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BACKGROUND AND PURPOSE
Recent studies have suggested an essential role for aldehyde dehydrogenase 2 (ALDH2) in the bioactivation of organic nitrates
such as glyceryl trinitrate (GTN). In the present study, we utilized an in vivo GTN tolerance model to further investigate the
role of ALDH2 in GTN bioactivation and tolerance.

EXPERIMENTAL APPROACH
We assessed changes in aortic ALDH activity, and in ALDH2 protein expression in various rat blood vessels (aorta, vena cava,
femoral artery and femoral vein) during continuous GTN exposure (0.4 mg·h-1 for 6, 12, 24 or 48 h) or after a 1-, 3- or 5-day
drug-free period following a 48 h exposure to GTN, in relation to changes in vasodilator responses to GTN and in vascular
GTN biotransformation.

KEY RESULTS
A decrease was observed in both ALDH2 protein expression (80% in tolerant veins and 30% in tolerant arteries after 48 h
exposure to GTN) and aortic ALDH activity, concomitant with decreased vasodilator responses to GTN and decreased aortic
GTN biotransformation. However, after a 24 h drug-free period following 48 h of GTN exposure, vasodilator responses to
GTN and aortic GTN biotransformation activity had returned to control values, whereas vascular ALDH2 expression and aortic
ALDH activity were still significantly depressed, and remained so for 3–5 days following cessation of GTN exposure.

CONCLUSIONS AND IMPLICATIONS
The dissociation of reduced ALDH activity and ALDH2 expression from the duration of the impaired vasodilator and
biotransformation responses to GTN in nitrate-tolerant blood vessels, suggests that factors other than changes in
ALDH2-mediated GTN bioactivation contribute to nitrate tolerance.

Abbreviations
ALDH, aldehyde dehydrogenase; DEA/NO, 1,1-diethyl-2-hydroxy-2-nitrosohydrazine; GTN, glyceryl trinitrate; GDN,
glyceryl dinitrate; sGC, soluble GC; PETN, pentaerythrityl tetranitrate

Introduction
In the clinical setting, continuous exposure to nitrates such as
glyceryl trinitrate (GTN) results in tolerance to their anti-
anginal and haemodynamic effects. This has led to the use of
elliptical dosage regimens to provide a nitrate-free interval,

during which recovery of sensitivity to the vasodilator effects
of the nitrate can occur. It is generally accepted that GTN is a
pro-drug that requires bioactivation to yield NO or an ‘NO’-
like species (termed mechanism-based biotransformation),
resulting in activation of soluble guanylyl cyclase (sGC),
increased cGMP accumulation and relaxation of vascular
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smooth muscle. Although the bioactive molecule derived
from GTN is assumed to be NO, attempts to measure or
visualize NO formation in blood vessels at pharmacologically
relevant concentrations of GTN have been unsuccessful (Kle-
schyov et al., 2003; Nuñez et al., 2006; Miller et al., 2008),
hence the use of the term ‘NO mimetic’ when referring to
nitrates.

Tolerance to nitrates is widely acknowledged to be multi-
factorial in nature, and a number of proposed mechanisms of
tolerance development have been advanced, some at the
cellular level and others involving cardiovascular homeo-
static mechanisms (see Fung et al., 2004; Münzel et al., 2005,
for reviews). Although it is difficult to evaluate the relative
role of various tolerance mechanisms, reduced mechanism-
based biotransformation of GTN to the proximal activator of
sGC appears to be of central importance, based on numerous
studies showing both a reduction of GTN biotransformation
and GTN-induced cGMP accumulation in GTN-tolerant
tissues, concomitant with reduced vasodilator responses to
GTN (Brien et al., 1988; Bennett et al., 1989; Slack et al., 1989;
Sage et al., 2000; Chen et al., 2002). Importantly, only limited
impairment of vasodilator responses to NO donors such as
sodium nitroprusside or NONOates are observed in GTN-
tolerant tissues and animals, suggesting that NO-dependent
vasodilator mechanisms remain relatively intact, despite the
development of GTN tolerance (Ratz et al., 2000b; 2002;
Chen et al., 2002; MacPherson et al., 2006).

Although the vascular enzyme(s) that mediate the
mechanism-based biotransformation of GTN to the proximal
activator of sGC have yet to be identified with certainty, a
number of enzymes and proteins have been shown to mediate
GTN denitration to glyceryl dinitrates (GDNs) and inorganic
nitrite anion (NO2

-) (reviewed in Thatcher et al., 2004). These
enzymes include 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 glutathione transferases (Ji et al., 2009) among
others. However, one of these, namely aldehyde dehydroge-
nase 2 (ALDH2), has been the focus of a number of recent
studies suggesting that this enzyme mediates the mechanism-
based biotransformation of GTN, and that inactivation of
ALDH2 during GTN biotransformation is the basis for toler-
ance development (reviewed in Daiber et al., 2008). Indeed,
studies from Mayer’s group have provided evidence for NO
formation during incubation of GTN with purified ALDH2
(and ALDH1) (Beretta et al., 2008a; Wenzl et al., 2009a).

