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ABSTRACT
ABCA3, a 150 kDa protein belonging to the ATP-Binding Cassette (ABC)
transporter superfamily, has been shown to play a role in surfactant production in
humans. However, in bacteria, ABC transporters are known to mediate the flux of nitrite.
Biotransformation of glyceryl trinitrate (GTN), a drug used in the treatment of heart
conditions such as angina pectoris and heart failure, yields the inorganic nitrite anion, and
the intracellular oxidation of this ion may lead to the formation of tyrosine-nitrated
proteins and cellular damage. Immunohistochemical studies indicate the presence of
ABCA3 in rat aortic smooth muscle and endothelial cells. My objective was to assess
whether changes in either ABCA3 mRNA expression or nitrite accumulation occur
during chronic exposure to GTN. Accordingly, male Sprague-Dawley rats were exposed
to 0.4 mg/hr GTN for 48 hours to induce GTN tolerance, and the aortas removed. Nitrite
and ABCA3 mRNA levels were assessed using the Greiss colorimetric assay, and realtime or semi-quantitative RT-PCR, respectively. In control aortas, endothelium removal
resulted in an apparent 25-35% decrease in ABCA3 mRNA levels, indicating that the
transporter is expressed in endothelial cells in greater abundance than in smooth muscle
cells, since the ratio of endothelial cells to smooth muscle cells in the rat aorta is
approximately 10:1. Furthermore, ABCA3 mRNA levels were decreased by 70% in
aortas from GTN-tolerant animals, whereas the mRNA levels of a related transporter,
ABCA1, remained at control levels. An inverse correlation between nitrite and ABCA3
mRNA levels occurred after the induction of GTN tolerance, with an apparent
redistribution of nitrite to endothelial cells. These findings indicate that chronic GTN
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exposure results in altered expression of ABCA3, and that this is associated with altered
nitrite distribution in blood vessels from GTN-tolerant animals.
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CHAPTER 1: INTRODUCTION

1.1 Statement of the Research Problem
Glyceryl trinitrate (GTN, nitroglycerin) has been used clinically to treat certain
heart conditions, such as angina pectoris, for over a century. Following the synthesis of
GTN in 1847, the first observation of its vasodilator properties was recorded: upon
tasting the drug, the Italian chemist Ascanio Sobrero noted that the compound quickly
produced a violent headache (Marsh and Marsh, 2000). Thirty years after its discovery,
GTN was used to successfully treat patients suffering from angina pectoris. Shortly
thereafter, physicians began to note a decrease in drug potency associated with chronic
use of GTN, and the associated phenomenon of GTN tolerance was first characterized
(Fye, 1986).
Although GTN acts as a potent antianginal agent when used intermittently, the
benefits of long-term treatment are hindered by the onset of tolerance to its vasodilator
and hemodynamic effects. Many hypotheses have been proposed to explain the
mechanism of nitrate tolerance. There is evidence to both support and refute many of
these hypotheses, suggesting that the development of nitrate tolerance is a complex and
multifactorial process.
The metabolism of GTN yields 1,2-glyceryl dinitrate (GDN) and 1,3-GDN (Brien
et al., 1988; Booth et al., 1990) as well as inorganic nitrite anion (NO2-) and nitric oxide
(NO). The metabolites fall into two different categories based on their ability to produce
a vasodilator response. The mechanism-based pathway forms the GDN metabolites along
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with NO or an NO-like species (“NO”) which elicits vasodilation, whereas the clearancebased pathway forms GDNs and nitrite anion, which has minimal vasodilator activity.
Although nitrite is normally present in vascular tissue at low levels (Li et al.,
2004; Zweier et al., 1995), an excess of this ion can have pathological effects. Nitrite
accumulation is associated with tyrosine nitration, a process which can have deleterious
effects on protein function, including effects on mitochondrial proteins that have been
associated with apoptosis (Radi et al., 2004).
Since nitrite is present endogenously at low levels and high levels can be harmful
to the cell, one would assume that the cell must have some method to regulate
intracellular nitrite concentration. Currently, there is no mechanism to explain the
regulation of cellular nitrite levels. However, studies in bacteria such as Escherichia coli,
for example, have suggested that a family of transporters is responsible for the regulation
of bacterial nitrite levels (Moir and Wood, 2001; Pao et al., 1998; Rowe et al., 1994). The
ATP-binding cassette (ABC) transporter, ABCA3 has sequence similarity to bacterial
ABC transporters. In mammals, ABCA3 has been implicated in the transport of
phospholipids and cholesterol, and is thought to have an important role in neonatal
surfactant production (Yamano et al., 2001).
This thesis investigated the effects of continuous GTN exposure on ABCA3
transporter mRNA levels and on the accumulation and distribution of nitrite within rat
aorta. Specifically, these studies were conducted to assess the correlation, if any, that
exists between the two variables of interest, nitrite and ABCA3 mRNA levels. Because
an antibody for use in immunoblot analysis of ABCA3 was unavailable, my studies
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focused on mRNA levels as a first step in analyzing how GTN exposure in rats affects
ABCA3 levels in vascular tissue.

1.2 Vascular Physiology
The circulatory system is responsible for the distribution of essential nutrients and
drugs throughout the body as well as for the transportation of waste from various tissues.
The major cell types that make up the blood vessels are the endothelial cells which line
the lumen and vascular smooth muscle cells (VSMCs) which control the tone of the
vessel (Pappano, 2008). Changes in vascular tone are mediated through the various
vasodilators and/or constrictors which act on the endothelial cells and VSMCs. The
following overview briefly addresses the physiology of the vasculature.
1.2.1

Nitric Oxide and the Endothelium
Nitric oxide (NO) is formed by nitric oxide synthase (NOS) which converts L-

arginine (L-arg) into NO and L-citrulline (Figure 1.1). Three isoforms are found in
mammalian tissues: inducible NOS (iNOS), neuronal NOS (nNOS), and endothelial NOS
(eNOS), the latter being the predominant isoform found in endothelial cells. Whereas NO
can be formed in many tissues throughout the body, an important role of NO is in the
regulation of arterial blood pressure (Rang et al., 2003). Upon formation in the
endothelial cell, NO diffuses from the endothelial cell into the underlying VSMCs, and
elicits downstream signaling effects (Figure 1.2).
1.2.2

Smooth Muscle
After diffusion to the smooth muscle, NO activates soluble guanylyl cyclase

(sGC), which in turn converts guanosine triphosphate (GTP) into cyclic guanosine
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Figure 1.1. The synthesis of nitric oxide. Nitric oxide synthase (NOS) converts Larginine to L-citrulline and nitric oxide (NO) in the presence of O2 and NADPH.
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Figure 1.2. Simplified diagram of the cell signaling processes involved in the relaxation
of vascular smooth muscle cells. Nitric oxide (NO) diffuses to the smooth muscle cell.
NO activates soluble guanylyl cyclase (sGC), resulting in increased cGMP accumulation
and activation of cGMP-dependent protein kinase (PKG). PKG phosphorylates several
downstream targets, such phospholamban (dark circle), which upon phosphorylation
dissociates from the sarcoplasmic reticulum Ca2+-ATPase (SERCA) resulting in
increased SERCA activity and increased sequestration of Ca2+ into the sarcoplasmic
reticulum (SR). PKG also phosphorylates various cellular targets including but not
limited to proteins associated with IP3 -activated Ca2+ channels on the SR, and plasma
membrane K+ channels, the activation of which results in membrane hyperpolarization
and reduced Ca2+ entry through L-type Ca2+ channels on the plasma membrane to further
reduce the amount of free Ca2+ in the cytosol. Lower cytosolic Ca2+ levels promote
relaxation over contraction, since less Ca2+ is available to interact with calmodulin
(CaM). When Ca2+ levels are high, Ca2+/CaM interaction promotes the phosphorylation
of the myosin light chain (MLC), thus stimulating contraction in the cell. PKG-dependent
phosphorylation also mediates Ca2+-independent relaxation by increasing MLC
phosphatase activity.
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monophosphate (cGMP) (Palmer et al., 1988). A second messenger, cGMP, activates
cGMP-dependent protein kinase (PKG), which phosphorylates various downstream
targets, such as phospholamban (PL). The phosphorylation of PL promotes its
dissociation from the sarcoplasmic reticulum (SR) Ca2+-ATPase (SERCA), leading to
increased activity of SERCA and increased uptake of Ca2+ into the SR (Karczewski et al.,
1992). However, the release of Ca2+ from the SR is facilitated by IP3-sensitive Ca2+
channels, and activated PKG can negatively affect both IP3-mediated Ca2+ release from
the SR as well as Ca2+ entry via L-type Ca2+ channels on the plasma membrane thereby
decreasing the Ca2+ levels in the cytosol (Watras, 2008; Schlossmann et al., 2000). In
addition, increased cGMP levels can mediate Ca2+-independent relaxation by increasing
myosin light chain (MLC) phosphatase activity, resulting in a decrease in MLC
phosphorylation. A simplified overview of PKG-mediated relaxation is provided in
Figure 1.2. Vasodilation is also regulated by phosphodiesterases (PDEs), which
hydrolyze cGMP to form 5’-GMP, thereby inactivating the second messenger and
reducing the magnitude of vasodilation (Omori and Kotera, 2007; Beavo et al., 1994).
GTN works in a similar manner to stimulate sGC and produce cGMP to induce relaxation
in smooth muscle cells.

