect against aldehyde
produced as a result of lipid peroxidation. However, it is unknown whether Aldhlal can
protect against acrolein-induced toxicity in mouse liver. We hypothesized that Aldhlal is
the major enzymes involved in acrolein and other lipid-derived aldehyde detoxification in
mouse liver.

The relative contribution of different Aldh isozymes in detoxification of reactive aldehydes
in mice liver is unknown. Moreover to date, the kinetic properties of murine Aldh orthologs
for reactive lipid aldehydes oxidation especially acrolein have not been biochemically
characterized. Mouse is a more common laboratory model for research in medicine because
of the availability of transgenic and gene-knockout mice. In the present study, we examine
the role of hepatic Aldh isozymes in detoxification of lipid-derived aldehydes such as
acrolein and HNE by enzyme kinetic and gene expression studies. We showed by substrate
preferences, gene expression patterns and in vitro knockdown experiments in Hepa-1c1c7
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that murine Aldhlal is the major cytosolic Aldh in mice liver involved in cellular defense
against reactive aldehydes-induced toxicity.

2. MATERIALS AND METHODS

2.2. Chemicals and Reagents

Propionaldehyde, benzaldehyde, trans-2-hexenal, acetaldehyde, dithiothreitol, 3-(4,5-
dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT), N-ethylmaleimide (NEM),
propen-2-al (acrolein) and malondialdehyde (MDA) were purchased from Sigma Chemical
Company, Inc. (St Louis, MO). 4-hydroxy-2-nonenal (HNE) was obtained from Cayman
Chemical Co (Ann Arbor, MI). Oxidized 8-NAD* and B-NADP* were purchased from
Codexis (Redwood City, CA). Anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
antibody, clone 6C5 (MAB374) was purchased from Millipore (Temecula, CA). Rabbit
polyclonal antibody against caspase 3 (H-277; sc-7148) was purchased from Santa Cruz
Biotechnology, Inc (Santa Cruz, CA). Cleaved caspase 3 (Asp175) antibodies (#9661), and
cytochrome c treated and untreated Jurkat cell extracts (#9663) were from Cell Signaling
Technology (Danvers, MA). ALDH1 antibody against purified rat ALDH1 was produced in
rabbits [40]. Rabbit polyclonal antibody against acrolein-protein adducts was provided by
Aruni Bhatnagar, Department of Medicine/Cardiovascular Medicine, University of
Louisville. Stealth™ RNAIi was synthesized by Invitrogen (Carlsbad, CA).

2.3. Cloning, Expression and Purification of Recombinant Aldhlal and Aldh3al

The pCMV6-Aldhlal plasmid (MC202273) containing the full length of mouse Aldhlal
cDNA (NM_013467) was purchased from OriGene (Rockville, MD). The Open Reading
Frame (ORF) of Aldhlal was amplified by PCR using the following primers (forward: 5’
CATATGTCTTCGCCTGCACAACCTGCA-3; reverse: 5'-
GGTACCGGAGTTCTTCTGAGATATCTTCA-3). The forward primer contains an Ndel
site for cloning into the start codon (ATG) of pET30b vector (Novagen, Inc., Madison, WI)
to ensure correct initiation of translation in E coli. The reverse primer was designed to
contain a Kpn1 site with deletion of the stop codon (TAA) to express a full length Aldhlal
with a C-terminal his-tag. The 1.5 kb PCR product was then cloned into pCR2.1 vector
using a TA cloning vector kit (Invitrogen, Carlsbad, CA). The sequence of the mouse
Aldhlal ORF was confirmed by sequence analysis at the University of Louisville, Center
for Genetics and Molecular Medicine Nucleic Acid Core Facility. The PCR product was
then digested with Ndel and Kpn1, and subcloned into the pET30b expression plasmid
(Novagen, Inc., Madison, WI). To generate the full length of mouse Aldh3al cDNA
(NM_007436), total RNA was isolated from mouse primary hepatocytes treated with 50 uM
1,2-benzanthracene (BA) for 24 h. Total RNA was reverse transcribed to cDNA with Oligo-
dT primers using Advantage RT-for-PCR kit (Clontech, BD Bioscience, Palo Alto, CA).
The ORF of Aldh3al was generated by PCR using as forward primer 5’-
GGTACCAGCAATATCAGTAGCATCG-3 and as reverse primer /-
CTCGAGTGAAGTAGCCCTCTCAATGC-3'.

The sequence of the mouse Aldh3al ORF was confirmed by sequence analysis. The 1.5 kb
PCR product was ligated into pCR2.1 vector and subsequently digested with Kpnl and
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Xho1l, and subcloned into pET30a (Novagen) expression vector allowing synthesis of a full-
length Aldh3al with an N-terminal his-tag. One Shot® BL21(DE3)pLysS competent E coli
cells (Invitrogen, Carlsbad, CA) were subsequently transformed with pET30b-Aldhlal or
pET30a-Aldh3al plasmid and were grown until the ODggg ~ 0.6. The recombinant protein
expression was induced by addition of 0.5 mM isopropylthiogalactoside overnight. Cells
were lysed with Bugbuster® Protein extraction reagent (Novagen, Inc., Madison, WI)
containing 2 mM DTT and 10% glycerol, and purified using nickel nitrilotriacetic acid (Ni-
NTA) column (Qiagen, Valencia, CA). Proteins were eluted with 400 mM imidazole and
concentration was determined by Pierce® BCA Protein Assay (Pierce, Rockford, IL). The
purity of the recombinant protein was determined by SDS-PAGE electrophoresis stained
with coomassie blue. Recombinant proteins were transferred into nitrocellulose membrane
and probed with anti-ALDH1A1 antibodies as described below.

