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BACKGROUND AND PURPOSE
Recent studies suggest a primary role for aldehyde dehydrogenase 2 (ALDH2) in mediating the biotransformation of organic
nitrates, such as glyceryl trinitrate (GTN), to the proximal activator of soluble guanylyl cyclase (sGC), resulting in increased
cGMP accumulation and vasodilation. Our objective was to assess the role of ALDH2 in organic nitrate action using a cell
culture model.

EXPERIMENTAL APPROACH
Porcine renal epithelial (LLC-PK1) cells possess an intact NO-sGC-cGMP signaling system, and can be used as a biochemical
model of organic nitrate action. We used a pcDNA3.1-human ALDH2 expression vector to establish a stably transfected cell
line (PK1ALDH2) that overexpressed ALDH2, or small interfering RNA (siRNA) to deplete endogenous ALDH2, and assessed GTN
biotransformation and GTN-induced cGMP formation.

KEY RESULTS
ALDH2 activity in the stably transfected cells was approximately sevenfold higher than wild-type cells or cells stably
transfected with empty vector (PK1vector); and protein expression, as assessed by immunoblot analysis, was markedly increased.
In PK1ALDH2, GTN biotransformation was significantly increased as a result of increased glyceryl-1,2-dinitrate formation
compared to wild-type or PK1vector. However, the incubation of PK1ALDH2 with 1 or 10 mM GTN did not alter GTN-induced
cGMP accumulation compared with wild-type or PK1vector cells. Furthermore, siRNA-mediated depletion of ALDH2 had no
effect on GTN-induced cGMP formation.

CONCLUSIONS AND IMPLICATIONS
In an intact cell system, neither overexpression nor depletion of ALDH2 affects GTN-induced cGMP formation, indicating that
ALDH2 does not mediate the mechanism-based biotransformation of GTN to an activator of sGC.

Abbreviations
1,2-GDN, glyceryl-1,2-dinitrate; 1,3-GDN, glyceryl-1,3-dinitrate; ALDH, aldehyde dehydrogenase; DEA/NO,
1,1-diethyl-2-hydroxy-2-nitrosohydrazine; GTN, glyceryl trinitrate; LLC-PK1, porcine renal proximal tubular epithelial
cell; sGC, soluble guanylyl cyclase

BJP British Journal of
Pharmacology

DOI:10.1111/j.1476-5381.2012.02220.x
www.brjpharmacol.org

978 British Journal of Pharmacology (2013) 168 978–987 © 2012 The Authors
British Journal of Pharmacology © 2012 The British Pharmacological Society



Introduction
A major limitation with the chronic use of organic nitrates is
the development of tolerance. Details of the mechanism of
tolerance are lacking; however, decreased biotransformation
is likely involved. It is generally accepted that GTN and other
nitrates require bioactivation to an active metabolite prior to
initiating their vasodilator effect. Two pathways have been
proposed for the biotransformation of nitrates; mechanism-
based biotransformation results in the formation of an acti-
vator (presumably NO or a related species) of soluble guanylyl
cyclase (sGC), resulting in cGMP accumulation and subse-
quent vascular smooth muscle relaxation. Alternatively, the
clearance-based pathway results in the formation of the inor-
ganic nitrite anion (NO2

–) and lacks sGC activation (Bennett
et al., 1994).

The enzymatic bioactivation of GTN has been widely
studied, involving enzymes such as cytochrome P450
(McDonald and Bennett, 1990), NADPH cytochrome-P450
reductase (McGuire et al., 1998), cytosolic (Tsuchida et al.,
1990; Nigam et al., 1996) and microsomal (Ji et al., 2009)
glutathione transferases and xanthine oxidoreductase (Doel
et al., 2001); but their specific role in GTN bioactivation and
tolerance remains equivocal. The enzyme aldehyde dehydro-
genase 2 (ALDH2) has been shown to mediate GTN biotrans-
formation and has been implicated as a GTN bioactivating
enzyme (reviewed in Daiber et al., 2008; Mayer and Beretta,
2008). During the ALDH2-mediated biotransformation of
GTN, which yields glyceryl-1,2-dinitrate (1,2-GDN) and inor-
ganic nitrite anion (NO2

-), the active site of ALDH2 is inacti-
vated through the oxidation of sulfhydryl groups (Beretta
et al., 2008). This is further supported by Wenzl et al. (2009),
who showed that the mutation of an active site Cys (C302S)
resulted in a 90% reduction of ALDH2 esterase and dehydro-
genase activity. This inactivation is considered to be a major
mechanism of GTN tolerance, and regeneration of ALDH2
has been suggested as a viable therapeutic strategy for the
reversal of nitrate tolerance. A physiological reductant has yet
to be identified, although dihydrolipoic acid has been pro-
posed as a leading candidate (Wenzel et al., 2007; Beretta
et al., 2008).