1.3 Organic Nitrates
Heart disease is a growing concern for many Canadians, and is currently the
leading cause of death in Canada (Statistics Canada, 2004). The prevalence of the
condition is increased by environmental risk factors such as smoking, obesity, sedentary
lifestyle and others. Associated with heart disease is angina pectoris, a condition which is
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characterized by the sudden onset of sharp chest pains resulting from an imbalance in
myocardial oxygen supply and demand (Sheikh et al., 2007; Gibbons et al., 1999). To
alleviate the pain, the balance of supply and demand must be regained by either reducing
cardiac work load of the heart or by increasing blood supply to the heart (Sheikh et al.,
2007). Typically, acute anginal pain can be successfully treated with a single dose of
GTN, and prevention of anginal attacks can be attained through the use of medications
such as beta-blockers (e.g. atenolol) and calcium channel blockers (e.g. verapamil), in
addition to continuous treatment with organic nitrates (Sheikh et al., 2007).
Fast acting, but short lived nitrates, such as GTN are classified as high potency
nitrates, whereas nitrates such as isosorbide dinitrate (ISDN) and isosorbide-5mononitrate (5-ISMN) have a slower onset of action and longer half lives, and are
classified as low potency nitrates. The differences in the onset of the therapeutic response
render the two classes of nitrates available for different uses. The high potency nitrates
can be used to alleviate the painful symptoms brought on during an acute anginal attack,
whereas nitrates such as ISDN are more likely to be used prophylactically for the
prevention of anginal attacks (Parker and Parker, 1998; Goldstein et al., 1971).
1.3.1

Pharmacology of GTN
GTN acts as a preferential venodilator and one of its major pharmacological

actions is to reduce preload on the heart (Abrams, 1996). The drug has a rapid onset of
action and a half-life of several minutes. Clinically, sublingual GTN tablets are used
when treating acute attacks of angina, whereas transdermal GTN patches are used for the
prophylaxis of angina and the treatment of congestive heart failure (CHF) (Parker and
Parker, 1998; Bogaert, 1988).
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GTN is a considered to be pro-drug that undergoes biotransformation in order to
produce the active effector molecule (Figure 1.3). Metabolism of GTN yields 1,2glyceryl dinitrate (GDN) and 1,3-GDN (Brien et al., 1988; Booth et al., 1990), as well as
the inorganic nitrite anion (NO2-) or NO or an NO-like species, thus forming two
pathways: the clearance-based pathway and the mechanism-based pathway. The latter
generates the GDN metabolites, as well as NO or an NO-like compound (“NO”), which
acts similar to NO to elicit vasodilation, whereas the clearance-based pathway forms
GDNs and nitrite anion, which has minimal vasodilator activity. The clearance-based
pathway is the dominant pathway by which GTN is biotransformed, and thus the amounts
of GTN-derived nitrite are much higher than “NO” produced through GTN metabolism.
Various enzymes have been proposed to play a role in the bioactivation of GTN,
such as the cytochrome P450 enzymes 3A1 and 2C11 (McDonald and Bennett, 1993;
Chung and Fung, 1990), glutathione transferases Yb2 and Yc (Nigam et al., 1996; Kurz,
1993; Tsuchida et al., 1990), the microsomal glutathione transferase (Ji and Bennett,
2006), and mitochondrial aldehyde dehydrogenase 2 (ALDH2) (Chen et al., 2002).
Recent studies by Chen et al. suggest that ALDH2 may facilitate the conversion of GTN
to 1,2- GDN, and that a decrease in ALDH2 activity may be the cause of nitrate
tolerance. However, the topic still remains controversial in the scientific community.
1.3.2

Mechanisms of Nitrate Tolerance
There are many proposed mechanisms by which tolerance to nitrates occurs, some

hypotheses focus at the whole animal level whereas others focus at the cellular level. One
proposed mechanism occurring at the whole animal level is intravascular volume
expansion. A compensatory increase in plasma volume is associated with the decrease in
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R-ONO2
b) Clearancebased

a) Mechanismbased

RR-ONO2

R-OH +
NO2-

R-OH + “NO”
↑ cyclic GMP

Vasodilation

Smooth Muscle

Figure 1.3. Fate of GTN in vascular smooth muscle cells. GTN (R-ONO2) is
biotransformed by two pathways. a) The mechanism-based pathway which forms the denitrated metabolites (R-OH) and nitric oxide or a nitric oxide-like compound (“NO”),
which elicits the downstream effect of vasodilation via an increase in cGMP levels. b)
The clearance based pathway forms the denitrated metabolite (R-OH) and inorganic
nitrite anion (NO2-).
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blood pressure induced by nitrates, and this increase in blood volume is thought to render
the vasculature less responsive to vasodilators (Dupuis et al., 1990). A second proposed
hypothesis at the whole animal level is neurohormonal counter-regulation (Parker et al.,
1991). This proposed mechanism states that tolerance is associated with a compensatory
increase in sympathetic outflow and/or activation of the renin-angiotensin system to
stimulate constriction rendering blood vessels less responsive to nitrate therapy.
Proposed mechanisms at the cellular level include increased endothelin-1
generation (Munzel et al., 1995b), depletion of critical sulfhydryl groups (Needleman and
Johnson, 1973), various mechanisms involving reduced cGMP signaling, and increased
superoxide (O2-) production (Munzel et al., 1995). Studies in rabbits by Munzel et al.
have shown that tolerance to GTN resulted in an increase in plasma levels of circulating
endothelin-1. The study also suggested that tolerant vessels exhibit an increased
sensitivity to vasoconstrictors, suggesting that a heightened response to constrictors, such
as angiotensin II or endothelin-1, may be associated with nitrate tolerance (Munzel et al.,
1995).
A second mechanism, the sulfhydryl depletion hypothesis, was formulated by
Needleman and Johnson in 1973, and states that GTN tolerance is the result of a reduced
number of reactive sulfhydryl groups on the GTN “receptor.” In this study, tolerance was
produced in rabbits using in vivo GTN treatment, and the aortas were removed from the
tolerant animals. The diminished vasodilator response generally associated with tolerance
was reversed upon the incubation of the aortas with dithiothreitol (DTT), a disulfide
reducing reagent. These findings suggested that the induction of tolerance may be the
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result of a chemical alteration to a GTN “receptor”, although such a receptor has not been
isolated or identified.
GTN-induced vasorelaxation is mediated through the generation of cGMP. There
have been many proposed mechanisms by which cGMP levels are reduced in GTN
tolerant tissues (Figure 1.4). One hypothesis states that the decrease in cGMP signaling is
due to a reduction in drug biotransformation and thus a reduced formation of “NO”
(Figure 1.4a) (Brien et al., 1986; Ignarro et al., 1981). A second hypothesis states that
sGC becomes desensitized to the NO-like metabolite formed during GTN
biotransformation, and therefore does not effectively generate cGMP (Figure 1.4b)
(Bennett et al., 1989; Waldman et al., 1986). Furthermore, a decrease in cGMP signaling
may also be associated with an increase in phosphodiesterase (PDE) activity (Figure
1.4c) (Axelsson and Andersson, 1983). There are many PDEs that are capable of
hydrolyzing cGMP. However, studies have shown that inhibition of PDE5 successfully
reversed tolerance in some circumstances, suggesting that increased PDE5 activity may
play a role in nitrate tolerance (MacPherson et al., 2006; Pagani et al., 1993).
Also associated with GTN tolerance is an increase in the amount of superoxide
present in vascular cells. A study by Munzel et al. (1995) found that superoxide levels
were doubled in tolerant aortas, with the majority of superoxide located in the endothelial
cells. Upon treatment with superoxide dismutase (SOD), the effect of tolerance was
diminished, suggesting that an accumulation of superoxide may play a role in GTN
tolerance. Thus the phenomenon of nitrate tolerance appears to be multi-factorial in
nature, and there appears to be no single mechanism which can account for the reduced
response to nitrates.
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a)

GTN

“NO”
sGC

GTP

b)

cGMP
c)

d)

PKG

PDE

5’-GMP
Figure 1.4. Targets involved in reduced cGMP signaling. a) Reduced bioactivation of
GTN results in decreased production of “NO”. b) Soluble guanylyl cyclase (sGC)
desensitization results in a decrease in the conversion of GTP to cGMP. c) Increased
phosphodiesterase 5 (PDE) activity results in increased hydrolysis of cGMP to 5’-GMP.
d) A reduction in cGMP levels results deceased activation of PKG, and therefore a
decrease in PKG-mediated vasodilation, as outlined in Figure 1.2.
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1.4 Nitrite
GTN is denitrated to produce GDN metabolites; the process also forms inorganic
nitrite anion (Figure 1.3). NO2- is present endogenously in endothelial and VSM cells at a
concentration of 1-10 μM (Li et al., 2004; Zweier et al., 1995), and is formed as a
metabolite of NO (Figure 1.5a) (Ignarro et al., 1993). Chemically, NO contains an
unpaired electron which allows the molecule to react with a variety of endogenous
molecules, such as oxygen, to produce reactive oxygen or nitrogen species (ROS/RNS)
(Figure 1.5b).
1.4.1

Reactive Oxygen Species
As stated earlier, the vascular free radical hypothesis proposes that tolerance is

associated with an increase in O2- production. Cellular enzymes, such as the NADPH
oxidase, xanthine oxidase and NOS may contribute to this increase in superoxide
production (Gori and Parker, 2002; Zweier et al., 1988). Some mammalian oxidases have
been shown to mediate superoxide generation in vascular tissue. Studies in human
endothelial cells have suggested that xanthine oxidase may play a role in superoxide
generation following ischemia-reperfusion (Zweier et al., 1998). This hypothesis states
that the oxidase is upregulated during anoxia, and upon reperfusion with O2, the enzyme
generates O2- (Zweier et al., 1998). Xanthine oxidase is also thought to generate NO
under ischemic conditions. The details of this mechanism are poorly understood, but are
thought to involve oxidation of nitrite to NO (Li et al., 2004). A second oxidase, the
NADPH oxidase, is also known to generate superoxide endogenously. Superoxide
production by the NADPH oxidase occurs at the site of the flavin- or heme-containing
regulatory subunits. The regulatory subunits typically shuttle a free electron to NADP+,
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Figure 1.5. Simplified overview of the pathophysiology of reactive oxygen and nitrogen
species in the endothelial cell. a) Nitrite (NO2-) is formed as a metabolite of nitric oxide
(NO). b) NO interacts with oxygen (O2) to produce reactive oxygen species (ROS). c)
ROS such as superoxide (O2-) react with NO to form peroxynitrite (ONOO-). d) ONOOinterferes with many cellular processes, such as NO synthesis. ONOO- disrupts the
association of the nitric oxide synthase (NOS) with its cofactor tetrahydrobiopterin
(BH4), a process termed “NOS uncoupling.” The association of NOS with BH4 is
required for the synthesis of NO; in the absence of BH4, NOS produces O2- instead of
NO. e) The nitrogen dioxide radical (·NO2) can be generated from both NO2- and ONOO; NO2- to ·NO2 through the loss of an electron, whereas ONOO- is converted to
peroxynitrous acid (HONOO-) which then decays to ·NO2 and ·OH. f) One effect of ·NO2
is the tyrosine nitration (NO2-Tyr) of several proteins, resulting in altered mitochondrial
permeability, leakage of cytochrome c into the cytosol, and apoptosis.
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and the accumulated electron can then be used to reduce molecular O2 to O2- (Guzik and
Harrison, 2006).
1.4.2