2.3. Aldehyde Dehydrogenase Enzymatic Assay

The enzymatic activities of Aldh’s were measured spectrophotometrically using
recombinant his-tag proteins by monitoring the reduction of NAD* or NADP* at 340 nm as
previously described by Lindahl and Petersen [41] using the molar absorptivity value of
6220 M~1cm~1. Enzyme activity was assayed at 25°C in 50 mM sodium phosphate buffer
(pH 7.4), containing 1 mM EDTA and 0.01% BME with either 1 mM NAD* or NADP* as
cofactor. The reaction was initiated by addition of varying concentrations of aldehyde
substrate into a 1 ml cuvette. The kinetic constants (K, Vinax and Vimax/Km) of recombinant
mouse Aldhlal and Aldh3al for oxidative metabolism of various aldehydes were examined.
All reactions were performed in triplicate. The cofactor preference of recombinant mouse
ALDH was measured using varying concentrations of either NAD* or NADP*. The K, of
Aldhlal for NAD* and NADP* was defined using 1 mM propionaldehyde while the
cofactor preference of Aldh3al was assessed by measuring its K, for either NAD™ or
NADP?* using 2.5 mM benzaldehyde as substrate.

2.3 Stealth™ siRNA knockdown of mouse Aldhlal

Stealth™ RNA oligonucleotides are 25 bp double-stranded RNA oligonucleotides and were
designed using BLOCK-iT™ RNAI Designer (Invitrogen, Carlsbad, CA). The Stealth
SiRNA designed to target mouse Aldhlal (NM_013467) was synthesized by Invitrogen
(sense strand, 5-UAAAGAUGCCAGGUGAAGAGCCGUG-3; antisense strand, 5’-
CACGGCUCUUCACCUGGCAUCUUUA-3). The sequences of the Stealth siRNA control
are: sense strand, 5-CACUCUCCUCAUCGGACCUUGGUUA-3’; antisense strand, 5’-
UAACCAAGGUCCGAUGAGGAGAGUG-3'). Before transfection, mouse hepatoma
(Hepalclc?) cells (American Type Culture Collection, Rockville, MD) were maintained in
Dulbellco modified Eagle’s media (DMEM) supplemented with 10% fetal bovine serum and
1% antibiotic-antimycotic solution (Invitrogen; Carlsbad CA). Cells were transfected with
Stealth™ siRNA using Lipofectamine™ RNAiIMAX according to the manufacturer’s
instructions. Cells were transfected with either 150 pmol (50 nM) siRNA control (siControl)
or stealth siRNA specific to Aldhlal (siAldhlal) using Lipofectamine™ RNAIMAX
(Invitrogen). To test the effect of stealth sSiRNA on Aldhlal gene expression, the mMRNA
levels and protein levels were analyzed after 48 h by gqRT-PCR and western blot
respectively.
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2.4 Measurement of cell viability by MTT assay

Hepa-1clc7 cell viability was evaluated using an MTT assay according to manufacturer’s
instruction. Hepa-1c1c7 cells (5000 cells/100 pl) were plated in a 96 well plate. Cells were
treated with increasing concentrations of acrolein in serum free media for 24 h. Cells were
then incubated with MTT (0.2 mg/ml) for 2 h and Cell viability was determined by
measuring the absorbance at 570 nm.

2.5 RNA Isolation and Quantitative Real Time PCR (QRT-PCR)

2.6 Western

RNA was isolated from Hepa-1c1c7 cells or mice liver using Tri reagent (Molecular
Research Center, Inc., Cincinnati, OH). The mRNA levels of Aldhlal, Aldhla7, Aldhlbl,
Aldh2 and Aldh3al were assessed by gRT-PCR. Total RNA isolated from cells was reverse
transcribed to cDNA with random hexamer primers using the Advantage RT-for-PCR kit
(Clontech, BD Bioscience, Palo Alto, CA). RNase H was then used to degrade any residual
RNA in the cDNA mix. QRT-PCR was performed using the ABI 7900HT Sequence
Detector System (Applied Biosystems, Foster City, CA) with gene specific FAM-labeled
LUX primers synthesized by Invitrogen (Carlsbad CA). A plot of the CT versus quantity of
RNA was generated to verify linearity of amplification. All gRT-PCR experiments were
performed in triplicate using cDNA sample from independent RNA sets and analyzed by the
absolute quantitation standard curve method. The gene expression levels were normalized to
18S rRNA as endogenous control and data were expressed as the mean + SD. Samples were
analyzed by Student’s t test and values of p < 0.05 were considered to be statistically
significant.