Although numerous studies have suggested a role for
ALDH2 in GTN bioactivation and tolerance development,
two recent studies have questioned the role of ALDH2 in
mechanism-based GTN biotransformation. We have shown
that ALDH2 expression and activity are dissociated from the
development and reversal of GTN tolerance in an in vivo rat
model. Furthermore, the ALDH inhibitor daidzin did not
significantly affect GTN biotransformation or GTN-induced
relaxation of rat aorta (D’Souza et al., 2011). Second, in a
clinical study of 117 normal Japanese volunteers, 48 of whom
were heterozygous and 22 of whom were homozygous for
the loss-of-function ALDH2 point mutation Glu504Lys, the
maximal vasodilator response to sublingual GTN was the
same, regardless of ALDH2 genotype (Sakata et al., 2011).

The human ALDH superfamily consists of at least 19
isozymes that participate in the detoxification of endogenous
and exogenous compounds (Vasiliou and Nebert, 2005). Dif-
ferent isozymes of ALDH have different physiochemical and
enzymatic properties, subcellular localization and tissue
distribution. The ALDH2 isozyme has a very low Km value

(<1.0 mM) for short-chain aliphatic aldehydes such as acetal-
dehyde and propionaldehyde. Thus, ALDH2 activity and
tissue distribution may be relevant to the toxicology of
ethanol and to a number of endogenous substances. Several
studies have shown ALDH2 deficiency to increase oxidative
stress, suggesting ALDH2 may play a role in reducing oxida-
tive damage (Ohsawa et al., 2003; 2008; Wenzel et al., 2008;
Endo et al., 2009), and Fadel et al. (2012) found continuous
GTN exposure results in increased oxidative stress, which
selectively alters blood vessel responsiveness to sympatholyt-
ics. Furthermore, other studies have shown an association
between ALDH2 deficiency and a higher incidence of certain
cancers (Seitz and Meier, 2007; Gao et al., 2008). Thus, the
inactivation of ALDH2 in nitrate tolerance could be of patho-
logical significance. Interestingly, Choi et al. (2011) showed
that intracellular delivery of ALDH2 into mouse aorta reduces
the augmented vascular contraction observed in angiotensin
II hypertensive mice and suggested this occurs through
ALDH2-mediated decreases in reactive oxygen species.

Porcine renal proximal tubular epithelial cells (LLC-PK1)
have been used in the study of membrane transport
mechanisms, xenobiotic cytotoxicity and drug metabolism.
LLC-PK1 cells are one of the few cell lines that maintain an
intact NO-sGC-cGMP signaling system, and continuous
exposure of these cells to GTN results in attenuated GTN-
induced cGMP accumulation (Bennett et al., 1989; Hinz and
Schröder, 1998; Ji et al., 2009). Thus, this cell line is a useful
biochemical model of nitrate tolerance. In the current study,
we developed a stable LLC-PK1 cell line that overexpressed
the human ALDH2 protein and utilized small interfering
RNA (siRNA) constructs to deplete endogenous ALDH2, to
examine whether increased or decreased expression of
ALDH2 altered GTN biotransformation and GTN-induced
cGMP accumulation.

Methods

Test system
LLC-PK1 cells were obtained from the American Type Culture
Collection (ATCC, Rockville, MD). The cells were inoculated
at a density of 3.0 ¥ 105 cells per well in six-well plates in
2.0 mL of DMEM/Ham’s F12 medium (1:1) supplemented
with 10% FBS, 5 mg·mL-1 insulin, 2 mM glutamine, 10 mM
HEPES (pH 6.9), 50U mL-1 penicillin and 50 mg·mL-1 strepto-
mycin, and grown at 37°C in an atmosphere of 5% CO2 in air
until confluent. The cells were transfected with pcDNA-3.1(–)
containing human ALDH2 cDNA (a gift from Dr Vasilis Vasil-
iou, Department of Pharmaceutical Sciences, University of
Colorado Health Sciences Center, Denver, CO) or empty
vector using FuGene 6 according to the manufacturer’s
instructions (Roche Molecular Biochemicals, Basel, Switzer-
land). Twenty-four hours later, G-418 (1.5 mg·mL-1) was
added to the culture medium to select for transfected cells,
and selection was continued for 2 weeks with regular changes
of media. Stably transfected cells were cloned by limiting
dilution; and two subclonal cell lines, designated PK1ALDH2

