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Abstract 

Organic nitrates, such as glyceryl trinitrate (GTN), have been used clinically for more 

than a century. However optimal nitrate therapy is hindered by the development of tolerance, 

which is associated with a desensitized response to GTN, oxidative stress, and the inactivation of 

aldehyde dehydrogenase 2 (ALDH2). This thesis evaluated the ALDH2 inactivation hypothesis of 

GTN tolerance and investigated the role of oxidative stress in GTN tolerance mediated by the 

lipid peroxidation product, 4-hydroxynonenal (HNE).  

  Evidence for a direct role of ALDH2 in nitrate action was sought using a stably 

transfected cell line that overexpressed ALDH2, or siRNA to deplete endogenous ALDH2. 

Neither manipulation altered GTN-induced cGMP formation, indicating that ALDH2 does not 

mediate GTN bioactivation and tolerance. In a second study using an in vivo GTN tolerance 

model and a cell culture model of nitrate action, a marked increase in HNE adduct formation was 

detected in GTN-tolerant tissues, and treatment with HNE reduced the cGMP and vasodilator 

responses to GTN, thus mimicking GTN-tolerance. Together, the results suggest a primary role 

for HNE in the development of GTN tolerance, and provide the framework for a unified 

hypothesis that accommodates the previous findings of sulfhydryl depletion, ALDH2 inactivation 

and oxidative stress that are associated with nitrate tolerance.  

 Studies have implicated oxidative stress and increased HNE formation in the 

pathogenesis of Alzheimer’s disease (AD). It was hypothesized that the gene deletion of ALDH2 

would result in increased HNE-adduct formation leading to impaired cognitive function, and AD-

like pathological changes. We observed a marked increase in HNE-adduct formation in Aldh2-/- 

mouse hippocampi as well as hyperphosphorylated tau, activated caspases, age-related changes in 

hippocampal amyloid !eta1-42 (A!1-42), post-synaptic density protein 95 (PSD95) and 

phosphorylated cyclic adenosine monophosphate response element binding protein (pCREB) 

expression, endothelial dysfunction and other vascular pathologies. These data provide further 
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evidence for the importance of HNE and oxidative stress in AD pathogenesis, and establish 

Aldh2-/- mice as a new, oxidative stress-based animal model of age-related cognitive impairment 

and AD. 
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Chapter 1 

Introduction 

1.1 Rationale and Statement of Research Problem 

Since its first clinical use in 1879 by William Murrell, nitroglycerin (GTN) has been used 

to treat angina pectoris and ischemic heart disease [1,2]. However, despite the therapeutic use of 

GTN for over 130 years, the complete details of its mechanism of action are lacking. Organic 

nitrates such as GTN act as prodrugs and require bioactivation to yield nitric oxide (NO) or an 

NO-like species before producing a biological effect [3]. GTN can be denitrated to its 

biologically active metabolites glyceryl-1,2-dinitrate (1,2-GDN) and glyceryl-1,3-dinitrate (1,3-

GDN) by acid or alkaline hydrolysis or by an enzymatic cleavage of the nitrate group at the C-3 

or C-2 positions, respectively. The biotransformation of GTN also liberates NO2
- or the bioactive 

molecule NO; however attempts to measure or visualize NO formation at pharmacologically 

relevant concentrations of GTN have not been successful [4,5]. For the sake of clarity, the 

bioactive species generated from GTN will be referred to as ‘NO’ in this thesis. Once GTN is 

bioactivated to NO, the NO moiety activates soluble guanylyl cyclase (sGC), resulting in the 

increased formation of cGMP [6,7]. The accumulation of cGMP results in the activation of 

cGMP-dependent protein kinase (PKG) which phosphorylates a number of downstream targets 

leading to decreased intracellular Ca2+ levels and decreased Ca2+ sensitivity, resulting in vascular 

smooth muscle relaxation [8,9].  

Long-term administration of nitrates results in nitrate tolerance, characterized by 

decreased vasodilator and antianginal responses. This desensitization response has been widely 
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investigated and is primarily due to decreased bioactivation. The bioactivation of GTN is thought 

to require enzymatic catalysis despite the observation that GTN denitration can occur chemically 

in the presence of sulfhydryl groups [10]. A number of enzymes have been shown to mediate 

organic nitrate biotransformation including glutathione S-transferases (GSTs) [11,12], aortic 

cytochrome P450s (CYP450) [13], xanthine oxidase [14] and aldehyde dehydrogenase 2 

(ALDH2) [15]. Of these, ALDH2 has been implicated as the primary GTN bioactivating enzyme, 

with many studies supporting a role for ALDH2 in GTN action [15–18] (see Section 1.5.4). This 

has led to the hypothesis that ALDH2 is a major GTN bioactivating enzyme, and that the 

inactivation of ALDH2 is responsible for GTN tolerance. However, the role of ALDH2 in GTN 

bioactivation has been questioned by a number of studies suggesting the primary enzyme 

responsible for nitrate action and tolerance has not yet been identified (see Section 1.5.5). 

Therefore, this work focused on the role of ALDH2 in GTN bioactivation and tolerance.  

The overall aim of this work was to evaluate the ALDH2 inactivation hypothesis of GTN 

tolerance and determine the specific role of ALDH2 in nitrate action.  

Chapter 1 is a systematic review of the current literature regarding the pharmacology of 

organic nitrates. This review highlights the bioactivation of GTN and details the role of ALDH2 

in GTN action. This review also discusses the oxidative stress hypothesis as well as the formation 

and physiological effects of the lipid peroxidation end product 4-hydroxynonenal (HNE). Finally, 

this review discusses the pathogenesis of Alzheimer’s disease (AD), detailing the role of the three 

hallmarks of the disease (amyloid beta peptide, hyperphosphorylated tau protein and 

neurodegeneration), animal models of AD and the oxidative stress hypothesis of AD.  

A major limitation of studies using inhibitors such as chloral hydrate and cyanamide to 

investigate the role of ALDH2 in nitrate tolerance is the non-specific nature of their actions. 
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These inhibitors exert their effects through oxidation of cysteine groups and thiol depletion. Thus 

associating the effects of these inhibitors solely with the inhibition of ALDH2 is problematic. To 

better assess the specific role of ALDH2 in nitrate action, Chapter 2 describes experiments 

examining GTN biotransformation and GTN-induced cGMP formation in a stably transfected cell 

line that overexpresses ALDH2, and also in cells in which endogenous expression of ALDH2 was 

prevented by utilizing small-interfering RNA (siRNA).    

 The overexpression of ALDH2, or siRNA-induced knockdown of ALDH2 did not alter 

GTN-induced cGMP formation, indicating ALDH2 does not play a role in GTN bioactivation and 

tolerance. Despite these findings, ALDH2 is associated with GTN tolerance, since studies have 

shown that ALDH2 activity and expression are decreased in GTN tolerant tissues [19] and Aldh2-

/- mice exhibit a desensitized response to GTN [17]. Another hypothesis put forth to explain GTN 

tolerance is the oxidative stress hypothesis, which was proposed based on the finding that 

prolonged GTN exposure results in the formation of superoxide (O2
-), resulting in endothelial 

dysfunction [20]. However, other studies have concluded that the formation of O2
- does not 

account for the development of GTN tolerance [21,22]. Chapter 3 describes experiments 

investigating the role of HNE in GTN bioactivation and tolerance. HNE is a highly cytotoxic 

aldehyde formed during periods of oxidative stress, primarily as a result of lipid peroxidation. 

ALDH2 plays a major role in HNE metabolism and is inactivated by HNE [23]. Thus, there 

appears to be a link between the inactivation of ALDH2 and the oxidative stress associated with 

GTN tolerance.  

 During the course of the studies contained in Chapter 3, a number of behavioral 

abnormalities such as increased fear and anxiety were observed in Aldh2-/- mice. These 

behavioral changes along with increased oxidative stress and HNE adducts are associated with 
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neurodegeneration in mice. Furthermore, evidence in the literature indicates that oxidative stress 

and elevated HNE are associated with Alzheimer’s disease (AD) and this led us to examine 

neurodegeneration in Aldh2-/- mice. Thus, Chapter 4 describes experiments to characterize 

Aldh2-/- mice as a potential model of age-related cognitive impairment and AD. AD is an age-

relate neurodegenerative disorder characterized by the presence of amyloid-beta (A!) plaques, 

neurofibrillary tangles (NFTs) composed of hyperphosphorylated tau protein, and 

neurodegeneration. Although AD has been studied for over a century, many details of the 

pathogenesis of AD remain to be clarified. A promising hypothesis proposed for AD is the 

oxidative stress hypothesis, which has been extensively supported by the literature [24–29]. 

Significant increases in HNE adducts have been found in patients with AD [30–32]  and other 

studies have shown that HNE and HNE adducts specifically accumulate in brain regions 

particularly susceptible to neurodegeneration in AD [33–37]. Furthermore, HNE has been found 

in A! plaques and NFTs, and promotes the formation of NFTs [37,38]. Thus we evaluated Aldh2-

/- mice as a potential model of cognitive impairment/AD due to lifelong oxidative stress.  

 In summary, an array of experimental techniques was used to examine the role of 

ALDH2 in GTN bioactivation, the role of HNE in GTN tolerance, and the role of HNE in the 

pathogenesis of AD. The findings of this thesis will further enhance our understanding of GTN 

bioactivation and tolerance as well as our understanding of the pathology of AD. 

1.2 Statement of Hypotheses and Objectives. 

The overall working hypotheses for this thesis are as follows: 

1. ALDH2 does not mediate GTN bioactivation and tolerance. 
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2. GTN tolerance is associated with increased formation of HNE, and HNE treatment 

results in a desensitized response to GTN. 

3. Aldh2-/- mice exhibit increased HNE adduct formation, and age-dependent increases in 

pathological markers associated with AD.  

 

In Chapter 2 the objectives were: 

1. To develop a stably transfected cell line that overexpresses ALDH2 and to prevent 

endogenous ALDH2 expression using siRNA. 

2. To determine if increased ALDH2 expression or siRNA-induced knockdown of ALDH2 

alters GTN-induced cGMP formation. 

 

In Chapter 3 the objectives were: 

1. To determine if HNE plays a role in the development of nitrate tolerance. 

2. To determine if GTN tolerance results in increased HNE protein adduct formation. 

3. To determine if HNE alters GTN-induced cGMP formation or GTN-induced 

vasodilation. 

 

In Chapter 4 the objectives were: 

1. To characterize Aldh2-/- mice as an oxidative stress-based model of cognitive impairment 

and AD. 
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2. To assess the presence of AD biomarkers: HNE, A!, hyperphosphorylated tau protein, 

caspases 3 and 6, PSD95 and phospho-CREB. 

3. To determine if the expression of AD biomarkers is age-dependent. 

1.3 Cardiovascular Disease 

Cardiovascular disease (CVD) is a term that describes any disease that affects the 

circulatory system including the heart and blood vessels. In 2008, cardiovascular disease 

accounted for over 17.3 million deaths globally and is currently the leading cause of deaths 

worldwide [39]. Furthermore, CVD costs the Canadian economy more than $20.9 billion a year 

in physician and hospital costs, lost wages and decreases in productivity [40]. Ischemic heart 

disease is a primary contributor to the prevalence of cardiovascular disease, and angina pectoris is 

a principal symptom of ischemia [41]. An estimated 1 in 50 people in Canada suffer from angina, 

which primarily results due to an imbalance between myocardial oxygen supply and demand. 

Angina is a symptom of an underlying CVD and is frequently caused by atherosclerotic coronary 

artery disease. Four major types of angina have been identified based on differences in the 

symptomatic manifestation of the disease and treatment requirements: Variant or Prinzmetal’s 

angina, microvascular angina, and the two most common forms, stable and unstable angina. 

Stable angina is the most common type of angina and has a predictable onset, severity and regular 

pattern of occurrence. Unstable angina occurs often in an unpredictable fashion and is typically 

more severe than stable angina. Variant angina is less prevalent and is caused by a vasospasm of a 

coronary artery, whereas microvascular angina tends to be more severe and longer lasting than 

other types of angina, and is a result of inadequate blood flow through the coronary microvessels. 

The treatment of angina involves lifestyle changes and the use of therapeutic agents that aim to 
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reduce myocardial oxygen demand or increase oxygen supply, such as organic nitrates, !-

blockers and calcium channel antagonists, but can also include anticoagulant therapy. Organic 

nitrates such as nitroglycerin (GTN) are most commonly used to treat angina. In fact, in 2001 

over 50% of patients with angina were prescribed nitrates [42]. Thus, a reduction in the number 

of cases and optimized treatment of cardiovascular diseases could decrease the mortality rate as 

well as reduce the economic burden of illness.  

A major benefit of GTN treatment is attributed to its preferential venodilating properties, 

which results in decreased venous return to the heart and thus decreased preload and myocardial 

oxygen demand. This renders GTN useful in the treatment of cardiovascular diseases such as 

congestive heart failure and angina pectoris [43,44]. However, the chronic use of GTN is limited 

by the onset of tolerance, which is manifested as a reduced vasodilator response to GTN. To 

counteract tolerance, patients follow an elliptical dosing regimen, in which drug-free periods 

allow for the reversal of tolerance. This intermittent therapy has proven to be a useful strategy in 

preventing nitrate tolerance [45,46] but is nonetheless problematic, since during the drug-free 

periods, patients are susceptible to a rebound phenomenon characterized by an increased 

frequency of ischemic attacks [47]. Although the first account of nitrate tolerance was described 

in 1888 [48], the mechanism of tolerance is still poorly defined. A more detailed understanding of 

the mechanisms underlying tolerance, the biotransformation of organic nitrates, and the 

vasodilator properties of nitrates could help prevent the onset of tolerance and may allow for the 

development of new therapeutic strategies. 
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1.4 Pharmacology of Organic Nitrates 

1.4.1 Structure and chemistry 

Nitrovasodilators (compounds that release or form NO as their mechanism of 

vasodilation) are of two main classes: organic nitrates and spontaneous NO-releasing compounds. 

Organic nitrates are commonly used in the treatment of angina pectoris whereas the spontaneous 

NO donor sodium nitroprusside is indicated for use in acute hypertensive crisis. Organic nitrates 

all contain a nitrate ester functional group (R-O-NO2) that confers their unique biological 

properties and as a result, these compounds share similar mechanisms of action and 

pharmacological properties. This nitrate ester group is responsible for the vasodilator actions of 

these compounds and differentiates organic nitrates from NO-donors and metal nitrosyl 

compounds such as sodium nitroprusside [8]. Furthermore, organic nitrates are lipophilic and 

readily cross cell membranes, and this property has been exploited to yield various 

pharmaceutical preparations such as ointments and transdermal patches. Examples of classical 

organic nitrates include isosorbide dinitrate (ISDN), pentaerythritol tetranitrate (PETN) and GTN 

(Figure 1-1). The GTN molecule consists of 3 nitrate groups attached through hydroxyl groups to 

a glycerol backbone. The removal of a nitrate group from position 1 or 2 of the GTN molecule 

forms the major metabolites 1,2-GDN and 1,3-GDN, respectively.  

It is important to note that organic nitrates do not possess vasodilator activity per se, but 

require bioactivation before eliciting their pharmacological effects. For example, the 

administration of organic nitrates in vivo leads to the production of inorganic nitrite (NO2
-) and 

subsequent oxidation to nitrate (NO3
-). This occurs through the denitration of the organic nitrate 

or through bioconversion of NO liberated from the organic nitrate. Although the release or 

formation of NO, a potent vasodilator, is a common feature of nitrovasodilators, it is the way NO  
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Figure 1-1 Structure of some organic nitrates.  

Modified from [50].
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is liberated that differentiates nitrovasodilators from one another. GTN requires a 3-electron 

reduction and an oxygen atom transfer in order to be bioactivated to NO. Nitroso compounds 

such as nitrosothiols, which contain a nitroso groups attached to a sulfur atom, only require a 1-

electron reduction to yield NO [49]. Spontaneous NO donors such as sodium nitroprusside or 

diazeniumdiolates (NONOates) release NO without requiring biotransformation. Alternatively, 

GTN has been termed an ‘NO-mimetic’ due to its ability to mimic the actions of NO without 

necessarily releasing NO. The major nitrogen-oxygen containing species formed during GTN 

biotransformation is NO2
-, with NO being a minor product formed under certain conditions. 

Furthermore, the bioactive molecule derived from GTN is presumed to be NO; however, attempts 

to measure or visualize NO formation at pharmacologically relevant concentrations have been 

unsuccessful [4,5,51]. Thus, GTN possesses the ability to mimic the actions of NO without 

significant NO formation and is thus categorized as an NO mimetic rather than an NO donor [49]. 

1.4.2 Clinical Use of Organic Nitrates 

GTN has been used clinically to treat cardiovascular disease for over a century, and 

remains the drug of choice for rapid reduction of the symptoms of acute angina. Organic nitrates 

act by increasing blood flow to ischemic myocardium, decreasing myocardial oxygen demand 

and, to a lesser extent, reducing systemic blood pressure. The use of organic nitrates in 

cardiovascular disease is largely determined by the pharmacokinetic properties of these drugs. 

Short acting nitrates such as GTN have a rapid onset of action and are typically used to treat acute 

ischemic attacks. Long acting nitrates such as ISDN, ISMN and PETN are primarily used as a 

preventative therapy for ischemic attacks. However, transdermal and sustained-release GTN and 

ISDN formulations can be used to prevent ischemic episodes [44]. Due to the prompt relief of 

chest pain, sublingual GTN is the drug of choice for the treatment of acute anginal attacks 
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[8,44,52]. The use of nitrates in unstable angina is associated with a reduction in the frequency 

and duration of chest pain and has been attributed to the inhibitory effect on coronary vasospasm 

and platelet aggregation [53,54]. Furthermore, the use of nitrate therapy in myocardial ischemia is 

well established and reduces chest pain, sustained hypertension and pulmonary congestion [8,52]. 

In congestive heart failure, the use of a long acting nitrate with hydralazine may be beneficial and 

is an important treatment option in patients unable to use angiotensin converting enzymes (ACE) 

inhibitors due to hypotension or renal insufficiency [55]. 

1.4.3 Pharmacokinetics of GTN 

The oral administration of GTN is associated with a significant “first pass” effect due to 

rapid metabolism by the liver (GTN is also metabolized by other tissues, including the 

vasculature). Due to poor oral bioavailability, high doses of GTN are required orally in order to 

obtain sufficient plasma concentrations for vasoactivity. Alternatively, GTN can be administered 

sublingually, by sustained release formulations, or by transdermal patches and ointments, which 

are effective for up to 12 hours. GTN is rapidly eliminated from the body with an estimated 

clearance of 50 L/min and a plasma half-life of 1 to 4 minutes [56]. Furthermore, the strong 

correlation between arterial plasma concentration of GTN and cardiac output underscores the role 

of hemodynamics as a factor affecting GTN clearance [57]. The pharmacokinetics of the GTN 

metabolites, 1,2-GDN and 1,3-GDN, are different compared to GTN, with a much longer half-life 

of 45 minutes. The use of sublingual GTN is associated with few adverse effects, has a high 

therapeutic index, and has a very rapid onset of action, thus making it a versatile route of 

administration [58]. The adverse effects of GTN include headache, tachycardia, syncope and 

hypotension and are controlled by adjusting the dosage [44]. 
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1.4.4 Pharmacological Effects of Organic Nitrates 

A key property of organic nitrates is preferential venodilation, which results in the 

distribution of blood away from the heart and lungs, reducing preload and decreasing myocardial 

oxygen requirements [59]. Furthermore, in patients with congestive heart failure, nitrates 

sufficiently decrease left ventricular afterload and enhance left ventricular emptying, thereby 

increasing stroke volume and cardiac output [60,61].  The reduction in preload also provides a 

better perfusion pressure gradient during diastole resulting in increased endocardial perfusion and 

myocardial performance [44]. These alterations, along with decreases in myocardial work and 

oxygen demand, are the primary mechanisms behind the beneficial effects associated with nitrate 

therapy [62].  

Organic nitrates such as GTN preferentially dilate large conductance vessels [63–65]. 

The mechanism behind this phenomenon remains to be fully elucidated. One study suggested that 

elevated NO levels in arteries, due to the relatively higher expression of endothelial nitric oxide 

synthase (eNOS), inhibits GTN bioactivation and that this occurs to a lesser extent in veins, thus 

explaining the preferential venodilation [66]. Another study found that GTN biotransformation in 

aorta was increased 3-fold when incubations were performed anaerobically, suggesting that 

oxygen may inhibit GTN biotransformation, and that the lower oxygen tension in the venous 

circulation could be the basis for preferential venodilation [67]. Potency differences also exist 

amongst arteries; coronary arteries are more sensitive to GTN than mesenteric and femoral 

arteries, with all three being more sensitive than renal arteries [68]. An alternative explanation for 

the differential sensitivity exhibited by blood vessels to GTN may be that there are vessel-specific 

differences in the expression of bioactivating enzymes. 
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1.4.5 Mechanism of Action 

Organic nitrates act as prodrugs that undergo bioactivation before eliciting an effect 

[3,69]. The bioactivation of GTN occurs in vascular smooth muscle (VSM) cells and results in 

the formation of NO or a NO-like species (‘NO bioactivity’), which activates soluble guanylyl 

cyclase (sGC) resulting in VSM relaxation [3]. Guanylyl cyclase is expressed in two forms in 

vascular smooth muscle: the particulate form is membrane-bound whereas the soluble form is 

located in the cytosol. The soluble and particulate forms are distinct with respect to their structure 

and mode of regulation [70]. The particulate form is regulated by a number of ligands such as 

atrial natriuretic peptide, whereas compounds such as NO and CO regulate sGC, which exists as a 

heterodimer and contains a heme moiety [71,72]. NO interacts with the heme group of sGC 

forming a ferrous-nitrosyl-heme complex, resulting in a conformational change and catalytic 

activation of the enzyme. Thus, the binding of NO to sGC increases the conversion of guanosine-

5’-triphosphate (GTP) to cGMP, which in turn results in the activation of cGMP-dependent 

protein kinase (PKG) and vasodilation [6–8,73]. PKG exists as two isoforms, PKG# and PKG!, 

both of which contribute to VSM relaxation. The activation of PKG# inhibits RhoA through 

phosphorylation, and phosphorylates myosin light chain phosphatase (MLCP) [73]. The effect of 

these alterations results in the activation of MLCP leading to the dephosphorylation of myosin 

light chains (MLC), inhibition of cross-bridge formation, and smooth muscle relaxation. PKG# 

also phosphorylates and inactivates phospholamban, which results in increased sarcoplasmic 

reticulum Ca2+ ATPase (SERCA) transporter activity leading to greater Ca2+ sequestration and 

decreased intracellular cytosolic Ca2+ [73]. The activation of PKG# also activates the regulator of 

G protein signaling 2 (RGS2), which inhibits G#q signaling. Finally, PKG! activates IRAG 

(inositol 1,4,5-trisphosphate (IP3) receptor associated G kinase substrate), which inhibits Ca2+ 
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release from the SR through the IP3 receptor [73]. Thus, the activation of PKG leads to relaxation 

of VSM through inhibition of calcium-dependent and calcium-independent contraction and is 

mediated by altered calcium handling, decreased intracellular cytosolic calcium levels and 

decreased phosphorylation of MLC (Figure 1-2). 