Immunoblotting

Whole cell extracts were prepared from Hepa-1c1c7 cells using 1X RIPA buffer (20 mM
Tris-HCI, pH 7.5; 150 mM NaCl, 1 mM NayEDTA, 1 mM EGTA, 1% NP-40, 1% sodium
deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM B-glycerophosphate, 1 mM NazV04, 1
pg/ml leupeptin; Cell Signaling Technology, Beverly, MA) containing protease inhibitors
(Protease Inhibitor Cocktail Set I11, EDTA free; Calbiochem, La Jolla, CA). For
determination of acrolein-protein adducts in cells a modified 1X RIPA Lysis buffer that
contains in addition 50 mM NEM was used. Protein concentration was determined using
Pierce® BCA Protein Assay (Pierce, Rockford, IL). Lysates were resolved on 4-12%
NUuPAGE® Novex® Bis-Tris mini gels and transferred onto Hybond™-ECL nitrocellulose
membranes (Amersham Biosciences, Piscataway, NJ). Membranes were probed with
antibodies against rat ALDH1AL (1:2000), Caspase 3 (1:1000), GAPDH (1:10000) at room
temperature for 2 h or acrolein-protein adducts (1:2000) and cleaved Caspase 3 (1:1000) at
4°C overnight. Proteins were visualized by incubation with horseradish peroxidase-
conjugated goat anti-rabbit (Sc-2004, Santa Cruz Biotechnology) or goat anti-mouse
(Sc-2005, Santa Cruz Biotechnology, Santa Cruz, CA) secondary antibody and enhanced
Chemiluminescence (Pierce, Rockford, IL) detection systems.

2.6 Liver Cytosolic ALDH Activity

The hepatic Aldh activity was examined in the cytosolic fractions isolated from the liver of
male C57BL/6J mice (Jackson Laboratories, Bar Harbor, MA) treated daily with acrolein (5
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mg/kg body weight) for 7 consecutive days and sacrificed 24 h after the last treatment. The
liver cytosolic fraction was isolated following protocol [42]. Briefly, the liver were excised
and cut into small pieces in a beaker of saline with scissors. The liver was then homogenized
in 0.25 M sucrose buffered with 50 mM potassium phosphate buffer, pH 7.4. The
homogenized liver was then sedimented at 1000 rpm for 10 min. Further sedimentation at
12000 rpm for 20 min was then carried in the same tube. The supernatant was then
ultracentrifuged at 108,000 x g for 1 h. 20% glycerol was then added to the supernatant or
cytosolic fractions and stored at —80°C. The Aldh activity was measured
spectrophotometrically as described above using 1 mM propionaldehyde (substrates for
Aldhlal or 2.5 mM benzaldehyde (substrate for Aldh3al) as substrates with either 1 mM
NAD* or NADP* at pH 7.4.

3. RESULTS

3.1. Expression, Purification and Biochemical Characterization of Recombinant Aldhlal

and Aldh3al

We cloned the open reading frame of Aldhlal and Aldh3al into a pET expression vector
allowing us to express the recombinant mouse Aldhs in E coli with an N-terminal and C-
terminal his-tag respectively. The recombinant enzymes were purified using Ni-NTA resin
and the purity of the enzymes was assessed by SDS-PAGE electrophoresis. Cell extracts and
eluate fractions (40 ug) were resolved on 4-12% SDS-PAGE gels and gels were stained
with coomassie blue (Figure 1). We noted a single protein band ~ 55 and 50 KDa in the
eluate fractions of the pET30b-Aldhlal and pET30-Aldh3al transformed E coli cells,
respectively. To further confirm the identity of Aldhlal, extracts from BL21(DE3)pLysS
cells transformed with pET30b-Aldhlal, and purified rat ALDH1 [40] were resolved on
SDS-PAGE gel, transferred onto nitrocellulose membrane and probed with antibody against
purified rat ALDH1AL. We observed immunoreactivity of a protein band at ~55 KDa,
which migrated at comparable position to the purified rat ALDH1A1. Thus, we successful
cloned, expressed and purified recombinant mouse Aldhlal and Aldh3al in E coli.