Peroxynitrite
Chemically, superoxide can react with NO to produce peroxynitrite (ONOO-), a

reactive nitrogen species that reacts with a number of intracellular targets (Figure 1.5c)
(Gori and Parker, 2002; Huie and Padmaja, 1993). Peroxynitrite is a highly reactive
molecule with a half-life of less than 100 ms (Denicola et al., 2004). The peroxynitrite
anion can oxidize many cellular targets such as tetrahydrobiopterin (BH4), a NOS
cofactor, and has been reported to yield the inactive byproduct dihydrobiopterin (Laursen
et al., 2001). In this situation, the uncoupled NOS facilitates the conversion of O2 to O2rather than producing NO, a process termed “NOS uncoupling” (Figure 1.5d) (Gori and
Parker, 2002; Xia et al., 1998). Studies have shown that GTN tolerance may be
associated with NOS uncoupling, thus suggesting that the increase in superoxide
production correlates with a decrease in NO production (Kaesemeyer et al., 2000). Other
studies have provided evidence that the uncoupling of NOS is also associated with Larginine depletion (Ogonowski et al., 2000) and that supplementation with this amino
acid can prevent tolerance (Parker et al., 2002).
At a physiological pH, peroxynitrite can be spontaneously converted to
peroxynitrous acid which decays to ·OH and ·NO2 (Figure 1.5e) (Beckman and
Koppenol, 1996; Crow and Beckman, 1995; Radi et al., 1991). Peroxynitrous acid is a
highly toxic metabolite and is able to oxidize sulfhydryl groups (Radi et al., 1994), iron
or sulfur centres (Hausladen and Fridovich, 1994), as well as enzymes containing zinc
fingers (Beckman and Koppenol, 1996; Crow et al., 1995). The increase in oxidative
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stress and decrease in the number of reduced sulfhydryl groups render the cell susceptible
to further oxidative injury. Furthermore, studies by Elliot et al. (1998) have shown that in
certain tissues ONOO- possesses vasoconstrictor properties, even at low concentrations,
suggesting that ONOO- accumulation could inhibit GTN-mediated relaxation and
promote tolerance. The mechanism by which ONOO- promotes constriction is unknown,
but preliminary evidence suggests that ONOO--associated constriction may be due to
inhibition of K+ currents in the VSMC and the subsequent opening of L-type Ca2+
channels.
1.4.3

Tyrosine Nitration
As mentioned above, ONOO- decays to ·OH and ·NO2. This reaction often occurs

in the presence of transition metals, such as those found in enzymes such as SOD, for
example. The nitrogen dioxide radical is highly reactive and can interact with tyrosine
residues on proteins in near proximity (Figure 1.5f). Since ·NO2 is generated from
ONOO-, nitrated targets generally include proteins or enzymes which contain transition
metals, such as the cytochromes or xanthine oxidase, i.e. near complexes that are also
capable of forming O2-.
Tyrosine nitration has been shown to affect protein function (Radi et al., 2004).
The addition of a nitro group (-NO2) can prevent tyrosine residues from becoming
phosphorylated, and creates a bulky addition which may produce changes in
conformation. Specifically, ·NO2 targets Tyr residues, such as Tyr-34 of the
mitochondrial SOD (MacMillan-Crow et al., 1996, Guo et al., 2003) and Tyr-67 of
cytochrome c (Cassina et al., 2000). For SOD, this results in the inactivation of the
enzyme to create a positive feedback mechanism which further increases oxidative stress
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in the cell. For cytochrome c, tyrosine nitration results in altered redox properties of the
protein. Also, the presence of cytochrome c and other nitrated mitrochondrial constituents
in the cytosol can act as a trigger for apoptosis (Radi et al., 2002). Thus, the accumulation
of ROS and RNS can form a positive feedback mechanism for the generation of
ROS/RNS which can ultimately lead to apoptosis.
1.4.4

Endothelial Dysfunction
Endothelial dysfunction, a condition characterized by the inability of the

endothelial cell to produce sufficient amounts of NO to elicit vasodilation, tends to be
associated with certain cardiovascular conditions such as atherosclerosis and GTN
tolerance. Characteristic of endothelial dysfunction is increased superoxide production.
GTN tolerance can create a positive feedback mechanism, for example superoxide is
produced from membrane-bound enzymes such as NAPDH oxidase, and can react with
NO to form peroxynitrite, which can oxidize tetrahydrobiopterin thereby facilitating the
uncoupling of the cofactor from NOS, and causing the enzyme to generate even more O2rather than NO (Figure 1.5).
After biotransformation of GTN, nitrite composes approximately 95% of the
generated NOx metabolites, and nitrite accumulation has been shown to have
pathophysiologic effects on the cell. Tolerance has been associated the generation of
superoxide and inhibiting NO production. Increased oxidative stress is detrimental to
cells, especially endothelial cells where O2- can combine with NO to produce
peroxynitrite and other RNS. Furthermore, these generated RNS can oxidize critical
mitochondrial proteins to trigger apoptosis (Figure 1.5f) leading to the loss of the
endothelial cells, thereby reducing the amount of potential NO available to the VSMC.
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The accumulation of nitrite is associated with endothelial dysfunction. Since this
ion is present endogenously as a metabolite of NO, we propose that the cell would have a
mechanism to regulate the intracellular levels of this anion. There are no reports in the
literature of a specific nitrite transporter in mammals, but bacterial nitrite transporters are
known to exist. However, the ATP-binding cassette transporter, ABCA3, has sequence
similarity to the ABC transporters of Escherichia coli, a species of bacteria capable of
regulating intracellular nitrite levels.

1.5 ABC Transporters
The ATP-binding cassette (ABC) transporter family is one of the largest
superfamilies of proteins, containing 48 transporters categorized into seven subfamilies
(Dean and Allikmets, 2001). Structurally, the transporters of this superfamily are
composed of four main domains, including two nucleotide binding domains (NBDs) and
two membrane-spanning domains (MSDs) (Figure 1.6). The MSDs span a lipid
membrane and are typically composed of six α-helices per MSD, but in some cases the
MSD can be composed of five to ten helices (Deeley et al., 2006; Higgins, 1992). The
helices align in the membrane to create a pump which exists in two conformations:
opened or closed, depending on the presence or absence of substrate and ATP,
respectively. The typical topology for a full transporter starting from the amino terminus
is an MSD followed by NBD, MSB, NBD and finally the carboxy terminus (Deeley et
al., 2006). Transporters can also exist as half transporters which contain a single MSD
and NBD, but must dimerize to function since ABC transporters need two NBDs to bind
ATP.
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Cytosol

NBD 1
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Figure 1.6. Ribbon diagram showing the structure of a full ABC transporter. Typically
ABC transporters are comprised of 12 α-helices arranged to form 2 membrane spanning
domains (MSDs) as well as two nucleotide binding domains (NBDs) located on the
intracellular side of the plasma membrane (PM). Image courtesy of Dr. Susan Cole.
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Structurally, the NBDs consist of conserved motifs characteristic to all ABC
transporters: the C-signature motif: LSGGQ (Higgins and Linton, 2003, Schneider and
Hunke, 1998; Higgins et al., 1985), the Walker A and Walker B motifs, represented by
the sequences GXXGXGKS/T and XXXXD, respectively, where X can be variable
(Schneider and Hunke, 1998; Walker et al., 1982), the Q-loop and the H-loop (as
reviewed by Ambudkar et al., 2006; Kerr, 2002). Various site-directed mutagenesis
experiments have been performed on the conserved Walker A and B motifs, and it was
observed that some amino acid substitutions reduced the ATP binding capability and
transport function (as reviewed by Schneider and Hunke, 1998). Conversely, mutagenesis
experiments have been performed targeting the C-signature motif, and whereas this
region is thought to be involved in ATP hydrolysis, amino acid substitutions in this
region did not affect protein function (as reviewed by Deeley et al., 2006).
All ABC transporters require energy derived from ATP hydrolysis to function
(Kaminski et al., 2006). Following the binding of one ATP molecule, the NBDs orient
themselves together to increase the affinity for a second ATP molecule. The binding
pocket for the two ATP molecules lies across both NBDs as the Walker A and B motifs
from one NBD interact with the C-signature motif in the second and vice versa (Hopfner
et al., 2000). The orientation of the NBDs when bound to ATP has been termed a
sandwich dimer since the NBDs sandwich the ATPs between them, and both NBDs are
required for the initial binding of ATP (Smith et al., 2002). Whereas structural studies
have provided insight into the binding of ATP, the mechanism by which ATP is
hydrolyzed and coupled to membrane transport is poorly understood.
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1.5.1

ABCA Subfamily
The ABCA subfamily consists of 12 large transporters, many consisting of over

2000 amino acids (Anillo et al., 2002). All ABCA transporters are classified as full
transporters, with each half containing a single MSD and a NBD (Varadi et al., 2003). In
addition to the Walker A and B motifs and C-signature motif, three specific conserved
regions characteristic to the ABCA subfamily have been observed. The first conserved
region is a sequence located 50 amino acids upstream from the Walker A motif and the
second conserved region is a series of amino acids located 100 amino acids downstream
of each NBD (Broccardo et al., 1999; Annereau et al., 1997), but the significance of the
two regions is unclear. Deletion studies have been performed to assess the importance of
a third conserved “hotspot.” The deletion of this “hotspot” resulted in improper folding
and protein degradation, similar to that observed in studies on the cystic fibrosis
transmembrane conductance regulator protein (CFTR) (Annereau et al., 1997; Welsh and
Smith, 1993).
Table 1.1 lists the six ABCA transporters with known functions. The functions of
the six ABCA transporters absent from Table 1.1 are still unclear. Other than the ABCA2
transporter, which plays a role in drug transport, the transporters with known functions
have been suggested to transport mainly cholesterol and phospholipids. Five transporters
ABCA5, ABCA6, ABCA8, ABCA9, and ABCA10, show very high similarities to one
another at the amino acid level, and a lesser homology to the rest of the ABCA family
members, such that they have been termed the ABCA6-like transporters (Kaminski et al.,
2006; Annilo et al., 2002). Whereas the function of these transporters is unknown, the
arrangement of the genes in the genome suggests the genes are evolutionarily related
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Table 1.1. ABCA Transporters with known functions.
Transporter
ABCA1
ABCA2
ABCA3
ABCA4
ABCA7
ABCA12

Function
Cholesterol transport
Drug resistance
Phospholipid and cholesterol transport
Rod photoreceptor retinoid transport
Phospholipid transport
Intracellular sphingolipid transport
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(Annilo et al., 2002; Arnould et al., 2001). The evolutionary relationship of the ABCA
subfamily is illustrated in Figure 1.7.
1.5.2