and PK1vector, were expanded and characterized using immu-
noblot analysis, confocal microscopy and enzyme activity.
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Immunoblot analysis of ALDH2
Cells grown to confluence in T75 flasks were washed twice
with ice-cold PBS (pH 7.4), harvested with a disposable cell
scraper and homogenized in lysis buffer (50 mM Tris–HCl
pH 7.4, 1 mM EDTA, 0.1 mM PMSF, 1 mM DTT, 1% Triton
X-100 and protease inhibitors) (Roche Diagnostics, Man-
nheim, Germany), and differentially centrifuged to obtain
mitochondrial and cytosolic fractions as previously described
(DiFabio et al., 2003); 20 mg mitochondrial or cytosolic
protein from wild-type and stably transfected cells were sepa-
rated on 10% gels by SDS-PAGE and transferred electropho-
retically to PVDF membranes. Blots were probed with a
polyclonal antibody to human ALDH2, and immunoreactive
bands were visualized by enhanced chemiluminescence.
Membranes were then stripped and re-probed with antibodies
to both b-actin and cytochrome c. Purified recombinant
human ALDH2 was used as a positive control (gift from Dr
Vasilis Vasiliou). In siRNA knock-down experiments, whole
cell lysates were used.

Confocal fluorescence microscopy
PK1ALDH2, PK1vector and wild-type cells were grown on cover-
slips, fixed with 4% formalin and permeabilized with 1%
Triton-X 100. Cells were incubated with 10% normal goat
serum followed by incubation with affinity-purified rabbit
anti-human ALDH2 IgG (1:1000) (a gift from Dr Vasilis Vasil-
iou) for 30 min at room temperature. Cells were then incu-
bated with Alexa-Fluor-546-conjugated goat anti-rabbit IgG.
Nuclei were stained using the DNA binding dye, DAPI (5 mM).
Prior to fixation with formalin, the cells were pre-incubated
with MitoTracker Orange CM-H2TMRos to stain mitochon-
dria, according to the manufacturer’s instructions. Confocal
microscopy was performed using a Leica TCS SP2 Multi
Photon instrument.

ALDH activity measurement
Cells grown in T75 flasks were washed twice with ice-cold PBS
(pH 7.4) and harvested with a disposable cell scraper. The cell
suspension was sonicated, and mitochondrial and cytosolic
fractions were prepared by differential centrifugation as
described (DiFabio et al., 2003). Cell preparations were solu-
bilized with deoxycholate (2.5 mg·mg-1 protein), and ALDH
activity measured in either mitochondrial or cytosolic frac-
tions as the change in A340 during incubation with 1 mM
NAD+ in 50 mM sodium pyrophosphate, pH 8.8 containing
2 mM rotenone, 1 mM 4-methylpyrazone, 200 mg protein and
substrate (0.05 or 5 mM propionaldehyde) (Tottmar et al.,
1973; Loomis and Brien, 1983). Specific activity was calcu-
lated using the molar extinction coefficient for NADH of
6306 M·cm-1. ALDH2 activity is reflected by changes in A340 at
low substrate concentration.

GTN biotransformation and GTN-induced
cGMP accumulation
Cells grown to confluence in six-well plates were washed
twice with PBS and incubated in serum-free medium for 2 h.
For assessment of GTN biotransformation, cells were incu-
bated with 1 mM GTN for 20 min, and 1 mL aliquots of the
incubation medium were extracted with diethyl ether and

the GTN metabolites, 1,2-GDN and 1,3-GDN, quantitated by
gas chromatography with electron capture detection as
described (McDonald and Bennett, 1990). For cGMP deter-
minations, cells were incubated for 3 min at 37°C in serum-
free medium containing 0.5 mM isobutylmethylxanthine
and GTN (1 or 10 mM) or DEA/NO (10 mM). After incuba-
tion, the medium was aspirated, and the cells were imme-
diately treated with 6% ice-cold trichloroacetic acid, and
cGMP was determined by radioimmunoassay (Steiner et al.,
1972). In some experiments, cells were pre-incubated with
10 mM GTN for 2 h prior to assessment of GTN biotransfor-
mation or cGMP determinations, in order to simulate GTN
tolerance.

siRNA transfection
siRNA were designed to target sites specific for ALDH2 mRNA,
based on the porcine ALDH2 sequence (accession no.
DQ266356). Two siRNAs, designated siRNA-1 (sense, 5′-CA
UCUCUUACCUGGUAGAUtt-3′; antisense, 5′-AUCUACCAG
GUAAGAGAUGtt-3′) and siRNA-2 (sense, 5′-AGAUUCUUG
GCUACAUCAAtt-3′; antisense, 5′-UUGAUGUAGCCAAGA
AUCUtt-3′) were used. Allstars Negative Control siRNA was
used as a negative control (Qiagen, Mississauga, ON, Canada).
This control siRNA has no homology to any known mamma-
lian gene. siRNA transfections were performed using Lullaby®

transfection reagent according to the manufacturer’s instruc-
tions (OZ Biosciences, Marseille, France). Briefly, cells were
plated in six-well plates 1 day before transfection; 50 nM of
siRNA was prepared in 100 mL of serum-free media and then
added to 100 mL of serum-free media containing 14 mL of
Lullaby reagent, and the mixture was incubated for 20 min at
room temperature. The mixture was then added dropwise
directly onto the cells, and the cells were incubated for 72 h
prior to experimentation.