We examined the kinetic parameters (Km, Vimax and Vmax/Km) of recombinant mouse
Aldhlal and Aldh3al (Table 1) for oxidative metabolism of a wide range of aldehyde
substrates using either NAD* or NADP* as pyridine nucleotide cofactor. The cofactor
preference of recombinant mouse ALDH was also assessed using varying concentrations of
either NAD* or NADP*. Kinetic parameters indicate that mouse Aldhlal exhibited high
affinity for short chain aldehydes, such as propionaldehyde (K, = 141 uM) and
acetaldehyde (K, = 202 pM) and the lipid aldehydes; acrolein (K, = 23.2 uM), trans-2-
hexenal (K, = 31.2 uM), HNE (K, = 2.4 uM) and MDA (K, = 7.5 uM) as shown in Table
1. The catalytic efficiency for Aldhlal was highest for HNE (Vax/Km = 218) and lowest
for benzaldehyde (Vmax/Km = 0.3). Mouse Aldhlal had an apparent Ky, of 752 uM for
benzaldehyde, indicating that aromatic aldehydes are poor substrates for Aldhlal. Aldhlal
preferred NAD™ (K., = 50.2 uM) as cofactor, and displays no catalytic activity with NADP™.
The order of the catalytic efficiency of mouse Aldhlal for aldehyde substrates, as reflected
bY Vimax/Km was HNE > MDA > acrolein > trans-2-hexenal > propionaldehyde >
acetaldehyde > benzaldehyde. Due to the extremely high Va4 of Aldh3al (umol/min/mg)
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for most aldehyde substrates compared to that of Aldhlal (nmol/min/mg), the catalytic
efficiency of Aldh3al was higher for most aldehyde substrates except for the lipid
aldehydes. In contrast to Aldhlal, mouse Aldh3al exhibit high affinity for aromatic
aldehydes such as benzaldehyde (K, = 37 uM) followed by the lipid aldehydes and showed
poor affinity for short chain aldehydes, such as propionaldehyde (K, = 3380 uM) and
acetaldehyde (K, = 1000 uM). Aldh3al was capable of metabolizing lipid aldehydes, such
as acrolein, HNE and MDA with low affinity for substrate binding (K, > 300 uM)
compared to Aldhlal. In addition, Aldh3al used both NAD* and NADP* as cofactor for
oxidative metabolism of aldehydes, but prefers NAD™ (Vmax/Km = 484) over NADP*
(Vmax/Km = 87). The catalytic efficiencies for metabolism of acrolein is comparable
between Aldhlal and Aldh3al (Vmax/Km = 23). However, Aldhlal exhibits far higher
affinity for acrolein (K, = 23.2 uM) compared to Aldh3al (K, = 464 pM). Furthermore, the
Aldhlal displays high catalytic efficiency for HNE compared Aldh3al, suggesting that
reactive LPO-derived aldehydes are preferred substrates for Aldhlal.

3.2. Expression of Aldehyde dehydrogenases in mouse liver and mouse hepatoma cell

lines

To assess which Aldh isoform plays a prominent role in oxidative metabolism and
detoxification reactive lipid aldehydes in mice liver, we assessed the mMRNA levels of the
major Aldhs expressed in mice liver and Hepa-1c1c7 cells by qRT-PCR. Aldhlal gene was
highly expressed in mouse liver and Hepa-1c1c7 cells compared to Aldh2, Aldhlbl and
Aldh3al (Figure 2). The mRNA levels of Aldh2 were expressed at comparably levels in
both mice liver and Hepa-1cl1c7 cells. However, Aldhlbl mRNA expression was higher in
Hepa-1clc7 compared to mouse liver (2 fold). As previously demonstrated, Aldh3al
MRNA expression was absent in mouse liver, but was moderately expressed in Hepa-1clc7
cells compared to Aldhlal. Aldhlal mRNA levels was 34 fold and 73-fold higher than the
Aldh2 mRNA levels in mouse liver and Hepa-1c1c7 cells respectively. The order of mRNA
expression of the major Aldhs involved in lipid aldehyde metabolism in mice liver and
Hepa-1clc7 was Aldhlal > Aldh2 > Aldh1bl > Aldh3al. We can conclude from enzyme
kinetics and gene expression that Aldhlal plays a prominent role in the cellular defense
against oxidative damage induced by cytotoxic aldehydes in mice liver.

3.3. Knockdown of Aldhlal gene expression sensitizes liver-derived cell lines to acrolein-
induced cell death

To specifically examine the role of Aldhlal in cellular protection against reactive lipid-
derived aldehydes such as acrolein, we assess whether knockdown of Aldhlal gene
expression sensitizes Hepa-1c1c7 cells to acrolein-induced cell death. Hepa-1c1c7 cells
were transfected with either Stealth control or Stealth Aldhlal-specific SiRNA. The effect of
knockdown of Aldhlal gene expression was assessed by gRT-PCR and western blot. RNA
was isolated from cells 48 h after transfection and was reverse transcribed to cDNA. The
cDNA was then used to assess Aldhlal mRNA expression normalized to 18S endogenous
control by gRT-PCR. In Figure 3A, we observe > 80% reduction in Aldhlal mRNA levels
in stealth Aldhlal-specific SiRNA transfected cells compared to untransfected control. Cell
extracts (40 ug) prepared from Hepa-1cl1c7 cells transfected with Stealth control siRNA or
Stealth Aldhlal-specific SiRNA were separated on SDS-PAGE gels and transferred onto
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nitrocellulose membrane. The membranes were probed with antibodies against rat
ALDH1A1 and GAPDH as endogenous control (Figure 3B). Densitometry analysis of
Aldhlal protein levels corrected for GADPH showed ~ 85% decrease Aldhlal protein
level in cells transfected with Stealth Aldhlal-specific SIRNA compared to untransfected
control (Figure 3C). Subsequently, we assessed whether Hepa-1c1c7 cells with knockdown
of Aldhlal gene exhibit higher sensitivity to acrolein-induced cell death. Twenty four hours
after transfection of Hepa-1c1c7 cells with either stealth control or Stealth Aldhlal siRNA,
cells were exposed to a range of acrolein concentrations (0-100 uM) for 24 h and cell
viability was examined by MTT assay. Figure 3D showed that Hepa-1c1c7 cells exhibit
higher sensitivity to acrolein, with 25 UM and higher concentrations producing
concentration-dependent decrease in cell viability. We also observed a comparable dose-
dependent decrease in viability between untransfected and control siRNA transfected cells.
However, knockdown of Aldhlal gene expression resulted in marked decreased in cell
viability compared to WT cells. The half maximal effective concentrations (ECsg) of
acrolein for cells with low expression of Aldhlal (ECsg~ 22 pM) was significantly reduced
compared to that of the untransfected and control siRNA transfected cells (ECsp~s 35 UM).
These results indicate that cells in which Aldhlal expression was decreased are highly
vulnerable to acrolein-induced cell death, suggesting that Aldhlal protects cells from
reactive aldehydes-induced cell death by enhanced metabolism of these reactive species.