1.4.6 Tolerance to Organic Nitrates 

The clinical effects of organic nitrates are limited by the rapid development of tolerance, 

which is characterized as a reduced vasodilator response to doses that normally elicit a response. 

The first account of tolerance was documented in 1888 by Stewart who characterized tolerance as 

a common problem in clinical practice and described a case where a patient required 20 grains of 

pure GTN to achieve the same vasodilatory effect that was initially induced by 1/100th of a grain 

[48]. In order to mitigate tolerance, clinicians employ elliptical dosing regimens consisting of a 

10-12 hour period on the drug followed by an 8-12 hour nitrate-free period. This drug-free period, 

although successful in preventing the onset of nitrate tolerance, complicates therapy since patients 

are left without the benefit of the drug during the withdrawal period, and a rebound effect can 

occur during this drug-free period in which there is a worsening of angina symptoms [74]. 

Interestingly, the continuous use of nitrate therapy does not result in tolerance to the anti-

aggregatory effects of nitrates, suggesting a different mechanism may account for this 

pharmacological effect [75,76]. 

Nitrate tolerance is further complicated by the phenomenon of cross-tolerance, which 

occurs when the development of tolerance to one organic nitrate results in tolerance to other 

nitrates [44,77]. The phenomenon of cross tolerance has been well documented both clinically 

and experimentally [16,44,77–81]. However, some studies have suggested that long-term use of  
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Figure 1-2 Activation of PKG leads to inhibition of calcium-dependent and independent 
contraction in VSM. 

Increases in cGMP lead to the activation of PKG#, causing the inhibition of RhoA and activation 
of MLCP leading to VSM relaxation through inhibition of calcium-independent contraction. 
Inhibition of calcium-dependent contraction is mediated by PKG# activation, which activates 
RGS2, which then inhibits G#q signaling, and PKG! activation, which stimulates IRAG resulting 
in greater Ca2+ sequestration. Modified from [73]. 

  



 

 

 

16 

the organic nitrate PETN does not result in cross-tolerance [77,82]. There have been many 

hypotheses put forth to explain nitrate tolerance, which include: intravascular volume expansion 

[83,84], neurohormonal counter-regulation [85–87], increased superoxide formation and 

oxidative stress [20,77,88,89], sulfhydryl depletion [81], desensitization of sGC to NO [90–92], 

increased phosphodiesterase (PDE) activity [93] and reduced biotransformation to NO [22,94,95]. 

Many of these proposed mechanisms have been both supported and refuted though various 

studies, which have led researchers to conclude that nitrate tolerance is a multi-factorial 

phenomenon. Furthermore, many compounds such as antioxidants (vitamin C and E, thiols), 

protein synthesis inhibitors (cycloheximide), vasodilators (hydralazine) and PDE inhibitors affect 

tolerance to varying degrees; most show a reduction in the degree of tolerance [96]. However, 

since responses to NO donors such as NONOates do not exhibit tolerance or desensitized cGMP 

responses during nitrate tolerance [97], tolerance is thought to be primarily due to decreased 

bioactivation. Clearly, nitrate tolerance is a complex phenomenon and to date a unifying theory to 

explain this phenomenon has yet to emerge. 

1.4.7 Biotransformation of Organic Nitrates 

As mentioned previously, organic nitrates are prodrugs, and must be bioactivated at their 

site of action to yield NO or a NO-like species in order to elicit their pharmacological effects 

[3,69]. The major nitrogen-oxygen containing species formed from nitrate biotransformation in 

vascular tissues is the inorganic nitrite anion (NO2
-) with a small amount of NO produced. 

However, the role of NO in GTN-mediated vasodilation is under dispute, since levels of NO 

liberated from GTN are too low to account for VSM relaxation at therapeutic concentrations of 

GTN [4,51,98]. Furthermore, the concentration of NO2
- that could be formed from metabolism of 

a therapeutically effective dose of GTN is very low compared to the high endogenous level of 
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NO2
- in VSM, and thus it is highly unlikely that NO2

- is an intermediate species in the formation 

of NO, or is itself responsible for GTN-induced vasorelaxation [69,94]. In addition to this, the 

concentration of NO2
- produced from organic nitrates is at least 3-orders of magnitude less than 

the concentration of NO2
- needed to account for the activation of sGC [99]. In light of these 

findings, the formation of NO2
- during GTN biotransformation has been termed ‘clearance-based’ 

biotransformation and is associated with a lack of vasodilator response [3]. Alternatively, the 

term ‘mechanism-based’ biotransformation is used to describe the pathway involving the vascular 

formation of NO bioactivity that results in activation of sGC and VSM relaxation [3] (Figure 

1-3). 

1.5 Aldehyde Dehydrogenase 2 

1.5.1 Identification in Nitrate Tolerance 

Many enzymes have been proposed to mediate the bioactivation of GTN, including 

GSTs, xanthine oxidases, CYP450s, and flavoproteins, but none of these enzymes have been 

shown to catalyze the 3-electron reduction as well as oxygen atom transfer necessary to liberate 

NO from GTN [49]. Furthermore, none of these enzymes are sufficiently inactivated or exhibit 

decreased activity in tolerant tissues and thus their role in liberating NO from GTN remains 

uncertain [15]. Aldehyde dehydrogenase 2 (ALDH2) has been proposed to be a major GTN 

bioactivating enzyme by Stamler’s group, based on the findings that ALDH2 specifically 

catalyzes the formation of 1,2-GDN, that ALDH activity is decreased in GTN tolerant aorta, and 

that the ALDH inhibitors chloral hydrate, cyanamide and acetaldehyde, albeit non-specific, 

inhibited GTN-induced cGMP formation and vasodilation [15]. In a subsequent study, the same 

authors reported that Aldh2-/- mice exhibited a decreased vasodilator and blood pressure response 
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Figure 1-3 Clearance-based and Mechanism-based biotransformation of GTN. 

GTN enters the VSM cell and is biotransformed in the cytosol. The formation of NO bioactivity 
results in activation of sGC and subsequent vasodilation and is associated with mechanism-based 
pathway, whereas the formation of NO2

- does not lead to activation of sGC or vasodilation and is 
associated with the clearance-based pathway. 
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to GTN, as well as a desensitized cGMP response to GTN [17]. These studies have implicated 

ALDH2 as a major GTN bioactivating enzyme, and have led to the hypothesis that the 

inactivation of ALDH2 is the sole basis for GTN tolerance [95]. 

1.5.2 Structure and Localization of ALDH2 

The ALDH superfamily plays an important role in a broad spectrum of biological 

functions, including the biosynthesis of retinoic acid, regulation of growth and development 

[100–102] and the synthesis of the neurotransmitter gamma-aminobutyric acid (GABA) 

[103,104]. They are responsible for the detoxification of acetaldehyde formed from the 

metabolism of ethanol, as well as the detoxification of reactive aldehydes from lipid peroxidation 

(LPO) [105]. Furthermore, genetic polymorphisms of ALDH isozymes are associated with a 

number of disease states, such as Sjögren-Larsson syndrome, pyridoxine-dependent seizures, 

hyperammonemia, type II hyperprolinemia, gamma-hydroxybutyric aciduria and alcoholic liver 

disease [106].  

 The ALDH superfamily consists of 19 members of NAD(P)+-dependent enzymes that 

irreversibly catalyze the oxidation of aldehydes to carboxylic acids. These isozymes are 

differentiated based on their physical properties, sub-cellular localization, substrate specificities 

and cofactor preference [107]. Although the ALDH enzymes share a wide range of substrates, 

each isozyme has a distinct substrate specificity and affinity [108]. In mouse and rat liver, 

ALDH2 is localized to the mitochondria and is thus referred to as mitochondrial ALDH. This is 

in contrast to hepatic ALDH2 in humans, which is located in both the cytosol and mitochondria. 

ALDH2 is a tetrameric enzyme that is widely expressed throughout the body but is most 

abundant in the liver, kidney, heart and brain [109]. The primary function of ALDH2 is to 

catalyze the pyridine nucleotide-dependent oxidation of aldehydes to carboxylic acids [105] and it 
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is important in the oxidation of toxic aldehydes such as the LPO product 4-hydroxynonenal 

(HNE), acrolein, and other short chain aromatic or polycyclic hydrocarbons [23,110]. 

Furthermore, ALDH2 can influence neural function in dopaminergic neurons, since inactivation 

of ALDH2 results in the buildup of 3,4-dihydroxyphenylacetaldehyde, a metabolite of dopamine 

thought to contribute to the pathogenesis of Parkinson’s disease [111]. ALDH2 has multiple 

catalytic functions, and possesses esterase activity in addition to its dehydrogenase activity [112].   

ALDH2 is a low Km enzyme and has a high affinity for acetaldehyde, HNE and number of other 

substrates, relative to other ALDH isoforms [23]. This results in rapid elimination of these toxic 

aldehydes soon after they are formed. Studies involving site-directed mutagenesis have revealed 

that the nucleophilic base Cys319 is essential for both the dehydrogenase and esterase activity of 

ALDH2 [113]. The ALDH2 enzyme is a homotetramer composed of 4 identical subunits 

consisting of 517 amino acid residues, with each subunit containing an oligomerization domain, a 

co-enzyme (NAD+) domain, and a catalytic domain [114]. This tetramer is regarded as a dimer of 

dimers because the interface between 2 subunits and the interface between the 2 dimers vary 

considerably [115]. The active site of the enzyme is bisected by the nicotinamide ring of NAD+ 

and contains a cluster of three cysteine residues (Cys318, Cys319 and Cys320), which are 

important determinants of ALDH2 catalytic activity [114].  

 Studies using site-directed mutagenesis have revealed that ALDH2 catalysis occurs in 

five steps. Cys302 is activated by water-mediated proton abstraction by Glu268, followed by 

nucleophilic attack on the aldehyde by the newly formed thiolate group of Cys302. This results in 

the formation of a tetrahedral thiohemiacetal intermediate, transfer of hydride ion to the pyridine 

ring of NAD+, and subsequent hydrolysis of the thioester intermediate. The final step is the 
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dissociation of the reduced cofactor (NADH) and regeneration of the enzyme through NAD+ 

binding [116,117]. 

1.5.3 ALDH2*2 

A prevalent genetic polymorphism, ALDH2*2, affects approximately 50% of the Asian 

population and results in marked decreases in ALDH2 activity [118–120]. This is a result of a 

point mutation that results in a substitution of Glu for Lys at residue 487 of the enzyme or amino 

acid 504 of the precursor protein (termed Glu487Lys or Glu504Lys; for clarity, this mutation will 

be referred to as Glu504Lys). This amino acid substitution occurs in the oligomerization domain 

at the interface between the subunits, located below the active site of the ALDH2 monomer. The 

substitution of Glu for Lys prevents the formation of hydrogen bonds with Arg264, resulting in a 

large disordered region at the dimer interface and rotation of the catalytic and coenzyme-binding 

domains relative to the oligomerization domain (Figure 1-4). This decreases NAD+ binding and 

ultimately affects enzyme kinetics [121]. The ALDH2*2 enzyme is active but exhibits a 200-fold 

increase in the Km for NAD+ and a markedly reduced Kcat. This 200-fold increase in Km exceeds 

the cellular concentration of NAD+ by 15-fold and this, in combination with the decreased Kcat, 

results in a 100-fold decrease in enzymatic activity [122]. The ALDH2*2 monomer can form 

tetramers with ALDH2 monomers and one ALDH2*2 monomer is sufficient to render the entire 

enzyme virtually inactive. As a result, individuals who are Glu504Lys heterozygotes (termed 

ALDH2*1) demonstrate approximately 6% of normal ALDH2 activity, whereas Glu504Lys 

homozygotes (termed ALDH2*2) demonstrate negligible activity towards acetaldehyde [123]. 

Furthermore, because the ALDH2*2 polymorphism affects the NAD+ binding domain as well as 

the catalytic domain, the mutation affects both the dehydrogenase and esterase activity [124]. The   
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Figure 1-4 Structural comparison of ALDH2 and ALDH2*2 monomer. 

The structures of ALDH2 (blue) and ALDH2*2 (red) are superimposed and aligned at their 
catalytic domains. The 2.5° rotation between the coenzyme-binding and oligomerization domains 
that occurs in the ALDH2*2 enzyme is illustrated by the shift in the oligomerization domain. 
Modified from [122].  
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ALDH2*2 polymorphism has been linked to an increased risk for oesophageal and upper 

aerodigestive tract cancers [125,126], neurodegenerative diseases such as Parkinson’s and AD 

[111,127,128], myocardial infarction [129,130] and hypertension [131,132]. The estimated 

prevalence of the ALDH2*2 mutation worldwide is approximately 8%, or 540 million people, 

and thus even a small decrease in the incidence rate of these diseases that could be attributed to 

ALDH2 dysfunction would be greatly beneficial [126]. 

1.5.4 Role for ALDH2 in GTN Bioactivation and Tolerance 

Needleman and Johnson first proposed a sulfhydryl-dependent model of GTN-induced 

VSM relaxation [81]. In this model, GTN binds to an ‘organic nitrate receptor’ in VSM and 

oxidizes critical sulfhydryl groups resulting in disulfide bridge formation. This disulfide bridge 

inactivates the receptor resulting in a decreased cellular response to GTN and the development of 

GTN tolerance [81]. However this model has never been fully explained and a number of studies 

have challenged its validity. Studies have failed to detect intracellular thiol depletion in GTN-

tolerant blood vessels [133–135]; other groups have implicated other enzymes in GTN 

bioactivation [13,15,136], and the emergence of an oxidative stress model of GTN tolerance [20] 

have all been put forth as alternatives to the sulfhydryl depletion model. However, studies 

showing that sulfhydryl-containing compounds such as N-acetylcysteine and L-cysteine mediate 

GTN denitration [137,138], and that oxidation of sulfhydryl groups on enzymes such as GST and 

ALDH2 [88,136,139] is mediated by GTN, suggests a role for SH-containing compounds in GTN 

tolerance. Given the chemical reactivity of GTN, it is likely that GTN interacts with and is 

metabolized by a number of SH-containing enzymes and it would follow that the oxidation of 

these enzymes could contribute to GTN tolerance. However evidence for this hypothesis is 

lacking. 
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The active site of ALDH2 contains 3 cysteine groups, that when oxidized, can form 

disulfide bridges [140,141], inactivating ALDH2. The formation of disulfide bridges in the active 

site has been suggested as the mechanistic basis for the inactivation of ALDH2 by NO, SNO and 

GTN [95,142–144]. Chen et al. suggested that the formation of a disulfide bridge in the active site 

of ALDH2 occurs during GTN bioactivation, and that inactivation of ALDH2 is a consequence of 

GTN bioactivation (Figure 1-5) [15]. The reaction proposed involves the formation of NO2
- as an 

obligate intermediate in the formation of NO or ‘NO bioactivity’ from GTN (the very low 

vasodilator potency of NO2
- precludes it from being the active species). However, there are a 

number of caveats raised with this hypothesis that are problematic, one of which is the 

requirement of the conversion of NO2
- to NO by the mitochondrion. These authors have 

suggested that this conversion occurs through one of two mechanisms. The first involves the 

reduction of NO2
- to NO by components of the mitochondrial electron transport chain (ETC). 

Although the reduction of NO2
- to NO has been shown to occur through the cytochrome bc1 

complex (complex III) and cytochrome c oxidase (complex IV) [145–147], this only occurs under 

anaerobic conditions and does not occur at physiological oxygen concentrations. Furthermore, the 

formation of superoxide mediated by the bc1 complex under aerobic conditions would result in 

competition for available electrons and thus, any newly formed NO would likely be quenched by 

superoxide. Under aerobic conditions, NO binds and inhibits cytochrome oxidase, and depending 

on the rate of electron flux, either dissociates unchanged or is oxidized to NO2
- [94,148]. Lastly, 

NO2
--cytochrome oxidase adducts only occur when the enzyme is fully oxidized, and upon 

reduction, NO2
- is released and does not get reduced to NO [149]. Thus, under normal 

physiological conditions, cytochrome oxidase functions as an NO clearance pathway facilitating 

the oxidation of NO to NO2
-, rather than functioning as a pathway for NO formation from NO2

-.  
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Figure 1-5 Proposed bioactivation of GTN by ALDH2. 

GTN (R-ONO2) reacts with the sulfhydryl groups at the active site of ALDH2 followed by 
release of NO2

- and formation of a disulfide bridge resulting in inactivation of ALDH2. (Modified 
from [15]). 
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The second mechanism proposed involves the disproportionation of nitrous acid (HNO2) to NO. 

However, in the intermembranous space where this reaction is suggested to occur (pH=4), the 

predicted rate of formation of NO is 0.01% per second [150]. Thus, the NO formed per second 

from a given concentration of GTN is 10,000-fold less than the concentration of GTN. Given that 

the pharmacologically active concentrations of GTN are in the nanomolar range, this translates to 

sub-picomolar concentrations of NO, which is not sufficient to account for the vasodilator effects 

of GTN. Furthermore, the NO formed from this mechanism would occur in the intermembranous 

space and would need to diffuse out of the mitochondrion and into the cytosol in order to interact 

with sGC and mediate an effect. 

A second caveat is that the amount of NO2
- that could be generated from 

pharmacologically effective concentrations of GTN is several orders of magnitude less than the 

endogenous level of NO2
- in VSM. Thus it is highly unlikely that NO2

- is an intermediate in the 

GTN-induced activation of sGC.  

Given this evidence, the ALDH2 model of GTN bioactivation with nitrite as an obligate 

intermediate, does not seem plausible. However, it is quite possible that ALDH2 mediates a 

portion of GTN bioactivation, since some studies using purified enzyme preparations have 

demonstrated NO formation from GTN [18,151]. More research is needed to clarify the role of 

ALDH2 in GTN action.  

1.5.5 ALDH2 Hypothesis 

As discussed in Section 1.5.1, Stamler’s group proposed ALDH2 as the enzyme that 

bioactivates GTN resulting in VSM relaxation, based on the effects of ALDH inhibitors and 

decreased ALDH activity in GTN-tolerant tissues [15]. The use of Aldh2-/- mice further supported 
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this hypothesis since these mice exhibit decreased GTN-induced cGMP formation, decreased 

GTN-induced relaxation and a decreased mean arterial pressure response to GTN at 

concentrations of less than 0.5 µM [17]. Although these results support the role of ALDH2 in 

GTN tolerance, GTN-induced relaxation was only inhibited at low GTN concentration in the 

knockout mice, suggesting other enzymes bioactivate GTN at concentrations higher than 0.5 µM. 

Based on these findings, Chen et al. proposed a high affinity ALDH2-dependent pathway for the 

bioactivation of GTN, and a low affinity ALDH2-independent pathway operating at higher 

concentrations of GTN, as well as for other nitrates such as ISDN and ISMN [17]. Furthermore, 

the authors concluded that ALDH2 is the essential enzyme responsible for GTN bioactivation and 

the generation of NO from GTN, and that the inactivation of ALDH2 is responsible for GTN 

tolerance [95].  

 Whereas the model put forth by Chen et al. [15] does account for some of the findings 

associated with GTN tolerance, a number of anomalies exist. The phenomenon of cross-tolerance 

is not explained by this model, since ISDN-induced vasodilation was unaltered in ALDH2 null 

mice compared to wildtype, suggesting that ALDH2 is not involved in the bioactivation of this 

nitrate. However, previous studies have shown that ALDH2 metabolizes ISDN and is inactivated 

by it [152,153]. Furthermore, the phenomenon of cross-tolerance is well documented, and occurs 

with chronic ISDN or GTN administration [77,84,154]. This is inconsistent with the notion that 

the high affinity GTN-specific pathway is ALDH2-dependent and the low affinity pathway is 

ALDH2-independent, since these pathways of nitrate bioactivation would be expected to overlap, 

given that cross-tolerance occurs. The phenomenon of cross-tolerance also demonstrates that the 

low affinity pathway exhibits tolerance and is inconsistent with the ALDH2 hypothesis proposed 

by Chen et al. as their model suggests that the low affinity pathway is immune to tolerance. 
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 A number of studies provided data that are inconsistent with the ALDH2 hypothesis of 

GTN tolerance. Difabio et al. [94] showed that the inhibitors used in the Chen et al. study [15] 

were equally effective in both tolerant and non-tolerant tissues, suggesting the non-specific 

effects were responsible for their results. Other studies used similar ALDH inhibitors to assess 

GTN bioactivation and tolerance and concluded that ALDH2 could only account for a component 

of GTN-induced vasorelaxation and suggesting GTN tolerance may be a multifactorial 

phenomenon [18,155,156]. A few clinical studies have investigated the vasodilator response to 

GTN in individuals who are heterozygous (ALDH2*1) or homozygous (ALDH2*2) for the 

ALDH2 Glu504Lys polymorphism. Mackenzie et al. [157] found that individuals with the 

ALDH2*1 polymorphism exhibited a decreased vasodilator response to GTN, and Li et al. [158] 

found that the polymorphism significantly contributes to the decreased efficacy of sublingual 

GTN. Although both of these clinical studies found an association between ALDH2 inactivation 

and decreased GTN efficacy, they both concluded ALDH2 is not the sole enzyme that accounts 

for GTN bioactivation, and that not all individuals with the wildtype ALDH2 genotype exhibit a 

similar GTN efficacy. These findings were challenged by a recent study that found only a delayed 

vasodilator response to GTN in individuals with the ALDH2*2 polymorphism, and no significant 

differences in GTN efficacy [159].  

 My previous work investigated the time-course of ALDH2 activity and expression in 

relation to vasodilator responses to GTN during the onset of GTN tolerance and reversal of 

tolerance [19]. However, due to the paucity of ALDH2 in vascular tissues, total ALDH activity 

had to be used as a measure of ALDH2 activity. The decreases in ALDH activity and ALDH2 

expression did not correlate with the desensitized vasodilator response to GTN during the onset of 
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GTN tolerance or after reversal of GTN tolerance. These findings suggested that factors other 

than ALDH2-mediated bioactivation of GTN are responsible for GTN tolerance.  

Given the evidence indicating ALDH2 may not be the sole enzyme responsible for the 

bioactivation of GTN, and the inconsistencies in the ALDH2 hypothesis, an examination of the 

specific role of ALDH2 in GTN bioactivation was of interest. 