Data analysis
All data are expressed as the mean � SD of n independent
experiments. Data were analysed by two-way ANOVA with a
Bonferroni post hoc test and Student’s t-test for unpaired data,
as indicated. A P-value of 0.05 or less was considered statisti-
cally significant.

Drugs and solutions
b-Nicotinamide adenine dinucleotide (NAD+), DMEM, nutri-
ent mixture F-12 HAM, Triton X-100 and siRNA constructs
were purchased from Sigma-Aldrich Canada Ltd (Oakville
ON, Canada). MitoTracker Orange CM-H2TMRos, DAPI,
Alexa Fluor 546 and goat anti-rabbit IgG were obtained from
Cedarlane Laboratories Ltd (Hornby, ON, Canada); GTN was
obtained as a solution (TRIDIL®, 5 mg·mL-1) in ethanol,
propylene glycol and water (1:1:1.33) from Sabex Inc.
(Boucherville, QC, Canada). 1,2- and 1,3-GDN were prepared
and quantitated as described (Brien et al., 1986; Bennett
et al., 1988). Geneticin (G-418 sulfate) was from Gibco Life
Technologies (Burlington, ON, Canada), and 1,1-diethyl-2-
hydroxy-2-nitrosohydrazine (DEA/NO) was from Calbiochem
(La Jolla, CA). Chemiluminescence reagents were from Kirke-
gaard and Perry Laboratories (Gaithersburg, MA). The rabbit
anti-human ALDH2 antiserum and purified recombinant
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human ALDH2 were gifts from Dr V. Vasiliou (University of
Colorado Health Science Center, Denver, CO). Mouse mono-
clonal anti-b-actin antibody was obtained from Sigma (St.
Louis, MO), and mouse monoclonal anti-cytochrome c anti-
body was obtained from BD Biosciences (Mississauga, ON).
All other chemicals were of reagent grade and were obtained
from a variety of commercial sources.

Results

Expression and activity of ALDH2 in
PK1 cells
To determine the role of ALDH2 in the bioactivation of GTN,
we developed a stably transfected cell line that overexpressed
ALDH2. Immunoblot analysis indicated that in wild-type
LLC-PK1 cells as well as in cells transfected with empty vector,
ALDH2 was predominantly localized in mitochondrial frac-
tion (Figure 1). In PK1ALDH2, ALDH2 expression was markedly
increased compared with wild-type or PK1vector. Furthermore,
the increased expression of ALDH2 in PK1ALDH2 occurred in
both the mitochondrial and cytosolic fractions. Data from
confocal microscopy experiments (Figure 2) were in agree-
ment with the immunoblot data. ALDH activity was meas-
ured in the cytosolic and mitochondrial fractions at a low and
high substrate concentration to assess ALDH2 and total
ALDH activity. In the cytosolic fraction, ALDH2 activity was
increased approximately sevenfold in PK1ALDH2 compared
with wild-type or PK1vector cells (P < 0.001) (Figure 3A). Total
ALDH activity in PK1ALDH2 also increased in a similar manner
(Figure 3B). In the mitochondrial fraction, ALDH2 and total
ALDH activity was greater than that in the cytosolic fraction,
and a similar increase ALDH2 activity was observed in
PK1ALDH2 cells (Figure 3C and D). Pre-incubation of PK1ALDH2

with 10 mM GTN, in order to simulate tolerance, resulted in
an 80% and 60% reduction in ALDH2 activity in the cytosolic
and mitochondrial fractions respectively (Figure 3A and C).
However, ALDH2 activity was 1.2- and 2.2-fold higher in

Figure 1
Expression of ALDH2 in PK1 cells. Immunoblot analysis of cytosolic
(Cyto) or mitochondrial (Mito) fractions from wild-type, PK1vector

(Vector) and PK1ALDH2 cells (ALDH2); 20 mg of cytosolic or mitochon-
drial proteins was resolved on a 10% SDS-PAGE gel under reducing
conditions, transferred to a PVDF membrane and probed with a
rabbit polyclonal antibody to human ALDH2, and then to antibodies
to the cytosolic and mitochondrial markers, b-actin and cytochrome
c. Note that ALDH2 was detected in both the cytosol and mitochon-
dria in PK1ALDH2 cells, whereas in wild-type or PK1vector cells, ALDH2
was only detected in the mitochondrial fraction.