3.4. Increased acrolein-protein adducts in Hepalclc7 cells with knockdown of Aldhlal
gene expression

Acrolein and other highly reactive a,-unsaturated aldehydes readily alkylate proteins
forming Michael addition adducts with a free carbonyl group. It is now known that protein
carbonylation by reactive aldehydes precedes the toxic process leading to cell death [23].
We examine whether acrolein-protein adducts are increased in cells with knockdown of
Aldhlal after acrolein treatment. Hepa-1c1c7 cells were transfected with either stealth
control siRNA (siControl) or Aldhlal specific stealth sSiRNA (siAldhlal). Twenty four
hours after transfection, cells were exposed to either 10 uM or 25 uM acrolein for 24 h.
Lysates prepared from cells were separated on SDS-PAGE and transferred onto
nitrocellulose membrane. The membrane was probed with antibodies against acrolein-
protein adducts and GAPDH (Figure 4A). The level of acrolein-protein adducts of individual
proteins was analyzed by densitometry corrected for GADPH using UN-SCAN-IT gel 6.1
software. Three protein bands labeled P1, P2 and P3 were chosen for analysis of acrolein-
protein adducts accumulation in the siControl and siAldhlal cells following exposure to
acrolein (10 uM and 25 uM) (Figure 4B). Densitometry analysis showed that acrolein-
protein adducts content of P1 and P3 continued to increase in both siControl and siAldhal-
treated cells up to 25 pM acrolein. We also noticed accumulation of endogenous acrolein-
protein adducts for protein P1, P2 and P3 in siAldhlal-treated cells compared to siControl
cells. In protein 1 and 3 (P1 and P3), the level of acrolein-protein adducts were increased in
Aldhlal-specific Stealth siRNA transfected cells compared to control siRNA transfected
cells after treatment with 10 pM acrolein. However, for P1, P2 and P3, we observed elevated
levels of acrolein-protein adducts in siAldhlal cells compared to siControl cells at 25 pM
acrolein treatment. These results indicate that when Aldhlal protein levels are low, the
deficiency in acrolein detoxification led to accumulation of acrolein-protein adducts.
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3.5. Increased acrolein-induced Caspase 3 activation and apoptosis in Hepalclc7 cells
after knockdown of Aldhlal gene expression

In addition to protein-acrolein adducts accumulation and cell viability, we investigated
whether knockdown of Aldhlal sensitizes cells to acrolein-induced caspase 3 activation, a
marker of apoptosis. Reactive lipid aldehydes are known to induce oxidative stress by
depletion of GSH. Oxidative stress and acrolein or HNE-protein adducts have been
implicated in induction of apoptosis [24;43]. Previous studies demonstrated that HNE
induces activation of caspase 3 in human lens epithelia cells (HLECs), human leukemia cells
(HL-60) and neuroblastoma cell line (SH-SY5Y) [25;27;44]. Inactive procaspase 3 (32
KDa) zymogen is activated by proteolytic cleavage adjacent to Asp175 into activated 17-
and 19-KDa fragments. Thus, the activation of caspase 3 is monitored by western blot
analysis of the cleaved fragments. To examine whether Aldhlal can protect cells against
acrolein-induced apoptosis, we transfected Hepa-1c1c7 cells with Stealth Aldhlal-specific
SiRNA (siAldhlal) or Stealth control siRNA (siControl) for 24 h and cells were
subsequently exposed to 25 uM acrolein for 24 h. Cell extracts separated by SDS-PAGE
gels were transferred onto nitrocellulose membrane and probed for cleaved caspase 3
fragments, caspase 3 and GADPH as endogenous control (Figure 5A). The levels of
procaspase (Figure 5B) and cleaved caspase 3 (17 and 19 KDa fragments) (Figure 5C) in
untransfected cell (WT), siControl- and siAldhlal-treated Hepalclc7 cells exposed to 25
UM acrolein were assessed by densitometry corrected for GADPH using UN-SCAN-IT gel
6.1 software. The levels of procaspase 3 were moderately increased in WT and siAldhlal
cells after acrolein treatment. However, procaspase 3 protein levels were slightly decreased
in siAldhlal cells in the absence of acrolein treatment. As expected, the levels of the 17 and
19 KDa fragments of caspase 3 (active) were robustly increased (= 40-fold) when cells were
exposed to acrolein compared to untreated WT cells or control siRNA transfected cells. The
19 KDa fragment was moderately increased in siAldhlal cells compared to WT and
siControl cells after acrolein (25 uM) exposure (Figure 5C). However, we observe elevated
levels (~ 3-fold) of the 17 KDa fragment in siAldhlal cells compared WT and siControl
cells after acrolein (25 uM) exposure. These results indicate that Aldhlal knockdown cells
exhibit high sensitivity to acrolein-induced caspase 3 initiated apoptosis. We can conclude
from these data that Aldhlal by enhanced detoxification and metabolism of acrolein
protects cells against apoptosis induced by acrolein.