ABCA3

ABCA3, a 150 kDa protein comprised of 12 membrane-spanning helices, is known to be
involved in surfactant production. Surfactant is composed mainly of phospholipids, but
also contains surfactant-binding proteins to further reduce surface tension at the alveoliair interface (Cheong et al., 2007). ABCA3 transports phospholipids, mainly
phosphotidylcholine, sphingomyelin, as well as cholesterol and surfactant binding
proteins into the lamellar body of alveolar type II (ATII) cells (Yamano et al., 2001).
Clinically, mutations of this gene have been shown to be associated with neonatal
surfactant deficiency (Saugstad et al., 2007). Whereas ABCA3 is highly expressed in
ATII cells, it is also present in the brain, heart and vasculature (Stahlman et al., 2006).
ABCA3 is transcriptionally regulated by steroid hormones, mainly glucocorticoids
(Yoshida et al., 2004). Glucocorticoids bind to the glucocorticoid receptor (GR) which
forms a dimer and localizes to the nucleus where it binds the glucocorticoid response
element (GRE) on the ABCA3 promoter (Yoshida et al., 2004). Along with the GR, other
transcription factors that have been identified as transcriptional regulators of ABCA3
include thyroid transcription factor-1 (TTF-1) and steroid response element binding
proteins (SREBPs), more specifically SREBP-1c (Besnard et al., 2007).
1.5.3. ABCA1
ABCA1 is a 250 kDa protein comprised of 12 membrane-spanning α-helices and
two NBDs. The protein is highly expressed in placenta, liver, lung, adrenal gland, and
fetal tissues (as reviewed by Van Eck et al., 2005; Langmann et al., 1999), and is known
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NBD 1

NBD 2

Figure 1.7. Dendrogram depicting the evolutionary relationship of the ABCA subfamily
of ABC transporters based on genetic homology with the conserved NBDs. Modified
from Dean and Allikmets, 2001.
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to transport cholesterol and phospholipids. In the vasculature, ABCA1 acts as an efflux
pump to remove cholesterol from vascular cells and macrophages, a process termed
reverse cholesterol transport (as reviewed by Tall, 2008; Van Eck et al., 2005). Binding
of an apolipoprotein, mainly apolipoprotein A1 (ApoA-1), is necessary for ABCA1
function. Upon binding, the pump is activated and cholesterol can be shuttled to ApoA-1
to form nascent high density lipoprotein (HDL) (Tall, 2008). Mutations of the ABCA1
gene result in Tangier’s disease, an autosomal recessive disease associated with impaired
cholesterol transport (Bodzioch et al., 1999). In the absence of functional ABCA1, the
formation of HDL is reduced, enabling the cholesterol to exist in the form of low-density
lipoprotein (LDL) which can deposit in the arteries. It is this accumulation of the
cholesterol-loaded LDL particles that marks the initiation of atherosclerotic plaque
formation (Scanu and Edelstein, 2008; Moore et al., 2003; Aiello et al., 2002).
ABCA1 is transcriptionally induced by oxysterols, the liver X receptor (LXR),
and indirectly by the peroxisome proliferator-activated receptor gamma (PPARγ) (Tall,
2008; Soumain et al., 2005; Joseph et al., 2004; Costet et al., 2000). The ABCA1
promoter contains a steroid response element (SRE) to which the steroid receptors and
SREBPs bind to promote transcription. In this case, the critical SREBP subtype is
SREBP-2, which also has a role in cholesterol biogenesis (Besnard et al., 2007).
1.5.4

Bacterial Nitrite Transporters
Bacteria contain ABC transporters and also a second transport family, the major

facilitator superfamily (MFS). The MFS family of transporters was initially thought to be
involved mainly in the transport of sugars in bacteria, but recent studies have shown these
transporters to be responsible for the transport of various small molecules in response to
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chemical gradients (as reviewed by Lemieux et al., 2004; Pao et al., 1998). Structurally,
the members of this superfamily possess the 12 transmembrane domains similar to the
MSDs of ABC transporters (Jia et al., 2009), but the conserved Walker A, Walker B and
C signature motifs characteristic to ABC transporters are absent. However two conserved
motifs located between transmembrane domains 2-3 and 8-9 are present in the MFS
(Lemieux et al., 2004; Maiden et al., 1987).
The MFS is comprised of 17 families and the family that is thought to be
responsible for nitrite transport is the nitrate-nitrite porter (NNP) family. One member of
the NNP family is the NarK transporter which was initially suggested to function as NO2efflux pump, moving NO2- from the cytosol into the periplasm (Moir and Wood, 2001;
Rowe et al., 1994), but this has recently been proven incorrect (Jia et al., 2009). The
NarK transporters are known to mediate the transport of NO2- out of the cell, which has
been suggested to be associated with the transport of NO3-, although how NO2- export is
related to NO3- transport is still unclear (Jia et al., 2009).
Nitrite transport in bacteria can also be mediated by ABC- like transporters
(Omata, 1991). Like the mammalian transporters, the bacterial ABC-like transporters
possess 12 membrane-spanning α-helices, the conserved ATP-binding cassette involved
in ATP binding and hydrolysis, and require ATP for transport function (Konings et al.,
1997; Dean et al., 1989; Higgins, 1992). Some species of bacteria express nitrate/nitrite
transporters (NRT) which are involved in the cellular regulation of nitrate and nitrite.
However, unlike full transporters in which one protein forms the entire transporter, the
functional nitrite transport system is comprised of 4 subunits translated from four genes,
nrtA-D. A recent study has shown that ABC-like transporters can mediate the
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bidirectional influx/efflux of nitrate and nitrite, and that this transporter binds nitrate and
nitrite with a higher affinity than the antiporter belonging to the MFS (Maeda and Omata,
2009).
Two examples of bacteria capable of regulating intracellular nitrite levels are Escherichia
coli and Paracoccus denitrificans (Goddard et al., 2008; Moir and Wood, 2001). A
homology study between various human ABC transporters and the E. coli ABC
transporters was performed using the National Center for Biotechnology Information’s
BLAST. The coding DNA sequences of each known ABC transporter were compared to
the E. coli genome and transporters with the most similar sequences are listed in Table
1.2.
1.5.5

Preliminary Evidence for a Role of ABCA3 in GTN Tolerance
Preceding the experiments described later in this thesis, various preliminary

experiments were performed in the Bennett laboratory which suggested that ABCA3 may
have a potential role in GTN tolerance.
Initially, DNA microarray analysis was performed by the Ontario Research and
Development Challenge Fund and Cancer Care Ontario-funded cDNA microarray facility
to assess changes in levels of various rat aortic mRNA transcripts after exposure to GTN.
Microarray analysis of GTN-tolerant rat aortic mRNA suggested a decrease in the mRNA
levels of the ABCA3 transporter. Semi-quantitative RT-PCR was then performed to
confirm the decrease in ABCA3 mRNA levels in aortas from GTN-tolerant rats. Primers
synthesized for the amplification of a 310 bp section of cDNA corresponding to the
human ABCA3 transcript (Mulugeta et al., 2002) were obtained and used to amplify
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Table 1.2. ABC genes ranked based on their genetic homology with the E. coli ABC
transporters.
Rank
1
2
3
4
5
6
7
8
9
10
11

Gene
ABCB1
ABCB6
ABCB4
ABCB8
ABCF2
ABCF1
ABCA3
ABCF3
ABCF4
ABCB10
ABCB5

E Value
1e-12
3e-5
8e-8
1e-5
1e-5
2e-7
8e-4
3e-4
1e-4
5e-17
3e-5

% Max Identity
93
92
89
89
86
85
84
82
77
75
71

Note: similarities between sequences are represented by E values as determined by BLAST, where a lower
E value represents a higher degree of similarity between sequences. Max identity indicates the percentage
of similarity between the query sequence and the next most similar sequence of equal length from the
database.
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cDNA corresponding to the rat ABCA3 mRNA. Tolerance resulted in an apparent
decrease in ABCA3 mRNA levels in the rat aorta when compared to sham treatments
(Figure 1.8).
Immunohistochemical staining was performed by Ji and Kan (unpublished data),
in which a rabbit anti-human polyclonal antibody for the ABCA3 protein (a gift from Dr.
Henry Shuman, University of Pennsylvania, Philadelphia) was used to assess the location
of the pump in the rat aorta. Whereas ABCA3 immunoreactive protein was found to be
present in both endothelial cells and the VSMCs, it appeared to be much more highly
expressed in the endothelial layer (Figure 1.9). Sprague-Dawley rats were treated with
GTN in vivo for 48 hrs to produce tolerance. The rats were sacrificed and the aortas were
excised and stained. Tolerance induced by exposure of the rats to 0.4 mg/hr GTN resulted
in an apparent decrease in the amount of ABCA3 protein in both the endothelium and
smooth muscle, but to a much greater extent in the endothelium (Figure 1.8b). ABCA3
protein levels increased upon recovery from tolerance (Figure 1.8c) with recovery being
defined as continuous exposure to 0.4 mg/hr GTN for 48 hrs followed by a 24 hr drugfree period and associated with the return of relaxation responses to control values.

1.6 Objectives
Whereas GTN works as an effective pharmacological treatment to alleviate the
symptoms associated with acute anginal attacks, tolerance to the drug is a major
limitation to its long term clinical efficacy. Many mechanisms of GTN tolerance have
been proposed at both the whole organism level and the cellular level, but it seems that
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Figure 1.8. ABCA3 mRNA levels in rat aorta assessed using semi-quantitative RT-PCR.
Messenger RNA levels were quantified by amplification of a 310 bp PCR product and
visualized on an ethidium bromide-stained 1% agarose gel. GTN tolerance resulted in a
marked decrease in ABCA3 mRNA levels when compared to control. Data generated by
Diane Anderson.
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Figure 1.8. Immunohistochemical staining using a rabbit anti-human polyclonal antibody
for ABCA3 in cross-sections of rat aorta. The vessel lumen is located at the top of each
micrograph. a) Aorta from control (sham-patched) rat. b) Aorta from a rat exposed to 0.4
mg/hr GTN for 48 hrs (GTN-tolerant). c) Aorta from a rat exposed to 0.4 mg/hr GTN for
48 hrs followed by a 24 hour drug-free period (Recovery). Data generated by Yanbin Ji
and Frederick Kan.
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no single mechanism is responsible for the decrease in clinical efficacy associated with
GTN tolerance. Biotransformation of GTN produces the GDN metabolites and inorganic
nitrite anion, which upon accumulation in endothelial cells is associated with protein
tyrosine nitration and apoptosis (as described in section 1.4).
Nitrite efflux pumps are known to exist in bacteria, but the mechanism of
transport is poorly understood. Homology studies have shown that amongst the known
human ABC transporters, ABCA3 shows similarity to the ABC transporter expressed in
E. coli. ABCA3 is known to transport a variety of substrates, such as phospholipids and
proteins, but with the majority of the studies focusing on its role in surfactant production
in alveolar cells. Other studies have shown that although the transporter is highly
expressed in lung tissue, it is also present in vascular tissue.
Also present in the vasculature is a closely related transporter from the ABCA
subfamily, ABCA1. This related transporter is also known to transport phospholipids and
cholesterol. The literature suggests that this transporter can play a role in cholesterol
accumulation. Preliminary DNA microarray experiments on rat aortic mRNA have
shown no changes in the levels of the ABCA1 transcript, but suggest a decrease in the
mRNA levels of ABCA3. Therefore, we hypothesize that GTN tolerance is associated
with a decrease in ABCA3 mRNA levels, no changes in ABCA1 mRNA levels and an
increase in intracellular nitrite levels.
Preliminary experiments performed by present and past members of this
laboratory have shown that ABCA3 levels are decreased at both the protein and mRNA
level during GTN tolerance (as described in section 1.5.5), but no changes in the ABCA1
were observed at the mRNA level. The purpose of this study was to investigate whether
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the changes in ABCA3 mRNA expression are associated with changes in nitrite levels in
the endothelial and smooth muscle layers of the rat aorta.
The objectives of this study include:
1) To confirm that GTN tolerance is associated with decreased ABCA3 mRNA levels
using RT-PCR analysis of RNA from rat aorta.
•

To compare ABCA3 mRNA quantification using both semi-quantitative and realtime RT-PCR.