Figure 2
Subcellular location of ALDH2 in PK1 cells. Cells grown on coverslips were fixed with 4% formalin. Nuclei were visualized by staining with DAPI,
mitochondria by staining with MitoTracker and ALDH2 by labelling with goat anti-rabbit antibody conjugated with Alexa Fluor 546, after
incubation with an antibody directed against ALDH2. Images were obtained by confocal microscopy. Note the increased expression of ALDH2 in
PK1ALDH2 cells, both in the cytosol, and co-localized with MitoTracker.
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tolerant PK1ALDH2 compared with untreated wild-type activity
in the cytosolic and mitochondrial fractions respectively.

GTN biotransformation in PK1ALDH2 cells
GTN biotransformation by wild-type, PK1vector and PK1ALDH2

cells resulted in the formation of 3.5- to 4.5-fold more 1,2-
GDN compared with 1,3-GDN (Figure 4). Pre-incubation of
wild-type or PK1vector cells with 10 mM GTN for 2 h resulted in
a significant decrease in 1,2-GDN formation, whereas 1,3-
GDN formation was unchanged. In PK1ALDH2 cells, there was a
significant increase in GTN biotransformation relative to the
other two cell types, primarily attributable to an increase in
1,2-GDN formation. Desensitization of PK1ALDH2 cells by pre-
incubation with 10 mM GTN for 2 h significantly decreased
1,2-GDN formation. However, 1,2-GDN formation in desen-
sitized PK1ALDH2 cells was significantly greater than that in
desensitized wild-type or PK1vector cells (P < 0.01).

GTN-induced cGMP accumulation in
PK1ALDH2 cells
Cellular cGMP levels were measured in each cell line in
response to different concentrations of GTN (Figure 5A and
B). Incubation with 1 mM GTN resulted in a sixfold increase
in cGMP accumulation in all cell types, whereas a 10 mM
incubation of GTN resulted in a 15-fold increase in cGMP
levels. Pre-incubation of each cell type with 10 mM GTN for
2 h resulted in desensitization of cells to GTN-induced cGMP

A5

4

3

Control Tolerant

Wild-type

Vector

ALDH2

2
A

L
D

H
 2

 A
c
ti

v
it

y

(n
m

o
l 
m

in
–
1
 m

g
–
1
 p

ro
te

in
)

1

0

B

Control Tolerant

Wild-type

Vector

ALDH2

0

2

4

6

8

10

C

Control Tolerant

Wild-type

Vector

ALDH2

A
L

D
H

 2
 A

c
ti

v
it

y

(n
m

o
l 
m

in
–
1
 m

g
–
1
 p

ro
te

in
)

0

2

4

6

8 D

Control Tolerant

Wild-type

Vector

ALDH2

0

5

10

15

Figure 3
ALDH activity in the cytosolic and mitochondrial fractions from PK1 cells. Cytosolic ALDH2-specific activity (A) and total ALDH activity (B) and
mitochondrial ALDH2-specific activity (C) and total ALDH activity (D) was assessed from Wild-type, PK1vector (Vector) and PK1ALDH2 (ALDH2) cells.
Cells were either untreated (Control) or incubated with 10 mM GTN for 2 h prior to harvest (Tolerant). Data are presented as the mean � SD
(n = 4) and were analysed by two-way ANOVA and Student’s t-test for unpaired data. * indicates significant difference from Control (***P < 0.001,
**P < 0.01, *P < 0.05), and † indicates significant difference between cell types (†††P < 0.001 and ††P < 0.01 vs. Wild-type and Vector).

Figure 4
Effect of overexpression of ALDH2 on GTN biotransformation in PK1
cells. Wild-type (WT), PK1vector (Vec) or PK1ALDH2 (ALDH2) cells, were
exposed to 1.0 mM GTN for 20 min at 37°C (Control). Aliquots of the
incubation medium were extracted with diethyl ether and the GTN
metabolites, 1,2-and 1,3-GDN, quantitated by gas chromatography
with electron capture detection. GTN-tolerant cells (Tolerant) were
pre-incubated with 10 mM GTN for 2 h prior to assessment of GTN
biotransformation. Data are presented as the mean � SD (n = 6–8)
and were analysed by two-way ANOVA and Student’s t-test for
unpaired data. * indicates significant difference from control after
pre-incubation with GTN (***P < 0.001, **P < 0.01, *P < 0.05), and †
indicates significant differences between cell types (††P < 0.01 vs. WT
and Vec).
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accumulation, and cGMP levels increased only two- and
sixfold after cells were exposed to 1 and 10 mM GTN respec-
tively (Figure 5A and B). There were no differences in GTN-
induced cGMP accumulation in cells overexpressing ALDH2
compared with wild-type or PK1vector cells. We also assessed
increases in cGMP accumulation after exposure to the NO
donor, DEA/NO (Figure 5C). Similar to the findings with
GTN, there were no differences in cGMP accumulation in the
different cell types (P > 0.05). However, the cGMP responses
to DEA/NO were unaltered in cells pretreated with GTN for
2 h, indicating that the ability of sGC to respond to NO was
not affected by the GTN tolerance protocol.