3.6. Acrolein induces the expression of Aldhlal gene in mice liver and hepatoma cell

The expression of Aldhlal gene is regulated by a wide variety of endogenous and
exogenous stimuli. Microsomal and other chemical inducers were shown to modulate the
expression of cytoprotective and antioxidant genes including Aldhlal [34;45]. Recent
studies indicate that oxidative stress induces the expression of antioxidant and phase Il
detoxifying genes, including Aldhlal in an in vivo model of renal ischemia/reperfusion
injury [45]. There is increasing evidence that acrolein and related aldehydes, such as HNE
and crotonaldehyde at sublethal concentrations, are important signaling molecules and can
induce the expression of cytoprotective genes encoding antioxidant and electrophile
detoxification enzymes [46-48]. Interestingly, many of these cytoprotective genes are
involved in acrolein and reactive aldehydes metabolism and detoxification.
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We examined whether acrolein at sublethal concentration can induce the expression of
Aldhs in mice liver. C57BL/6 mice were treated with saline (control) or 5 mg/kg acrolein by
gavage daily for 7 days. The daily human consumption of unsaturated aldehydes is ~ 5
mg/kg and no hepatocellular damage was observed in mice exposed to this dose of acrolein
[13]. Total RNA was extracted from the liver, reverse transcribed to cDNA and used for
gRT-PCR analysis of gene expression of Aldhlal, Aldh2, Aldh3al and Aldhlbl. Aldhlal
mRNA levels were significantly increased (= 3 fold) in acrolein exposed mice compared to
control mice. Acrolein treatment did not caused induction of Aldh2, Aldh3al or Aldhlbl
gene in mice liver. Hepatic cytosolic Aldh activity was induced in mice treated with acrolein
with benzaldehyde or propionaldehyde as substrate and NAD™* as cofactor. However,
acrolein-induced hepatic cytosolic Aldh activity was absent with both substrates when
NADP* was used as pyridine nucleotide cofactor. Since Aldh3al gene expression in mice
liver is negligible, the major isoform that contributes to acrolein-induced Aldh activity is
Aldhlal. This is the first report to demonstrate induction of Aldh gene expression by
acrolein in mouse liver.

4.0 Discussion

4.1 Comparison of Substrate Specificity for murine Aldh’s

The relative contribution of Aldh isozymes in protection against aldehyde toxicity is
controversial. While earlier studies indicated that ALDH3A1 but not ALDH1A1 protects
against cytotoxic lipid derived-aldehydes, most recent studies in eye lens and neuroblastoma
cell lines showed that ALDH1AL1 can protect against these reactive aldehydes [33;37]. The
contribution of the different isozymes of Aldh to oxidation of lipid derived-aldehydes has
not been examined in the liver with the liver being the major site for metabolism and
biotransformation of foreign compounds. In this study, we sought to clearly define which
Aldh isoform play a major role in oxidation and detoxification of cytototic lipid-derived
aldehydes in mouse liver by enzyme kinetics and gene expression pattern. Having obtained
purified recombinant murine Aldh’s expressed in E. coli cells, we performed enzyme kinetic
analysis, in order, to compare their relative capacity for clearance of various aldehydes. As
seen in Table 1, the catalytic efficiencies can best be compared using the Vnax/Km
parameters. Aldh3al displays highest preference for aromatic aldehyde substrates and
utilizes both NAD* and NADP* as oxidizing pyridine nucleotice cofactors with preference
for NAD™*. Although Aldh3A1 displays 20-112 fold higher V,ax Values for most aldehyde
substrates, the Vmax/Km parameters demonstrate that Aldhlal is a better catalyst than
Aldh3al for oxidative clearance of a,f-unsaturated aldehydes. The human and murine
Aldhlal proteins exhibit similar Vyqa/Km parameters, with some differences [38]. The
human ALDH2 [49] and ALDH1B1 [50] proteins display significantly lower Vax/Km
parameters for the lipid-derived aldehydes than Aldhlal. The conclusion taken from the
data in this report and the literature is that the catalytic efficiency for lipid aldehyde
oxidation by Aldhlal is the highest reported, suggesting its importance for clearance of
these toxic compounds.
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4.2 Aldhlal is highly expressed Aldh in mouse liver and Hepalclc cells

In Figure 2, we show that Aldhlal is highly expressed in the livers of male C57BL/6 mice
and in mouse hepatoma Hepa-1clc cells, relative to other Aldh enzymes. The levels of
Aldhlal mRNA were about 34-fold higher than that of the next more abundant message,
Aldh2. There was much less Aldhlbl and Aldh3A1 message expressed in either liver or
Hepa-1clc cells. This observation is supported by the data in Figure 6, which further
demonstrates that acrolein caused a 3-fold induction of Aldhlal mRNA in male mouse
livers, while other forms of Aldh were not inducible by treatment with acrolein, providing a
mechanism for the liver cell to respond to toxic aldehydes. In addition, it is known that
Aldhlal is also induced by animal treatment with butylated hydroxyanisole [34] and
phenobarbital [51], activators of transcription factors such as activator protein 1 (AP1),
nuclear factor-erythroid 2 related factor 2 (Nrf2), and constitutive androstane receptor.
These observations clearly demonstrate that mouse Aldhlal and probably in the human
ortholog are the major protective systems against the products of lipid peroxidation and
other toxic aldehydes in the environment.