2) To determine the relationship between ABCA3 mRNA levels and nitrite levels in rat
aorta during tolerance development and recovery.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Experimental Animals
Male Sprague-Dawley rats, weighing between 250-275 g, were purchased from
Charles River Canada (Charles River Laboratories, Senneville, QC). The rats were
housed for 2 days before use in a temperature controlled room (22ºC) with a 12 hr
light/dark cycle. Food and water were available ad libitum. All procedures for animal
experimentation were undertaken in accordance with the principles and guidelines of the
Canadian Council on Animal Care, and approved by the Queen’s University Animal Care
Committee.

2.2 Drugs and Surgical Procedures
Rats were exposed to a dose of GTN of 0.4 mg/hr for 24 hrs, 48 hrs, or 48 hrs
followed immediately by a 24 hr drug-free period. GTN was administered via
transdermal GTN patches (Transderm-Nitro®, 0.2 mg/hr GTN). Rats were anesthetized
with halothane and the upper dorsal region of the rat was shaved and disinfected with
70% ethanol and then 2.5% iodine. A 2 cm transverse incision was made, two patches
were inserted back to back into the subdermal space and the incision was sutured closed.
Sham surgeries were performed as a control using drug-free patches that were generated
by soaking GTN patches in 70% ethanol for 7 days. Rats were treated with 0.4 ml of 30
μg/ml buprenorphrine (Temgesic®) subcutaneously immediately following the surgery.
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2.3 Tissue Preparation and Cell Culture
Rats were sacrificed by decapitation under halothane anesthesia. A 3 cm segment
of thoracic aorta was isolated, rinsed with either 0.9% autoclaved saline or Krebs’
solution (118 mM NaCl, 4.74 mM KCl, 1.18 mM MgSO4, 2.5 mM CaCl2, 1.18 mM
KH2PO4, 24.9 mM NaHCO3, 10 mM dextrose) for subsequent collection of RNA or
analysis of nitrite levels, respectively. Extraneous fat and blood were removed from the
excised aorta. The aorta was cut open length-wise and endothelial cells were removed by
gently scraping the lumen of the aorta twice in each direction with a rubber policeman to
remove the endothelial layer. Aortas were flash frozen in liquid nitrogen and pulverized
into a fine powder while frozen.
Cell culture was performed by Mrs. Kathy Sparks. Human aortic endothelial cells
(HAECs) and human embryonic kidney (HEK) cells were maintained at 37ºC in 5%
carbon dioxide in air. Cell media was composed of Dulbecco's Modified Eagle's Medium
(DMEM) with 7.5% fetal bovine serum (FBS) for the HEK cells and endothelial basal
medium (EBM) containing endothelial growth medium (EGM) with added human
endothelial growth factor, hydrocortisone, FBS, gentamicin/amphotericin-B, and bovine
brain extract (SingleQuots; Lonza, Basil, Switzerland) for the HAECs. Approximately 3
x 106 cells were harvested using 10 ml of 0.1–0.25% trypsin in phosphate buffer saline
(PBS). The cells were then pelleted by centrifugation at 1,500xg for 3 min.

2.4 RNA Isolation
Total RNA was isolated from aortas or cell pellets using RNeasy™ mini spincolumns (Qiagen) according to the manufacturer’s instructions with the following
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modifications. The cells and tissues were homogenized in 600 and 900 μl of Buffer RLT
containing 6 and 9 μl of a 14.3 M solution of 2-mercaptoethanol (ICN Biomedicals Inc.,
Solon, OH), respectively. The cells or tissues were homogenized using a Pyrex tissue
grinder round bottom pestle with a 16 x 100 mm tube (Corning Glass Works, Corning,
NY). The spin-column was treated with 10 μl of DNase 1 (Qiagen) for 15 min to remove
traces of genomic DNA followed by two washes with Buffer RW1. The RNA yield was
quantitated by spectrophotometry using the following equation: [RNA] = 44 μg/ml x A260
x dilution factor (Qiagen, 2004). Total RNA (3 μg) was loaded onto a 8 cm x 7 cm
denaturing 1% agarose gel (UltraPure™ Agarose; Invitrogen, Burlington, ON) and
stained using a 1% ethidium bromide solution (Fisher Bioreagents, Ottawa, ON), run for
1 hr at 100 V in MOPS running buffer (40 mM 3-(N-morpholino)propanesulfonic acid,
10 mM sodium acetate, 1 mM disodium ethylenediaminetetraacetic acid (EDTA), pH
7.0), and visualized under UV-light. Only RNA samples that showed high yields and
integrity were used in subsequent experiments. Integrity was defined as RNA solutions
exhibiting an A260/A280 ratio of 1.9 or higher, and showing distinct 18S and 28S
ribosomal RNA bands when visualized on the reducing agarose gels.

2.5 Reverse Transcription
Reverse transcription was performed using Superscript II Reverse Transcriptase
(Invitrogen) to generate a single stranded complimentary DNA template, cDNA. Each 20
μl reaction contained either 1 or 3 μg of total RNA, 500 ng of oligo(dT)12–18 primers or
240 ng of random primers (Invitrogen), which were mixed and incubated at 70ºC for 10
min, then chilled on ice. To each reaction, 4 μl of 5X first strand buffer (250 mM Tris-
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HCl, pH 8.3 at room temperature; 375 mM KCl; 15 mM MgCl2), 2 μl of 0.1M
dithiothreitol (DTT) (Invitrogen) and 1 μl of 10 mM deoxyribonucleotide triphosphates
(dNTPs) (Invitrogen), and nuclease-free H2O (Qiagen) were added to make a final
volume of 20 μl. The solution was mixed and incubated at 42ºC for 2 min and then 200 U
of reverse transcriptase was added. The final solution was mixed and incubated at 42ºC
for 50 min, followed by a 15 min incubation at 70ºC to inactivate the enzyme and stop
the reaction.

2.6 Semi-Quantitative PCR
A multiplex PCR reaction was performed using Taq DNA Polymerase
(Invitrogen) using 2 μl of the RT reaction mixture generated from 3 μg of RNA as
described above. Each 50 μl reaction contained 36.5 μl nuclease free H2O, 5 μl 10x PCR
buffer (200 mM Tris-HCl, pH 8.4; 500 mM KCl), 0.25 μM each gene specific forward
and reverse primer (ACGT Corporation, Toronto, ON) (Table 2.1), 1 μl 10 mM dNTPs,
and 5 U of Taq polymerase. The solution was mixed and incubated in a PTC-100
Programmable Thermal Controller (MJ Research Inc., Watertown, MA) at 94ºC for 45 s,
followed by 27 cycles consisting of 3 steps: 1) 94ºC for 45 s, 2) 52 ºC for 1 min, 3) 72 ºC
for 1 min, and a final extension period at 72 ºC for 10 min. PCR products were visualized
by running a 8 cm x 7 cm 2% agarose gel at 100 V for 1 hr in a tris-acetate-EDTA
running buffer (40 mM Tris base; 20 mM glacial acetic acid; 1 mM disodium EDTA, pH
8.0), and stained with a 1% ethidium bromide solution.
ABCA3 mRNA levels were normalized to mRNA levels of the housekeeping
gene, glyceraldehyde 3-phosphate dehydrogenase (GAPDH). To ensure the primers
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Table 2.1. Primer sequences for semi-quantitative RT-PCR.
Genbank Name
(Accession #)
Rat ABCA3
(XM_220219)
Rat GAPDH
(X02231)

Primer
Sequence
F: 5’- GAT GAG AGT GCA CGG CTT TT -3’
R: 5’- CGG ATG TAC CCC GGT TCA C -3’
F: 5’- GAC AAC TTT GGC ATC GTG GA -3’
R: 5’- ATG CAG GGA TGA TGT TCT GG -3’

Product
Length
312
132

Table 2.2. Primer sequences for real-time RT-PCR.
Genbank Name
(Accession #)
Rat ABCA3
(XM_220219)
Rat ABCA1
(NM_178095)
Rat GAPDH
(X02231)
Rat GAPDH
(X02231)
Rat β-actin
(NM_031144)
Human ABCA3
(NM_001089)
Human ABCA1
(NM_005502)

Primer
Sequence
F: 5’-TGC CAT TGG CGG TGA GAT A-3’
R: 5’-ACG GAT GTA CCC CGG TTC-3’
F: 5’-CCT GCC TTG TAG CTG GTG TGT-3’
R: 5’-AGG GAA TGG CAC CGA GGA-3’
F: 5’- GAC AAC TTT GGC ATC GTG GA -3’
R: 5’- ATG CAG GGA TGA TGT TCT GG -3’
F: 5’-CCC AAT GTA TCC GTT GTG GA-3’
R: 5’-GTC ATT GAG AGC AAT GCC A-3’
F: 5’-TGA CAG GAT GCA GAA GGA GA-3’
R: 5’- TAG AGC CAC CAA TCC ACA CA-3’
F: 5’-CTT TCC AGG CAG CGT CCT-3’
R: 5’-ACC GAA AAC CTT CGC CCA G-3’
F: 5’-GGA GGC AAT GGC ACT GAG GAA-3’
R: 5’-CCT GCC TTG TGG CTG GAG TGT-3’
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Product
Length
188
178
132
203
104
90
180

generated the correct PCR product, an amplified PCR product from the ABCA3 primer
set was digested with the restriction enzyme Eco O109 I (New England Biolabs, Ipswich,
MA). A cocktail containing 4 μl of PCR product, 11.5 μl of H2O, 2 μl of 10x New
England Biolab’s buffer #4 (500 mM potassium acetate; 200 mM Tris-acetate; 100 mM
magnesium acetate; 10 mM DTT; pH 7.9 at 25°C), 2 μg of BSA and 10 U restriction
enzyme Eco O90 I was incubated at 37ºC for 2 hrs, followed by a 20 min incubation at
60ºC to inactivate the enzyme and stop the reaction. The product was visualized by
running an 8 cm x 7 cm 1% agarose gel at 100 V for 1 hr in a tris-acetate-EDTA running
buffer (40 mM Tris base, 20 mM glacial acetic acid, 1 mM disodium EDTA), and stained
with a 1% ethidium bromide solution. The product generated using the GAPDH primer
set was sent to TCAG (Toronto, ON) for sequencing.