siRNA-mediated knockdown of ALDH2
Immunoblot analysis indicated that the transfection of
siRNA-1 and siRNA-2 resulted in a dose-dependent decrease
in ALDH2 protein (data not shown). Treatment of cells with
50 nM siRNA-1 or siRNA-2 for 72 h resulted in an approxi-
mate 95–100% decrease in ALDH2 protein expression com-
pared with control (Figure 6, middle panel). Treatment with
Allstars Negative Control resulted in no change in ALDH2
expression, whereas a slight decrease was observed with treat-
ment with Lullaby® transfection reagent.

GTN-induced cGMP accumulation after
ALDH2 knockdown
Incubation of cells with 1 mM GTN resulted in a five- to
sixfold increase in cGMP in all treatment groups (Figure 6A).
No differences were observed in the GTN-induced cGMP
response in PK1 cells treated with Allstars Negative Control,
siRNA-1 or siRNA-2 compared with non-transfected wild-type
cells. Pre-incubation of cells from each treatment group with
10 mM GTN for 2 h resulted in desensitization of the cGMP
response, and incubation of GTN tolerant cells with 1 mM
GTN resulted in only a twofold increase in cGMP. No differ-
ences were observed with respect to the GTN-induced cGMP
responses in each treatment group during GTN tolerance.
Furthermore, DEA/NO-induced cGMP formation did not
differ between treatment groups (Figure 6B).

Discussion

A number of enzymes or proteins catalysing GTN biotrans-
formation have been identified, including haemoglobin and
myoglobin, cytochromes P450, glutathione transferases,
NADPH cytochrome P450 reductase, xanthine oxidoreduct-
ase and ALDH2 (Bennett et al., 1986; McDonald and Bennett,
1990; Tsuchida et al., 1990; Nigam et al., 1996; McGuire et al.,
1998; Doel et al., 2001; Chen et al., 2002). It still remains
unclear whether a specific enzyme bioactivates GTN and is
inactivated during GTN tolerance, or whether GTN tolerance
is a multi-factorial phenomenon involving a number of
enzymes. In 2002, a prominent role for ALDH2 in the bioac-
tivation of GTN was proposed by Stamler’s group and has
been supported by some studies, but not all (Chen et al.,
2002; 2005; DiFabio et al., 2003; Kollau et al., 2005; Hink
et al., 2007; Beretta et al., 2008). Furthermore, decreased bio-
activation of GTN as a mechanism of tolerance due to the
inactivation of ALDH2 also has been proposed.
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Effect of overexpression of ALDH2 on GTN-induced or DEA/NO-
induced cGMP accumulation in PK1 cells. Wild-type cells (Wild-type),
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cGMP accumulation was measured by radioimmunoassay. GTN tol-
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2 h prior to the assessment of GTN-induced cGMP accumulation.
Data are presented as the mean � SD (n = 3) and were analysed by
two-way ANOVA and Student’s t-test for unpaired data. * indicates
significant difference from control after pre-incubation with GTN
(***P < 0.001, **P < 0.01).
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The development of a stably transfected cell line that
overexpressed ALDH2 (PK1ALDH2) enabled us to examine the
role of ALDH2 in GTN bioactivation and tolerance. LLC-PK1
cells were chosen because they are one of the few cell lines
that maintain an intact NO-sGC-cGMP signalling system.
The overexpression of ALDH2 resulted in a marked increase
in ALDH2 protein (Figure 1). Examination by confocal micro-
scopy confirmed this observation, as well as the location of
ALDH2 in both the mitochondria and cytosol. This is quite
different than the location of ALDH2 in wild-type cells, where
the majority of ALDH2 is localized to mitochondria. Previous
data from our laboratory indicated that in rat or rabbit aorta,
ALDH2 is expressed primarily in the cytosol, whereas in rat
liver, it is only present in mitochondria (DiFabio et al., 2003).
Furthermore, a recent study by Beretta et al. (2012) concluded
that cytosolic ALDH2 mediates the bioactivation of GTN.
Given the suggested therapeutic relevance of the subcellular
distribution of ALDH2, it was important to characterize this
in PK1ALDH2 cells. However, our data show that neither the
intracellular location nor abundance of ALDH2 has any
impact on GTN bioactivation or on GTN-induced sGC acti-
vation (Figures 5 and 6).