4.3 Ablation of Aldhlal gene expression increases acrolein cell death, acrolein protein
adducts, and caspase cleavage

As a method of assessing the role of specific gene products in toxicological processes, anin
vitro method using gene ablation allows one to test the role of specific proteins in response
to toxic agents. Since Hepa-1clc cells appeared to recapitulate the spectrum of Aldh’s
expressed in mouse liver, we chose this cell system to test whether ablation of Aldhlal
protein and enzyme activity increases the sensitivity of these cells to acrolein (Figure 3).
Using Stealth™ siRNA knockdown technology, we documented that transfection of
Aldhlal-specific SIRNA suppresses the levels of Aldhlal mRNA and protein in Hepalclc
cells (Figure 3A-C). We then challenged these cells with increasing concentrations of
acrolein to assess the relative sensitivity to acrolein toxicity (Figure 3D). While the Control
SiRNA had no affect on acrolein toxicity curve that measured MTT-dependent cell viability,
transfection of Hepa-1c17 cells with Aldhlal-specific SIRNA caused a shift to the left in the
acrolein toxicity curve, clearly demonstrating that cells with Aldhlal ablated were
statistically more sensitive to acrolein toxicity than control siRNA transfected or
untransfected cells. These results provide evidence of an important protective role for
Aldhlal.

Previous experiments demonstrate that treatment of cells with acrolein led to increased
acrolein-protein adducts and enhanced caspase 3 activation resulting in proteolytic cleavage
of PARP [23;24]. We measured the levels of acrolein-protein adduct in cells transfected
with Aldhlal-specific sSiRNA and noted that the levels of acrolein-protein adducts were
significantly increased relative to control siRNA transfected cells (Figures 4A, B). In
addition, caspase 3 cleavage to a 17 KDa fragment was strikingly increased in siAldhlal
transfected Hepa-1c1c7 cells exposed to 25 uM acrolein, relative to untransfected or
siControl transfected cells (Figure 5). These results clearly demonstrate that the pro-
apoptotic changes caused by acrolein and levels of acrolein-protein adducts are increase
under conditions of Aldhlal depletion.
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on

Our studies confirm that Aldhlal quantitatively is a major Aldh in mouse liver at mMRNA
and protein level. Its kinetic parameters also indicates that catalytically it is a major factor in
cytosolic oxidation of a,B3-unsaturated aldehydes in liver. Ablation of Aldhlal increases
sensitivity of Hepalclc cells to acrolein toxicity, acrolein-protein adducts and caspase 3
cleavage leading to apoptosis. Induction of Aldhlal, on the other hand, significantly
decreased acrolein toxicity. Since Aldhlal is an inducible enzyme in the liver by
compounds such as butylated hydroxyanisol and phenobarbital, ALDH1A1 induction by
these compounds may provide a useful rationale for therapeutic protection against oxidative
stress-induced pathologies.
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4-HNE 4-Hydroxy-2-nonenal
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ORF open reading frame
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ROS reactive oxygen species
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Figure 1. SDS-PAGE analyses of purified recombinant mouse Aldhlal and Aldh3al

(A) Cell extracts (CE) from pET30a, pET30b-Aldhlal or pET30a-Aldh3al transformed
BL21(DE3)pLysS E coli and eluate fractions purified using Ni-NTA resin were resolved on
4-12% SDS-PAGE and stained with coomassie blue. Lanel: Prestained Marker; Lane 2: CE
from pET30a transformed E coli; Lane 3: eluate fractions from pET30a vector transformed
E coli; Lane 4: Lysates from pET30b-Aldhlal transformed E coli; Lane 5: eluate fractions
from pET30b-Aldhlal transformed E coli; Lane 6: CE from pET30a-Aldh3al transformed
E coli; Lane 7: eluate fractions from pET30b-Aldhlal transformed E coli. The open reading
frame of mouse Aldh3al and Aldhlal cDNA encodes a protein of 490 (Mr= 54.5 KDa) and
534 amino acids (58.0 KDa) respectively that include his-tag. (B) Western blot analysis of
recombinant Aldhlal. Extracts from BL21(DE3)pLysS transformed with pET30b-Aldhlal,
and purified rat liver ALDH1A1 were resolved by 4-12% SDS-PAGE gels. Proteins were
transferred onto nitrocellulose membrane and immunoblotted with antibody against rat
ALDH1. Lane 1: Eluate fractions from BL21(DE3)pLysS transformed with pET30b-
Aldhlal plasmid; Lane 2: ALDH1A1 purified from rat liver.
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Figure 2. Endogenous levels of Aldehyde dehydr ogenase gene expression in mouse liver and
mouse hepatoma cells

Total RNA extracted from the liver of C57BL6 mice or Hepa-1c1c7 cells was reverse
transcribed to cDNA with random hexamer primers using Advantage RT-for-PCR Kit.
cDNA was used for analysis of gene expression of Aldhlal, Aldh2, Aldhlbl and Aldh3al
by gRT-PCR.
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Figure 3. Hepa-1clc7 cellswith knockdown of Aldhlal gene expression by stealth specific SRNA
are highly sensitive to acrolein-induced cell death compared to control