1.6 Oxidative Stress 

1.6.1 Oxidative Stress Hypothesis of Nitrate Tolerance 

Several hypotheses have been proposed to account for the various observations 

associated with GTN tolerance, such as altered gene expression, desensitized pharmacological 

response, altered metabolism, cross tolerance, and oxidative stress [69]. In 1995, Münzel et al. 

described a novel hypothesis of GTN tolerance suggesting that tolerance may be caused by 

elevated superoxide formation leading to oxidative stress [20]. This hypothesis involved an 

increase in angiotensin II (Ang II) receptor activation due to an increase in Ang II expression and 

activity as a result of chronic GTN administration. This results in the stimulation of NADPH 

oxidase, which leads to increased superoxide production and also increased endothelin-1 (ET-1) 

expression. The increase in superoxide (O2
-) results in increased NO scavenging forming 

peroxynitrite (ONOO-), a low potency vasodilator, and a diminished cGMP response, resulting in 

GTN tolerance. The increases in ET-1 were proposed to increase PKC activity leading to 

increased vasoconstrictor sensitivity, and this in combination with the increases in oxidative 

stress, leads to altered cellular signaling and gene expression in vascular tissues [160]. The 

increased superoxide and peroxynitrite formation and the presence of endothelial dysfunction 

observed with chronic GTN administration has led to questions about the safety of organic nitrate 
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therapy [160–162]. Furthermore, Azevedo et al. showed that although a nitrate-free interval is 

successful in preventing the development of nitrate tolerance, it does not prevent the endothelial 

dysfunction induced by GTN tolerance, suggesting long-lasting effects may occur with chronic 

GTN administration [163]. The oxidative stress hypothesis has been supported by studies using 

agents that inhibit superoxide accumulation such as superoxide dismutase [20,89], vitamin C 

[164,165], vitamin E [166,167], and hydralazine [168].   

 The oxidative stress hypothesis is an attractive concept that accounts for a number of 

phenomena associated with nitrate tolerance, such as hyperreactivity to vasoconstrictors and loss 

of vascular sensitivity to nitrates. However, a number of studies have questioned this hypothesis. 

Sage et al. found increased superoxide production in GTN tolerant blood vessels obtained from 

patients with coronary artery disease, but found that alterations in superoxide levels had no 

impact on GTN tolerance, suggesting superoxide does not play a critical role [22]. Furthermore, 

Keimer et al. found that chronic nitrate therapy did not enhance systemic oxidative stress in 

healthy volunteers, challenging the idea that there is an association between reactive oxygen 

species (ROS) and sustained nitrate therapy [169]. Another study found that the inhibition or 

potentiation of Ang II-mediated superoxide formation does not alter the cGMP response to GTN, 

that superoxide is not responsible for the development of in vitro or in vivo GTN tolerance, and 

that there was no correlation between NADPH oxidase activity and superoxide formation 

observed in GTN tolerance [170]. These findings suggest that the increases in superoxide 

observed in GTN tolerance have no impact on GTN responsiveness, and would appear to be an 

epiphenomenon associated with GTN tolerance. 
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1.6.2 A Unifying Theory of Nitrate Tolerance 

The presence of increased superoxide in GTN tolerance is an interesting observation, and 

although the oxidative stress hypothesis of GTN can explain a number of the observations 

observed in GTN tolerance, it appears that superoxide is not responsible for the development of 

GTN tolerance [22,170]. Another major hypothesis put forth to explain GTN tolerance is the 

ALDH2 hypothesis (see Section 1.5.5 above) [15]. This hypothesis has also been criticized, 

suggesting ALDH2 is not responsible for GTN tolerance [19,94]. Nevertheless, the desensitized 

GTN response observed in Aldh2-/- mice as well as the decreased activity and expression of 

ALDH2 in GTN tolerant tissues, indicates a link between GTN tolerance and ALDH2. 

Interestingly, a hallmark of oxidative stress is LPO and a major product of LPO is HNE. HNE is 

an ALDH2 substrate and has been shown to inactivate this enzyme [23]. Thus, there is a link 

between oxidative stress and ALDH2 inactivation, and it is possible that HNE could have a role 

in the development of GTN tolerance. Further studies are needed to test this hypothesis; however, 

it is possible that superoxide formed from chronic GTN administration leads to LPO and the 

formation of HNE resulting in the inactivation of ALDH2. 

1.6.3 Lipid Peroxidation 

Oxidative stress is defined as an imbalance between the production of free radicals and 

ROS, and antioxidant defense systems which are responsible for the detoxification of these 

species [171]. These free radicals and ROS at physiological concentrations play essential roles in 

cell function, such as regulation of vascular tone, signal transduction, and immune function, and 

are always present in the cell to some degree. Some examples of ROS include superoxide radical 

anion, singlet oxygen (1O2), hydroxyl radical (OH.), and hydrogen peroxide (H2O2). ROS can be 

generated by the ‘leakage’ of electrons from the ETC, reacting with oxygen as a first step [172]. 
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A number of processes lead to increases in ROS, such as excessive exercise; infection; aging; and 

exposure to elevated O2 and toxins. Once formed, ROS exert damage by reacting directly with 

proteins, lipids and DNA, and can lead to cell death [173]. The cell has adapted defense 

mechanisms to prevent ROS damage, which include enzymes such as superoxide dismutase, 

catalase and GSTs, and antioxidants such as ascorbate, lipoic acid and tocopherols. These cellular 

mechanisms protect the cell against oxidative damage, but during periods of oxidative stress, 

these mechanisms are overwhelmed, resulting in cellular damage. In periods of oxidative stress, 

free radicals and ROS can react with polyunsaturated fatty acids (PUFAs) resulting in the 

formation of LPO products such as HNE, acrolein, malondialdehyde (MDA) and 4-hydroperoxy-

2-nonenal (HPNE). These reactive aldehydes react with proteins and DNA forming adducts 

which can result in altered cellular signaling and cell death [174,175]. 

1.6.4 Formation of Lipid Peroxidation Products 

LPO results in the breakdown of PUFAs to yield a broad array of reactive aldehydes of 3-

9 carbons in length that are classified into three families: 2-alkenals, 4-hydroxy-2-alkenals and 

ketoaldehydes [176]. 2-Alkenals, such as 2-hexenal and acrolein, contain two electrophilic 

centers that can attack nucleophiles. 4-Hydroxy-2-alkenals, such as HNE and 4-hydroxy-2-

hexenal (HHE), are the most prominent LPO aldehydes formed during the peroxidation of PUFAs 

such as linoleic acid and arachidonic acid. HNE, which accounts for up to 95% of the unsaturated 

aldehydes produced during LPO, accumulates in membranes at concentrations between 10 µM to 

5 mM during periods of oxidative stress and can result in a number of adverse effects such as 

growth inhibition, sulfhydryl depletion, inactivation of enzymes, and inhibition of protein 

synthesis [175]. The last group is the ketoaldehydes and it includes MDA and 4-oxo-2-nonenal 

(ONE).   
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Figure 1-6 Formation of HNE from peroxidation of !-6 polyunsaturated fatty acids. 

The peroxidation of "-6 polyunsaturated fatty acids generates the hydroperoxide derivatives 13S-
HPODE (a) and 9S-HPODE (b). These derivatives then undergo a series of reactions resulting in 
the eventual formation of HNE (see Section 1.6.4). Adapted from [177].  
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Lipid hydroperoxides are formed when a free radical abstracts a hydrogen atom from the 

bis-allylic methylene group of a PUFA, followed by double bond arrangement, reaction with O2, 

and hydrogen abstraction from another PUFA (Figure 1-6). The hydroperoxides, 9-hydroperoxy-

10,12-octadecadienoic acid (9S-HPODE) and 13S-HPODE are formed from linoleic acid, 

whereas 15-hydroperoxy-5,8,11,13-eicosatetraenoic acid (15-HPETE) is formed from arachidonic 

acid. 9-HPODE is then broken down through Hock-cleavage to yield 3Z-nonenal followed by 

hydrogen abstraction from C-2, radical migration and oxygenation resulting in HPNE. 13-

HPODE is degraded via hydrogen abstraction from C-8, radical migration and oxygenation at C-

10 followed by Hock-cleavage to yield 9-oxononanic acid and HPNE. 15-HPETE undergoes 

addition of a peroxyl radical at the C-11 double bond, followed by electron delocalization to C-

14, epoxide formation and the formation of HPNE. The reduction of HPNE results in the 

formation HNE and ONE, which primarily react with cysteine, histidine and lysine residues via 

Michael-type additions or Schiff base formation [175,176].  

1.6.5 Metabolism of HNE 

The LPO products formed under oxidative stress are cytotoxic and genotoxic due to their 

ability to form adducts with proteins and DNA [175,178]. The formation of HNE and other LPO 

products has been linked to a number of age-related diseases such as cardiovascular diseases 

[179,180], cancer [181–183], and neurodegenerative diseases [32,184,185]. The enzymatic 

pathways that detoxify HNE have been well characterized [186–188]. Two major pathways 

contribute to the metabolism of HNE and involve a number of enzymes including GSTs, ALDHs 

and alcohol dehydrogenase (ADH). The first pathway involves the conjugation of glutathione 

(GSH) to the C-3 carbon of HNE via Michael addition [187,188] and is catalyzed by several GST 

isoforms [189].  
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The second pathway involves the oxidation of HNE to form the carboxylic acid, 4-

hydroxy-2-nonenoic acid (HNA) and is catalyzed by ALDH and CYP450s. The enzyme ADH 

can metabolize HNE resulting in formation of 1,4-dihydroxynonene, but this pathway is of lesser 

importance [190,191]. The conjugation of GSH to HNE results in the formation of glutathione-4-

hydroxynonenal (GSHNE), which can undergo further oxidative/reductive modifications 

resulting in the eventual formation of mercapturic acid conjugates, which are eliminated in the 

urine. Although exposure to HNE results in the depletion of GSH due to increased GSHNE 

formation, this depletion is followed by a marked increase in GSH synthesis and is due to the 

HNE-mediated induction of glutamate cysteine ligase, the rate-limiting enzyme in de novo GSH 

synthesis. The rate of HNE metabolism is tissue-dependent, due to the tissue-specific expression 

of various detoxifying enzymes. The liver possesses the highest capacity for HNE metabolism, 

whereas heart and kidney are 10-fold less efficient and VSM possesses one of the lowest 

metabolizing capacities [175,187]. Thus, the metabolism of HNE involves multiple enzymatic 

pathways and is dependent on concentrations of HNE. At low concentrations of HNE, ALDH2 is 

a major detoxification pathway since this enzyme possesses the highest affinity for HNE [23], 

whereas GSTs only metabolize HNE at concentrations higher than 1 µM [176,186]. 

1.6.6 HNE Signaling 

HNE is a potent mediator of oxidative stress, and a number of proteins and signaling 

cascades have been shown to be modified by HNE, including tyrosine kinase receptors, AP-1 

binding, NF-$B, Jun N-terminal kinase, mitogen-activated protein kinase (MAPK), caspase 3, 

protein kinase C, and adenylyl cyclase [192]. As mentioned previously, HNE adduct formation of 

proteins usually results in an alteration of enzymatic activity, but can also lead to the stimulation 

or inhibition of gene expression and regulation of cell cycle and growth [193]. Low intracellular 
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concentrations of HNE (0.1-1 µM) result in a stimulatory effect, inducing cell proliferation and 

growth, whereas relatively high levels of HNE (>50 µM) activate cellular stress responses and 

can trigger apoptosis and cell death. Protein modification is one of the main mechanisms by 

which HNE influences cell physiology, and a number of processes can influence these 

modifications resulting in an altered cellular response [110]. Proteins adducted to HNE are 

typically inactivated, and this dramatically increases protein susceptibility to proteasomal 

degradation. This increase in proteasomal degradation is thought to be a cellular survival response 

since the accumulation of damaged proteins disrupts cellular processes and leads to cell death 

[194]. HNE contains 3 reactive groups: an aldehyde group at C1, a double bond at C2-C3 and a 

hydroxyl group at C4, allowing for a broad range of chemical reactivity [175]. HNE is a relatively 

stable end product and can diffuse into surrounding cells to mediate an effect or induce ROS 

formation and LPO. Interestingly, HNE, at low concentrations, can promote cell survival through 

the activation of MAPK resulting in the activation of the Nrf2 transcription factor and induction 

of enzymes important in antioxidant defense [176].  

1.7 Alzheimer’s Disease 

1.7.1 Epidemiology 

Alzheimer’s disease (AD) is the most common form of dementia, accounting for 50 to 

80% of all dementia cases [195]. It is a progressive, degenerative brain disease that impairs 

memory, thinking and behavior. According to the World Health Organization (WHO), there are 

35.6 million people living with dementia, 30 million of whom have been diagnosed with AD, and 

this number is expected to rise to 106 million by 2050 [196]. This means by 2050, 7.7 million 

people will develop dementia every year, with one new case every four seconds [196]. North 
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America has the highest prevalence rate for dementia in populations aged % 60 at 6.4%, and the 

highest incidence rate (per 1000 individuals) at 10.5% [197]. The prevalence of AD increases 

exponentially with age, doubling every five years above the age of 65. At age 60-65, the 

prevalence of AD is 1% and increases to 33% at age 85 [196]. The life expectancy of people with 

AD can vary from 3 to 10 years and represents the fourth highest cause of death in high-income 

countries, accounting for 4.1% of deaths [198]. This results in a substantial healthcare burden and 

an estimated annual worldwide cost of 604 billion US dollars [196]. This figure is expected to 

rise by 85% by 2030 and thus there is urgent need to develop cost-effective medical and 

supportive care for people suffering from AD.  

1.7.2 Risk Factors and Genetics of AD 

AD initially involves episodic memory impairment, but progresses to involve other 

memory domains, cognition, behavior and decision-making. AD is categorized into cases of 

sporadic AD (sAD) or late onset AD (occurring in irregular or random instances) and familial AD 

(fAD) or early onset AD (inherited as autosomal-dominant disorder). sAD is the most common 

form of AD accounting for the vast majority of AD cases, with fAD representing less than 5% of 

all AD cases [199]. fAD has a relatively early onset (< 60 years of age) whereas sAD tends to 

occur much later in life. sAD is a diverse multifactorial disease process that, although poorly 

understood, is attributed to a combination of genetic and environmental risk factors [200]. 

 The development of fAD results from mutations in one of the following three genes: 

presenilin 1 (PS1) on chromosome 14 [201], presenilin 2 (PS2) on chromosome 1 [202] and 

amyloid-! precursor protein (APP) on chromosome 21 [203]. These mutations alter the 

proteolytic processing of APP resulting in the increased production of total amyloid-! (A!) or 

A!1-42 [204]. Approximately 70% of fAD cases are due to mutations in the PS1 gene leading to 
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the most aggressive form of AD [205]. This form of AD can occur in individuals younger than 30 

years of age, and is associated with an accelerated and severe A! plaque burden. A number of 

APP gene mutations have been identified and result in an array of phenotypes varying in age of 

onset and disease progression. These include the Dutch [206], Flemish [207], London [203], 

Arctic [208], Australian [209], Belgian [210], German [211] and Swedish mutations [212]. All of 

these APP mutations result in the overproduction of APP and marked increases in A! 

accumulation; for example, the Swedish APP mutation (KM670/671NL) occurs upstream of the 

!-cleavage site adjacent to the A! domain and significantly increases the deposition of A! and 

A!1-42.  

 sAD is not inherited, but mutations involving the apolipoprotein E (ApoE) gene, on 

chromosome 19, a protein involved in cholesterol metabolism, are thought to increase risk [213]. 

The cause of sAD is still unknown but is thought to be multifactorial. A number of risk factors for 

the development of AD have been identified, including family history [214,215], female gender 

[216,217], low education levels [218], stroke [219] and diabetes [220]. Ageing is considered the 

biggest risk factor for developing AD. However epidemiological studies have suggested vascular 

factors such as midlife hypertension, diabetes, and cardiovascular disease, significantly contribute 

to the development of AD [221]. Furthermore, engaging in mental, physical and social activities 

may protect against AD by increasing cognitive reserve.  

1.7.3 Pathogenesis of AD 

AD has been suggested to be a multifactorial disease and numerous studies have linked 

AD to abnormal A! metabolism. Although A! has been extensively studied and may be an 

important contributing factor to the development of AD, it is likely that AD is not solely caused 

by abnormal A! metabolism. Certainly inflammation and vascular damage play a role; however 
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the relative roles these processes play in AD has not yet been determined [222,223]. A number of 

hypotheses have been proposed for the pathogenesis of AD such as the toxic amyloid cascade, 

excitotoxicity, abnormal aging, and inflammation; however none of these properly account for all 

aspects of AD. 

 In 1906, Dr. Alois Alzheimer described the first case of AD, a patient named Auguste 

Deter who died of mental illness [224]. The autopsied brain of this individual revealed two 

characteristics of the disease: “plaques” (extracellular accumulation of A!) which are numerous 

tiny dense deposits scattered throughout the brain that are toxic at high concentrations, and 

“tangles” [intracellular neurofibrillary tangles (NFTs)] which interfere with the normal processes 

of the brain. These two characteristics still continue to serve as major pathological hallmarks of 

AD as well as a third, that being neuronal degeneration and cell death (Figure 1-7). The AD brain 

exhibits significant atrophy, as demonstrated by the shrinkage of gyri, widening of sulci and 

enlargement of the ventricles. The formation of A! and NFTs are primarily found in the brain 

parenchyma, particularly in the cerebral cortex and hippocampus but also in the entorhinal cortex 

and neocortex [225]. These deposits are also accompanied by dendritic atrophy, granulovacuolar 

degeneration, synaptic loss (primarily cholinergic neurons), and extensive inflammation through 

the activation of microglia and astrocytes and the presence of inflammatory cytokines 

[222,226,227].  

1.7.4 APP Processing 

  APP is an integral membrane glycoprotein with a large extracellular domain, a 

hydrophobic transmembrane domain and a short intracellular C-terminus [228]. APP contains a 

42 amino acid sequence termed the A! region which is located partially within the membrane 

(amino acids 29-42) and in the extracellular space (amino acids 1-28) [229]. The APP gene is  
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Figure 1-7 The Pathological hallmarks of AD. 

AD is characterized by the extracellular accumulation of A! plaques, hyperphosphorylated tau 
and NFTs and neurodegeneration. (Photomicrographs from [230]).   
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located on chromosome 21 and alternative splicing results in the formation of 3 isoforms, 

APP695, APP751 and APP770 [231,232]. APP770 and APP751 are expressed throughout the 

body in neurons and non-neuronal cells, whereas APP695 is abundant in the brain and is 

primarily expressed in neurons [233]. APP is widely expressed in the brain with the highest 

expression in the cortex, hippocampus and cerebellum, but also in the basal ganglia and 

substantia nigra [233]. The precise function of APP is still under investigation but evidence 

suggests APP plays a role in the modulation of neuronal activity, synaptic plasticity and memory 

[229]. Given that APP is expressed in multiple organs and cell types and this expression pattern is 

conserved between species, it is likely that APP serves an important physiological function 

[234,235]. Indeed, APP has been reported to modulate neuronal development, cell adhesion, 

neurite outgrowth, neuronal survival, vesicular transport, calcium metabolism, cell migration and 

glucose homeostasis [229,236,237].  

APP is processed through a non-amyloidogenic pathway mediated by #-secretases, 

members of the ADAM (disintegrin and metalloprotease) family of proteins, or by an 

amyloidogenic pathway mediated by !-secretase and &-secretase (Figure 1-8). !-secretase 

(BACE, beta site APP-cleaving enzyme) is a membrane-bound aspartic protease that cleaves APP 

at Asp1 or Glu11 in the A! region [238]. BACE is highly expressed in the hippocampus, cortex 

and cerebellum, and is the major enzyme responsible for the formation of A! [239]. This 

cleavage takes place at the plasma membrane but also occurs in endocytic vesicles, as the APP 

and BACE protein are endocytosed together [228]. &-secretase is a multiprotein enzyme complex 

requiring the following proteins for proteolytic activity: presenilin (PS1 or PS2), nicastrin, 

anterior pharynx-defective-1 (APH-1) and presenilin enhancer-2 (PEN-2) [240]. This complex 

resides primarily in the ER, Golgi, plasma membrane and endocytes, and cleaves an array of  
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Figure 1-8 APP Processing. 

APP is processed in the non-amyloidogenic pathway by #-secretase to produce the P3 fragment 
and AICD (on the right) and by the amyloidogenic pathway (on the left) mediated by !-secretase 
cleavage yielding A! and the AICD fragment. Adapted from [241]. 
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substrates [242]. The non-amyloidogenic pathway is the major pathway of APP processing and is 

initiated by the cleavage of APP at the #-secretase site located within the A! region (between 

residues 16 and 17) by ADAM10, ADAM9 or ADAM17 [243–245]. This cleavage generates a 

soluble extracellular fragment of APP and is further processed by gamma secretase (&-secretase) 

to release the short p3 fragment and the APP intracellular domain (AICD) [237]. 

In the amyloidogenic pathway, BACE cleaves APP 16 amino acids upstream of the #-

secretase site, resulting in the formation of a soluble N-terminal APP fragment (sAPP!) and a 

membrane associated C-terminal fragment (CTF!) that is 99 amino acids long. This CTF! 

fragment is further processed by &-secretase to yield A! peptides of varying lengths (39-43 amino 

acids) with the major species produced being A!1-40 comprising 90-95% of secreted A! and a 

minor amount of A!1-42 (less than 10% of secreted A!), as well as AICD [228,237,246]. This 

AICD fragment translocates to the nucleus and functions as a transcription factor resulting in the 

upregulation of a number of genes. AICD increases the expression of GSK3! and p53 and may 

result in the hyperphosphorylation of tau and apoptosis [247,248]. AICD also upregulates the 

expression of BACE and downregulates the expression of LRP1 (a bidirectional A! transporter) 

and may promote the formation of A! in the brain [249,250]. 

1.7.5 A" Pathology 

Amyloid plaques are formed from the extracellular accumulation and aggregation of A!. 

Although the major A! species formed from APP processing is A!1-40, A!1-42 is the predominant 

species found in amyloid plaques and this is likely due to its ability to rapidly accumulate and 

aggregate. This accumulation of A! is due to the long hydrophobic carboxyl-terminal segment 

(residues 29-42), which promotes its aggregation and deposition and is thought to be responsible 

for A! toxicity [251,252]. In addition to insoluble plaques, A! exists in many forms in the AD 
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brain including diffuse plaques and pre-amyloid deposits, as well as soluble intracellular and 

extracellular A!. In the AD brain, the aggregation of A! occurs when A! monomers assemble 

into soluble oligomers, which then polymerize into protofibrils. These protofibrils eventually 

form the A! fibrils, which associate with astrocytes and microglia resulting in the formation of 

plaques [253]. Most A! exists as oligomers ranging from dimers to octomers, but can also exist 

as very large oligomers (>100 kDa). These soluble oligomers are thought to play a role in the 

cognitive pathology observed in AD and in experimental studies are responsible for the cognitive 

impairment observed in a transgenic mouse model of AD. This cognitive impairment occurs 

before the onset of plaques and NFTs and correlates with the accumulation of intraneuronal A! 

[254]. 