Examination of ALDH2 activity in PK1ALDH2 cells indicated
that ALDH2 activity was approximately sevenfold higher in
these cells compared with wild-type or empty vector cells.
Since the ALDH2 isozyme has a low Km value (<1.0 mM) rela-
tive to other ALDH isozymes, it allowed us to distinguish
between ALDH2-specific activity (low Km) and total ALDH
activity (high Km). In PK1ALDH2 cells, ALDH2 and total ALDH
activities were increased, the latter being most likely attrib-
utable to the increase in ALDH2 activity. Thus, the ALDH2-
overexpressing cell line exhibited a marked increase in
functional ALDH2. A 2 h incubation with 10 mM GTN
resulted in a significant decrease in ALDH2 activity in all cell
lines tested and is consistent with other findings (Chen et al.,
2002; DiFabio et al., 2003; Sydow et al., 2004; Hink et al.,
2007). Although pre-incubation with GTN decreased ALDH2
activity, ALDH2 activity in PK1ALDH2 cells was significantly
higher than wild-type or PK1vector cells pretreated with GTN
(Figure 3A and C). Furthermore, ALDH2 activity after pre-
treatment with GTN in PK1ALDH2 cells was higher than ALDH2
activity in untreated wild-type or PK1vector cells. Thus, some
ALDH2 activity was preserved in PK1ALDH2 cells after simulat-
ing GTN tolerance.

In cells overexpressing ALDH2, incubation with 1 mM
GTN resulted in a significant increase in GTN biotransforma-
tion as well as a significant increase in 1,2-GDN formation,
compared with wild-type or PK1vector cells (Figure 4). The for-
mation of 1,3-GDN was not affected in the PK1ALDH2 cell line.
The selective formation of 1,2-GDN by ALDH2 has been
previously shown by others using purified ALDH2 (Chen
et al., 2002; Kollau et al., 2005; Tsou et al., 2011). However,
despite the sevenfold increase in ALDH2 activity in the
PK1ALDH2 cells, GTN biotransformation activity was only
increased 1.5- to 3-fold compared with wild-type or PK1vector

cells, suggesting a relatively minor contribution of ALDH2 to
the overall biotransformation of GTN. This is consistent with
biotransformation data obtained in intact blood vessels, in
which pretreatment with the ALDH2 inhibitor, daidzin, had
very little effect on GTN biotransformation (D’Souza et al.,
2011). Chronic in vivo exposure to GTN results in tolerance,
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Figure 6
Effect of ALDH2 knockdown on GTN-induced and DEA/NO-induced
cGMP formation. Wild-type cells and cells treated with 50 nM Allstars
Negative Control (siRNA-C); 50 nM siRNA-1 (siRNA-1) or 50 nM
siRNA-2 (siRNA-2) for 72 h were exposed to 1.0 mM GTN (A) or
10 mM DEA/NO (B) for 3 min at 37°C in the presence of 0.5 mM
isobutylmethylxanthine, after which cGMP accumulation was meas-
ured by radioimmunoassay. GTN tolerance was induced by pre-
incubation of cells with 10 mM GTN for 2 h prior to the assessment
of GTN-induced cGMP accumulation. Data are presented as the
mean � SD (n = 4–5) and were analysed by two-way ANOVA and
Student’s t-test for unpaired data. * indicates significant difference
from control after pre-incubation with GTN (***P < 0.001). Middle
panel: siRNA induced knockdown of ALDH2 in LLC-PK1 cells. Immu-
noblot analysis of whole cell fractions from wild-type PK1 cells
treated with 14 mL of lullaby transfection reagent (Lullaby), 50 nM
Allstars Negative Control (siRNA-C), 50 nM siRNA-1 (siRNA-1),
50 nM siRNA-2 (siRNA-2) for 72 h and no treatment (Ctrl 1, Ctrl 2).
20 mg of proteins were resolved on a 10% SDS-PAGE gel under
reducing conditions, transferred to a PVDF membrane, and probed
with antibodies as indicated. Note that ALDH2 was barely detectable
in PK1 cells treated with siRNA-1 and siRNA-2, whereas in the other
treatment groups ALDH2 was readily visible.
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which is associated with reduced GTN biotransformation
and reduced GTN-induced cGMP accumulation. The pre-
incubation of PK1 cells with GTN resulted in decreased GTN
biotransformation, consistent with responses observed
during in vivo GTN tolerance. Although PK1ALDH2 had an
attenuated GTN biotransformation response after pre-
incubation with 10 mM GTN, 1,2-GDN formation and total
biotransformation were still increased compared to GTN-
tolerant wild-type and PK1vector cells. This was not unexpected
since our tolerance protocol did not completely inhibit
ALDH2 activity in PK1ALDH2 cells (Figure 3).