In 2002, Chen et al. proposed ALDH2 as an enzyme that
bioactivates GTN, resulting in vascular smooth muscle relax-
ation. This finding was further supported in studies using
Aldh2-/- mice, which showed impairment in drug-induced
cGMP accumulation and vasodilator responses to GTN, but
not to NO-donors such as sodium nitroprusside (Chen et al.,
2005). This was taken as strong evidence that ALDH2 plays an
important role in the bioactivation of GTN. Other studies
have reported inhibition of GTN-induced relaxation in aorta
by the ALDH inhibitors chloral hydrate, cyanamide and
daidzin (Chen et al., 2002; DiFabio et al., 2003; de la Lande
et al., 2004; Sydow et al., 2004; Kollau et al., 2005). These
inhibitors had no effect on sodium nitroprusside-induced
relaxation, suggesting that they inhibited GTN bioactivation.
However, DiFabio et al. (2003) and de la Lande et al. (2004)

showed that cyanamide, chloral hydrate and the ALDH sub-
strate, propionaldehyde, were equally effective inhibitors of
GTN-induced vasodilatation in both GTN-tolerant and non-
tolerant blood vessels, indicating that these inhibitors have
non-specific effects. Clinically, it has been shown that indi-
viduals who are heterozygous or homozygous for the ALDH2
point mutation Glu504Lys (ALDH2*1, ALDH2*2) exhibit
reduced vasodilator responses to GTN (Mackenzie et al., 2005;
Li et al., 2006). It is important to note that even though both
of these clinical studies concluded that ALDH2 is involved in
the bioactivation of GTN, they suggested the involvement of
other mechanisms. Several concerns have been raised with
respect to the ALDH2 bioactivation hypothesis, more specifi-
cally to the generation of NO from NO2

- (Difabio et al., 2003)
and to the regeneration of the inactivated ALDH2 enzyme
formed during GTN treatment (Beretta et al., 2008b).

Previous studies have shown that 1,2-GDN is the predomi-
nant GTN metabolite formed in vascular tissues, and further-
more, that formation of 1,2-GDN is diminished in GTN-
tolerant tissues. These findings suggest that ALDH2 plays a
primary role in GTN tolerance as ALDH2 specifically catalyses
the formation of 1,2-GDN, and ALDH2 activity is reduced
during GTN tolerance. Recently, Hink et al. (2007) investi-
gated whether inhibition of ALDH2 contributed to GTN tol-
erance in human blood vessels. They found that long-term
GTN treatment resulted in GTN tolerance and endothelial
dysfunction. Furthermore, GTN tolerance was associated with
the inhibition and down-regulation of vascular ALDH2. The
down-regulation of ALDH2 observed by Hink et al. (2007)
could be of importance as the ALDH2 isoform has a low Km

value (c. 1.0 mM) relative to other ALDH isoforms, and as a
result mediates almost all hepatic aldehyde oxidation (Vasilou
et al., 2000). Thus, the down-regulation of ALDH2 during
nitrate tolerance could be important in the toxicology of a
number of aldehydes and to the metabolism of alcohol. A
number of studies have examined the expression of ALDH2 in
GTN-tolerant blood vessels (Hink et al., 2007; Szöcs et al.,
2007; Wenzel et al., 2007), and although these studies all
showed a decrease in ALDH2 expression, this was only evalu-
ated at a single time point. In the present study, we utilized an
in vivo GTN tolerance model and examined ALDH2 protein
and activity levels at various time points during the develop-
ment and reversal of nitrate tolerance. We found that vascular
ALDH2 protein and activity levels during exposure to GTN
were not correlated with vasodilator responses to GTN or with
vascular GTN biotransformation, suggesting the dissociation
between ALDH2 inactivation and GTN tolerance.

Methods

Test system
All procedures for animal experimentation were undertaken
in accordance with the principles and guidelines of the Cana-
dian Council on Animal Care and were approved by the
Queen’s University Animal Care Committee. Animals were
maintained under a 12 h light/dark cycle, with free access to
food and water. Rats (male Sprague–Dawley, 250–350 g,
Charles River Laboratories, Montreal, QC, Canada) were ran-
domly assigned into GTN-treated or sham groups with each
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group consisting of 4–10 animals. GTN-treated rats were
exposed to a continuous source of GTN via the subdermal
implantation of two 0.2 mg·h-1 transdermal GTN patches
(Ratz et al., 2000a) for 6, 12, 24 or 48 h, or for 48 h followed
by removal of the patches for 1, 3 or 5 days. Surgery was
performed under halothane anaesthesia, with the surgical
plane of anaesthesia monitored by toe pinch and the depth
and character of respiration. A 1-cm transverse incision was
made in the upper dorsal region of the animal and the skin
separated from the underlying fascia by blunt dissection. Two
transdermal patches were inserted back to back into the
resulting subdermal space. The site was sutured closed and
disinfected with 10% providone-iodine solution. Animals
were administered buprenorphine (0.05 mg·kg-1 s.c.) preop-
eratively, and then every 12 h as needed. For the groups of
rats subjected to 48 h of GTN exposure, the site was
re-opened after 24 h and both patches were replaced. Animals
in the recovery groups also received GTN-treatment for 48 h.
However, the GTN patches were removed after the initial
48 h GTN-treatment period for 1, 3 or 5 days prior to death.
Animals in the sham groups received identical treatments;
however, sham (drug-free) patches were used instead.
Animals were killed at various time points and the aorta, vena
cava, femoral arteries and femoral veins were removed for
functional or biochemical analysis.

Isolated blood vessel relaxation responses
Isolated rings of aorta, femoral artery or femoral vein from
GTN-tolerant or control animals were prepared for isometric
tension measurements and were equilibrated for 1 h at an
optimal resting tension of 2.5 mN for femoral veins, 5 mN for
femoral arteries and 9.8 mN for aorta (MacPherson et al.,
2006). The vascular preparations were contracted submaxi-
mally with phenylephrine (0.2–5 mM), and after the induced
tone had stabilized, cumulative concentration-response
curves were obtained for GTN (0.1 nM–30 mM) or 1,1-diethyl-
2-hydroxy-2-nitrosohydrazine (DEA/NO) (0.1 nM–10 mM). In
one series of experiments, aortic rings from control animals
were submaximally contracted with phenylephrine and
exposed to 0.1 mM daidzin or diluent (DMSO; final concen-
tration, 0.1%) for 15 min prior to obtaining concentration-
response curves for GTN.