1.7.6 Amyloid Cascade Hypothesis of AD 

The amyloid hypothesis was proposed in 1991 and has served as a fundamental 

hypothesis describing the pathology of AD [255,256]. This hypothesis suggests that the 

accumulation of A! plaques in the brain triggers a cascade of pathogenic events leading to the 

formation of NFTs, inflammation, cell loss, vascular damage and dementia. This hypothesis has 

been supported by numerous findings, including the inherent toxicity of A! itself [257], that fAD 

patients with mutations in APP and PS1 genes exhibit enhanced deposition of A! [205], that 

individuals with Down Syndrome, who have 3 copies of the APP gene, invariably develop AD 

pathologies [258], and that transgenic mouse models of AD based on APP mutations develop 

AD-like pathologies [259]. Furthermore, mutations in tau-related genes that lead to tauopathies 

do not result in AD, suggesting that NFTs occur as a consequence of A! aggregation [260]. 

However this hypothesis is controversial, mainly due to the weak correlation between the severity 

of dementia and density of A! plaques [261]. Moreover, A! plaques can be found in the same 
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deposition pattern and density in non-demented individuals as the ones found in AD [262]. 

Evidence also suggests that presence of A! plaques is not necessary for AD disease progression 

[263]. Other arguments against this hypothesis include observations that cognitive impairments 

and pathological changes in transgenic AD mouse models occur before the deposition of A! 

plaques [264,265].  

 The criticisms of the A! plaque hypothesis have led to the development of the 

intraneuronal A! hypothesis, which suggests that soluble intraneuronal A! oligomers, not 

extracellular A! plaques, initiate the toxic cascade leading to neuronal death and AD [266,267]. 

Recent studies that support this hypothesis have found a correlation between the concentration of 

soluble A! oligomers and the severity of neuronal loss and AD [268,269]. Furthermore, 

intraneuronal A! accumulates in vulnerable regions in AD brains and precedes the deposition of 

A! plaques and NFTs. This phenomenon is also observed in young people with Down Syndrome, 

as well as in 3xTg-AD mice and 5xFAD transgenic mice [270,271]. The accumulation of 

intraneuronal A! in lysosomes is also pathogenic, and results in the leakage of lysosomal contents 

(containing cathepsins and proteases) resulting in apoptosis and necrosis [272]. Furthermore, the 

accumulation of intraneuronal A! impairs proteasomal activity, and leads to the accumulation of 

tau [273]. Taken together, these findings suggest intraneuronal A! plays a pathogenic role in the 

development of AD and has led to the formulation of a modified amyloid hypothesis involving 

intraneuronal A! [266]. 

1.7.7 Tau Protein 

Tau protein is a microtubule-associated protein. There are six isoforms ranging from 352 

to 441 amino acids and molecular weights between 45-66 kDa [274]. Tau is abundantly expressed 

in neurons of the CNS, primarily in the distal portions of axons, but is also expressed in low 
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levels in astrocytes and oligodendrocytes [275]. Tau protein plays a role in the outgrowth of 

neurons and in the development of neuronal polarity, by promoting microtubule assembly and 

stabilization [276]. There are 79 potential serine and threonine phosphorylation sites on tau, and 

at least 30 of these have been shown to be phosphorylated. The phosphorylation of tau regulates 

microtubule binding and assembly; however, the hyperphosphorylation of tau decreases the 

affinity of tau to bind microtubules, resulting in destabilization and disassembly of microtubules, 

abnormal accumulation of tau, impaired axonal transport, loss of synapses and neuronal cell death 

[277,278]. Tau kinases include members of MAPK family: extracellular regulated kinase (ERK), 

P38 and c-Jun-N-terminal kinase (JNK), with the two major kinases responsible for the 

hyperphosphorylation of tau being glycogen synthase kinase-3! (GSK3!) and cyclin dependent 

kinase-5 (CDK5) [277].  

 A number of tau phosphorylation sites have been correlated with AD.Thr212/Ser214 

(detected using the AT100 antibody) is thought to be AD specific, whereas AD severity is 

correlated with phosphorylation at Ser202/Thr205 (detected using the AT8 antibody) and 

Ser396/Ser404 (PHF1 antibody) [279]. In AD, hyperphosphorylated tau aggregates, forming 

paired helical filaments (PHFs), which is the major component of NFTs and is associated with 

neuronal dysfunction and cell death [277]. The accumulation of NFTs correlates with the degree 

of neuronal loss and cognitive decline in AD and may be responsible for the neurotoxic cascade 

observed in AD [279]. The view that tau is a central mediator of AD pathology was recently 

challenged by a proposal suggesting tau phosphorylation was a compensatory response mediated 

by neurons as a protective mechanism against oxidative stress [280]. 
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1.7.8 Mouse Models of AD 

A number of transgenic mouse models have been developed based on the amyloid 

hypothesis, involving mutations linked to the development of fAD. Although these animal 

models have made important contributions to our understanding of AD pathogenesis, they do not 

reflect the spectrum of AD-related pathologies, and lack predictive validity as screening tools for 

potential therapeutics. The first transgenic mouse model of AD was introduced in 1995 [281] and 

was based on one of the APP mutations found in fAD. This mouse model involved the 

overexpression of the Indiana mutation, V717F, under control of the platelet-derived growth 

factor promoter, and was characterized by an 18-fold increase in APP levels, plaque deposition at 

6 months of age, and synaptic loss [281]. The Tg2576 mouse relies on the overexpression of the 

Swedish mutation (K670M/M671L) using the hamster prion protein promoter, and develops 

plaque pathology around 9-12 months of age along with spatial and working memory deficits 

[259]. Mouse models based on mutations in PS1 genes such as the PS1 M146L and PS1 

M146VKI models exhibit increased A! but do not exhibit plaque deposition or other AD 

hallmarks [282]. The lack of plaque deposition in PS1 mice is likely due to the differences in 

solubility and aggregation properties between mouse and human A! [283]. 

 There have been a few hundred studies on interventions that have attempted to ameliorate 

the pathologies present in these mice, such as caloric restriction, antioxidants such as lipoic acid 

and vitamin E, hormones such as estradiol and melatonin, non-steroidal anti-inflammatory drugs 

(NSAIDs), muscarinic receptor agonists, immunotherapy targeting A!, and &-secretase and 

BACE inhibitors as well as a number of food products. All of these therapies have reduced or 

reversed the neuropathology in AD mouse models, yet none of these interventions have translated 

into successful therapies in humans. A major hurdle has been the mouse models themselves, since 



 

 

 

       

 

Table 1-1 Summary of AD mouse models. 

This table summarizes the major characteristics of Alzheimer’s disease mouse models. The severity of each characteristic is indicated 
using the following: (+) just detectable, (++) moderate, (+++) severe, (-) not detected/not reported and (+/-) variable/indeterminate. 
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a mouse model that develops the progressive cognitive deficits, A! plaques, NFTs and neuronal 

degeneration (hallmarks of AD) does not exist (see Table 1-1). Another hurdle has been the 

diagnosis of AD, which currently relies on the identification of A! plaques and NFTs during 

autopsy. However, the presence of these lesions in the brains of ‘normal’ individuals has 

complicated the diagnosis of AD and suggests that animal models that possess only A! plaques 

and NFTs are not true models of AD.  

There have been several hypotheses put forth to explain why APP transgenic mice do not 

mimic AD pathology, such as differences in neuroinflammatory responses between mice and 

humans and differences in brain aging [294,295]. Nevertheless, a mouse model that more 

accurately reflects AD pathology would be of great value in order to characterize and dissect the 

molecular mechanisms involved in AD pathogenesis. 

1.7.9 Oxidative Stress and Aging 

The free radical theory of aging was published in 1956 and suggests that free radical 

species, formed as a result of cellular redox reactions, accelerate aging through oxidative damage 

[296]. A number of studies have supported this hypothesis with findings such as liver and brain 

tissue from aged rats showing evidence of increased oxidative damage to proteins, age-dependent 

increases in plasma oxidative stress markers [297] and age-dependent decreases in antioxidant 

activity [298]. This, in combination with increased levels of oxidative damage in AD brains, 

suggests a link between aging, oxidative stress and AD.  

 The presence of high levels of unsaturated lipids such as arachidonic acid, coupled with 

high oxygen utilization, high levels of redox metals and limited antioxidant defense systems make 

the brain particularly vulnerable to oxidative damage [299]. In fact, AD brains exhibit a high 

level of reactive oxygen species (ROS) and reactive nitrogen species (RNS)-mediated injury 
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[300]. This oxidative damage is mediated through lipid peroxidation, nitration, reactive aldehydes 

and nucleic acid oxidation, and is increased in neurons in AD [301,302]. Furthermore, this 

oxidative damage is evident in neurons before the development of the hallmark pathologies of 

AD (A! plaques, NFTs etc.) in the brain, suggesting that oxidative damage precedes the onset of 

AD [302–305]. In fact, one of the earliest pathological events in AD is thought to be oxidative 

damage; animal models of AD also display similar findings: the Tg2576-APP mouse model 

exhibits oxidative stress before the deposition of plaques [305], suggesting that oxidative stress is 

inherently linked to the formation of A! plaques and the pathology of AD [306]. Other studies 

have shown increased levels of lipid peroxidation and oxidative stress markers such as HNE, 

acrolein, neuroprostanes, isoprostanes and polyunsaturated fatty acid oxidation products in 

patients with mild cognitive impairment (MCI) and AD [31,307–310]. These markers of 

oxidative damage have also been detected in individuals with Down Syndrome decades before 

the deposition of A! [311]. This, taken with the overwhelmingly large number of studies linking 

oxidative stress with the pathology of AD, indicates that oxidative damage may be the primary 

driving force in the pathogenesis of AD. 

1.7.10 Sources of Oxidative Stress in AD 

Although genetic mutations of APP, PS1 or PS2 increase the rate of A! plaque 

formation, they also indirectly increase oxidative stress. ROS and oxidative stress increase the 

formation of A! by increasing the expression of APP or through modulation of APP processing 

enzymes such as BACE and "-secretase, PS1 and PS2. Increased levels of A! favor the 

hyperphosphorylation of tau, which results in the formation of NFTs. These NFTs and A! 

plaques subsequently trigger further oxidative stress (which feedbacks to further increase APP  
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Figure 1-9 The oxidative stress model of AD pathogenesis. 

Oxidative stress from a variety of environmental and genetic factors increases the formation of 
A! by directly increasing APP expression or through modulation of APP processing enzymes. A! 
promotes the formation of free radicals and ROS, which feeds back to further increase A! 
expression. Elevated levels of A! also favour the phosphorylation of tau and together result in the 
formation of A! plaques and NFTs. This leads to further oxidative stress, damage and 
inflammation leading to neurodegeneration, neuronal death and AD. (Modified from [312]).  
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expression) and inflammation, which leads to irreversible cell damage, neuronal degeneration and 

eventual cell death [312] (Figure 1-9). 

 Normally, the toxic effects of ROS are mitigated by an array of antioxidant systems such 

as the efficient metabolism of H2O2 by catalase and glutathione peroxidase. However, in 

pathological conditions, the production of oxidant species can exceed the capacity of endogenous 

antioxidant systems, resulting in an oxidative imbalance. This results in oxidative damage leading 

to altered cellular functions, and can lead to cell death in neurons particularly vulnerable to 

oxidative stress. There are a number of sources that contribute oxidant species in the pathology of 

AD. One source includes the mitochondria, which are damaged in AD resulting in the formation 

of ROS [313,314]. In fact, studies have shown the reduced energy metabolism that occurs before 

the development of AD is due to deficiencies in mitochondrial metabolism [314,315]. In AD, 

functional abnormalities in mitochondrial enzymes such as the #-ketoglutarate dehydrogenase 

complex, tricarboxylic acid cycle enzymes, pyruvate dehydrogenase complex and cytochrome c 

oxidase have been observed [316–320]. These abnormalities result in altered mitochondrial 

function and energy metabolism resulting in the production of ROS mediated through the 

production of superoxide and H2O2. Furthermore, A! has been shown to localize in the 

mitochondria and interact with mitochondrial proteins [321,322], resulting in the disruption of 

energy metabolism, resulting in the production of ROS mediated through the production of 

superoxide and H2O2.  

Another source of ROS involves redox/transition metals such as iron and copper. Iron, 

through the Fenton reaction, can form hydroxyl radical and has been implicated in AD because of 

its abundance in the brain. Iron accumulates in the hippocampus and cerebral cortex amongst 

other areas, and is found in NFTs and A! plaques [323,324]. Another metal contained in NFTs 



 

 

 

53 

and A! plaques is copper, and its homeostasis is altered in patients with AD resulting in the 

formation of ROS mainly through H2O2 and hydroxyl radical [325].  

 A! is also considered to be a source of ROS. In fact, A! can induce the peroxidation of 

lipoproteins [326] and lipids [327], the generation of H2O2 [328] and HNE [329], and DNA [330] 

and enzyme damage [331]. However, it is important to note that this has only been shown to 

occur in vitro, and requires A! fibril aggregation, the presence of transition metals, and reduced 

methionine at residue 35 of A!, in order to induce oxidation [332]. Thus although A! can 

produce oxidative stress in vitro, it is unknown whether this occurs in vivo, and evidence for the 

presence of oxidative stress before the detection of A! suggests that A! does not initiate oxidative 

stress in the pathogenesis of AD. ROS can be formed through the various mechanisms mentioned 

above, and each pathway for ROS formation has positive feedback loops resulting in the 

formation of more ROS. Furthermore, each source of oxidative stress interacts with other sources, 

which makes it is very difficult to trace the oxidative damage to its origin. Additionally, it is still 

unclear how the buildup of oxidative stress initiates a cascade that ultimately leads to the 

development of AD. 

1.7.11 HNE and AD 

The physiological conditions of the brain favor lipid peroxidation due to the high rate of 

oxygen consumption and the presence of high levels of polyunsaturated fatty acids in membrane 

bilayers. Lipid peroxidation occurs when oxygen-derived radicals react with polyunsaturated fatty 

acids resulting in highly reactive aldehydes that can covalently attach to proteins through 

cysteine, lysine or histidine residues [175,185]. HNE can interfere with the synthesis of RNA, 

DNA and proteins, and through adduct formation it alters cell metabolism and signaling. HNE is 

neurotoxic; it impairs glucose transport in hippocampal neurons as well as glutamate transport in 
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neocortical synaptosomes [333], and has been shown to mediate oxidative stress-induced 

apoptosis [334]. Some studies show HNE can promote the degeneration of cholinergic neurons 

and promote A! aggregation [184,335]. Furthermore the administration of HNE into the forebrain 

of rats, results in damage to cholinergic neurons and impairment of visuospatial memory [35]. 

Taken together, these studies suggest HNE may be an important factor in the pathogenesis of AD.  

 In AD patients, significantly elevated levels of free HNE are detected in the cerebrospinal 

fluid, amygdala, hippocampus and parahippocampal gyrus [31,33]. A similar increase in HNE-

protein adducts has been described in the brains of AD patients as well as patients with MCI 

[30,36]. These studies indicate that HNE specifically accumulates in brain regions particularly 

susceptible to neurodegeneration in AD and MCI. There is also evidence indicating that HNE is 

present in NFTs and A! plaques, and that the presence of HNE favors the hyperphosphorylation 

of tau [38]. Furthermore, the addition of A!1-42 to neurons directly leads to the formation of HNE 

[336]. This occurs through the methionine at residue 35 of A!, which undergoes a one-electron 

oxidation to form a sulfuranyl radical cation, which can abstract an allylic H-atom from 

unsaturated lipid molecules thus initiating lipid peroxidation. Other studies have shown HNE can 

covalently modify histidine residues of A! leading to increased aggregation of the A! peptide 

[337]. A large number of HNE protein adducts have been detected in the brains of AD patients, 

including ATP synthase, #-enolase, aconitase, aldolase, glutamine synthetase, MnSOD, 

peroxiredoxin, #-tubulin and p53 [33,338,339]. Furthermore, these HNE adducts have also been 

detected in MCI patients as well as in the early stages of AD, and are consistent with the 

hypothesis that oxidative stress and lipid peroxidation constitute an early event in the 

development of AD. A study by Picklo et al. investigated the cellular response to increased HNE 

levels in AD patients by examining the expression and activity of HNE metabolizing enzymes 
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[340]. This study found that only ALDH2 expression and activity are increased in AD, and are 

localized in the cerebral cortex and hippocampus. The up-regulation of ALDH2 suggests high 

concentrations of the enzyme are needed to cope with the marked increases in lipid peroxidation 

and free HNE. Furthermore, it appears that the expression of ALDH2 is a protective response to 

lipid peroxidation and high concentration of reactive aldehydes formed during the pathogenesis of 

AD, which serves to limit the oxidative damage. Taken together, it is evident that oxidative stress 

in the brain generates HNE, which initiates a toxic cascade leading to neurodegeneration and an 

AD-like phenotype. 
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Chapter 2 

Effect of Increased Expression of Human Aldehyde 

Dehydrogenase 2 in LLC-PK1 cells on Glyceryl Trinitrate 

Biotransformation and cGMP Accumulation 

2.1 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. The enzymatic 

bioactivation of GTN has been widely studied, involving enzymes such as cytochrome P450 [13], 

NADPH cytochrome-P450 reductase [341], cytosolic [342,343] and microsomal [136] 

glutathione transferases, and xanthine oxidoreductase [14], but their specific role in GTN 

bioactivation and tolerance remains equivocal. The enzyme aldehyde dehydrogenase 2 (ALDH2) 

has been shown to mediate GTN biotransformation, and has been implicated as a GTN 

bioactivating enzyme (reviewed in [77,344]). During the ALDH2-mediated biotransformation of 

GTN, which yields glyceryl-1,2-dinitrate (1,2-GDN) and inorganic nitrite anion ( NO2
-), the 

active site of ALDH2 is inactivated through the oxidation of sulfhydryl groups [144]. This 

finding is further supported by [345] who showed that the mutation of an active site Cys (C302S) 

resulted in a 90% reduction of ALDH2 esterase and dehydrogenase 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 
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reductant has yet to be identified, although dihydrolipoic acid has been proposed as a leading 

candidate [88,144].  

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 (as discussed previously in Section 1.5.5). 

 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 [92,97]. 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 that utilized siRNA constructs directed against endogenous ALDH2. This cell line 

was used to examine whether increased or decreased expression of ALDH2 altered GTN 

biotransformation and GTN-induced cGMP accumulation. 

2.2 Materials and Methods 

2.2.1 Drugs and Solutions 

!-nicotinamide adenine dinucleotide (NAD+), Dulbecco’s modified Eagle’s medium 

(DMEM), nutrient mixture F-12 HAM, Triton X-100 and siRNA constructs were purchased from 

Sigma-Aldrich Canada Ltd (Oakville ON, Canada); MitoTracker Orange CM-H2TMRos, 4',6’-

diamidino-2-phenylindole (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) in ethanol, propylene glycol and water (1:1:1.33) from Sabex Inc. (Boucherville, QC, 
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Canada). 1,2- and 1,3-GDN were prepared and quantitated as described [91,346]. 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 Kirkegaard and Perry Laboratories (Gaithersburg, MA). 

All other chemicals were of reagent grade and were obtained from a variety of commercial 

sources. 

2.2.2 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 x 105 cells per well in 6-well plates 

in 2.0 ml of DMEM/Ham’s F12 medium (1:1) supplemented with 10% fetal bovine serum, 5 

$g/ml insulin, 2 mM glutamine, 10 mM HEPES (pH 6.9), 50U/ml penicillin and 50 $g/ml 

streptomycin, 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 

Vasiliou, 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, Switzerland). Twenty-four hours later, G-

418 (1.5 mg/ml) 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 immunoblot analysis, confocal microscopy and enzyme activity.  
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2.2.3 Immunoblot Analysis of ALDH2 

Cells grown to confluence in T75 flasks were washed twice with ice-cold phosphate-

buffered saline (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, Mannheim, Germany), and differentially centrifuged to 

obtain mitochondrial and cytosolic fractions as previously described [94]. 20 µg mitochondrial or 

cytosolic protein from wildtype and stably transfected cells were separated on 10% gels by SDS-

PAGE and transferred electrophoretically to PVDF membranes. Blots were probed with a 

polyclonal antibody to human ALDH2 and immunoreactive bands were visualized by enhanced 

chemiluminescence. Purified recombinant human ALDH2 was used as a positive control (gift 

from Dr. Vasilis Vasiliou). 

2.2.4 Confocal Fluorescence Microscopy 

PK1ALDH2, PK1vector and wildtype 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 Vasiliou) for 30 min at room temperature. Cells were then incubated with Alexa Fluor 

546 conjugated goat anti-rabbit IgG. Nuclei were stained using the DNA binding dye, 4’,6’-

diamidino-2-phenylindole (DAPI, 5µM). Prior to fixation with formalin, the cells were pre-

incubated with MitoTracker Orange CM-H2TMRos to stain mitochondria, according to the 

manufacturer’s instructions. Confocal microscopy was performed using a Leica TCS SP2 Multi 

Photon instrument. 
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2.2.5 ALDH Activity Measurement 

Cell preparations as previously described (2.2.3) were solubilized with deoxycholate (2.5 

mg/mg protein), and ALDH activity measured in either mitochondrial or cytosolic fractions as the 

change in A340 during incubation with 1 mM NAD+ in 50 mM sodium pyrophosphate, pH 8.8 

containing 2 µM rotenone, 1 mM 4-methylpyrazone, 200 $g protein and substrate (0.05 or 5 mM 

propionaldehyde) [347,348]. Specific activity was calculated using the molar extinction 

coefficient for NADH of 6306 M-1cm-1.   ALDH2 activity is reflected by changes in A340 at low 

substrate concentration. 

2.2.6 GTN Biotransformation and GTN-induced cGMP Accumulation 

Cells grown to confluence in 6 well plates were washed twice with phosphate-buffered 

saline and incubated in serum-free medium for 2 h. For assessment of GTN biotransformation, 

cells were incubated with 1 µM 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 [13]. For cGMP 

determinations, cells were incubated for 3 min at 37°C in serum-free medium containing 0.5 mM 

isobutylmethylxanthine and GTN (1 or 10 µM) or 1,1-diethyl-2-hydroxy-2-nitrosohydrazine 

(DEA/NO) (10 µM). After incubation, the medium was aspirated and the cells were immediately 

treated with 6% ice-cold trichloroacetic acid, and cGMP determined by radioimmunoassay [349]. 

In some experiments, cells were preincubated with 10 µM GTN for 2 h prior to assessment of 

GTN biotransformation or cGMP determination, in order to simulate GTN tolerance. 
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2.2.7 siRNA Transfection 

Small interfering RNAs (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’-CAUCUCUUACCUGGUAGAUtt-3’; antisense, 5’-

AUCUACCAGGUAAGAGAUGtt-3’) and siRNA-2 (sense, 5’-

AGAUUCUUGGCUACAUCAAtt-3’; antisense, 5’-UUGAUGUAGCCAAGAAUCUtt-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 mammalian gene. siRNA 

transfections were performed using Lullaby® transfection reagent according to the manufacturer’s 

instructions (OZ Biosciences, Marseille, France). Briefly, cells were plated in 6-well plates one 

day before transfection. 50 nM of siRNA was prepared in 100 $L of serum-free media and then 

added to 100 $L of serum-free media containing 14 $L of Lullaby reagent and the mixture 

incubated for 20 min at room temperature. The mixture was then added drop wise directly onto 

the cells and the cells incubated for 72 h prior to experimentation. 