We next assessed the effect of ALDH2 overexpression on
the cGMP response to GTN. No significant differences were
observed with respect to GTN-induced cGMP accumulation
in response to 1 or 10 mM GTN in PK1ALDH2 cells compared
with wild-type or PK1vector cells. Thus, despite the marked
increase in ALDH2 activity and GTN biotransformation, and
the significant increase in 1,2-GDN formation observed in
PK1ALDH2 cells, GTN-induced cGMP responses remained
unchanged relative to wild-type or PK1vector cells (Figure 5).
Thus, it appears that ALDH2-specific biotransformation
does not significantly contribute to the mechanism-based
biotransformation of GTN to an activator of sGC. A 2 h
incubation of each cell line with 10 mM GTN resulted in a
significant decrease in the cGMP responses to GTN, indicat-
ing that desensitization had occurred. As mentioned previ-
ously, GTN-tolerant PK1ALDH2 cells exhibit ALDH2 activity and
1,2-GDN formation that is similar to that in untreated wild-
type or PK1vector cells. However, despite the increase in
ALDH2-specific GTN biotransformation, GTN-induced cGMP
formation did not significantly differ in tolerant PK1ALDH2 cells
compared with tolerant wild-type or PK1vector cells.

Since overexpression of ALDH2 did not alter GTN-
induced cGMP formation, we hypothesized that GTN bioac-
tivation may occur at a maximal rate in wild-type cells, and
thus overexpressing ALDH2 would have no further impact on
GTN bioactivation. To investigate this, we used siRNA to
deplete endogenous ALDH2, followed by assessment of GTN-
induced cGMP formation. The siRNA-induced knockdown of
ALDH2 had no effect on GTN-induced cGMP formation; fur-
thermore, a 2 h incubation with 10 mM GTN led to desensi-
tization of the cGMP response to GTN, but not to DEA/NO
(Figure 6). These results indicate that ALDH2 is not necessary
for GTN bioactivation and that GTN tolerance can occur in
the absence of ALDH2.

A suggested biomarker for GTN bioactivation is the ratio
of 1,2/1,3-GDN formation, since it has been suggested that
1,2-GDN formation is associated with NO bioactivity, and
1,3-GDN formation is associated with GTN clearance. The
vascular biotransformation of GTN is selective for 1,2-GDN
formation as seen in the isolated rabbit aorta (Brien et al.,
1986), rat aorta (Fung and Poliszczuk, 1986; McGuire et al.,
1994) and human saphenous vein (Sage et al., 2000). Further-
more, 1,2-GDN formation occurs almost exclusively during
initial GTN exposure to vascular tissues, and 1,2-GDN-
selective formation is decreased in GTN-tolerant tissues
(Brien et al., 1986). Whereas these data may be taken to
suggest 1,2-GDN is associated with mechanism-based
biotransformation, we have suggested previously that regi-
oselective denitration itself is not sufficient for mechanism-
based biotransformation (DiFabio et al., 2003). The results

from the current study indicate that although increased 1,2-
GDN formation is associated with overexpression of ALDH2,
it is not associated with bioactive ‘NO’, since the increases in
1,2-GDN formation had no effect on GTN-induced cGMP
accumulation. A previous study from our laboratory demon-
strated that the overexpression of microsomal glutathione
transferase 1 in LLC-PK1 cells resulted in a marked increase in
GTN biotransformation via selective 1,3-GDN formation.
However, GTN-induced cGMP accumulation did not signifi-
cantly differ from that observed in wild-type or cells trans-
fected with empty vector (Ji et al., 2009), indicating that
selective 1,3-GDN formation had no impact on the formation
of bioactive ‘NO’. Together, these data indicate that regiose-
lective 1,3-GDN or 1,2-GDN formation does not reflect clear-
ance or mechanism-based GTN biotransformation per se, but
rather, reflects the selectivity for denitration characteristic of
the particular enzyme being studied, or in the case of intact
tissues, the composite of multiple enzymes that mediate GTN
biotransformation, some portion of which is mechanism-
based. Thus, selective 1,2-GDN formation cannot be used as a
surrogate marker for the formation of NO bioactivity from
GTN, but rather, that assessment of GTN-induced cGMP for-
mation is required to demonstrate that the formation of NO
bioactivity from GTN has occurred.

In summary, we have developed a stable cell line that
overexpresses ALDH2 and have used this cell line to evaluate
the role of ALDH2 in GTN bioactivation. Although the over-
expression of ALDH2 resulted in significant increases in 1,2-
GDN formation and total GTN biotransformation, increased
expression of ALDH2 in either the cytosolic or mitochondrial
fractions had no effect on GTN-induced cGMP accumulation.
Furthermore, GTN-induced cGMP accumulation occurred in
cells in which endogenous ALDH2 had been depleted, indi-
cating that GTN bioactivation occurs in the absence of
ALDH2. Together, these data indicate that ALDH2-mediated
biotransformation is not associated with the mechanism-
based biotransformation of GTN to an activator of sGC.
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