Immunoblot analysis of ALDH2
Aorta, vena cava and femoral arteries and veins were homog-
enized in lysis buffer [50 mM Tris-HCl pH 7.4, 1 mM EDTA,
0.1 mM PMSF, 1 mM dithiothreitol, 1% Triton X-100 and
protease inhibitors (Roche Diagnostics, Mannheim,
Germany)] and centrifuged at 480¥ g for 10 min. Proteins in
the supernatant fraction were separated by SDS-PAGE on 10%
gels and transferred electrophoretically to PVDF membranes.
Blots were probed with a rabbit polyclonal antibody to
human ALDH2, and immunoreactive bands visualized by
enhanced chemiluminescence. Membranes were then
stripped and reprobed with a mouse monoclonal anti-b-actin
antibody, and both immunoreactive bands quantified by
optical densitometry using ImageJ software (version 1.43). To
control for variability in optical density measurements
between gels due to differences in protein loading, gel trans-
fer time and time of film exposure, samples of all four blood

vessel types from each treated animal and its matched control
were loaded onto the same gel for comparison (see example
in Figure 1), and densitometry values for ALDH2 normalized
to b-actin. The normalized density value for each blood vessel
type from treated animals was expressed as a percentage of its
matched control.

ALDH activity
Aortae were homogenized in buffer containing 0.25 M
sucrose, 5 mM Tris-HCl pH 7.2, 0.5 mM EDTA and 0.1 mM
PMSF and centrifuged at 480¥ g for 10 min. Protein content
of the supernatant fraction was determined and deoxycholate
(2.5 mg·mg-1 protein) was added to the homogenates to solu-
bilize membrane-bound proteins. Total ALDH activity was
measured as the change in absorbance at 340 nm during
incubation of 100 mg aortic homogenate protein with 1 mM
NAD+ in 50 mM sodium pyrophosphate buffer, pH 8.8, con-
taining 2 mM rotenone (to inhibit NADH consumption by
complex 1 of the electron transfer chain), 1 mM
4-methylpyrazone (to inhibit alcohol dehydrogenase) and
substrate (5 mM propionaldehyde) (Tottmar et al., 1973;
Loomis and Brien, 1983). Specific activity was calculated
using the molar extinction coefficient for NADH of
6306 M-1 cm-1.

GTN Biotransformation
Rat aortic biotransformation of GTN to glyceryl-1,2-dinitrate
(1,2-GDN) and glyceryl-1,3-dinitrate (1,3-GDN) was assessed
essentially as described previously (Bennett et al., 1992).
Briefly, aortas prepared from sham-treated animals or from
animals treated with 0.4 mg·h-1 GTN for 48 h or treated for
48 h followed by a 1-day GTN-free period, were divided in
half and placed into individual tubes containing 1 mL of
Krebs’ solution at 37°C aerated with 95% O2–5% CO2. Tissues
were exposed to 0.2 mM phenylephrine for 5 min and to
either diluent or 0.1 mM daidzin for an additional 10 min.
This concentration of daidzin inhibited low Km ALDH activity
(i.e. ALDH2) in rat liver mitochondrial fractions by almost
90% (from 15.2 � 2.3 to 1.7 � 0.9 nmol·min-1·mg-1 protein

Figure 1
Immunoblot analysis of vascular ALDH2 expression after exposure of
animals to 0.4 mg·h-1r GTN for 48 h. Blood vessels were excised
from GTN-treated (GTN) and sham animals (Sham) and homog-
enized. Proteins (8 mg) from the 480¥ g supernatant fraction were
resolved on 10% SDS gels under reducing conditions and transferred
to PVDF membranes. The blot was probed with a rabbit polyclonal
antibody to human ALDH2 (A), then stripped and re-probed with a
mouse monoclonal antibody to b actin (B).
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using 50 mM propionaldehyde as substrate, n = 3). Tissues
were then incubated with 2 mM GTN for 1 min and frozen
between liquid nitrogen precooled clamps. The 1,2-GDN and
1,3-GDN metabolites of GTN were extracted from the tissues
as described (Bennett et al., 1992) and quantified by mega-
bore capillary column gas-liquid chromatography (McDonald
and Bennett, 1990).

Data analysis
Relaxation responses to GTN were measured as the percent-
age decrease in phenylephrine-induced tone. EC50 values for
relaxation were determined from the concentration-response
curves using a sigmoidal dose–response curve-fitting algo-
rithm. Due to inhomogeneity of variance, statistical analysis
for the relaxation experiments was performed using logarith-
mically transformed data. The differences in EC50 values for
relaxation and aortic ALDH activity in blood vessels from
sham- and GTN-treated animals were compared using Stu-
dent’s t-test for unpaired data. One-sample Student’s t-tests
were used to compare the normalized mean values for vascu-
lar ALDH2 protein expression from each treatment group
with their matched controls. All data are expressed as the
mean � SD. A P-value of <0.05 was considered statistically
significant.

Drugs and solutions
Transdermal GTN patches were obtained as Transderm-Nitro
(0.2 mg·h-1) from Novartis Pharmaceuticals (Dorval, QC,
Canada). Drug-free patches were produced by soaking
patches for at least 2 days in 95% ethanol (patches were
allowed to air dry for at least 15 min before implantation).
Removal of GTN from the patches by this procedure was
confirmed by the absence of GTN or GTN metabolites in the
plasma of rats implanted with these sham patches (Ratz et al.,
2002). 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). Halothane for inhalational
anaesthesia was obtained from Halocarbon Laboratories
(River Edge, NJ, USA), 1,1-diethyl-2-hydroxy-2-
nitrosohydrazine (DEA/NO) was obtained from Calbiochem
(La Jolla, CA, USA) and daidzin was obtained from LC Labo-
ratories (Woburn, MA, USA). Chemiluminescence reagents
were from Kirkegaard and Perry Laboratories (Gaithersburg,
MA, USA). The rabbit anti-human ALDH2 antiserum was a
gift from Dr V. Vasiliou (University of Colorado Health
Science Center, Denver, CO, USA) and mouse monoclonal
anti-b-actin antibody was obtained from Sigma (St. Louis,
MO, USA). All other chemicals were of reagent grade and were
obtained from a variety of commercial sources.