2.2.8 Data Analysis 

All data are expressed as the mean ± SD of n experiments. Data was analyzed by two-

way analysis of variance with a Bonferroni post-hoc test, or Student’s t test for unpaired data, as 

indicated. A P value of 0.05 or less was considered statistically significant. 
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2.3 Results 

2.3.1 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 wildtype 

LLC-PK1 cells as well as in cells transfected with empty vector, ALDH2 was predominantly 

localized in mitochondria (Figure 2-1). In PK1ALDH2, ALDH2 expression was markedly increased 

compared to wildtype or PK1vector. Furthermore, the expression of ALDH2 in PK1ALDH2 appeared 

to be expressed equally in the mitochondria and cytosol. Data from confocal microscopy 

experiments (Figure 2-2) were in agreement with the immunoblot data. ALDH activity was 

measured in the cytosolic and mitochondrial fractions at a low and high substrate concentration to 

assess ALDH2 and total ALDH activity. In the cytosol, ALDH2 activity was increased 

approximately 7-fold in PK1ALDH2 compared to wildtype or PK1vector cells (p<0.001) (Figure 2-

3A). Total ALDH activity in PK1ALDH2 also increased in a similar manner Figure 2-3B). 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 2-3C and 

D).  Preincubation of PK1ALDH2 with 10 $M GTN, in order to simulate tolerance, resulted in an 

80% and 60% reduction in ALDH2 activity in the cytosol and mitochondria respectively (Figure 

3A and C). However, ALDH2 activity was 1.2 and 2.2-fold higher in tolerant PK1ALDH2 compared 

to untreated wildtype activity in the cytosol and mitochondria, respectively. 
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Figure 2-1 Expression of ALDH2 in PK1 cells. 

Immunoblot analysis of cytosolic (Cyto) and mitochondrial (Mito) fractions from wildtype, 
PK1vector (Vector) and PK1ALDH2 cells (ALDH2).  20 $g of cytosolic or mitochondrial proteins 
were 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. Note that ALDH2 
was detected in both the cytosolic and mitochondrial fractions in PK1ALDH2 cells, whereas in 
wildtype or PK1vector cells, ALDH2 was only detected in the mitochondrial fraction.  
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Figure 2-2 Subcellular localization of ALDH2 in PK1 cells. 

Cells grown on cover glass slips were fixed with 4% formalin. Nuclei were visualized by staining 
with DAPI (blue), mitochondria by staining with MitoTracker (orange), and ALDH2 by labeling 
with goat anti-rabbit antibody conjugated with Alexa Fluor 546, after incubation with an antibody 
directed against ALDH2 (green). 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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2.3.2 GTN Biotransformation in PK1ALDH2 Cells 

In wildtype or PK1vector cells, the extent of GTN biotransformation was similar, and 

resulted in approximately 2.5-fold more 1,2-GDN compared to 1,3-GDN (Figure 2-4). 

Additionally, preincubation of wildtype or PK1vector cells with 10 $M 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 marked 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 preincubation with 10 $M GTN for 2 h significantly decreased 1,2-GDN 

formation. However 1,2-GDN formation in PK1ALDH2 was still significantly increased compared 

to desensitized wildtype or PK1vector cells (p<0.001). 

2.3.3 GTN-induced cGMP Accumulation in PK1 ALDH2 Cells 

Cellular cGMP levels were measured in each cell line in response to different 

concentrations of GTN (Figure 2-5 A and B). Incubation with 1 $M GTN resulted in a 6-fold 

increase in cGMP accumulation in all cell types, whereas a 10 $M incubation of GTN resulted in 

a 15-fold increase in cGMP levels. Preincubation of each cell type with 10 $M GTN for 2 h 

resulted in desensitization of cells to GTN-induced cGMP accumulation, and cGMP levels 

increased only 2- and 6-fold after cells were exposed to 1 and 10 $M GTN, respectively (Figure 

2-5 A and B). There were no differences in GTN-induced cGMP accumulation in cells 

overexpressing ALDH2 compared to wildtype or PK1vector cells. We also assessed increases in 

cGMP accumulation after exposure to the NO donor, DEA/NO (Figure 2-5 C). 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  
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Figure 2-3 ALDH activity in cytosol and mitochondria from PK1 cells. 

Cytosolic ALDH2-specific activity (A) and total ALDH activity (B) was assessed and 
mitochondrial ALDH2-specific activity (C) and total ALDH activity (D) was assessed from 
Wildtype, PK1vector (Vector) and PK1ALDH2 (ALDH2) cells. Cells were either untreated (Control) 
or incubated with 10 $M GTN for 2 h prior to harvest (Tolerant). Data are presented as the mean 
± S.D. (n=4) and were analyzed 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<0.01versus Wildtype and Vector).  
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Figure 2-4 Effect of overexpression of ALDH2 on GTN biotransformation in PK1 cells. 

Wildtype (WT), PK1vector (Vec) or PK1ALDH2 (ALDH2) cells, were exposed to 1.0 $M 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 $M GTN for 2 h prior to 
assessment of GTN biotransformation. Data are presented as the mean ± S.D. (n=3) and were 
analyzed by two-way ANOVA and Student’s t-test for unpaired data. * indicates significant 
difference from control after preincubation with GTN (*** p<0.001, **p<0.01) and † indicates 
significant differences between cell types (††† p<0.001 versus WT and Vec, ††p<0.01 versus WT 
and Vec). 

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
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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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Figure 2-5 Effect of overexpression of ALDH2 on GTN-induced or DEA/NO-induced cGMP 
accumulation in PK1 cells. 

Wildtype cells (Wildtype), PK1vector cells (Vector) or PK1ALDH2 cells (ALDH2) were exposed to 
1.0 $M GTN (A), 10 $M GTN (B) or 10 $M DEA/NO (C) for 3 min at 37°C in the presence of 
0.5 mM isobutylmethylxanthine, after which cGMP accumulation was measured by 
radioimmunoassay. GTN-tolerance was induced by preincubation of cells with 10 $M GTN for 2 
h prior to the assessment of GTN-induced cGMP accumulation. Data are presented as the mean ± 
S.D. (n=3-4) and were analyzed by two-way ANOVA and Student’s t-test for unpaired data. * 
indicates significant difference from control after preincubation with GTN (*** p<0.001, 
**p<0.01).  

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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Figure 5
Effect of overexpression of ALDH2 on GTN-induced or DEA/NO-
induced cGMP accumulation in PK1 cells. Wild-type cells (Wild-type),
PK1vector cells (Vector) or PK1ALDH2 cells (ALDH2) were exposed to
1.0 mM GTN (A), 10 mM GTN (B) or 10 mM DEA/NO (C) for 3 min at
37°C in the presence of 0.5 mM isobutylmethylxanthine, after which
cGMP accumulation was measured by radioimmunoassay. GTN tol-
erance 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 = 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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for 2 h, indicating that the ability of sGC to respond to NO was not affected by the GTN tolerance 

protocol. 

2.3.4 GTN-induced cGMP Accumulation after ALDH2 Knockdown 

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 approximate 95–100% decrease in ALDH2 protein 

expression compared with control (Figure 2-6, middle panel). Treatment with a siRNA negative 

control resulted in no change in ALDH2 expression, whereas a slight decrease was observed with 

treatment with Lullaby® transfection reagent. Incubation of cells with 1 µM GTN resulted in a 

five- to six-fold increase in cGMP in all treatment groups (Figure 2-6 A). No differences were 

observed in the GTN-induced cGMP response in PK1 cells treated with a negative control, 

siRNA-1 or siRNA-2 compared with non-transfected wild-type cells. Pre-incubation of cells from 

each treatment group with 10 µM GTN for 2 h resulted in desensitization of the cGMP response, 

and incubation of GTN tolerant cells with 1 µM GTN resulted in only a two-fold increase in 

cGMP. No differences 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 2-6B). 
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Figure 2-6 Effect of ALDH2 knockdown on GTN-induced and DEA/NO-induced cGMP 
formation. 

Wild-type cells and cells treated with 50 nM siRNA 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 µM GTN (A) or 10 µM 
DEA/NO (B) for 3 min at 37°C in the presence of 0.5 mM isobutylmethylxanthine, after which 
cGMP accumulation was measured by radioimmunoassay. GTN tolerance was induced by 
preincubation of cells with 10 µM 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 analyzed by two-way 
ANOVA and Student’s t-test for unpaired data. * indicates significant difference from control 
after preincubation with GTN (***P < 0.001). Middle panel: siRNA-induced knockdown of 
ALDH2 in LLC-PK1 cells. Immunoblot analysis of whole cell fractions from wild-type PK1 cells 
treated with 14 µL of lullaby transfection reagent (Lullaby), 50 nM Allstars Negative Control 
(siRNA-C), 50nM siRNA-1 (siRNA-1), 50 nM siRNA-2 (siRNA-2) for 72 h and no treatment 
(Ctrl 1, Ctrl 2). 20 µg 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.  

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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2.4 Discussion 

A number of enzymes or proteins catalyzing GTN biotransformation have been 

identified, including hemoglobin and myoglobin, cytochromes P450, glutathione transferases, 

NADPH cytochrome P450 reductase, xanthine oxidoreductase and ALDH2 [13–15,341–

343,350]. 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 bioactivation of GTN was 

proposed by Stamler’s group, and has been supported by some studies, but not all (see Section 

1.5.5). Furthermore, decreased bioactivation of GTN as a mechanism of tolerance due to the 

inactivation of ALDH2 also has been proposed.   

 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 

signaling system. The overexpression of ALDH2 resulted in a marked increase in ALDH2 protein 

(Figure 2-1). Examination by confocal microscopy 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 wildtype 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 predominantly present in mitochondria [94]. Examination of 

ALDH2 activity in PK1ALDH2 cells indicated that ALDH2 activity was approximately 7-fold 

higher in these cells compared to wildtype or empty vector cells. Since the ALDH2 isozyme has a 

low Km value (<1.0 $M) relative 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 
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and total ALDH activities were increased; the latter being most likely attributable to the increase 

in ALDH2 activity. Thus, the ALDH2 overexpressing cell line exhibited a marked increase in 

functional ALDH2. A two-hour incubation with 10 $M GTN resulted in a significant decrease in 

ALDH2 activity in all cell lines tested, and is consistent with other findings [15,16,94,351].  

Although preincubation with GTN decreased ALDH2 activity, ALDH2 activity in PK1ALDH2 cells 

was significantly higher than wildtype or PK1vector cells pretreated with GTN (Figure 2-3A and 

C). Furthermore, ALDH2 activity after pretreatment with GTN in PK1ALDH2 cells was higher than 

ALDH2 activity in untreated wildtype or PK1vector cells.  Thus, some ALDH2 activity was 

preserved in PK1ALDH2 cells after simulating GTN-tolerance. 

In cells overexpressing ALDH2, incubation with 1 $M GTN resulted in a significant 

increase in GTN biotransformation as well as a significant increase in 1,2-GDN formation, 

compared to wildtype or PK1vector cells (Figure 2-4). The formation 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 [15,18,352]. Chronic in vivo exposure to GTN results in 

tolerance, which is associated with reduced GTN biotransformation and reduced GTN-induced 

cGMP accumulation. The preincubation 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 preincubation with 10 $M 

GTN, 1,2-GDN formation and total biotransformation were still increased compared to wildtype 

and PK1vector cells. This was not unexpected since our tolerance protocol did not completely 

inhibit ALDH2 activity in PK1ALDH2 cells.  

Next assessed was the effect of ALDH2 overexpression on the cGMP response to GTN. 

No significant differences were observed with respect to GTN-induced cGMP accumulation in 
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response to 1 $M or 10 $M GTN in PK1ALDH2 cells compared to wildtype 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 wildtype or PK1vector cells (Figure 2-5). 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 $M 

GTN resulted in a significant decrease in the cGMP responses to GTN, indicating that 

desensitization had occurred. As mentioned previously, tolerant PK1ALDH2 cells exhibit ALDH2 

activity and 1,2-GDN formation that is at least equal to that in untreated wildtype 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 to tolerant 

wildtype or PK1vector cells.    

Since overexpression of ALDH2 did not alter GTN-induced cGMP formation, we 

hypothesized that GTN bioactivation may occur at a maximal rate in wildtype 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 and furthermore, a 2-h incubation with 10 $M GTN led to desensitization of the cGMP 

response to GTN, but not to DEA/NO. 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 
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selective for 1,2-GDN formation as seen in the isolated rabbit aorta [346], rat aorta [353,354] and 

human saphenous vein [22]. Furthermore, 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 [346]. Whereas these data may be taken to suggest 1,2-GDN is associated with 

mechanism-based biotransformation, we have suggested previously that regioselective denitration 

itself is not sufficient for mechanism-based biotransformation [94]. The results from the current 

study indicate that 1,2-GDN formation is not associated with bioactive ‘NO’, since the marked 

increases in 1,2-GDN formation had no effect on GTN-induced cGMP accumulation. A previous 

study from our laboratory demonstrated 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 significantly 

differ from that observed in wildtype or cells transfected with empty vector [136], indicating that 

selective 1,3-GDN formation had no impact on the formation of bioactive ‘NO’. Thus it appears 

that regioselective GTN biotransformation does not reflect clearance or mechanism-based 

biotransformation per se. The notion that 1,2-GDN formation is associated with mechanism-

based biotransformation while 1,3-GDN formation is associated with clearance-based 

biotransformation is outdated. The data in this study indicate that the formation of 1,2-GDN does 

not necessarily result in the formation of bioactive NO and cannot be used as a marker for GTN 

bioactivation. Thus it is imperative that GTN-induced cGMP formation is used as a measure of 

GTN bioactivation instead. 

 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 

overexpression of ALDH2 resulted in significant increases in 1,2-GDN formation and total GTN 
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biotransformation, increased expression of ALDH2 had no effect on GTN-induced cGMP 

accumulation. Furthermore, GTN-induced cGMP accumulation occurred in cells in which 

endogenous ALDH2 had been depleted, suggesting that GTN bioactivation can occur in the 

absence of ALDH2. Together, these data indicate that ALDH2-mediated GTN biotransformation 

is not associated with the mechanism-based biotransformation of GTN to an activator of sGC. 
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Chapter 3                                                                                           

Role of the Lipid Peroxidation Product, 4-Hydroxynonenal, in 

the Development of Organic Nitrate Tolerance. 

3.1 Introduction 

Aldehyde dehydrogenase 2 (ALDH2) has been proposed as a major bioactivating enzyme 

of GTN; however, the role of ALDH2 in GTN action has been questioned by a number of studies 

(see Section 1.5.5).   

Oxidative stress has long been associated with nitrate tolerance, both in humans [22] and 

experimental animals [20], and the oxidative stress hypothesis suggests that chronic GTN 

treatment results in increased vascular superoxide  production secondary to angiotensin II-

induced up-regulation of a vascular NADH/NADPH oxidase, resulting in quenching of NO by 

reaction with superoxide. However, other studies have shown dissociation between superoxide 

production and nitrate tolerance, and have suggested that the initiating step in tolerance involves 

GTN-induced S-oxidation of multiple cysteine-containing proteins [170]. 

A hallmark of oxidative stress is lipid peroxidation, which is considered to be important 

in the pathogenesis of proliferative and neurodegenerative diseases [355,356]. Lipid peroxidation 

results in the formation of several reactive aldehydes, such as acrolein, malondialdehyde and 4-

hydroxy-2-nonenal (HNE) [175,176]. Amongst these, HNE is the one of the most abundant and 

cytotoxic aldehydes, and forms DNA and protein adducts, resulting in altered cell function. Under 

physiological conditions, the concentration of HNE can vary between 0.1 to 3 µM. However, 

under periods of oxidative stress, the concentration of HNE can reach up to 5 mM [175,176]. 
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Three detoxification pathways for HNE have been described: conjugation with glutathione by 

glutathione transferases, reduction by several aldo-keto reductases, and oxidation by ALDH2. Of 

the three, ALDH2 has the highest catalytic efficiency for HNE oxidation and is the most sensitive 

to irreversible inactivation by HNE [23]. These findings raise the possibility that ALDH2 is 

inactivated by HNE formed as a consequence of oxidative stress induced by GTN tolerance. 

Alternatively, enzyme inactivation via oxidation of critical sulfhydryl groups in the active site of 

ALDH2 by GTN [144,351] could result in impaired catabolism of HNE by ALDH2. In both 

cases, inactivation of ALDH2 could result in decreased clearance of HNE and would be expected 

to result in increased HNE protein adduct formation. If certain of these proteins are involved in 

GTN bioactivation, the consequence would be an attenuated vasodilator response to GTN. 

In the present study, we used an in vivo GTN tolerance model and a cell culture model of 

nitrate action to assess the role of HNE in the development of nitrate tolerance. More specifically, 

we determined if GTN tolerance results in increased HNE adduct formation, if HNE alters GTN-

induced cGMP formation, and if HNE alters GTN-induced vascular relaxation. 

3.2 Materials and Methods 

3.2.1 Drugs and Solutions 

Transdermal GTN patches were obtained as Transderm-Nitro (0.2mg/h) 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 minutes 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 

[357]. GTN was obtained as a solution (TRIDIL®, 5 mg/ml) in ethanol, propylene glycol and 
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water (1:1:1.33) from Sabex Inc. (Boucherville, QC, Canada). Halothane for inhalational 

anesthesia was obtained from Halocarbon Laboratories (River Edge, NJ). Chemiluminescence 

reagents were from Kirkegaard and Perry Laboratories (Gaithersburg, MA). The rabbit anti-

human ALDH2 antiserum was a gift from Dr. V. Vasiliou (University of Colorado Health 

Science Center, Denver, CO) and a rabbit polyclonal anti-4-HNE antibody (HNE11-S) was 

obtained from Alpha Diagnostics International (cat #HNE11-S; San Antonio, Tx). HNE was 

purchased from Cayman Chemicals (Ann Arbor, MI). All other chemicals were of reagent grade 

and were obtained from a variety of commercial sources. 

3.2.2 Animals 

All procedures for animal experimentation were undertaken in accordance with the 

principles and guidelines of the Canadian 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, 300–400 g, Charles River 

Laboratories, Montreal, QC, Canada) were randomly assigned into GTN-treated or sham groups 

with each group consisting of 3–4 animals. Wildtype male C57BL/6 mice (20 -30 g) were 

obtained from Jackson Laboratory, (Bar Harbor ME) and matched with respect to age to Aldh2-/- 

mice, kindly provided by Dr. T. Kawamoto (University of Occupational and Environmental 

Health, Kitakyushu, Japan). The Aldh2 null mice have a C57BL/6 background and were 

generated as previously described [358]. 

3.2.3 Cell Culture 

LLC-PK1 cells were obtained from the American Type Culture Collection (ATCC, 

Rockville, MD). The cells were inoculated at a density of 3.0 x 105 cells per well in 6-well plates 
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in 2.0 ml of Dulbecco's Modified Eagle's Medium (DMEM)/Ham’s F12 medium (1:1) 

supplemented with 10% fetal bovine serum, 5 $g/ml insulin, 2 mM glutamine, 10 mM HEPES 

(pH 6.9), 50U/ml penicillin and 50 $g/ml streptomycin, and grown at 37°C in an atmosphere of 

5% CO2 in air until confluent. In some experiments, cells were preincubated with 10 µM GTN for 

2 h prior to assessment of HNE adduct formation, in order to simulate GTN tolerance. 

3.2.4 Induction of GTN Tolerance 

GTN tolerance was induced by exposing rats or mice to a continuous source of GTN via 

the subdermal implantation of two 0.2 mg%h&1 (1/4 patch for mice) transdermal GTN patches for 

48 h as previously described [359]. Briefly, 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.) preoperatively. The site was re-opened after 24 h 

and both patches were replaced. Animals in the sham groups received identical treatments; 

however, sham (drug-free) patches were used instead. Animals were then sacrificed by 

decapitation and the aorta was removed for functional or biochemical analysis. 

3.2.5 Ex Vivo Aorta studies 

Rats were sacrificed and thoracic aorta was removed, cleaned and cut into 4 equal pieces 

and placed in 6-well plates with 2.0 ml of DMEM/Ham’s F12 medium (1:1) supplemented with 

10% fetal bovine serum, 5 $g/ml insulin, 2 mM glutamine, 10 mM HEPES (pH 6.9), 50U/ml 

penicillin and 50 $g/ml streptomycin, and incubated at 37°C in an atmosphere of 5% CO2 in air. 
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Aortic segments were allowed to equilibrate for 1 hour before exposure to vehicle (saline), GTN 

(1 $M) or HNE (10 $M) for 24 hours. 

3.2.6 Immunoblot Analysis 

Aortae were homogenized in lysis buffer (25 mM HEPES pH 7.0, 1 mM EDTA, 1 mM 

EGTA, 1% Triton X-100, 0.1% SDS, and protease inhibitors (Roche Diagnostics, Mannheim, 

Germany)) and centrifuged at 480g at 4 °C for 10 minutes. Proteins in the supernatant fraction 

were separated by SDS-PAGE on 10% gels and transferred electrophoretically to polyvinylidene 

difluoride (PVDF) membranes. Blots were probed with a rabbit polyclonal antibody to HNE or 

ALDH2, and immunoreactive bands visualized by enhanced chemiluminescence. 

Immunoreactive bands were quantified by optical densitometry using ImageJ software (version 

1.43). 

3.2.7 GTN-induced cGMP Accumulation 

cGMP measurements were performed as previously described (Section 2.2.6). 

3.2.8 Isolated Blood Vessel Relaxation Responses 

Isolated rings of aorta (2-3 mm), from rats or mice were prepared for isometric tension 

measurements and were equilibrated for 1 h in Krebs solution at an optimal resting tension of 9.8 

mN for rat aorta [93] and 5 mN for mouse aorta. Aortic rings were preincubated with HNE (1-100 

$M) for 30 mins followed by washout. The vascular preparations were subsequently contracted 

submaximally with phenylephrine (0.2–5 $M), and after the induced tone had stabilized, 

cumulative concentration-response curves were obtained for GTN (0.1 nM–30 $M) or 1,1-

diethyl-2-hydroxy-2-nitrosohydrazine (DEA/NO) (0.1 nM–10 $M). 



 

 

 

81 

3.2.9 Data Analysis 

Relaxation responses to GTN or DEA/NO were measured as the percentage decrease in 

phenylephrine-induced tone. EC50 values for relaxation were determined from the concentration-

response curves using a sigmoidal dose–response curve-fitting algorithm. Due to heterogeneity of 

variance, statistical analysis for the relaxation experiments was performed using logarithmically 

transformed data. All data are expressed as the mean ± SD and were analyzed by two-way 

analysis of variance with a Bonferroni post-hoc test or Student’s t test for unpaired data, as 

indicated. A P-value of 0.05 or less was considered statistically significant. 