2.7 Real-time PCR
Real-time PCR reactions were performed using Quantitect SYBR Green Realtime PCR Kit (Qiagen) and 1 μl of the RT reaction mixture generated from 1 μg of RNA,
as described in section 2.5. Each 20 μl reaction contained 10 μl of SYBR Green master
mix (HotStarTaq® DNA Polymerase, Tris·HCl, KCl, (NH4)2SO4, 5 mM MgCl2, pH 8.7
at 20°C, dNTP mix with dUTP, SYBR Green I, ROX™ reference dye), 0.2 μM each
gene specific forward and reverse primer (Integrated DNA Technologies, Coralville, IA)
(Table 2.2), and 7.0 μl of nuclease free water. The solution was mixed and incubated in a
Smartcycler Real-time PCR System (Cephid, Fisher Scientific Canada, Ottawa, ON) at
95ºC for 900 s, followed by 45 cycles consisting of 3 steps: 1) 95ºC for 15 s, 2) 50ºC for
30 s, 3) 72ºC for 30 s. After 45 cycles, a melt curve was generated by increasing the
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temperature from 60ºC to 95ºC at a rate of 0.2ºC s-1. As the temperature increased the
double stranded DNA denatured and fluorescence decreased rapidly. The derivative of
temperature as fluorescence decreased was plotted as a melt curve. The melt curve was
used to confirm that the amplification of a distinct PCR product occurred, as indicated by
a single peak in the melt curve, and also to confirm DNA contamination did not occur, as
indicated by the absence of a peak in the negative control which contained no DNA.
The efficiency of amplification for each primer set was determined for
compatibility between the gene of interest and the housekeeping gene, GAPDH. Relative
mRNA levels were calculated using the delta-delta Ct method of quantification (Livak
and Schmittgen, 2001). The differences between the Ct values obtained for the gene of
interest and GAPDH were calculated. The corresponding ΔCt values were subtracted
from an external ΔCt value which was derived by averaging the ΔCt values obtained
during efficiency curve generation. The efficiency curves were generated using RT
mixtures generated from the RNA of aortas from control rats. To ensure the primers
generated the correct PCR product, an amplified PCR product from each primer set was
sequenced.

2.8 Nitrite Accumulation Assay
Aortas were obtained from rats as outlined in section 2.3 and cut in half. The
endothelial cells were removed from one half and left intact on the other half. Each
section of aorta was dried with a Kim Wipe®, weighed, and homogenized in 500 μl
Krebs’ solution. Protein was precipitated by adding 250 μl of each of 5% HgCl2 and 0.2
M Na2CO3 followed by centrifugation for 1 min at 13 000xg. The supernatant was
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removed, and to a 500 μl aliquot of supernatant each of the Greiss reagents (250 μl of 2%
sulfonic acid and 250 μl 2% N-(1-naphthyl)-ethylenediamine (NED)) were added. A
standard curve was prepared using known concentrations of NaNO2 (100 nM to 2000 nM
prepared in water) and the NO2- levels in the samples were interpolated from the standard
curve. As a control, 500 μl aliquots of Krebs’ solution were treated in an identical
manner, and the nitrite content subtracted from the values obtained from the tissues
sample.

2.9 Statistical Analysis
2.9.1. Semi-Quantitative RT-PCR
The optical density of each band was assessed using Fluorchem software and the
density of the ABCA3 band was normalized to its corresponding GAPDH band. An
unpaired Student’s t-test was performed using GraphPad Prism, and the means were
considered significantly different when P < 0.05. Data were analyzed by the Grubb’s test
to identify outliers and the outliers were omitted from further analysis.
2.9.2

Real-Time RT-PCR and Nitrite Accumulation Assay
A one-way ANOVA was initially performed using GraphPad Prism to compare

sham values, and unpaired Student’s t-tests were performed to compare the GTN-treated
group to the control group. Means were considered significantly different with a P < 0.05.
Data were analyzed by the Grubb’s test to identify outliers and the outliers were omitted
from further analysis.
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CHAPTER 3: RESULTS

3.1 Influence of Endothelium Removal on ABCA3 mRNA Expression
In initial experiments, ABCA3 mRNA levels were assessed in both endotheliumintact and endothelium-denuded rat aorta using semi-quantitative RT-PCR. Either oligo
d(T) primers or random hexamers were used in the RT step preceding the semiquantitative PCR. The use of random hexamers produced more ABCA3 PCR product
when compared to that obtained using oligo d(T) primers (Figure 3.1). Therefore, random
hexamers were used in subsequent experiments.
To confirm that the ABCA3 primer set generated the correct PCR product, the
ABCA3 PCR product was digested with the restriction enzyme, Eco O901I, which
recognizes and cleaves in the sequence: RGGNCCY, where N can be any nucleotide, R
can be either A or G and Y can be either C or T. The recognized nucleotide sequence
occurs in the predicted PCR product and would result in restriction digest products of 118
and 194 bp (Figure 3.2). Having confirmed the ABCA3 primer set was generating the
correct PCR product, the relative amounts of ABCA3 were quantitated in endotheliumintact and endothelium-denuded segments of rat aorta. As seen in Figure 3.3, removal of
the endothelium resulted in an apparent 25% decrease in ABCA3 mRNA levels as
indicated by semi-quantitative RT-PCR. ABCA3 mRNA levels were also assessed using
real-time RT-PCR and removal of the endothelium resulted in an apparent 35% decrease
in ABCA3 mRNA levels, however this decrease was not statistically significant (Figure
3.4).
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Figure 3.1. Comparison of the use of random primers vs. oligo d(T) primers for reverse
transcription of total RNA derived from rat aorta. ABCA3 (predicted size of 312 bp) and
GAPDH (predicted size of 132 bp) PCR products were amplified in a PCR reaction using
cDNA generated using oligo d(T) primers (left lane) or random hexamers (middle lane).
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Figure 3.2. Restriction enzyme digest of amplified ABCA3 PCR product. a) Amplified
ABCA3 mRNA sequence with a predicted size of 312 bp. The cut site is indicated by ↓
and the recognized sequence is underlined. Sequence reads in the 5’ to 3’ direction. b)
The 312 bp product (left column) was cut with restriction enzyme Eco O109I to produce
two fragments, consisting of one slightly less than 200 bp and one slightly more than 100
bp (right column), consistent with the predicted restriction digest products of 194 bp and
118 bp.
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Figure 3.3. ABCA3 mRNA levels assessed using semi-quantitative RT-PCR. ABCA3
mRNA levels (predicted 312 bp product) were normalized to endogenous GAPDH
mRNA levels (predicted 132 bp product). Removal of the endothelium resulted in a
decrease in ABCA3 mRNA levels. a) Visualization on an ethidium bromide-stained 2%
agarose gel. b) Quantification by densitometry indicated that endothelial denudation
resulted in a 25% decrease in ABCA3 mRNA levels. Data represent the mean ± SEM (n=
5-6; P = 0.0562, Student’s t-test for unpaired data).
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Figure 3.4. ABCA3 mRNA levels assessed using real-time RT-PCR. ABCA3 mRNA
levels (predicted 188 bp product) were normalized to endogenous GAPDH mRNA levels
(predicted 132 bp product). Removal of the endothelium resulted in a decrease in ABCA3
mRNA levels. Quantification indicated that endothelial denudation resulted in a 35%
decrease in ABCA3 mRNA levels. Data represent the mean ± SEM (n=3; P = 0.3061,
Student’s t-test for unpaired data).
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Rat aortic ABCA3 mRNA levels after continuous exposure to GTN for 48 hrs were
initially assessed using semi-quantitative RT-PCR. The PCR product was visualized on
an ethidium bromide-stained gel. The optical density of each band corresponding to
ABCA3 was measured and normalized to the optical density of the corresponding
GAPDH band. However, the results suggested that no changes occurred in ABCA3
mRNA levels after exposure to 0.4 mg/hr GTN for 48 hrs (Figure 3.5).

3.2 Quantification of ABCA3 and ABCA1 mRNA Levels by Real-time RT-PCR
after Continuous GTN Exposure
Since preliminary experiments suggested that a decrease in rat aortic ABCA3
mRNA levels occurred after exposure to GTN for 48 hrs, but no changes were observed
when ABCA3 mRNA levels were assessed in rat aorta using semi-quantitative RT-PCR
and quantification by densitometry, real-time RT-PCR was used to assess the mRNA
levels. Efficiency curves were generated for the primers used in real-time RT-PCR.
Initially, a primer pair for a predicted 104 bp product of β-actin (Tian et al., 2007) and a
primer pair for a predicted 188 bp product of ABCA3 were tested for compatibility
(Figure 3.6). For both primer sets there was a linear relationship between the Ct values
and the logarithm of the dilution of input cDNA (Figure 3.6a and b). However, it was
found that the primer set used to amplify β-actin amplified the cDNA at a lower
efficiency than the primer set used for ABCA3, since the ΔCt values decreased as the
amount of input cDNA was diluted (Figure 3.6c), indicating that the use of the β-actin
primer set was not optimal for the quantification of ABCA3 mRNA expression.
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Figure 3.5. Semi-quantitative analysis of mRNA levels in endothelium-intact rat aorta
after in vivo treatment with GTN. ABCA3 mRNA levels (predicted 312 bp product)
were normalized to endogenous GAPDH mRNA levels (predicted 132 bp product). a)
Visualization on an ethidium bromide-stained 2% agarose gel. b) Quantification of band
density using densitometry suggested no changes in mRNA were observed after 0.4
mg/hr GTN for 48 hrs. Data represent the mean ± SEM (n= 3; P = 0.9078, Student’s t-test
for unpaired data).