(A-C) Stealth siRNA knockdown of Aldhlal gene in Hepa-1clc7 cells. Hepa-1c1c7 cells
were transfected with either 150 pmol (50 nM) Stealth control (siControl) or Stealth
Aldhlal-specific siRNA (siAldhlal) using Lipofectamine RNAIMAX. (A) gRT-PCR
analysis of Aldhlal gene expression in Hepalclc? cells. Total RNA isolated from WT
(untransfected cells), Stealth control (siControl) or Aldhlal-specific Stealth sSiRNA
(siAldhlal) transfected cells was converted to cDNA using random hexamer primers. The
MRNA levels of Aldhlal were examined by gRT-PCR. (B) Western blot analysis of
Aldhlal expression in Hepa-1cl1c7 cells. Cell extracts prepared from WT, siControl and
siAldhlal cells were separated on 4-12% SDS-PAGE gel and transferred onto
nitrocellulose membrane. Membranes were probed with antibodies against ALDH1A1.
Membranes were stripped and then probed with antibodies against GAPDH. (C)
Densitometry analysis of Aldhlal protein levels normalized to GAPDH in WT, siControl
and siAldhlal Hepalclc? cells. (D) Knockdown of Aldhlal sensitizes Hepa-1c1c7 cells to
acrolein treatment. Twenty four h after transfection with Stealth siRNA control or Stealth
Aldhlal specific siRNA, cells were treated with increasing concentrations of acrolein for 24
h and cell viability assessed by MTT (0.2 mg/ml for 2 h) at 570 nm as described in materials
and methods. The half maximal effective concentrations (ECsp) were as follows; WT,
untransfected cells (35.61 + 1.64), Stealth control siRNA transfected cells (35.72 + 1.62),
and Stealth Aldhlal siRNA transfected cells (22.92 + 0.32). The values are expressed as the
mean values * S.E.
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Figure 4. Thelevels of acrolein-protein adductsin response to acrolein treatment are increased
in Hepa-1c1c7 cells with knockdown of Aldhlal gene compared to control SIRNA transfected
cells

(A) Western blot analysis of acrolein-protein adducts in Hepalclc7 cells exposed to
acrolein. Lanes 1-2: untreated cells. Lanes 3—4: cells exposed to 10 uM acrolein for 24 h
and Lanes 5-6: cells exposed to 25 pM acrolein for 24 h. (B) Densitometry analysis of the
levels of individual protein-acrolein adducts in siControl (Stealth control siRNA transfected
cells) and siAldhlal (Stealth Aldhlal specific SiRNA transfected cells) in response to 10
UM and 25 pM acrolein.
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Figure 5. Transient knockdown of Aldhlal gene expression sensitizes Hepa-1clc7 cellsto
acrolein-induced caspase 3 activation and apoptosis

(A) Western blot analysis of acrolein-induced caspase 3 activation in Hepa-1c1c7 cells.
Hepa-1clc7 cells were transfected with Stealth specific Aldhlal siRNA (siAldhlal) or
Stealth control siRNA (siControl) for 24 h and cells were subsequently exposed to 25 pM
acrolein for 24 h. Cell extracts prepared from cells with 1X RIPA buffer were separated on
SDS-PAGE gel and transferred onto membranes. The membranes were probed for cleaved
caspase 3 with anti-cleaved caspase 3 antibodies, caspase 3 with anti-Caspase 3 antibodies.
Anti-cleaved caspase 3 (Asp175) antibody detects levels of large fragment (17/19 KDa) of
activated caspase 3 resulting from cleavage adjacent to Asp175. Densitometry normalized to
GAPDH of procaspase 3 (B) and Cleaved Caspase 3 (17 and 19 KDa fragments) (C) in WT,
siControl and siAldhlal-treated Hepalclc? cells exposed to 25 uM acrolein. Positive (+)
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control for caspase 3 cleavage is extracts from cytochrome c treated Jurkat cell (#9663) and
negative (=) control is extract from untreated Jurkat cells.
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IFigure 6. Acrolein induces the expression of Aldhlal gene and cytosolic Aldh activity in mice
ver

(A) C57BL/6 mice were treated with saline (control, n=5) or 5 mg/kg acrolein (treated, n=5)
by gavage daily for 7 days. Total RNA was extracted from the liver, reverse transcribed to
cDNA and used for gqRT-PCR analysis for gene expression of Aldhlal, Aldh2, Aldh3al and
Aldhlbl. (B) The effect of acrolein on hepatic cytosolic ALDHs. C57BL/6 mice were
treated with saline (control, n=5) or 5 mg/kg acrolein (treated, n=5) by gavage daily for 7
days. The liver was extracted and the cytosol obtained by centrifugation at 108,000 x g for 1
h. Aldh activity assay was determined by monitoring the formation of NAD(P)H at 340 nm.
The reactions rates were assayed spectrophotometrically at 37°C in a reaction mixture
containing 1 mM propionaldehyde, 2.5 mM benzaldehyde with either 1 mM NAD* or
NADP* at pH 7.4. The reaction was initiated by addition of aldehyde substrates into a 1 ml
cuvette. * Significantly different from controls (p< 0.05; 2 tailed t test).
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