3.3 Results 

3.3.1 Detection of HNE Adducts in GTN Tolerance 

The induction of GTN tolerance in PK1 cells resulted in a marked increase in HNE 

adduct formation (Figure 3-1A). We detected an increase in the number of immunoreactive bands 

as well as an increase in density of HNE bands (p<0.001). This resulted in 2.5-fold increase in 

HNE adduct formation after exposure of PK1 cells to GTN. GTN tolerance induction in rats also 

resulted in marked increases in aortic HNE adduct formation (Figure 3-1B). Similar to adduct 

formation in PK1 cells, there was a significant increase in the number of HNE adducts formed as 

well as the density of HNE adducts, resulting in a 2-fold increase compared with aortae from 

sham-treated rats. We also assessed HNE adduct formation in aortae from Aldh2-/- mice, and as 

seen in Figure 3-1C, HNE adduct formation was increased 4-fold compared to aortae from 

wildtype mice, suggesting a marked increase in oxidative stress occurs in these animals. Similar 

to the findings in GTN-tolerant PK1 cells and GTN-tolerant rat aorta, an increase in the density 

and number of HNE immunoreactive bands was observed. 
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Figure 3-1 HNE adduct formation in GTN tolerant PK1 cells and aortae from GTN-tolerant 
rats and naïve Aldh2-/- mice. 

(A) Aortae from control and GTN-tolerant rats, (B) PK1 cells exposed to 10 µM GTN for 2 hours 
and (C) aortae from wildtype and ALDH2-/- mice were homogenized and 20 $g of whole cell 
homogenates were resolved on a 10% SDS-PAGE gel, transferred to a PVDF membrane and 
probed with a rabbit polyclonal antibody to HNE. (D) Immunoreactive bands were quantitated by 
densitometry. Data are presented as the mean ± S.D. (n=4) and were analyzed by a Student’s t-
test for unpaired data * were used to indicate significant differences from control or wildtype 
(***p<0.001, **p<0.01). 
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3.3.2 GTN-induced cGMP Accumulation 

Cellular cGMP levels were measured in the presence or absence of HNE in response to 1 

$M GTN. The preincubation of PK1 cells with HNE resulted in a concentration-dependent 

decrease in GTN-induced cGMP accumulation (Figure 3-2A). A 30 minute preincubation with 10 

$M HNE resulted in a 30% decrease in the cGMP response to 1 $M GTN, whereas incubation 

with 30 $M and 100 $M HNE resulted in an over 60% and 90% reduction in GTN-induced 

cGMP formation, respectively. In order to determine if HNE impaired the cell’s ability to respond 

to NO, we used the spontaneous NO releasing compound, DEA/NO. Preincubation with various 

concentrations of HNE had no effect on the cGMP response to 10 $M DEA/NO (Figure 3-2B), 

indicating that the ability of sGC to respond to NO was unaltered by HNE exposure, and 

suggesting HNE specifically inhibits GTN bioactivation. 

3.3.3 Effect of HNE on Vascular Relaxation to GTN 

As seen in Figure 3-3A, a 30 min incubation with HNE resulted in concentration-

dependent rightward shifts in the concentration-response curve to GTN. The EC50 value for GTN-

induced relaxation of control rat aorta was 12 ± 6 nM.  A 0.1 $M HNE treatment resulted in a 

2.5-fold decrease in sensitivity to GTN with a corresponding EC50 value of 29 ± 6 nM (p<0.01). 

Similarly, preincubation with 1 $M and 10 $M HNE resulted in significant decreases in GTN 

potency and EC50 values for relaxation of 79 ± 15 nM and 190 ± 67 nM (p<0.001) respectively. 

No significant differences were observed in the maximum relaxation responses to GTN. Similar 

to the cGMP responses to DEA/NO in PK1 cells after HNE treatment, treatment of blood vessels 

with HNE did not alter the vasodilator activity of DEA/NO, indicating that the responsiveness of 

aorta to relaxation by NO was not affected by HNE treatment (Figure 3-3B).   
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Figure 3-2 Effect of HNE incubation on GTN-induced and DEA/NO-induced cGMP 
formation in PK1 cells. 

PK1 cells were incubated for 30 min with the concentrations of HNE indicated and then exposed 
to 1.0 $M GTN (A) or 10 $M DEA/NO (B) for 3 min in the presence of 0.5 mM 
isobutylmethylxanthine, after which cGMP accumulation was measured by radioimmunoassay. 
Data are presented as the mean ± S.D. (n=4) and were analyzed by a one-way ANOVA. * 
indicates significant difference from control (* p<0.05, *** p<0.001).  
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Figure 3-3 HNE exposure results in a decreased vasodilator response to GTN in rat aorta. 

Isolated aortic rings from rats were incubated with 0.1, 1 or 10 µM HNE for 30 min, followed by 
washout. Aortic rings were then contracted submaximally with 0.2 µM phenylephrine and 
cumulative concentration-response curves for (A) GTN or (B) DEA/NO were obtained. Data are 
presented as the mean ± S.D. (n=3). 

 

10 8 6 4
0

20

40

60

80

100

Control
0.1 µM HNE
1 µM HNE
10 µM HNE

-Log [GTN] (M)

%
 R

el
ax

at
io

n

8 6 49 7 5
0

25

50

75

100

Control
0.1 µM HNE
1 µM HNE
10 µM HNE

-Log [DEANO] (M)

%
 R

el
ax

at
io

n

A

B



 

 

 

86 

 Using an in vivo GTN tolerance protocol in which mice were continuously exposed to 

GTN for 48 hours, we observed a 4-fold rightward shift in the concentration-response curves for 

GTN in aortae from Aldh2-/- mice (EC50 values of 340 ± 52 nM in control vs. 1.5 ± 0.95 $M in 

tolerant (p<0.01)), and a 6-fold rightward shift in aortae from wildtype mice (EC50 values of 61 ± 

31 nM in control vs. 390 ± 52 nM in tolerant (p<0.01)) (Figure 3-4A). Pretreatment of Aldh2-/- 

mouse aorta for 30 min with 0.1 or 1 $M HNE did not significantly alter GTN-induced 

relaxation, with EC50 values of 370 ± 170 nM and 860 ± 170 nM, respectively (Figure 3-4 B). 

However, incubation with 10 $M HNE resulted in a 4-fold rightward shift in the concentration-

response curve for GTN with a corresponding EC50 value of 1.4 ± 0.7 $M (p<0.01 vs. untreated). 

This 4-fold rightward shift was similar in magnitude to the shift observed in aortae from GTN-

tolerant Aldh2-/- mice. 

3.3.4 Downregulation of ALDH2 by HNE and GTN 

To determine the effect of HNE and GTN on ALDH2 expression, we exposed rat aortic 

segments to 1 $M GTN or 10 $M HNE for 24 h and measured HNE adduct formation and 

ALDH2 expression levels by immunoblot analysis. A 24 hour incubation with either 1 $M GTN 

or 10 $M HNE resulted in about a 2-5-fold increase in HNE adduct formation (p<0.001) (Figure 

3-5B), concomitant with a 30% and 40% decrease in ALDH2 expression after incubation with 

GTN and HNE, respectively (Figure 3-5C and 5D). 
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Figure 3-4 GTN-induced tolerance in wildtype and Aldh2-/- mice, and effect of HNE on 
GTN-induced relaxation of aortae from Aldh2-/- mice. 

(A) Isolated aortic rings from GTN-tolerant wildtype or Aldh2-/- mice were contracted 
submaximally with 0.2 µM phenylephrine and cumulative concentration-response curves for 
GTN were obtained. (B) Aortae from Aldh2-/- mice were incubated with 0.1, 1 or 10 µM HNE for 
30 min followed by washout. Aortic rings were then contracted submaximally with 0.2 µM 
phenylephrine and cumulative concentration-response curves for GTN were obtained. Data are 
presented as the mean ± S.D. (n=5-8).  
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Figure 3-5 Ex vivo incubation of rat aorta with GTN or HNE results in decreased ALDH2 
expression. 

Rat aortic segments were incubated in serum-free media with GTN (1 $M) or HNE (10 $M) for 
24 hours. 30 $g of whole cell homogenates were resolved on a 10% SDS-PAGE gel, transferred 
to a PVDF membrane, probed with a rabbit polyclonal antibody to HNE (A) or ALDH2 (C) and 
immunoreactive bands for HNE (B) and ALDH2 (D) were quantitated by densitometry. Data are 
presented as the mean ± S.D. (n=4) and were analyzed by a one-way ANOVA * were used to 
indicate significant differences from control (*** p<0.001, ** p<0.01). 
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3.4 Discussion 

Our study shows that GTN-tolerant cells and blood vessels exhibit a marked increase in 

HNE adduct formation, and that blood vessels exposed to HNE exhibit a decreased vasodilator 

response to GTN, mimicking GTN tolerance. Furthermore, we detected a marked increase in 

HNE adduct formation in aortae from Aldh2-/- mice compared to wildtype mice, and observed a 

desensitized response to GTN after exposure of Aldh2-/- mouse aorta to HNE, which mimicked 

GTN tolerance in these mice. Taken together these data suggest a significant role for HNE adduct 

formation in the development of GTN tolerance. 

Clinically, the utility of GTN is limited by the onset of tolerance, which occurs after 

chronic exposure to GTN. Studies from Chapter 2 investigated the specific role of ALDH2 in 

GTN bioactivation and tolerance and found GTN bioactivation is unaltered in the presence or 

absence of ALDH2. Although these studies suggest that ALDH2 is not directly involved in GTN 

bioactivation, the desensitized GTN response in Aldh2-/- mice suggests some sort of role for 

ALDH2 in nitrate action. In an attempt to reconcile these apparently disparate findings, we 

investigated a potential link between the oxidative stress and ALDH2 inactivation hypotheses of 

tolerance by examining the role of HNE, a byproduct of oxidative stress and an inhibitor of 

ALDH2.  

We detected 2-3-fold increases in HNE adduct formation in GTN tolerant aorta and in 

tolerant PK1 cells (Figure 3-1). This finding is consistent with other studies showing the presence 

of oxidative stress during GTN tolerance. The findings of increased superoxide levels in GTN 

tolerant blood vessels [20] and evidence for peroxynitrite formation [360] led to the oxidative 

stress hypothesis of GTN tolerance (see Section 1.6.1). The formation of HNE adducts observed 

in GTN-tolerant aorta as well as those found in aortae from Aldh2-/- mice, links the presence of 
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oxidative stress with a desensitized response to GTN. Furthermore, our data show that HNE 

specifically affects the GTN bioactivation process, since the vasodilator and cGMP responses to 

the spontaneous NO donor, DEA/NO, were unaltered after exposure to HNE (Figure 3-3B).   

The presence of HNE during GTN tolerance is of interest given the complex relationship 

between ALDH2 and HNE. At low concentrations, HNE is a reversible inhibitor of ALDH2 

[23,361] and at high concentrations, it results in irreversible covalent modification of the enzyme 

[23,362]. HNE irreversibly inactivates ALDH2 through covalent modification with Cys302 at the 

active site, resulting in almost complete inhibition of enzymatic activity [363]. In simile, Chen et 

al. proposed that during the biotransformation of GTN by ALDH2, critical sulfhydryl groups at 

the active site are oxidized, inactivating the enzyme in the process [15]. Several studies have 

attempted to use reducing agents such as dihydrolipoic acid and dithiothreitol to restore ALDH2 

activity or prevent ALDH2 inactivation by GTN [88,144]. However, these agents only partially 

restored ALDH2 activity, and the authors concluded that significant irreversible inactivation of 

ALDH2 occurs during GTN tolerance. 

A number of studies have shown that ALDH2 protein levels are decreased during GTN 

tolerance [19,88,351,364]. This effect is likely due to the irreversible inactivation of ALDH2 that 

occurs during chronic GTN exposure. In the current study, we observed a similar effect with 

HNE in rat aorta; a 24-hour incubation of aorta with 10 µM HNE resulted in a 40% reduction in 

ALDH2 protein levels (Figure 3-5). Given that HNE forms covalent adducts with ALDH2 

[23,362], this likely signals the protein for proteasomal degradation, as has been found with other 

proteins that form HNE adducts [365].      

Aldh2-/- mice continuously administered GTN for 48 hours exhibited decreased 

responsiveness to GTN. The induction of GTN tolerance resulted in a 4-fold rightward shift in the 
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concentration-response curve to GTN in Aldh2-/- mice and a 6-fold rightward shift in wildtype 

mice (Figure 3-4A). The demonstration of GTN tolerance in Aldh2-/- mice observed in this study 

is significant, and provides further evidence against the ALDH2 inactivation hypothesis of GTN 

tolerance. The pretreatment of aortae from Aldh2-/- mice with 10 $M HNE resulted in a 4-fold 

rightward shift in the concentration-response curve to GTN (Figure 3-4B). The GTN tolerance 

protocol resulted in a greater shift of the concentration-response curve for GTN relaxation in 

aortae from wildtype mice than that for aortae from Aldh2-/- mice (6-fold versus 4-fold) and we 

suspect this is due to the increased presence of HNE adducts found in naïve Aldh2-/- mice.  

The observation that HNE adducts are 4-fold higher in Aldh2-/- mouse aorta compared to 

wildtype aorta (Figure 3-1), suggests that Aldh2-/- mice are under persistent oxidative stress due 

to the absence of ALDH2. This is consistent with other mouse models associating the lack of 

ALDH2 activity with increased oxidative stress and HNE formation [366,367]. We suspect this 

increase in endogenous HNE may be the basis for the desensitized GTN response in Aldh2-/- mice 

and may also be the reason we did not observe a rightward shift in the concentration-response 

curve to GTN after treatment with low concentrations of HNE (Figure 3-4B). However, treatment 

of Aldh2-/- mouse aorta with a higher HNE concentration resulted in a 4-fold rightward shift in 

the concentration-response curve to GTN, mimicking the rightward shift observed in GTN 

tolerance. These data suggest that in Aldh2-/- mice, exposure to HNE targets GTN bioactivation 

enzymes responsible for GTN-induced vasodilation, resulting in GTN tolerance. 

In summary, we have provided evidence for the role of HNE in the development of GTN 

tolerance. We detected the presence of HNE adducts in GTN tolerant aorta and in Aldh2-/- mice 

as well as demonstrated HNE-induced inhibition of GTN bioactivation through decreased GTN-

induced cGMP formation and a decreased vasodilator response to GTN. Given the evidence for 
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the lack of a direct role of ALDH2 in the bioactivation of GTN to NO bioactivity, we propose 

that inactivation of ALDH2 during GTN tolerance, either by HNE adduct formation or by a direct 

action of GTN, results in decreased HNE catabolism by ALDH2, and HNE adduct formation and 

inactivation of enzymes critical for the bioactivation of GTN. 
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Chapter 4                                                                                        

The Characterization of Aldh2-/- Mice as a Novel Model of 

Cognitive Impairment and Alzheimer’s Disease 

4.1 Introduction 

Alzheimer’s disease (AD), the most common form of dementia, is a severe and 

progressive neurodegenerative disease. AD is characterized by the presence of 3 hallmarks: 

extracellular deposition of amyloid beta (A!) plaques, hyperphosphorylated tau and 

neurodegeneration. Over the past 20 years, a large number of transgenic mouse models of AD 

have been generated based, on the overexpression of mutant human genes associated with the 

development of familial AD (fAD) (eg. the Indiana V717F and Swedish K670N/M671L 

mutations). The discovery of mutant APP processing genes has led to the development of double 

transgenic mouse models, such as the amyloid precursor protein/presenilin 1 (APP/PS1) 

transgenic mouse, and the 5xFAD mouse model, which co-expresses five fAD mutations. These 

models exhibit aggressive A! pathology, displaying increased A! deposition and plaque 

formation, as well as cognitive and behavioral deficits and generally reflect early-onset AD 

pathology. A limitation of these transgenic models is the lack of hyperphosphorylated tau and 

neurofibrillary tangle (NFT) formation, and this has led researchers to cross double transgenic 

mice with a mouse model of tauopathy to develop a triple transgenic mouse model (3xTg-AD). 

These mice exhibit increased A! deposition, NFTs and synaptic dysfunction. However a number 

of limitations of transgenic models exist, including a temporal gap between cognitive loss and 

synaptic failure, and the absence of neurodegeneration. Furthermore, the reliance on the 

overexpression of human genes linked to fAD has made these models more reflective of fAD 
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rather than sporadic AD (sAD). Thus, an alternative model of cognitive impairment and AD that 

does not rely on human genes linked to fAD would provide valuable insight into the pathogenesis 

of age-related AD. 

 A number of risk factors for the development of AD have been identified, including 

family history [214,215], stroke [219] and diabetes [220]. However, ageing is considered the 

largest risk factor for developing AD, with AD risk doubling every 5 years after age 65 [195]. 

Age-related AD risk is considered to be primarily due to an increase in oxidative stress and 

oxidative damage associated with aging, and is thought to be an initiating event in the 

development of AD [303,312]. This oxidative damage is mediated through a variety of 

mechanisms such as lipid peroxidation, nitration, adduct formation by reactive aldehydes, and 

nucleic acid oxidation. These processes are found to be increased in neurons in AD [301,302], 

and significant increases in protein oxidation [368,369], lipid peroxidation [33,185] and DNA and 

RNA oxidation [26,302,307] have been detected in AD patient’s brains. Furthermore, studies 

have shown that oxidative damage and lipid peroxidation precede the deposition of A!, NFTs and 

cognitive decline [300,303,311]. A similar observation is found in patients with mild cognitive 

impairment (MCI), an early manifestation of AD, and in individuals with Down Syndrome 

[310,311]. Transgenic mouse models of AD display similar findings: APP/PS1 mice, Tg2576 

APP mice and 3xTg-AD mice all exhibit increases in oxidative stress and lipid peroxidation prior 

to the deposition of A! and NFTs, higher basal levels of oxidative stress and decreased levels of 

antioxidants [305,306,370,371]. These findings provide strong evidence that oxidative stress is a 

major driving force in the pathogenesis of AD.  

 4-Hydroxynonenal (HNE) is an important lipid peroxidation product formed during 

periods of oxidative stress, and has been implicated in the development of AD. Increased levels 
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of both free HNE and HNE adducts have been detected in the plasma, cerebrospinal fluid, 

amygdala, hippocampus and parahippocampal gyrus of patients with AD and MCI. These 

increases in HNE adducts have also been observed in transgenic mouse models of AD, suggesting 

HNE adducts accumulate in brain regions particularly susceptible to neurodegeneration and 

contribute to the development of AD. Furthermore, HNE forms adducts with histidine residues of 

A! peptides, promoting A! crosslinking, which in turn promotes the aggregation of A! [337]. 

HNE also increases A! formation by increasing the activity and expression of !-secretase 

(BACE) and "-secretase [372–374].  

 Although a number of detoxification pathways for HNE are known, ALDH2 has been 

shown to be important in the metabolism of HNE [23,340], and the inhibition of ALDH2 

increases vulnerability to HNE-induced damage [375]. ALDH2 deficiency has been shown to 

increase risk for the development of late-onset AD [128,376]. Furthermore, mice with the 

ALDH2*2 mutation, a mutation that results in almost complete loss of ALDH2 activity, exhibit 

increases in HNE formation associated with age-dependent neurodegeneration and memory loss 

[377]. These data taken together suggest ALDH2 plays an important role in the detoxification of 

HNE and that inhibition of ALDH2 may contribute to increased HNE and oxidative stress leading 

to neurodegeneration and cognitive impairment.  

 In this study, we investigated Aldh2-/- mice as a potential model of age-related cognitive 

impairment and AD. These mice exhibit elevated levels of HNE adducts, age-dependent increases 

in A! and hyperphosphorylated tau protein, markers of apoptosis, and age-dependent increases in 

synaptic loss.  
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4.2 Materials and Methods 

4.2.1 Generation of Aldh2-/- Mice 

All procedures for animal experimentation were undertaken in accordance with the 

principles and guidelines of the Canadian 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. The Aldh2 null mice have a C57BL/6 background 

(backcrossed with Aldh2-/- mice for more than 10 generations) and were generated by gene 

targeting knockout as previously described [358] and kindly provided by Dr. T. Kawamoto 

(University of Occupational and Environmental Health, Kitakyushu, Japan). Wildtype male 

C57BL/6 mice (20 -30 g) were obtained from Jackson Laboratory, (Bar Harbor ME).  

4.2.2 Immunoblot Analysis 

Mouse hippocampi were isolated and homogenized in lysis buffer (25 mM HEPES pH 

7.0, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 0.1% SDS, protease inhibitors and 

phosphatase inhibitors (Roche Diagnostics, Mannheim, Germany)) and centrifuged at 10000g for 

10 minutes. Proteins in the supernatant fraction were separated by SDS-PAGE on 10-15% gels 

(depending on protein of interest) and transferred electrophoretically to PVDF membranes. Blots 

were probed with primary antibody followed by secondary antibody, and immunoreactive bands 

were visualized by enhanced chemiluminescence. Immunoreactive bands were quantified by 

optical densitometry using ImageJ software (version 1.43). The following antibodies were used: 

rabbit polyclonal antibody to human A!1-42 (W0-2, Millipore), rabbit polyclonal antibody to APP 

A4 (MAB348SP, Millipore), rabbit polyclonal antibody to 4-hydroxynonenal (HNE11-S, Alpha 

Diagnostics International), mouse monoclonal antibody to phosphorylated PHF-tau (AT8, Pierce 
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Thermo Scientific), rabbit polyclonal antibody to caspase-3 (ab90437, Abcam), rabbit polyclonal 

antibody to caspase-6 (ab52295, Abcam), mouse monoclonal antibody to PSD-95 (Pierce Thermo 

Scientific), mouse monoclonal antibody to Total tau (ab64193, Abcam), rabbit polyclonal 

antibody to phospho-CREB (06-519, Upstate Biotechnology). 

4.2.3 Cerebral Microvessel Isolation 

Mouse brain microvessels were prepared using a modified mechanical dispersion and 

filtration technique as previously described [378]. Briefly, wildtype or Aldh2-/- mice were 

euthanized by CO2 inhalation followed by decapitation. Brains were removed, cleaned and 

carefully homogenized by hand using a Dounce homogenizer in a 5-fold excess volume of 

phosphate-buffered saline with protease and phosphatase inhibitors (Roche Diagnostics, 

Mannheim, Germany). Dextran was added to a final concentration of 15% and the homogenate 

was centrifuged (6200g for 30 minutes at 4 °C). The pellet was resuspended in PBS and passed 

through a 40 µm mesh filter to capture microvessels. The presence of microvessels was 

confirmed by light microscopy. The microvessels were then homogenized in lysis buffer [25 mM 

HEPES pH 7.0, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 0.1% SDS, protease inhibitors 

and phosphatase inhibitors (Roche Diagnostics, Mannheim, Germany)] and used for immunoblot 

analysis. 