48

a)
35
30

Ct

25
y = 1.77x + 25.425
R2 = 0.9538

20
15
10
5
0
0

1

2

3

4

Log Dilution Factor

a)
35
30

Ct

25
y = 3.932x + 17.752
R2 = 0.987

20
15
10
5
0
0

1

2

3

4

Log Dilution Factor

c)
8

(n=1)
(n=1)

Δ Ct

6

(n=1)

4

(n=1)

2

0
1.0

10

100

1000

Dilution Factor

Figure 3.6. Primer amplification efficiencies for ABCA3 (predicted 188 bp product) and
β-actin (predicted 104 bp product). a) Plot of the cycle threshold (Ct) versus the logarithm
of the dilution of input cDNA for a single run using the ABCA3 primer pair. b) Plot of Ct
versus the logarithm of the dilution of input cDNA for a single run using the β-actin
primer pair. c) The difference in Ct values (ΔCt) between the two primer sets is plotted
against the dilution of the input cDNA (n=1).
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The next primer set tested was a predicted 132 bp product for GAPDH (Tian et al., 2007)
(Figure 3.7). Again, there was a linear relationship between the Ct value and the amount
of input cDNA for both primer pairs (Figure 3.7a and b), but in this case the amplification
efficiencies were the same for both primer pairs. As shown in Figure 3.7c, the ΔCt values
were the same regardless of the amount of input cDNA, indicating that the use of this
primer pair for GAPDH would be appropriate for the quantification of changes in
ABCA3 mRNA levels. A second primer set was designed to amplify a 203 bp product of
GAPDH, and an efficiency curve for this primer set is shown in Figure 3.8. A linear
relationship between Ct values and the logarithm of the amount of input cDNA was
observed for the primer sets for both ABCA3 and GAPDH (Figure 3.8a and b). As seen
in Figure 3.8c, the differences in Ct values (ΔCt) remained constant for higher amounts of
input cDNA, but decreased when input cDNA was diluted further than 25-fold (Figure
3.8c). To confirm that the GAPDH primer set used to generate the predicted 203 bp
product produced Ct values consistent with the pair used to generate the predicted 132 bp
product, a comparison of the Ct values for four samples was performed (Table 3.1). The
two primer sets generated Ct values which were very similar for each sample, therefore
either of the two primers sets used for the generation of a GAPDH PCR product could be
used in subsequent PCR reactions. Efficiency curves for a predicted178 bp product of
ABCA1 and a predicted 203 bp product of GAPDH were also generated (Figure 3.9) and
comparison of the ΔCt values for these primer sets indicated no differences over the range
of dilution of the input cDNA (Figure 3.9c).
After 24 hrs of continuous in vivo exposure to 0.4 mg/hr GTN, an apparent 2-fold
increase in ABCA3 mRNA levels was observed in endothelium-intact rat aortas, although
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Figure 3.7. Primer amplification efficiencies for ABCA3 (predicted 188 bp product) and
GAPDH (predicted 132 bp product). a) Plot of the cycle threshold (Ct) versus the
logarithm of the dilution of input cDNA for a single run using the ABCA3 primer pair. b)
Plot of Ct versus the logarithm of the dilution of input cDNA for a single run using the
GAPDH primer pair. c) The difference in Ct values (ΔCt) between the two primer sets is
plotted against the dilution of the input cDNA. There were no differences in ΔCt values
between groups. Data represent the mean ± SEM (n=4; P = 0.3863, two-way ANOVA).

51

a)
40
30

Ct

y = 2.1918x + 30.9
R2 = 0.9863

20
10
0
0

0.5

1

1.5

2

2.5

3

Log Dilution Factor

Ct

b)
35
30
25
20
15
10
5
0

y = 3.1632x + 23.545
R2 = 0.9996

0

0.5

1

1.5

2

2.5

3

Log Dilution Factor

c)
8

(n=1)

(n=1)

Δ Ct

6

(n=1)

(n=1)

4

2

0
5

25

125

625

Dilution Factor

Figure 3.8. Primer amplification efficiencies for ABCA3 (predicted 188 bp product) and
GAPDH (predicted 203 bp product). a) Plot of the cycle threshold (Ct) versus the
logarithm of the dilution of input cDNA for a single run using the ABCA3 primer pair. b)
Plot of Ct versus the logarithm of the dilution of input cDNA for a single run using the
GAPDH primer pair. c) The difference in Ct values (ΔCt) between the two primer sets is
plotted against the dilution of the input cDNA. Data represented as the mean ± SEM
(n=1).
.
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Table 3.1. Comparison of cycle threshold (Ct) values using two primers sets for GAPDH.
Sample #
1
2
3
4

203 bp GAPDH
Ct Value 1
Ct Value 2
22.54
22.79
23.6
23.86
23.32
23.46
23.79
22.86

132 bp GAPDH
Ct Value 1
Ct Value 2
22.56
22.52
23.24
22.86
22.9
23.34
23.27
23.46

Four samples were analyzed in duplicate using two primer sets for GAPDH to confirm
that the primer set producing a predicted 203 bp product generated similar Ct values as
the original primer set which generated a predicted 132 bp product, and could be used in
subsequent experiments.
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Figure 3.9. Primer amplification efficiencies for ABCA1 (predicted 178 bp product) and
GAPDH (predicted 203 bp product). a) Plot of the cycle threshold (Ct) versus the
logarithm of dilution of the input cDNA for a single run using the ABCA1 primer pair. b)
Plot of Ct versus the logarithm of dilution of the input cDNA for a single run using the
GAPDH primer pair. c) The difference in Ct values (ΔCt) between the two primer sets is
plotted against the logarithm of the dilution of the input cDNA. There were no
differences in ΔCt values between groups. Data represent the mean ± SEM (n=3; P =
0.3820, two-way ANOVA).
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this increase was not statistically significant when compared to ABCA3 mRNA levels in
sham-treated animals (Figure 3.10a). Continuous in vivo exposure to GTN for 48 hrs
resulted in a significant 70% decrease in ABCA3 mRNA levels, whereas in endotheliumintact aortas from animals exposed to GTN for 48 hrs followed by a 24 hr nitrate-free
period, ABCA3 mRNA expression had returned to control values (Figure 3.10a).
Changes in mRNA expression of a second transporter belonging to the ABCA subfamily,
ABCA1, were also assessed in intact aortas. After 24 hrs of continuous in vivo GTN
exposure, ABCA1 mRNA expression was apparently increased 2-fold compared to shamtreated animals, although this increase was not statistically significant (Figure 3.10b).
ABCA1 mRNA levels were decreased by approximately 20% in aortas from animals
exposed to GTN for 48 hrs or animals exposed to GTN for 48 hrs followed by a 24 hr
nitrate-free period. However, these decreases were not statistically significant (Figure
3.10b).
After 24 hrs of continuous in vivo exposure to 0.4 mg/hr GTN, an apparent 2-fold
increase was observed for ABCA3 mRNA levels in endothelium-denuded aortas (Figure
3.11a). After 48 hrs of GTN exposure, ABCA3 mRNA levels were found to be
significantly increased by approximately 2-fold, and after 48 hrs of GTN exposure
followed by a 24 hr nitrate-free period, ABCA3 mRNA levels were apparently decreased
by approximately 10% when compared to ABCA3 levels in sham-treated animals (Figure
3.11a).
Changes in mRNA levels for ABCA1 in endothelium-denuded rat aortas were
also assessed after 24 hrs of continuous in vivo GTN exposure, and ABCA1 mRNA
levels were apparently increased 3.5-fold when compared to ABCA1 expression in
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Figure 3.10. Expression levels of ABCA3 and ABCA1 mRNA in endothelium-intact rat
aorta after in vivo treatment with GTN. a) ABCA3 mRNA levels were analyzed by realtime RT-PCR and normalized to GAPDH mRNA levels. b) ABCA1 mRNA levels were
analyzed by real-time RT-PCR and normalized to GAPDH mRNA levels. Rats were
exposed to 0.4 mg/hr GTN for 24 hrs (24 Hr), 48 hrs (48 Hr), or 48 hrs followed by a 24
hr nitrate-free period (Recovery). Messenger RNA expression in the GTN treatment
groups was expressed as a percentage of that determined in aortas from sham-treated
animals. Data represent the mean ± SEM (n=3.4; * P < 0.05, Student’s t-test for unpaired
data).
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Figure 3.11. Expression levels of ABCA3 and ABCA1 mRNA in endothelium-denuded
rat aorta after in vivo treatment with GTN. a) ABCA3 mRNA levels were analyzed by
real-time RT-PCR and normalized to GAPDH mRNA levels. b) ABCA1 mRNA levels
were analyzed by real-time RT-PCR and normalized to GAPDH mRNA levels. Rats were
exposed to 0.4 mg/hr GTN for 24 hrs (24 Hr), 48 hrs (48 Hr), or 48 hrs followed by a 24
hr nitrate-free period (Recovery). Messenger RNA expression in the GTN treatment
groups was expressed as a percentage of that determined in aortas from sham-treated
animals. Data represent mean ± SEM (n=1-3; * P < 0.05, Student’s t-test for unpaired
data).
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sham-treated animals (Figure 3.11b). After 48 hrs of GTN exposure, ABCA1 levels were
found to be increased approximately 2.5-fold, although this increase was not statistically
significant (Figure 3.11b). After 48 hrs of continuous GTN exposure followed by a 24 hr
nitrate-free period, ABCA1 levels were apparently decreased by approximately 60%
when compared to ABCA1 mRNA levels in sham-treated animals (Figure 3.11b).

3.3 Effects of Continuous GTN Exposure on Nitrite Accumulation in Rat Aorta
After 24 hrs of continuous in vivo GTN exposure, nitrite levels in endotheliumintact aortas increased from 12.6 ± 0.7 pmol NO2-/mg tissue in sham-treated animals to
19.3 ± 2.4 pmol/mg in GTN-treated animals (Figure 3.12a), although this increase was
not statistically significant. In endothelium-intact aortas from rats exposed to GTN for 48
hrs or exposed to GTN for 48 hrs followed by a 24 hr recovery period, there were
negligible changes in NO2- content between sham and GTN-treated animals (Figure
3.12a).
Nitrite content was assessed in segments of aorta from the same animals as above in
which the endothelial cells had been removed. In endothelium-denuded aortas,
continuous in vivo exposure to GTN for 48 hrs resulted in a significant decrease in NO2accumulation from 9.5 ± 1.4 pmol/mg in aortas from sham-treated animals to 4.6 ± 1.3
pmol/mg in aortas from tolerant animals (Figure 3.12b). No significant differences were
observed in nitrite content in endothelium-denuded aortas from animals treated
continuously with GTN for 24 hrs or in aortas from animals subjected to a 24 hr recovery
following 48 hrs of GTN exposure (Figure 3.12b). The nitrite content in endotheliumdenuded tissues was subtracted from that measured in endothelium-intact aortas to
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Figure 3.12. Nitrite content in rat aorta after in vivo treatment with GTN. a) Nitrite
content in endothelium-intact aorta after exposure to 0.4 mg/hr GTN for 24 hrs (24 hr),
48 hrs (48 hr), and 48 hrs followed by a 24 hr nitrate-free period (Recovery). b) Nitrite
content in endothelium-denuded aorta from the same animals as in a). c) Nitrite content
in the endothelial layer. Values were derived from the difference in nitrite content
between endothelium-intact and endothelium-denuded segments of aorta. Data represent
mean ± SEM (n=3-4; * P < 0.05, Student’s t-test for unpaired data).
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determine the changes in nitrite attributable to endothelial cells. In animals treated for
either 24 or 48 hrs with GTN, nitrite content associated with endothelial cells was
apparently increased when compared to sham animals. In endothelial cells in aortas from
recovered animals, nitrite accumulation was decreased, although these changes were not
statistically significant (Figure 3.12c).