Results

ALDH2 protein expression
ALDH2 immunoreactive bands were observed with mobilities
slightly less than the 50 kDa marker, and with the same
mobility as purified recombinant human ALDH2, similar to
the findings of Difabio et al. (2003) and Hink et al. (2007).
The relative expression of ALDH2 was approximately twofold
to threefold greater in arterial compared to venous blood

vessels, and changes in the relative expression of ALDH2 in
the four blood vessel types over the time-course of GTN
tolerance development and reversal revealed vessel-specific
differences. ALDH2 protein levels decreased in the aorta and
femoral artery by approximately 30% after GTN treatment for
12, 24 or 48 h (Figures 2D and 3). In the vena cava and
femoral vein, 48 h of GTN treatment resulted in an 80%
reduction of ALDH2 protein (Figures 4 and 5). In all four
blood vessel types, ALDH2 protein levels were still signifi-
cantly reduced in animals that had been treated with GTN for
48 h, followed by a 1-day or 3-day nitrate-free period. A
nitrate-free period of 5 days following 48 h of GTN treatment
resulted in ALDH2 protein returning to control levels only in
the aorta; in the other blood vessel types, ALDH2 protein was
still reduced by 30–50%.

ALDH activity
ALDH2 has a low Km value for substrate relative to other
ALDH isoforms and thus low and high substrate concentra-
tions can be used to differentiate ALDH2 activity from other
ALDH activities present in a particular sample. However, the
ALDH2 content in aorta was not sufficient to yield reliable
rates of NADH formation at a low substrate concentration
(50 mM propionaldehyde). Therefore, total ALDH activity in
whole cell homogenates of the rat aorta was determined at a
high substrate concentration (5 mM propionaldehyde) to
assess whether ALDH activity was altered during chronic GTN
treatment. Furthermore, due to the low protein yields from
the vena cava, femoral artery and femoral vein, total ALDH
activity could not be measured accurately. In the aorta, there
was a significant decrease in ALDH activity after a 12-h GTN
exposure and a maximal decrease of approximately 55% after
a 24-h exposure time (Figure 2E). ALDH activity remained
significantly decreased after a 1- or 3-day nitrate-free period,
only returning to control levels after a 5-day drug-free period.

GTN biotransformation
Consistent with previous studies, rat aortic GTN biotransfor-
mation was characterized by a highly selective formation of
1,2-GDN (1,2-GDN/1,3-GDN ratio ~5) (Figure 6A). In aortae
from GTN-tolerant animals, there was a significant decrease
in GTN biotransformation, attributable to a selective decrease
in 1,2-GDN formation. A nitrate-free period of 1 day after the
induction of GTN-tolerance resulted in an increase in GTN
biotransformation and selective 1,2-GDN formation back to
control levels. Pretreatment of rat aortae with the relatively
selective ALDH2 inhibitor, daidzin, did not significantly
decrease GTN biotransformation, although a modest decrease
in 1,2-GDN formation was observed. Daidzin mediated a
similar inhibitory effect on 1,2-GDN formation under the
three experimental conditions. Furthermore, daidzin-
mediated inhibition of 1,2-GDN formation was markedly less
than the decrease in 1,2-GDN formation observed in GTN-
tolerant tissues in the absence of the inhibitor.

Relaxation responses to GTN
No significant differences were observed in the relaxation
responses of aortae from GTN-treated and sham animals for
the 6 and 12 h treatment groups (Table 1A). After 24 h of
GTN-treatment, there was a significant increase (approxi-
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mately twofold) in the EC50 values for relaxation of aortae
from GTN-treated animals compared to the untreated con-
trols (Figure 2A), and an even greater relative increase
(approximately threefold) in the EC50 values after a 48-h
exposure to GTN (Figure 2B). In addition, there was a signifi-
cant decrease in the maximal relaxation response to GTN at
these time points. However, after a 1-, 2- or 4-day nitrate-free
interval following a 48 h exposure to GTN, there were no
differences in the concentration–response curves between the
GTN-treated and control animals (Figure 2C, Table 1A).
The induction of GTN tolerance did not significantly affect

the responses of aortic rings to the NO donor DEA/NO, indi-
cating that the GTN tolerance protocol used did not result in
vascular tolerance to NO per se (Figure 2F). We also assessed
the effect of 0.1 mM daidzin on GTN-induced relaxation of
rat aorta and found no difference in the EC50 value or
maximal relaxation response (Figure 6B).

A time-course analysis of GTN tolerance development and
reversal was also conducted using isolated femoral arteries
and veins from GTN-treated animals (Table 1B and C). Similar
to the findings in aortic preparations, there were no differ-
ences in the EC50 values for relaxation between GTN-treated