4.2.4 Isolated Blood Vessel Relaxation Responses 

Isolated rings of aorta (2-3 mm), from mice were prepared for isometric tension 

measurements and were equilibrated for 1 h in Krebs solution at an optimal resting tension of 5 

mN. Aortic rings were contracted submaximally with phenylephrine (0.2–5 $M), and after the 
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induced tone had stabilized, cumulative concentration-response curves were obtained for 

acetylcholine (ACh) (1 nM–10 $M). 

4.2.5 Data Analysis 

Relaxation responses to ACh were measured as the percentage decrease in 

phenylephrine-induced tone. EC50 values for relaxation were determined from the concentration-

response curves using a sigmoidal dose–response curve-fitting algorithm. Due to heterogeneity of 

variance, statistical analysis for the relaxation experiments was performed using logarithmically 

transformed data. All data are expressed as the mean ± SD and were analyzed by two-way 

analysis of variance and/or a Student’s t test for unpaired data, as indicated. A P-value of 0.05 or 

less was considered statistically significant. 

4.3 Results 

4.3.1 Detection of HNE Adducts in Aldh2-/- Mice 

We used dot-blot analysis in order to quantify the relative increases in HNE adduct 

formation. A marked increase in HNE adduct formation was observed in Aldh2-/- mice compared 

to wildtype mice at 3, 9 and 12 months of age (p<0.001) (Figure 4-1). A 3-fold increase in HNE 

adduct formation was observed in Aldh2-/- mice at 3 months of age, whereas only a 2-fold 

increase was observed at 9 and 12 months of age. The increase in HNE adduct formation in 3 

month old Aldh2-/- mice was significantly elevated compared to 9 month and 12 month Aldh2-/- 

mice (p<0.01 and p<0.001). We also performed SDS-PAGE immunoblot analysis in order to 

determine the extent of HNE adduct formation in Aldh2-/- and wildtype mice. This revealed 

marked increases in the density as well as number of HNE adduct-positive bands, indicating a  

  



 

 

 

99 

 

 
 

Figure 4-1 Dot-blot analysis of HNE adduct formation in hippocampi from Aldh2-/- mice. 

10 µg of whole cell homogenate protein from 3, 9 or 12 month old male wildtype and Aldh2-/- 
mice was spotted onto a PVDF membrane and allowed to air dry at room temperature for 1-2 
hours. The PVDF membrane was washed and blocked overnight, and then probed with a rabbit 
polyclonal antibody to HNE (HNE11-S, Alpha Diagnostics) (A). Immunoreactive bands were 
quantitated by densitometry (B). Data are presented as the mean ± S.D. (n=3) and analyzed by a 
two-way ANOVA and Student’s t-test for unpaired data. * were used to indicate significant 
differences from wildtype (***p<0.001) ' were used to indicate significant differences between 
age groups (((p<0.01, (((p<0.001).  
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significant increase in the number of proteins adducted to HNE in Aldh2-/- mice as well as 

elevated levels of oxidative stress (Figure 4-2). 

4.3.2 A! and Hyperphosphorylated Tau Formation in Aldh2-/- Mouse Hippocampus 

The W0-2 antibody directed against A!1-42 was used to measure A! expression in Aldh2-/- 

mice. No significant difference was observed in 3-month Aldh2-/- mice compared to wildtype 

mice. However, a 5-fold and 4-fold increase in A!1-42 expression was observed in 9 and 12 month 

Aldh2-/- mice, respectively, compared to wildtype (Figure 4-3). An age-dependent increase in A! 

formation was also observed in Aldh2-/- mice (p<0.001). In Aldh2-/- mice, a 4.5-fold and 7-fold 

increase in A! was observed in 9 and 12-month old mice compared to 3-month old mice, whereas 

no significant differences were observed in A! expression in wildtype mice. Furthermore, no 

significant differences were observed in total APP expression (Figure 4-4), suggesting alterations 

in APP processing may be responsible for the increased A!1-42 expression.  

 Similar to A! expression, no significant differences were observed in 

hyperphosphorylated tau expression in Aldh2-/- mice at 3-months of age. A 2.5-fold increase in 

hyperphosphorylated tau was observed in Aldh2-/- mice at 9 months of age compared to wildtype 

(Figure 4-5). We also measured total tau expression and found no significant differences in tau 

expression in 3- and 9-month Aldh2-/- mice compared to wildtype, suggesting that the increased 

hyperphosphorylated tau expression observed in Aldh2-/- mice is not due to increased tau 

expression but rather, is due to altered kinase and/or phosphatase activity. 
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Figure 4-2 Increased HNE adduct formation in hippocampi from Aldh2-/- mice. 

Hippocampi from 9 month old male wild type and Aldh2-/- mice were excised and homogenized. 
Proteins (30 $g) from the 10,000g supernatant fraction were resolved on a 10% SDS-PAGE gel 
under non-reducing conditions, transferred to a PVDF membrane, and probed with a rabbit 
polyclonal antibody to HNE (HNE11-S, Alpha Diagnostics). Immunoreactive bands were 
quantitated by densitometry. Data are presented as the mean ± S.D. (n=3-4) and were analyzed by 
a Student’s t-test for unpaired data. * were used to indicate significant differences from wild type 
(***p<0.001).  
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Figure 4-3 Age-related increase in A! formation in hippocampi from Aldh2-/- mice. 

(A). Sample immunoblot from 9 month wild type and Aldh2-/- mice probed with a rabbit 
polyclonal antibody to human A!1-42 (4KDa) (W0-2, Millipore).  (B). Hippocampal homogenates 
(30 $g protein) from 3, 9 or 12 month wildtype or Aldh2-/- mice were resolved on a 15% SDS-
PAGE gel, transferred to a PVDF membrane, and probed with a rabbit polyclonal antibody to 
human A!1-42 (4KDa) (W0-2, Millipore) and immunoreactive bands were quantitated by 
densitometry. Data are presented as the mean ± S.D. (n=4) and were analyzed by a two-way 
ANOVA and Student’s t-test for unpaired data. * were used to indicate significant differences 
from wildtype (***p<0.001), ' were used to indicate significant differences between ages 
((((p<0.001).   
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Figure 4-4 Total APP expression in hippocampi from wildtype and Aldh2-/- mice. 

Hippocampal homogenates (30 $g protein) from 9 month old male wild type and Aldh2-/- mice 
were resolved on a 10% SDS-PAGE gel, transferred to a PVDF membrane, probed with a rabbit 
polyclonal antibody to APP A4 (MAB348SP, Millipore), and immunoreactive bands quantitated 
by densitometry. Data are presented as the mean ± S.D. (n=4) and were analyzed by a Student’s t-
test for unpaired data.  
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Figure 4-5 Increased hyperphosphorylated tau formation in hippocampi from Aldh2-/- mice.  

Hippocampal homogenates (30 $g protein) from 9 month old male wild type and Aldh2-/- mice 
were resolved on a 10% SDS-PAGE gel, transferred to a PVDF membrane, probed with a mouse 
monoclonal antibody to phospho-PHF-tau (AT8, pSer202/pThr205, Pierce Thermo), and 
immunoreactive bands quantitated by densitometry. Data are presented as the mean ± S.D. (n=4) 
and were analyzed by a Student’s t-test for unpaired data. * were used to indicate significant 
differences from wild type (***p<0.001). 
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4.3.3 Apoptotic Markers in Aldh2-/- Mice 

Changes in the levels of activated Caspase-3 (CASP3) and Caspase-6 (CASP6) were used 

as indices of apoptosis. No significant differences were observed in the procaspase forms of 

CASP3 (Figure 4-6) or CASP6 (Figure 4-7) at 9-months of age. Although an increase in pro-

CASP6 and pro-CASP3 expression was observed, this increase was not significant. No 

significant differences were observed in the expression of CASP3 and CASP6 in 3-month Aldh2-

/- and wildtype mice (data not shown). In 9 month old Aldh2-/- animals, however, there was a 2.5-

fold increase in cleaved CASP3 (activated CASP3)  (Figure 4-6, p<0.001), and an 8-fold increase 

in activated CASP6  (Figure 4-7, p<0.01). Thus, a marked increase in CASP3 and CASP6 

activation was observed in 9-month Aldh2-/- mice. 

4.3.4 Assessment of Neurodegeneration in Aldh2-/- Mice 

The loss of synapses and synaptic proteins is a key pathological hallmark of AD. As an 

index of synaptic loss in the hippocampus, changes in the postsynaptic density protein, PSD95, 

were assessed. An age-dependent decrease in PSD95 was observed in Aldh2-/- mice as well as in 

wildtype mice (Figure 4-8). The decrease in PSD95 in wildtype mice is similar to findings from 

other studies [379–381]. However, in comparison to wildtype mice, a marked decrease in PSD95 

was observed in Aldh2-/- mice; in 3-month old mice, PSD95 was 3-fold lower (p<0.001) and in 9-

month mice, PSD95 was almost 5-fold lower (p<0.001), indicating significant synaptic loss 

occurred in Aldh2-/- mice. Furthermore, a 3- and 7-fold decrease in PSD95 was observed in 9 and 

12-month Aldh2-/- mice, respectively, compared to 3 month old animals, indicating synaptic loss 

in Aldh2 null mice occurred in an age-dependent manner.  
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Figure 4-6 Increase in activated (cleaved) caspase 3 in hippocampi from Aldh2-/- mice. 

Hippocampal homogenates (30 $g protein) from 9 month old male wildtype and Aldh2-/- mice 
were resolved on a 10% SDS-PAGE gel, transferred to a PVDF membrane, probed with a rabbit 
polyclonal antibody to intact and cleaved caspase-3 (ab90437, Abcam), and immunoreactive 
bands quantitated by densitometry. Data are presented as the mean ± S.D. (n=4) and were 
analyzed by a Student’s t-test for unpaired data. * were used to indicated significant differences 
from wildtype. (***p <0.001).  
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Figure 4-7 Increase in activated (cleaved) caspase 6 in hippocampi from Aldh2-/- mice. 

Hippocampal homogenates (30 $g protein) from 9 month old male wildtype and Aldh2-/- mice 
were resolved on a 10% SDS-PAGE gel, transferred to a PVDF membrane, probed with a rabbit 
polyclonal antibody to intact and cleaved caspase-6 (ab52295, Abcam) and immunoreactive 
bands quantitated by densitometry. Data are presented as the mean ± S.D. (n=4) and were 
analyzed by a Student’s t-test for unpaired data. * were used to indicate significant difference 
from wild type (**p<0.01).   
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Figure 4-8 Age-related decreases in PSD95 in hippocampi from Aldh2-/- mice. 

Hippocampal homogenates (30 $g protein) from 3, 9 or12 month old male wildtype and Aldh2-/- 
mice, were resolved on a 10% SDS-PAGE gel, transferred to a PVDF membrane, probed with a 
mouse monoclonal antibody to PSD95 (7E3-1B8, Pierce) and immunoreactive bands were 
quantitated by densitometry. Data are presented as the mean ± S.D. (n=3) and were analyzed by a 
two-way ANOVA and Student’s t-test for unpaired data. There was a significant group effect 
(wildtype vs Aldh2-/-), and significant differences in PSD95 levels in Aldh2-/- mice of different 
ages. * were used to indicate significant difference from age-matched wild type (***p<0.001).  
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Previous studies have indicated that cyclic AMP response element binding protein 

(CREB), a constitutively expressed nuclear transcription factor, is down-regulated in AD and in 

transgenic mouse models of AD. An age-dependent decrease in phosphorylated-CREB (pCREB), 

the active form of CREB associated with memory and neuronal survival, was observed in Aldh2-/- 

mice (Figure 4-9). No significant difference in pCREB was observed in wildtype mice at 3 or 9-

months of age. In comparison to wildtype mice, Aldh2-/-mice displayed a 2 and 3-fold decrease in 

pCREB expression at 3 and 9-months of age (p<0.01 and p<0.001). Furthermore, in comparison 

to 3-month Aldh2-/- mice, pCREB expression was 1.5-fold and 18-fold lower in 9 and 12-month 

Aldh2-/- mice (p<0.001). 

4.3.5 Assessment of Vascular Pathology in Aldh2-/- Mice 

In addition to measurements of brain-related pathology, we assessed vascular pathology 

in 9-month Aldh2-/- mice in order to determine if increased oxidative stress was present in 

cerebral microvessels (CMV). A 4-fold increase in HNE adduct formation was observed in the 

CMVs of Aldh2-/- mice compared to wildtype, indicating that Aldh2-/- mice experienced 

significantly elevated levels of vascular oxidative stress in their cerebral blood vessels (Figure 

4-10). Increased oxidative stress in cerebral blood vessels is associated with the increased 

deposition of vascular A! and is indicative of cerebral amyloid angiopathy (CAA) [382,383].  

There was an almost 5.5-fold increase in A! in the CMV of Aldh2-/- mice compared to wildtype 

(p<0.001) (Figure 4-11) indicating the presence of CAA. As seen in Figure 4-12, a marked 

decrease in acetylcholine (ACh) responsiveness was observed in Aldh2-/- mice. A significant 

increase in the EC50 value for ACh-induced relaxation of aorta was observed resulting in a 2.5-

fold rightward shift in the concentration-response curve (p<0.01) (Wildtype: 43.0 ± 19.8 nM vs  
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Figure 4-9 Age-related decrease in basal phosphoCREB in hippocampi from Aldh2-/- mice. 

Hippocampal homogenates (50 $g protein) from 3, 9 or 12 month old male wildtype or Aldh2-/- 
mice were resolved on a 10% SDS-PAGE gel, transferred to a PVDF membrane, probed with a 
rabbit polyclonal antibody to phosphoCREB (06-519, Upstate). Immunoreactive bands were 
quantitated by densitometry. Data are presented as the mean ± S.D. (n=3) and were analyzed by 
two-way ANOVA and Student’s t-test for unpaired data. There was a significant group effect 
(wildtype vs. Aldh2-/-), and significant differences in pCREB levels in Aldh2-/- mice of different 
ages. * were used to indicated significant differences from age-matched wildtype (**p<0.01, 
***p<0.001).  
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Figure 4-10 Dot-blot analysis showing increased HNE adduct formation in cerebral 
microvessels from Aldh2-/- mice. 

10 µg of whole cell homogenate protein from 9 month old male wildtype and Aldh2-/- mice was 
spotted onto a PVDF membrane and allowed to air dry at room temperature for 1-2 hours. The 
PVDF membrane was then washed and blocked overnight with 4% nonfat milk at 4 °C and then 
probed with a rabbit polyclonal antibody to HNE (HNE11-S, Alpha Diagnostics). 
Immunoreactive bands were quantitated by densitometry. Data are presented as the mean ± S.D. 
(n=3) and were analyzed by a Student’s t-test for unpaired data. * was used to indicate significant 
difference from wildtype (***p<0.001).  
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Figure 4-11 Increased A! deposition in cerebral microvessels from Aldh2-/- mice. 

Cerebral microvessel homogenates (50 $g protein) from 9 month old male mice were added to 
Laemmli buffer containing 8 M urea, incubated at room temperature for 30 minutes, resolved on 
a 15% SDS-PAGE gel, transferred to a PVDF membrane, and probed with a rabbit polyclonal 
antibody to human A!1-42 (4KDa) (W0-2, Millipore). Immunoreactive bands were quantitated by 
densitometry. Data are presented as the mean ± S.D. (n=4) and were analyzed by Student’s t-test 
for unpaired data. * were used to indicated significant differences from wildtype (***p<0.001). 
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Figure 4-12 Endothelial dysfunction in aortae from Aldh2-/- mice. 

Endothelium-intact isolated aortic ring preparations from 7-8 month old male wildtype or Aldh2-/- 
mice were prepared for isometric tension measurements, precontracted with 0.3 $M 
phenylephrine, and cumulative concentration-response curves for acetylcholine (ACh) obtained. 
Data are presented as the mean ± S.D. (n=6), and EC50 and maximum relaxation response were 
analyzed by Student’s t-test for unpaired data. 
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Aldh2-/-: 106 ± 36.1 nM). Furthermore, a significant decrease in the maximum relaxation 

response of aorta to ACh was observed in Aldh2-/- mice (Wildtype: 84.3 ± 3.4 % vs Aldh2-/-: 65.2 

± 3.2 %, p<0.0001). 

4.4 Discussion 

In the present study, we report that the genetic knockout of the ALDH2 in C57BL/6 mice 

results in a marked increase in oxidative stress and HNE adduct formation. This increase in 

oxidative stress was accompanied by age-dependent increases in A!1-42 expression and 

hyperphosphorylated tau, increases in activated CASP3 and CASP6, down-regulation of pCREB, 

and synaptic loss. Furthermore, we found vascular alterations such as endothelial dysfunction, 

and increases in HNE adduct formation and increased A! deposition in the CMV of these mice, 

suggesting the presence of CAA.  

The brain is very prone to oxidative damage and lipid peroxidation due to the high 

metabolic oxidative rate and relative paucity of antioxidant systems (see Section 1.7.11). We saw 

marked increases in HNE adduct formation in Aldh2-/- mouse hippocampus as early as 3-months 

of age, and the data suggest that HNE-induced oxidative damage is the driving force behind the 

AD-like pathology in these mice. The use of a specific HNE scavenger may confirm this 

hypothesis and validate Aldh2-/- mice as an oxidative stress-based model of cognitive impairment 

and AD.  A large number of studies support the formation of HNE as an early event in the 

pathogenesis of AD [31,33,34,36,185]. Studies investigating the expression and activity of the 4 

major aldo-keto oxidoreductases responsible for HNE metabolism in the brain, found that only 

ALDH2 expression and activity are increased in AD brains [340,384]. This up-regulation of 

ALDH2 in the cerebral cortex and hippocampus of AD patients suggests high concentrations of 
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this enzyme are needed to cope with the marked increases in lipid peroxidation and free HNE. 

Thus, the up-regulation of ALDH2 is a protective counter-response to elevated lipid peroxidation 

and reactive aldehydes species formed during AD pathogenesis, and contrasts with the decreased 

GST activity and reduced levels of other antioxidant enzymes observed in AD brains [305]. 

Although ALDH2 is expressed in a variety of regions in the brain such as the frontal and 

temporal cortex, putamen, and basal ganglia [385], the expression and activity of ALDH2 is 

highest in the hippocampus and the frontal cortex, suggesting that the expression of ALDH2 

serves to limit oxidative damage in these areas [386,387]. Thus, in Aldh2-/- mice, the genetic 

deletion of ALDH2 increases vulnerability to oxidative stress in these brain areas and has a 

negative impact on synapse formation, and results in an AD-like pathology. 

An interesting observation in this study was the age-dependent decrease in HNE-adduct 

formation in Aldh2-/- mice (Figure 4-1). This could be due to the increased A! expression 

observed in aged Aldh2-/- mice, since studies have shown that A! acts as an antioxidant and 

exhibits potent superoxide dismutase activity [388]. Furthermore, correlations between A! 

expression and reduction in oxidative stress are observed in AD patients and individuals with 

Down Syndrome [303,311]. Thus the increased A! deposition in aged Aldh2-/- mice could serve 

to limit oxidative stress and HNE adduct formation in the mouse hippocampus  

A number of cross-sectional studies have examined the association of AD risk for 

individuals possessing the Glu504Lys loss of function mutation of ALDH2, with inconsistent 

findings [127,128,376,389,390]. However a meta-analysis of these studies did find males with 

this polymorphism had an increased risk for AD [128]. Furthermore, a number of studies have 

associated the inactivation of ALDH2 with increased oxidative stress and HNE formation 

[375,377,391,392]. These data suggest that ALDH2 plays a major role in the detoxification of 
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HNE in the brain, and that the accumulation of HNE in brain may result in neuronal loss and AD-

like pathology.  

 Currently, two major theories have been proposed for the pathogenesis of AD: the 

“amyloid cascade hypothesis” suggests that the overproduction of A! results in the formation of 

A! plaques, increases the phosphorylation of tau leading to NFT formation, triggers memory 

impairment and synaptic loss through the production of soluble A! and leads to apoptosis, 

inflammation and oxidative stress [393]. Alternatively, the “oxidative stress hypothesis” suggests 

that oxidative stress increases the formation of A! through the increased expression of APP or 

through increased activity/expression of APP processing enzymes such as BACE and "-secretase. 

The formation of A! induces further oxidative stress and lipid peroxidation [394–396] as well as 

promotes the hyperphosphorylation of tau and NFTs leading to neuronal degeneration and cell 

death [312]. The amyloid beta hypothesis has been well established and numerous transgenic 

mouse models have been developed in order to investigate this hypothesis. To date, an oxidative 

stress-based model of AD has not been established, and this has limited the investigation of the 

role of oxidative stress in AD. The data in this study indicate that Aldh2-/- mice are a suitable 

model to investigate the oxidative stress hypothesis of AD.  

A marked increase in A!1-42 expression was observed in 9-month Aldh2-/- mice (Figure 

4-3), whereas no significant differences in APP expression were observed between Aldh2-/- and 

wildtype mice, indicating that the increased A!1-42 formation is likely due to altered APP 

processing rather than a result of increased APP expression. HNE has been shown to alter a 

number of APP processing pathways in AD; HNE increases the expression and activity of BACE 

and "-secretase resulting in increased A! production [372–374]. HNE also forms adducts with 

neprilysin, one of the principal amyloid-degrading enzymes in the brain, resulting in decreased 
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enzymatic activity and A! turnover [397,398]. Thus it seems likely that the increases in HNE 

formation, as a consequence of the genetic deletion of ALDH2, alters these processes, resulting in 

the increased deposition of A!1-42. Age-dependent increases in hyperphosphorylated tau were also 

observed in Aldh2-/- mice. This increase in hyperphosphorylated tau was detected using the AT8 

antibody, which has been shown to correlate with the severity of AD [279]. This pathological 

hallmark of AD is seldom found in transgenic models of AD, and its presence in Aldh2-/- mice 

suggests increased HNE rather than A! may be responsible for tau pathology in AD.  

In AD, activation of apoptotic pathways through caspase-mediated cell death plays a 

major role in neurodegeneration, and may contribute to the underlying pathology associated with 

AD. Caspases are a class of proteases usually thought of in the context of their role in cell 

differentiation and cell death. However, they also are involved in non-apoptotic processes such as 

modulating neuronal connectivity, synaptic plasticity and long-term memory [399–401]. 