Figure 2
Effect of in vivo GTN exposure on GTN-induced relaxation of isolated aorta, and on ALDH activity and ALDH2 protein expression. (A–C) Isolated
aortic rings were prepared from rats treated with 0.4 mg·h-1 GTN (GTN) or vehicle (Control) for (A) 24 h (B) 48 h GTN and (C) 48 h followed
by a 1-day GTN-free period. Aortic rings were contracted submaximally with phenylephrine and cumulative concentration-response curves for
GTN were obtained (n = 7–10). The EC50 values and maximal relaxation were significantly different from Control for the 24 h and 48 h GTN
treatment groups (P < 0.05, Student’s t-test for unpaired data). (D and E) Rats were treated with 0.4 mg·h-1 GTN (GTN) or vehicle for 6, 12, 24
and 48 h as well as 48 h GTN treatment followed by a 1-, 3- or 5-day GTN-free period (1R, 3R, 5R). (D) ALDH2 protein was determined by
immunoblot analysis and immunoreactive bands were quantified by densitometry. ALDH2 protein levels in aortae (normalized to b-actin) from
GTN-treated animals are expressed as a percentage of the levels in matching control animals. Data are presented as the mean percentage of
control � SD (n = 4) and were analysed using Student’s one-sample t-test. *P < 0.05, **P < 0.01, significant decrease compared with Control. (E)
Total ALDH activity from control and GTN-treated aortas was assessed in samples containing 100 mg of aortic protein and using 5 mM
propionaldehyde as substrate. Data are presented as the mean percentage of control � SD (n = 4) and were analysed using Student’s t-test for
unpaired data. * P < 0.05, ** P < 0.01, significant decrease compared with Control. (F) Cumulative concentration-response curves for DEA/NO in
aortic rings obtained from rats treated with 0.4 mg·h-1 GTN for 48 h (n = 6).
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and sham animals after 6 or 12 h GTN exposure, and with
both vessel types, complete reversal of tolerance occurred
within 1 day, following cessation of GTN exposure. Also con-
sistent with the findings in aorta, there was an approximate
twofold increase in EC50 in both vessel types after 24 h treat-
ment with GTN. After 48 h GTN treatment, the EC50 values
for relaxation increased approximately threefold and fivefold

in femoral artery and vein, respectively. The magnitudes of
the rightward shifts are consistent with previous studies per-
formed in our laboratory (Difabio et al., 2003; MacPherson
et al., 2006). Hysteresis plots of the fold shift in EC50 values for
relaxation as a function of ALDH2 status at the various time
points in the study revealed marked hysteresis, thus high-
lighting the dissociation between the two variables (Figure 7).
For example, examination of the hysteresis plot of ALDH2
expression in femoral vein (Figure 7E) indicates that at a
number of time points, the EC50 value for relaxation was
unaltered despite the fact that ALDH2 expression levels
varied between 30 and 80% of control. Furthermore, an
ALDH2 expression level of approximately 30% of control was
associated with both a fivefold shift and no change in the
EC50 value for relaxation. In contrast, the hysteresis plot of
ALDH2 expression versus ALDH activity, with the exception
of one data point, indicated a very good linear correlation
between activity and expression (Figure 7C).

Discussion

The role of ALDH2 in GTN bioactivation has been widely
studied in animal models as well as in humans, but no study
to date has examined the time-course effects of GTN exposure
on ALDH2 activity and expression. Accordingly, we investi-
gated the association between ALDH2 activity and protein
expression and both the ex vivo functional responses to GTN
and vascular GTN biotransformation, after various periods of
chronic GTN exposure. We reasoned that if inactivation/loss
of ALDH2 is the basis for GTN tolerance, then there should be
an association between decreased ALDH2 activity/protein
and the development of GTN tolerance. Furthermore, the
decrease in ALDH2 activity and protein expression should
correlate with functional responses in GTN-treated blood

Figure 3
Changes in ALDH2 protein levels in femoral arteries from GTN-
treated animals. Rats were treated with 0.4 mg·h-1 GTN for 6, 12, 24
or 48 h (6, 12, 24, 48) or for 48 h followed by a 1-, 3- or 5-day
GTN-free period (1R, 3R, 5R). ALDH2 protein was determined by
immunoblot analysis and immunoreactive bands were quantified by
densitometry. ALDH2 protein levels in aortae (normalized to b-actin)
from GTN-treated animals are expressed as a percentage of the levels
in matching control animals. Data are presented as the mean per-
centage of control � SD (n = 4) and were analysed using Student’s
one-sample t-test. *P < 0.05, **P < 0.01, significant decrease com-
pared with Control.

Figure 4
Changes in ALDH2 protein levels in vena cava from GTN-treated
animals. Rats were treated with 0.4 mg·h-1 GTN for 6, 12, 24 or 48 h
(6, 12, 24, 48) or for 48 h followed by a 1-, 3- or 5-day GTN-free
period (1R, 3R, 5R). ALDH2 protein was determined by immunoblot
analysis and immunoreactive bands were quantified by densitom-
etry. ALDH2 protein levels in vena cava (normalized to b-actin) from
GTN-treated animals are expressed as a percentage of the levels in
matching control animals. Data are presented as the mean percent-
age of control � SD (n = 4) and were analysed using Student’s
one-sample t-test. *P < 0.05, **P < 0.01, significant decrease com-
pared with Control.

Figure 5
Changes in ALDH2 protein levels in femoral veins from GTN-treated
animals. Rats were treated with 0.4 mg·h-1 GTN for 6, 12, 24 or 48 h
(6, 12, 24, 48) or for 48 h followed by a 1-, 3- or 5-day GTN-free
period (1R, 3R, 5R). ALDH2 protein was determined by immunoblot
analysis and immunoreactive bands were quantified by densitom-
etry. ALDH2 protein levels in aortae (normalized to b-actin) from
GTN-treated animals are expressed as a percentage of the levels in
matching control animals. Data are presented as the mean percent-
age of control � SD (n = 4) and were analysed using Student’s
one-sample t-test. *P < 0.05, **P < 0.01, significant decrease com-
pared with Control.
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vessels. The major findings of the current study are that both
the vascular biotransformation of GTN and the vasodilator
responses to GTN during tolerance development and reversal
do not correlate with GTN-induced changes in vascular
ALDH2 protein expression and activity.

Although limitations in the sensitivity of the ALDH assay
in aortic homogenates at low substrate concentration (selec-
tive for ALDH2) prevented us from attributing decreases in
aortic ALDH activity, specifically to decreases in ALDH2 activ-
ity, the changes in aortic ALDH2 protein and total aortic
ALDH activity were reasonably well correlated (Figure 2D and
E). Furthermore, the hysteresis plot of aortic ALDH activity
versus aortic ALDH2 protein levels did not indicate dissocia-
tion between the two variables (Figure 7C), suggesting that

the decrease in total ALDH activity was primarily due to
decreases in ALDH2.

As an alternative to the spectrophotometric assay of
ALDH activity, we measured GDN formation in the presence
and absence of the selective ALDH2 inhibitor, daidzin, in
aortae from control and GTN-tolerant (48 h) animals, and
from animals treated with GTN for 48 h followed by a 1-day
GTN-free period (Figure 6A), and used this as a measure of
ALDH2 activity. However, as only a relatively minor com-
ponent of aortic GTN biotransformation was daidzin-
inhibitable, this approach could not be used. Furthermore,
to the extent that daidzin inhibition can be used as an
index of ALDH2-mediated GTN biotransformation, it would
appear that this enzyme does not contribute substantially to
the overall biotransformation of GTN in rat aorta. In con-
trast, the flavoprotein inhibitor, diphenyleneiodonium sul-
phate, reduced 1,2-GDN formation from GTN by 60–75%
under the same experimental conditions (McGuire et al.,
1994), suggesting a dominant role for flavoproteins (e.g. the
cytochrome P450-cytochrome P450 reductase system) in
vascular GTN biotransformation. Consistent with the
modest effect of daidzin on aortic GTN biotransformation,
GTN-induced relaxation of rat aorta was unaffected at the
concentration of daidzin employed (0.1 mM). Experiments
were attempted using a higher daidzin concentration
(0.3 mM), but this concentration of daidzin caused a
50–75% relaxation of phenylephrine-contracted tissues,
indicating effects in addition to ALDH2 inhibition. Indeed,
soy isoflavones such as daidzin and genestin were first char-
acterized as phytoestrogens, and 17 b-oestradiol and selec-
tive oestrogen receptor modulators such as raloxifene,
induce vascular relaxation via a non-genomic, oestrogen
receptor-dependent activation of NO synthase and
increased NO. The vasodilator effect of daidzin we observed
is probably mediated by the same mechanism, as it was
completely inhibited by pretreatment of tissues with
the NO synthase inhibitor, L-NAME (Y. D’Souza and B.M.
Bennet, unpubl. obs.).

In the absence of daidzin, there was a selective decrease in
1,2-GDN formation after incubation of GTN-tolerant tissues
with GTN, whereas GTN biotransformation activity was com-
pletely restored following a 1-day recovery period, concomi-
tant with the restoration of the vasodilator response to GTN
(Figure 2C). This is in contrast to the ALDH2 expression
(Figure 2D) and ALDH activity (Figure 2E) data, which show
that after a 1-day recovery period, both expression and activ-
ity were still depressed to the same extent as observed at the
48 h time point. Together, these findings suggest dissociation
between GTN biotransformation and vasodilator activity on
the one hand, and changes in vascular ALDH2 protein
expression and activity on the other.

The studies performed demonstrated that ALDH inactiva-
tion did not parallel the time-course for the development of
GTN tolerance, but rather, that ALDH activity remained
depressed long after relaxation responses to GTN had
returned to control values. ALDH activity in aorta and
ALDH2 protein expression in all of the blood vessels exam-
ined decreased in response to GTN treatment, with some
variations in the extent of the decrease over time. After the
induction of GTN tolerance, a nitrate-free interval of up to
5 days did not result in ALDH2 protein expression returning

Figure 6
Effect of daidzin on GTN biotransformation and GTN-induced relax-
ation in rat aorta. (A) Segments of rat aorta prepared from sham-
treated animals (C), or from animals treated with 0.4 mg·h-1 GTN for
48 h (T) or treated for 48 h followed by a 1-day GTN-free period
(1R), were incubated with 2 mM GTN for 1 min in the presence or
absence of the ALDH inhibitor daidzin (0.1 mM) and the formation
of 1,2-GDN and 1,3-GDN quantitated. Data are presented as the
mean � SD (n = 8–10) and were analysed using two-way ANOVA.
1,2-GDN formation and total GDN formation were significantly
decreased in tolerant aortae and daidzin-treated tolerant aortae com-
pared with all other treatment groups (P < 0.05). (B) Aortic rings
from control animals were contracted submaximally with phenyle-
phrine and cumulative concentration-response curves for GTN were
obtained in the presence or absence of 0.1 mM daidzin (n = 5).
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to control levels in the vena cava, femoral artery and vein,
despite the fact that the functional responses to GTN
returned to control values after a 1-day nitrate-free interval
(Table 1). These data are inconsistent with the ALDH2 inac-
tivation model of GTN tolerance, which would predict a close
association between ALDH2 activity and protein levels and
vascular responses to GTN. Rather, the data indicate that
during tolerance, not only does ALDH activity and ALDH2
protein expression not correlate with the time-dependent
onset of GTN tolerance and recovery from tolerance, but that
vascular ALDH2 protein expression remains depressed long
after the cessation of exposure to GTN. There have been other
studies showing decreased ALDH2 protein expression during
GTN tolerance (Hink et al., 2007; Szöcs et al., 2007; Wenzel
et al., 2007), but in these studies, ALDH2 protein levels were
only evaluated in GTN-tolerant blood vessels at a single time
point, and were not evaluated during a nitrate-free interval
following tolerance induction.