Recently, there has been a focus on CASP3 and CASP6 and the role these enzymes play in 

modulating brain function, as well as their contribution to AD pathology [402,403]. Interestingly, 

studies suggest soluble amyloid beta is the most toxic form of amyloid beta [264,404], and can 

induce global rather than local activation of CASP3 and CASP6 in neurons [405]. Given the 

results of these studies as well as the prominent links to AD pathology, we measured CASP3 and 

CASP6 expression (both proenzyme and activated forms) and found marked increases in 

activated CASP3 and CASP6 (Figure 4-6 and Figure 4-7). Of note, a recent study identified a 

novel mechanism whereby soluble amyloid beta-induced CASP3 activation leads to the 

downregulation of PSD95 and synaptophysin, resulting in synaptic dysfunction [406]. The data 

obtained to date are consistent with this mechanism contributing to the AD-like pathology in 

Aldh2-/- mice.   
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The loss of synapses is a highly relevant correlate of cognitive deficits in AD, occurring 

early in AD pathogenesis and prior to neuronal death or the formation of plaques and NFTs [407]. 

As an index of neurodegeneration and synaptic loss, we assessed hippocampal levels of PSD95; a 

major scaffolding molecule localized at the post-synaptic density of excitatory glutamatergic 

synapses. An age-dependent decrease in PSD95 was observed in Aldh2-/- mice, as well as 

significantly lower expression compared to age-matched wildtype mice (Figure 4-8). The reduced 

PSD95 level observed in 3-month Aldh2-/- mice suggests that hippocampal synaptic loss is an 

early event that occurs in these mice. As a measure of memory formation and neuronal plasticity, 

we measured pCREB expression in Aldh2-/- mice. The activation of CREB by phosphorylation is 

necessary for memory formation and synaptic strengthening [185], and mediates LTP by 

modulating genes involved in synaptic formation, neurogenesis and neuronal plasticity [408].  

Marked decreases in basal pCREB levels in the hippocampus of Aldh2-/- mice were observed as 

early as 3-months (Figure 4-9), and these changes are similar to changes observed in the 

hippocampus of AD brains [409]. Taken together, these data suggest significant 

neurodegeneration and synaptic loss occurs in Aldh2-/- mice.  

 In addition to the characterization of AD-like pathology in the brains of Aldh2-/- mice, we 

examined vascular alterations in CMV of these mice. A 4-fold increase in HNE adducts as well as 

a 5.5-fold increase in A!1-42 were found in 9-month Aldh2-/- mouse CMV compared to wildtype 

(Figure 4-10 and Figure 4-11). Cerebral amyloid angiopathy (CAA) is characterized by the 

accumulation of A! in CMV. It is a common pathological feature in AD occurring in 60-90% of 

AD patients [410,411], and also occurs in a number of transgenic animal models [412]. The 

presence of CAA significantly worsens cognitive performance in the early stages of AD [413]. 

The increased A! deposition in CAA is thought to be due to decreased enzymatic clearance of A! 
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by neprilysin, and altered A! transport by LDL receptor-related protein 1 (LRP1) and studies 

have shown significant increases in HNE adducts of neprilysin and LRP1 in AD brains [398,414],  

and this may be the basis for the observed CAA in Aldh2-/- mice. In addition to the pathological 

changes in the CMV of Aldh2-/- mice, endothelial dysfunction was observed in aortic 

preparations, as indicated by the reduced relaxation response to ACh (Figure 4-12). Endothelial 

dysfunction has been reported in AD patients, and the degree of endothelial dysfunction 

correlates with AD severity [415]. Together, these data indicate the presence of CAA in Aldh2-/- 

mice and suggest that Aldh2-/- mice may be useful in assessing the contribution to AD of changes 

in the cerebral vasculature. 

 In conclusion, Aldh2-/- mice represent a novel, oxidative stress-based model of age-

related cognitive impairment and AD, based on increased HNE formation due to the genetic 

deletion of ALDH2. These mice exhibit age-dependent synaptic loss, neurodegeneration, 

increased A! deposition, hyperphosphorylated tau, activated CASP3 and CASP6, and exhibit 

CAA. 
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Chapter 5                                                                                    

General Discussion 

Organic nitrates such as nitroglycerin (GTN) have been used for over a century in the 

treatment of cardiovascular diseases such as angina pectoris, myocardial ischemia and congestive 

heart failure [416]. Despite the extensive use of GTN clinically, the primary enzymes responsible 

for the bioactivation of GTN and the liberation of NO from this molecule have not been 

identified. Currently three main hypotheses have been proposed to explain nitrate tolerance: the 

sulfhydryl hypothesis [81], the oxidative stress hypothesis [20] and the  ALDH2 inactivation 

hypothesis [15].  

 In 2002, Chen et al. proposed the ALDH2 hypothesis of GTN tolerance based on the 

findings that ALDH2 mediates GTN biotransformation, ALDH activity is decreased in GTN 

tolerant aorta, and inhibitors of ALDH inhibit GTN-induced cGMP formation and vasorelaxation 

[15]. These findings were further supported by the use of Aldh2-/- mice, which exhibit a decreased 

vasodilator and blood pressure response to GTN [17]. These studies led to the hypothesis that 

ALDH2 is a major GTN bioactivating enzyme and that the inactivation of ALDH2 is the sole 

basis of GTN tolerance [17]. However, numerous studies involving the use of cell culture, animal 

models and human studies have questioned this hypothesis [19,94,157,159,417]. A primary 

concern with the findings in studies supporting or challenging the ALDH2 hypothesis is the use 

of non-specific inhibitors such as acetaldehyde, chloral hydrate, cyanamide and daidzin. Although 

these compounds all inhibit ALDH2 by targeting cysteine groups at the active site, they all 

exhibit non-specific effects, such as thiol-depletion, and inhibit other GTN metabolizing enzymes 

such as glutathione-S-transferases and cytochromes P450. Even daidzin, the isoflavone 
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considered to be a specific ALDH2 inhibitor, has been shown to cause a 50-70% relaxation of 

phenylephrine-contracted tissues, an effect that is completely blocked by pretreatment with the 

NO synthase inhibitor L-NAME [19]. This is not unexpected, given that isoflavones such as 

daidzin and genestin were first characterized as phytoestrogens and mimic the actions of 

raloxifene and other selective estrogen receptor modulators by inducing vascular relaxation via 

nongenomic, estrogen receptor-dependent activation of NO synthase and increased NO.  

 The work in this thesis investigated the role of ALDH2 in GTN bioactivation and 

tolerance. This work challenges the ALDH2 inactivation hypothesis of GTN tolerance and aimed 

to dissect the role of ALDH2 in nitrate action. Results from studies contained in this thesis have 

provided valuable insight into the mechanism of GTN tolerance and shed light on the role of 

ALDH2 in this process. Furthermore, these novel findings support a new hypothesis of GTN 

tolerance, unifying the ALDH2 and oxidative stress hypotheses in the process.  

As mentioned above, the role of ALDH2 in GTN tolerance is controversial due to the 

reliance of findings based on the use of non-specific inhibitors. In order to better define the role 

of ALDH2 in GTN action, we developed a stably transfected cell line that overexpresses ALDH2, 

and utilized small-interfering RNA (siRNA) to knockdown the expression of endogenous 

ALDH2 (Chapter 2).  Using these models, we were able to determine the specific role of 

ALDH2 in GTN biotransformation and GTN-induced cGMP formation. LLC-PK1 cells were 

chosen because they are one of the few cell lines that maintain an intact NO-sGC-cGMP 

signaling system when cultured. The overexpression of ALDH2 resulted in an approximate 7-fold 

increase in ALDH2 activity and a 3-fold increase in GTN biotransformation. However, despite 

this marked increase in ALDH2 activity and ALDH2-induced GTN biotransformation, the cGMP 

response to GTN in these cells remained unchanged. Furthermore, the development of GTN 
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tolerance in these cells reduced ALDH2 activity and ALDH2-induced GTN biotransformation to 

levels similar to those observed in untreated wildtype cells. Despite this, GTN-induced cGMP 

formation in tolerant PK1ALDH2 was significantly lower than that in untreated wildtype or PK1vector 

cells. Furthermore, the use of siRNA to knockdown ALDH2 did not alter GTN-induced cGMP 

formation, nor did this treatment have an impact on the development of tolerance. The induction 

of GTN tolerance, while maintaining ALDH2 activity at levels similar to untreated wildtype cells, 

indicates that ALDH2 has no role in the development of GTN tolerance. These findings are 

supported by other studies using the small molecule ALDH2 activator Alda-1; the use of Alda-1 

significantly increased ALDH2 activity (approximately 5-fold) with no differences in the cGMP 

response to GTN [418]. Furthermore, co-administration of Alda-1 with GTN preserved ALDH2 

activity but did not prevent GTN tolerance [419]. Taken together, these findings, along with the 

findings in Chapter 2, indicate that ALDH2 has no direct role in GTN bioactivation and 

tolerance, and that ALDH2-mediated biotransformation is not associated with the mechanism-

based biotransformation of GTN.  

 Despite the lack of evidence for a direct role of ALDH2, there does appear to be an 

association between ALDH2 activity and nitrate action, since studies have observed decreases in 

ALDH2 activity and expression in GTN tolerant tissues, and Aldh2-/- mice exhibit desensitized 

responses to GTN. In Chapter 3, this association was explored by investigating the role of HNE 

in GTN bioactivation and tolerance, and the data obtained suggest a model of GTN action that 

combines elements of both the ALDH2 and oxidative stress hypotheses of tolerance. The findings 

from these studies show that GTN tolerance is associated with a marked increase in HNE-adduct 

formation, that PK1 cells exposed to HNE exhibit a desensitized cGMP response to GTN, and 

that blood vessels exposed to HNE exhibit a decreased vasodilator response to GTN that mimics 
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GTN tolerance. Furthermore, there was a marked increase in HNE adduct formation in aortae 

from Aldh2-/- mice compared to wildtype, and a desensitized vasodilator response to GTN after 

exposure of Aldh2-/- mouse aorta to HNE, which again mimicked GTN tolerance. These results 

suggest a significant role for HNE adduct formation in the development of GTN tolerance. This is 

the first study demonstrating increased HNE adduct formation in GTN tolerance, and inhibition 

of GTN bioactivation by HNE (as evidenced by decreased GTN-induced cGMP formation and 

decreased vasodilator responses to GTN).  

The presence of HNE adducts in GTN tolerance is of interest given the toxic effects of 

HNE in the vasculature.  Increased levels of HNE have been implicated in the development of 

insulin resistance, obesity and metabolic syndrome [420,421], atherosclerosis [180], vascular 

inflammation [422], vascular apoptosis [423], endothelial dysfunction, and uncoupled endothelial 

NO synthase [423–425]. In addition, long-term GTN use in post-MI patients was associated with 

increased mortality risk and risk for cardiac events [426,427]. Given the implications of HNE in 

these processes, further investigation of HNE adduct formation during chronic GTN 

administration is warranted, in order to better understand the possible toxic effects of long-term 

GTN therapy.  

 Aldh2-/- mice that were continuously administered GTN for 48 hours exhibited GTN 

tolerance, as indicated by the desensitized vasodilator response to GTN. The demonstration of 

GTN tolerance in Aldh2-/- mice is significant, and provides further evidence against the ALDH2 

inactivation hypothesis of GTN tolerance. The pretreatment of Aldh2-/- mouse aorta with 10 uM 

HNE also resulted in a desensitized response to GTN, and mimicked the GTN tolerance response 

observed in these mice. Although we did not observe a rightward shift in the concentration-

response curve to GTN after pretreatment with lower concentrations of HNE, we suspect this was 
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due to the 4-fold higher levels of HNE adducts observed in these mice compared to wildtype. The 

increase in endogenous HNE, due to the absence of ALDH2, could partially inactivate the GTN 

bioactivation enzyme pool and be the basis for the desensitized GTN response observed in Aldh2-

/- mice. Moreover, the pretreatment of Aldh2-/- mouse aorta with 0.1 and 1 µM HNE may not be 

sufficient to further inactivate this enzyme pool and as a result we did not observe a rightward 

shift in the concentration-response curve to GTN at these lower concentrations of HNE. Thus, it 

appears that the absence of ALDH2 results in a desensitization response or ‘partial tolerance’ to 

GTN. Together, these data suggest that exposure to HNE results in the inactivation of GTN 

bioactivation enzymes responsible for GTN-induced vasodilation, thus resulting in GTN 

tolerance.   

Based on the findings in this thesis, a new model of GTN tolerance can be proposed 

(Figure 5-1). It is hypothesized that GTN is biotransformed by a number of enzymes, resulting in 

either the formation of NO2
- and the absence of a vasodilator response (clearance-based 

biotransformation) or the formation of ‘NO bioactivity’ resulting in a vasodilator response 

(mechanism-based biotransformation). During periods of GTN sensitivity, GTN 

biotransformation leads to the formation of “NO bioactivity’ and vasodilation. During this period, 

endogenous HNE formed from physiological processes in the cell is catabolized by ALDH2, 

which serves to limit the accumulation of HNE and prevent HNE-induced inactivation of GTN-

bioactivation enzymes. However, in GTN tolerance, ALDH2 is inactivated either by HNE or 

GTN and is unable to detoxify HNE, resulting in increased HNE adduct accumulation and the 

inactivation of the GTN biotransformation enzyme pool. This inactivation reduces the 

mechanism-based biotransformation of GTN resulting in reduced ‘NO bioactivity’ and decreased  



 

 
 

Figure 5-1 Proposed model of the mechanisms of GTN bioactivation and tolerance in the vasculature. 

This diagram depicts a novel hypothesis for GTN bioactivation and tolerance based on the findings in this thesis. The box on the left depicts the 
bioactivation mechanism of GTN during times when the vasculature maintains GTN sensitivity. The box on the right depicts the mechanism of 
GTN tolerance. Bolded arrows indicate prominent pathways whereas dotted arrows indicate these pathways are diminished. Abbreviations: 
ALDH2; aldehyde dehydrogenase 2, HNE; 4-hydroxynonenal, NO2

-; nitrite, NO; nitric oxide, ROS; reactive oxygen species. 
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vasodilation. The findings in this thesis support this hypothesis since we detected a marked 

increase in HNE adduct formation in GTN tolerant tissues, and observed the inhibition of GTN-

induced cGMP formation and GTN-induced vasodilation by HNE. Furthermore, HNE is a potent 

ALDH2 inhibitor and in addition to forming adducts with ALDH2 [23,428], HNE inhibits and 

forms adducts with a number of GTN biotransforming enzymes, including glutathione-S-

transferases, xanthine oxidoreductases and cytochromes P450 [429–431]. This hypothesis 

combines the three major hypotheses proposed for GTN tolerance: the Needleman sulfhydryl-

depletion hypothesis, the oxidative stress hypothesis, and the ALDH2 inactivation hypothesis. 

The sulfhydryl hypothesis is extended by proposing that multiple sulfhydryl-containing proteins 

mediate GTN biotransformation and that during GTN tolerance, critical sulfhydryl-groups in 

ALDH2 are oxidized resulting in the inability to metabolize HNE and as a result, enzymes that 

mediate mechanism-based biotransformation are depleted through HNE adduct formation. This 

hypothesis also builds on the oxidative stress hypothesis by suggesting a primary role for 

oxidative stress and HNE in the inactivation of the GTN biotransformation enzyme pool. We also 

build upon the ALDH2 inactivation hypothesis, since during periods of GTN sensitivity, ALDH2 

plays a protective role preventing HNE-induced damage by metabolizing this toxic aldehyde, 

whereas in GTN tolerance, ALDH2 is inactivated either by HNE through adduct formation or 

directly by GTN.  

Of interest is the phenomenon of pseudotolerance, which describes the reduction of 

systemic hemodynamic effects of GTN, and is typically observed within the first few hours of 

nitrate therapy [160]. Studies have shown that HNE mediates processes such as neurohumoral 

activation and increased catecholamine release [432], activation of the renin-angiotensin system 

[433] and hypersensitivity to vasoconstrictor agents such as phenylephrine [434] all of which are 
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proposed mechanisms of pseudotolerance. Based on the increased HNE formation observed with 

chronic GTN therapy, it seems likely that HNE plays a role in pseudotolerance; however, more 

studies are needed to investigate this hypothesis.  

 AD mouse models have contributed to our understanding of the pathophysiology of AD. 

These models have served as tools to test potential therapeutic agents, observe AD progression, 

and test novel hypotheses. In Chapter 4, Aldh2-/- mice were investigated as a potential model for 

cognitive impairment and AD. An age-dependent characterization of several AD pathological 

hallmarks was performed using Aldh2-/- mice and the data show that Aldh2-/- mice develop age-

dependent increases in A! expression, hyperphosphorylated tau, activated CASP3 and CASP6, 

synaptic loss and neurodegeneration. This is the first non-transgenic model of age-related AD that 

does not rely on the overexpression of genes linked to fAD. Marked increases in HNE adduct 

formation in Aldh2-/- mouse hippocampus were observed as early as 3-months of age, and suggest 

that HNE-induced oxidative damage is the driving force behind the AD-like pathology in these 

mice. Furthermore, we observed a marked reduction in PSD95 expression in 3-month Aldh2-/- 

mice, suggesting that synaptic loss is an early event that occurs in these mice. The loss of 

synapses suggests the likelihood of neuronal loss, an important early event in AD pathogenesis 

and is a highly relevant correlate of cognitive deficits in AD [407]. Synaptic and neuronal loss is 

seldom found in transgenic mouse models of AD, and as a result these transgenic mouse models 

are considered incomplete models of AD [435]. Moreover, the presence of synaptic loss in  

Aldh2-/- mice along with the absence of synaptic loss in a majority of A!-driven transgenic mouse 

models indicates a prominent role for oxidative stress. This concept is supported by observations 

of increased oxidative stress and synaptic loss as early events in the pathology of AD 

[300,303,406], and the occurrence of synaptic loss in those transgenic mouse models that do 
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exhibit oxidative stress [436,437]. Furthermore, the introduction of oxidative stress to a 

transgenic mouse model of AD potentiated the AD pathology and resulted in synaptic loss [437]. 

Taken together, these data suggest a prominent role for oxidative stress in synaptic loss and AD 

pathology.  

 In summary, the studies in this thesis investigated mechanisms of GTN tolerance and the 

role of ALDH2. The results indicate that ALDH2 has no direct role in GTN bioactivation and 

tolerance. Furthermore, a novel mechanism of GTN bioactivation and tolerance involving 

increased HNE adduct formation, thiol depletion and the inactivation of ALDH2 is proposed. 

This novel hypothesis provides a framework that accommodates three of the major hypotheses of 

GTN tolerance. Lastly, Aldh2-/- mice were characterized as an age-related, oxidative stress-based 

model of cognitive impairment and AD. The knowledge gained from this work has resulted in a 

novel hypothesis of GTN tolerance and furthers our understanding of the mechanism of GTN 

tolerance. Furthermore, the increased HNE adducts observed during GTN tolerance questions the 

safety of long-term nitrate therapy. The results and conclusions from this work may lead to the 

improved clinical efficacy and safety of organic nitrate therapy. In addition to this, an aim of this 

thesis work was to perform an age-dependent characterization of Aldh2-/- mice as a model for AD 

pathology. This characterization revealed Aldh2-/- mice as the first non-transgenic oxidative 

stress-based mouse model for AD pathology and provides further evidence for a prominent role 

of oxidative stress in the development of AD. Furthermore, the findings in this thesis reveal that 

Aldh2-/- mice are a novel model to study the pathogenesis of AD and suggest targeting oxidative 

stress and HNE may be a new therapeutic approach for AD. 
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5.1 Future Directions 

The data in this thesis demonstrate the presence of increased HNE-adduct formation in 

GTN tolerance and that the pretreatment of isolated aorta with HNE inhibits GTN-induced 

vasodilation, mimicking the vasodilator responses observed in GTN tolerance. Future research 

should investigate the correlation between HNE adduct formation and the development of GTN 

tolerance and reversal. The results from this study may add further evidence for the involvement 

of HNE in GTN tolerance and may suggest optimal treatment windows in which specific HNE 

scavengers such as histidyl hydrazine may be administered in order to prevent GTN tolerance.  

Although the findings in this thesis implicated HNE adduct formation in the development 

of GTN tolerance, we did not attempt to identify novel GTN bioactivating enzymes. Results from 

Chapter 3 indicated that the administration of HNE specifically inhibits GTN bioactivation, 

since this administration did not alter the cGMP response or vasodilation to the spontaneous NO 

donor DEA/NO. The inhibition of GTN bioactivation likely occurs through HNE-adduct 

formation, and thus the identification of HNE adducted proteins in GTN tolerance is critical for 

determining which enzymes are responsible for mechanism-based biotransformation of GTN.  

 A question that arose during the course of the studies contained in this thesis was the 

source of oxidative stress that leads to the formation of HNE in GTN tolerance. We observed a 

marked increase in HNE adduct formation in Aldh2-/- mice as well as in GTN tolerant PK1 cells 

and rat aortae. Thus a possible mechanism for HNE formation is from the absence of ALDH2 

activity either through inactivation by GTN or as a consequence of genetic deletion. However, 

since other studies have suggested electron leakage from the electron transport chain, uncoupling 

of endothelial NO synthase, increased peroxynitrite formation from GTN, and superoxide 

formation from NADPH oxidase occur in GTN tolerance (reviewed in [160]), these may also act 
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as potential sources of oxidative stress that lead to the formation of HNE. These sources can 

induce lipid peroxidation [438–442] and likely contribute to the formation of HNE in GTN 

tolerance. Nevertheless, the determination of the pathway leading to the formation of HNE in 

GTN tolerance would enhance our understanding of the mechanism of GTN tolerance.  

Future studies should also focus on the mechanism of ALDH2 inactivation in GTN 

tolerance, as this mechanism was not examined in the studies contained in this thesis. Studies 

have shown that an increase in superoxide and ROS formation occurs with GTN administration 

[20,170] and it is possible that these ROS contribute to the inactivation of ALDH2. This situation 

is further complicated by the ability of GTN to oxidize and inactivate ALDH2 [95,144]. Thus, it 

is possible that GTN inhibits ALDH2 activity preventing ALDH2-mediated detoxification of 

HNE, leading to the buildup of HNE and the inactivation of the GTN bioactivation enzyme pool. 

Alternatively, or in addition, ROS formed from GTN administration could lead to increase in 

HNE formation, which inactivates ALDH2 leading to the further accumulation of HNE and GTN 

tolerance. The identification of the mechanism of ALDH2 inactivation would further our 

understanding of the mechanism of GTN tolerance and suggest possible therapeutic targets for its 

prevention.  

 Oxidative stress and HNE are causative factors in AD and are present throughout the 

lifetime of Aldh2-/- mice. The data indicate a marked increase of HNE adducts in Aldh2-/- mouse 

hippocampi, and as mentioned previously, this increase in HNE adducts is likely the driving force 

behind the cognitive deficits and AD-like pathology observed in these mice. Although we 

observed increased A!, hyperphosphorylated tau protein, activated caspases 3 and 6 and synaptic 

loss and neurodegeneration, the details of the chronology of appearance of pathological events in 

these mice have yet to be characterized. Thus, a month-to-month characterization of the AD-like 
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pathology in Aldh2-/- mice is necessary to characterize these mice as a model of cognitive 

impairment and AD, and may lead to identification of the molecular pathways responsible for the 

AD-like pathology in these mice. 
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