The dissociation between ALDH2 expression and GTN
responsiveness is further illustrated by the plots of the EC50

values for relaxation by GTN as a function of ALDH2 status,
which revealed significant hysteresis (Figure 7). At similar
expression levels of ALDH2, we observed significant varia-
tions in the EC50 values for GTN-induced relaxation, and at a
number of time points, the EC50 value for relaxation was
unaltered despite the fact that ALDH2 expression levels
varied considerably. Furthermore, we observed a twofold to
threefold lower ALDH2 expression level in venous tissue
compared to arterial tissue. This finding, taken with the
observation of greater GTN biotransformation and cGMP
accumulation in venous tissue compared to arterial tissue
(Kawamoto et al., 1990), together with the well-known
venoselective relaxation properties of nitrates, is further evi-
dence of a dissociation between ALDH2 and the vasodilator
actions of nitrates. However, it is entirely possible that differ-
ent blood vessel types rely on different bioactivation pro-

Table 1
EC50 and maximum relaxation values for GTN-induced relaxation in aorta (A), femoral artery (B) and femoral vein (C)

Time point
Control
EC50 (nM)

Treated
EC50 (nM)

Control
% relaxation

Treated
% relaxation

A

6 h 13 � 7.2 15 � 10 97.0 � 4.3 99.5 � 0.9

12 h 19 � 7.6 23 � 7.1 99.6 � 0.9 97.9 � 3.6

24 h 16 � 14 26 � 20* 97.4 � 5.1 89.0 � 7.3**

48 h 25 � 18 67 � 46** 97.2 � 3.9 84.6 � 9.6**

1 day GTN-free 15 � 8.8 16 � 5.0 97.5 � 0.7 97.0 � 2.6

2 day GTN-free 21 � 9.0 16 � 7.1 99.1 � 1.4 96.8 � 2.6

4 day GTN-free 27 � 14 29 � 13 98.7 � 2.0 97.8 � 3.8

B

6 h 2.4 � 1.3 2.7 � 1.2 98.6 � 1.2 99.4 � 1.0

12 h 3.5 � 1.2 3.1 � 1.6 98.7 � 1.1 98.7 � 2.3

24 h 1.8 � 0.8 4.5 � 1.1* 98.0 � 1.4 98.0 � 1.4

48 h 1.9 � 1.1 6.3 � 1.0** 98.7 � 1.2 93.2 � 3.1**

1 day GTN-free 2.8 � 0.9 3.5 � 1.3 99.5 � 1.0 98.9 � 1.4

3 day GTN-free 2.0 � 1.2 2.5 � 1.7 99.4 � 1.0 97.2 � 1.2

5 day GTN-free 2.4 � 1.8 3.2 � 1.7 98.8 � 1.0 99.3 � 1.2

C

6 h 9.0 � 1.9 8.7 � 2.1 95.9 � 0.6 96.9 � 2.7

12 h 6.1 � 1.5 5.9 � 1.2 96.0 � 0.9 98.8 � 2.0

24 h 5.0 � 1.0 11 � 1.7* 97.5 � 2.6 94.9 � 1.9

48 h 5.2 � 1.1 24 � 7.0* 96.7 � 1.9 94.6 � 0.9*

1 day GTN-free 6.4 � 2.2 7.6 � 2.3 99.2 � 1.7 97.2 � 1.9

3 day GTN-free 5.9 � 1.7 5.0 � 1.9 95.5 � 0.6 98.8 � 2.1

5 day GTN-free 4.9 � 1.8 6.3 � 1.3 98.8 � 2.1 94.2 � 1.6*

Rats were treated with 0.4 mg·h-1 GTN (Treated) or vehicle (Control) for 6, 12, 24, and 48 h as well as 48 h GTN treatment followed by a
1 to 5 day drug-free period. Isolated rings of aorta, femoral artery and vein were prepared and cumulative concentration-response curves
obtained. Values represent mean � SD (n = 4–10).
*P < 0.05 versus Control, Student’s t-test for unpaired data.
**P < 0.01 versus Control, Student’s t-test for unpaired data.
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cesses, and that tolerance mechanisms could differ as well.
For example, we have shown that increased phosphodi-
esterase 5 activity occurs in the venous, but not arterial cir-
culation of GTN-tolerant animals, and that the
phosphodiesterase inhibitor, zaprinast, selectively reverses
the blunted venodilator response to GTN in GTN-tolerant
animals (MacPherson et al., 2006), suggesting that increased
phosphodiesterase 5 activity in the venous circulation con-
tributes to the altered haemodynamic response to GTN fol-
lowing chronic GTN exposure.

The biotransformation of GTN by ALDH2 is proposed to
result in ALDH2 inactivation after one catalytic cycle, due to
oxidation of critical sulphhydryl groups in the active site of

the enzyme (Chen et al., 2002), and this inactivation has
been proposed to be the major factor in the development of
GTN tolerance (Münzel et al., 2005). Thus, if continuous GTN
biotransformation by ALDH2 is to occur, it would be neces-
sary to regenerate free sulphhydryl groups in the active site.
Wenzel et al. (2007) showed that dihydrolipoic acid could
partially restore ALDH2 activity in GTN-treated blood vessels,
but required relatively high concentrations (0.1 mM) of this
reducing agent. More recently, Beretta et al. (2008b) showed
that dihydrolipoic acid and dithiothreitol were able to restore
ALDH2 activity. However, they concluded that these reducing
agents only mediated partial reactivation of the enzyme, and
concluded that significant irreversible inactivation of ALDH2

Figure 7
Hysteresis plots of ALDH2 status and fold shift in EC50 values for GTN-induced relaxation of various blood vessels. The fold shift in EC50 values for
relaxation of aorta (A–B), femoral artery (D) and femoral vein (E) is plotted as a function of either ALDH activity (as a percentage of control) (A)
or ALDH2 expression (as a percentage of control) (B–E). (C) Plot showing hysteresis of aortic ALDH activity as a function of aortic ALDH2
expression. Data are plotted as the mean percentage of control vs. mean fold shift in EC50 values. (n = 4–10).
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occurred during GTN tolerance. The decrease in ALDH2
protein levels shown in the current study would be consistent
with a GTN-induced irreversible modification of the enzyme,
provided that irreversibly inactivated enzyme is targeted for
removal from the enzyme pool.

A number of studies support the notion that at least a
portion of the bioactivation of GTN is mediated by ALDH2,
including studies showing reduced vasodilator responses to
GTN in Aldh2–/– mice (Chen et al., 2005; Wenzel et al., 2008),
and in humans having the Glu504Lys ALDH2 loss of function
mutation (Mackenzie et al., 2005; Li et al., 2006). Clearly,
there are other mechanisms of GTN-induced vasodilatation
in addition to those that may be mediated by ALDH2-
mediated bioactivation, as vasodilatation still occurs in
Aldh2–/– mice and in humans with the Glu504Lys mutation.
Indeed, it has been suggested that high potency nitrates such
as GTN and pentaerythrityl tetranitrate (PETN) are bioacti-
vated by ALDH2, and that a low affinity pathway bioactivates
both high potency nitrates and low potency nitrates such as
ISDN (Daiber et al., 2004), in keeping with earlier studies
suggesting low and high affinity pathways for GTN biotrans-
formation (Bennett et al., 1989). Perhaps not so clear is
whether inactivation of ALDH2 is the basis for GTN toler-
ance. In the study of Chen et al. (2005), in vitro exposure of
aortae from Aldh2–/– mice with high concentrations of GTN
did not result in further attenuation of the vasodilator
response to GTN, and in aortae from GTN-tolerant guinea-
pigs (Wenzl et al., 2009b), there was no further inhibitory
effect of the ALDH2 inhibitor daidzin (although there was a
further inhibition of vascular GTN biotransformation).
However, in one study (Wenzel et al., 2008), in vivo infusion
of GTN into Aldh2–/– mice did shift GTN concentration–
response curves to the right, and in our own preliminary
experiments in Aldh2–/– mice using an in vivo GTN tolerance
protocol similar to that used in the current study, we
observed a fourfold shift in the EC50 values for GTN-induced
relaxation of aorta with little change in the vasodilator
response to ISDN (unpublished data).

Two other aspects of GTN tolerance do not seem to be
adequately explained by the ALDH2 hypothesis. Firstly, both
GTN and PETN are proposed to be bioactivated by ALDH2 by
the same chemical reaction pathway involving oxidation of
critical SH groups in the active site, concomitant with inac-
tivation of the enzyme (tolerance). However, PETN is a more
potent vasodilator than GTN, while at the same time being a
poorer substrate and causing less enzyme inactivation than
GTN. Furthermore, unlike GTN, tolerance to PETN does not
appear to occur, whereas GTN-tolerant animals exhibit
reduced vasodilator responses to both GTN and PETN (Fink
and Bassenge, 1997; Daiber et al., 2004; Griesberger et al.,
2011; Oelze et al., 2011). Thus, two structurally similar com-
pounds containing the same functional groups appear to
interact with the enzyme in different ways, inconsistent with
a proposed common mechanism of action. Secondly, the
haemodynamic and vasodilator effects of GTN in both the
arterial and venous circulation have been shown to be
reduced in subjects pretreated with ISDN (Schelling and
Lasagna, 1967; Zelis and Mason, 1975; Manyari et al., 1985).
These findings of cross-tolerance between ISDN and GTN are
inconsistent with the ALDH2 hypothesis, in which low
potency nitrates such as ISDN are not considered to be

ALDH2 substrates (or inactivators), and therefore ought not
to affect the efficacy of GTN, especially at the low concentra-
tions of the drug associated with clinical use.

During continuous GTN exposure, ALDH2 is thought to
be inactivated either directly by reacting with GTN, or indi-
rectly through the GTN-mediated generation of reactive
oxygen species (Daiber et al., 2008). The down-regulation of
other thiol-dependent enzymes during chronic GTN treat-
ment that may mediate GTN biotransformation has not been
reported, but would be of obvious interest. The biotransfor-
mation data obtained in the current study (Figure 6A) indi-
cates that GTN biotransformation enzymes other than
ALDH2 are inhibited during chronic GTN exposure. Never-
theless, the down-regulation of ALDH2 could be of impor-
tance because of the role of ALDH2 in the detoxification of a
number of toxic aldehydes. Studies have shown that indi-
viduals with the ALDH2*2 polymorphism (Glu504Lys), and
the corresponding decrease in ALDH2 activity, have an
increased risk of colorectal cancer (Gao et al., 2008) as well as
an increased risk of oesophageal and liver cancer (Seitz and
Meier, 2007). Furthermore, Ohsawa et al. (2008) have shown
that toxic aldehydes accumulate in ALDH2 transgenic mice
lacking ALDH2 activity, resulting in a shorter lifespan, cog-
nitive impairment and increased age-dependent neurodegen-
eration. Other studies have shown that ALDH2 deficiency
renders mice more susceptible to exogenously triggered oxi-
dative stress; Aldh2-/- mice were more susceptible to
nitroglycerin-, acetaldehyde- and doxorubicin-induced car-
diovascular damage (Wenzel et al., 2008). Thus, the inactiva-
tion of ALDH2 during GTN tolerance could be of pathological
relevance, and warrants further investigation.

In summary, we have shown that during the development
of GTN tolerance and during tolerance reversal, the changes
in GTN-mediated vasodilator responses of several types of
blood vessels and in vascular GTN biotransformation do not
correlate with changes in ALDH activity or ALDH2 protein
expression, suggesting that factors other than impaired
ALDH2-mediated GTN bioactivation underlie nitrate
tolerance.
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