3.4 ABCA3 and ABCA1 mRNA Levels in HAECs
RT-PCR was performed on both HAECs and HEK cells overexpressing ABCA3.
The HEK cells overexpressing ABCA3 were used as a positive control for ABCA3
mRNA levels and a negative control for ABCA1 mRNA levels since the cells should not
contain any ABCA1 mRNA. Messenger RNA levels were normalized to GAPDH mRNA
levels for both ABCA3 and ABCA1. The HAECs endogenously expressed both ABCA3
and ABCA1 mRNA with ABCA1 mRNA levels apparently 50% higher than ABCA3
mRNA levels (Figure 3.13). The HEK cells expressed approximately 400 times more
ABCA3 mRNA than the HAECs, and in the HEK cells ABCA1 mRNA levels were
undetectable, as expected (Figure 3.13).
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Figure 3.13. Relative mRNA levels for the ABCA3 and ABCA1 transporters expressed
in HEK cells and HAECs. ABCA3 was transfected into HEK cells (n=1).
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CHAPTER 4: DISCUSSION
Many mechanisms of GTN tolerance have been proposed, but it seems that no
single mechanism is responsible for symptoms associated with GTN tolerance.
Biotransformation of GTN produces the GDN metabolites and inorganic nitrite anion,
which upon accumulation in endothelial cells is associated with protein tyrosine nitration
and apoptosis. Whereas nitrite transporters have not been characterized in mammalian
cells, nitrite efflux pumps are known to exist in bacteria, and homology studies indicated
that ABCA3 shows genetic similarity to the bacterial ABC transporters. ABCA3 is
known to transport a variety of substrates, such as phospholipids and proteins, and studies
have discovered that while the transporter is highly expressed in lung tissue, it is also
present in vascular tissue. Preliminary experiments on rat aortic mRNA indicated an
apparent decrease in the levels of the ABCA3 transcript after exposure to GTN.
The present study was conducted to assess the changes in ABCA3 mRNA
expression as well as nitrite accumulation and distribution in endothelium-intact and –
denuded rat aorta after exposure to GTN. The objectives of the study were to confirm that
changes in ABCA3 mRNA levels occur in rat aorta after exposure to GTN using both
semi-quantitative and real-time RT-PCR, and to determine the relationship between
ABCA3 mRNA levels and nitrite distribution after exposure to GTN.

4.1 Optimization of RT-PCR
Preliminary evidence suggested that continuous exposure to GTN is associated
with an apparent decrease in ABCA3 mRNA levels in rat aorta. Initially, semiquantitative RT-PCR was performed using oligo d(T) primers in the RT reaction.
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However, the band intensity of the ABCA3 PCR product was quite low compared to the
GAPDH PCR product (Figure 3.1). The first step taken to improve semi-quantitative RTPCR analysis was to assess the effect of using random hexamers in the RT reaction rather
than oligo d(T) primers. Thus an aliquot of RNA was used in an RT reaction with either
oligo d(T) primers or random hexamers, followed by the PCR reaction. The ABCA3 PCR
product generated using random hexamers in the RT reaction produced a more optically
dense band compared to that produced using oligo d(T) primers. However, no changes
were observed in band intensity for the GAPDH PCR product (Figure 3.1).
Oligo d(T) primers anneal to the poly-A tail of mRNA, and therefore the RT
enzyme initiates cDNA synthesis at the 3’ end of the transcript thereby making the
integrity of the cDNA reliant on the ability of the enzyme to synthesis DNA from the
entire mRNA transcript. Random hexamers anneal to complimentary sequences across
the entire mRNA transcript thus producing cDNA of varying lengths. One benefit of
using oligo d(T) primers is that any contaminating genomic DNA in the sample is
unlikely to be amplified, since genomic DNA does not contain a poly-A tail. Genomic
DNA contamination can also be minimized by the use of DNase during sample
preparation and by selecting samples with high A260/A280 ratios.
An important factor to consider when choosing the type of primers to use in RT
reactions is the location on the cDNA at which the gene-specific primers bind during the
subsequent PCR reaction. When oligo d(T) primers are chosen for the RT reaction,
optimal PCR primers are designed to flank a region close to the 3’ end of the cDNA and
to cross at least one exon-exon boundary in order to eliminate the amplification of any
contaminating genomic DNA since cDNA contains no introns.
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Although random hexamers can anneal to both RNA and DNA sequences, they
are very useful when the gene-specific PCR primers target a section of the cDNA
corresponding to a location far removed from the 3’ end of the mRNA transcript, as was
the case with the ABCA3 primers used in this study. The ABCA3 gene is comprised of
30 exons, and the ABCA3 primer set flanked two exon-exon boundaries to amplify a
section of the cDNA spanning from exon 4 to exon 6 of the gene. In contrast, the
GAPDH gene contains 8 exons, and the GAPDH primers used flanked a region from
exon 5 to exon 6. This may account for the similar band intensity observed for GAPDH
when using either the oligo d(T) primers or the random hexamers since the targeted
location on the cDNA is in close proximity to the poly-A tail. The ABCA3 primer set
targeted a region of the ABCA3 cDNA approximately 5.4 kb upstream from the 3’ end of
the transcript. Thus the lower the band intensity observed for ABCA3 when oligo d(T)
primers were used is likely due to the inability of the RT enzyme to synthesize cDNA
strands of sufficient length to span the sections of the cDNA targeted by the ABCA3
primer set.
Real-time PCR, the more sensitive and quantitative PCR technique, was chosen to
assess the effects of chronic GTN exposure on ABCA3 mRNA expression. Primer
efficiency experiments were conducted to ensure compatibility between the primer sets
for ABCA3 and the reference gene. The real-time RT-PCR technique analyzes mRNA
levels based on the cycle number at which the amplified DNA fluoresces and crosses a
predetermined fluorescence threshold (Ct). The Ct is defined as the cycle number at
which the SYBR-green-bound-DNA emits the minimum amount of fluorescence
detectable by the apparatus, i.e. the threshold. The ΔCt value is calculated as the
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difference between the two Cts generated by each of the two primer sets at a specific
dilution. Thus ΔCt is used to quantify the mRNA levels of the gene of interest, e.g.
ABCA3, relative to a reference gene, e.g. GAPDH. In order for primer sets to be usable,
ΔCt values should remain constant across a range of dilutions of input cDNA; otherwise
the relative change in expression of the gene of interest will not be independent of the
amount of cDNA used in the PCR reaction. The first reference gene assessed was β-actin.
Efficiency curves were generated for both ABCA3 (Figure 3.6a) and β-actin (Figure
3.6b). The β-actin primer set required a greater number of cycles to reach threshold as
indicated by the greater slope of the line relating Ct and the logarithm of dilution factor.
Thus when the ΔCt values were plotted against the dilution factor used (Figure 3.6), the
ΔCt value was seen to decrease as the samples were diluted (Figure 3.6c), indicating that
the β-actin primers amplified the cDNA less efficiently than the ABCA3 primers.
The second housekeeping gene assessed for use as a reference gene was GAPDH.
Efficiency curves for both ABCA3 and GAPDH were generated and showed similar
slopes (Figure 3.7a and 3.7b). The ΔCt values were compared and found to be the same
across various dilutions of input cDNA (Figure 3.7c), indicating that the GAPDH primer
set was more compatible with the ABCA3 primer set than the previously assessed β-actin
primer set. Another important property of a useful reference gene is that the mRNA
expression levels remain unaffected by the experimental treatment. GAPDH exhibited a
Ct value between 22-23 cycle numbers regardless of treatment.
Part way through the study, contamination of the real-time RT-PCR samples with
DNA became a problem. In real-time PCR, a melt curve is generated after the PCR
reactions have been completed in which the temperature is increased from 60ºC to 90ºC
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to determine the temperature at which the amplified double-stranded DNA denatures, as
indicated by a decrease in fluorescence. The melt curve is used to confirm that one
species of PCR product is generated per primer set, and that no PCR product is generated
in the absence of added DNA to the sample (negative control). Contamination of the
samples was assumed based on the presence of DNA in the negative control for GAPDH.
In order to eliminate the contamination from the PCR reactions, new primers and PCR
reagents were ordered, water from various sources was tested and the pipets were cleaned
thoroughly, although none of these changes eliminated the presence of DNA in the
negative control. The contamination only affected the GAPDH negative control,
suggesting that the unwanted DNA in the reaction was most likely GAPDH PCR product
from previous PCR reactions rather than cDNA formed in an RT reaction, since the
negative control for the ABCA3, using the same aliquot of PCR mixture was not
contaminated. To eliminate the contamination, a new PCR station was set up in an area
that had not recently been exposed to amplified PCR products, and new primers targeting
a different region of the GAPDH mRNA transcript were designed and tested for their
amplification efficiency and consistency of Ct values. The new primer set produced a
predicted 203 bp product, showed compatibility with the ABCA3 primers at least at the
lower two dilutions of the input cDNA (Figure 3.8) and when data analysis was
performed taking the slight difference in efficiency into account, the calculated values
were similar to those obtained using the approximation method. The new primer set also
produced a consistent Ct of 22-23 cycles (Table 3.1) and no contamination in the negative
control. Thus the new primer set was used in subsequent RT-PCR reactions.
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To compare differences in sensitivity and reliability of semi-quantitative RT-PCR
versus real-time PCR, ABCA3 mRNA expression in aortas from three sham and three
GTN-tolerant rats was assessed by both methods (Figure 4.1). Assessment by semiquantitative PCR suggested that continuous treatment with GTN for 48 hrs had no effect
on ABCA3 mRNA levels. However, when the same samples were assessed using realtime RT-PCR, a 70% decrease in ABCA3 mRNA expression was observed after 48 hrs
of continuous exposure to GTN (Figure 4.1).
Whereas semi-quantitative RT-PCR can be useful to assess mRNA expression
levels, a few limitations of the technique should be addressed. Firstly, ethidium bromide
is used to quantify the amount of the double stranded DNA produced in the PCR reaction
after it has been run on a gel. Ethidium bromide has a minimum threshold of detection of
1-5 ng of DNA per band, whereas SYBR green dye used in real- time RT-PCR has a
minimum threshold of detection of approximately 60 pg of DNA per band. Another
limitation of the semi-quantitative RT-PCR is that quantification must take place in the
exponential phase of amplification; therefore several reactions must be performed prior to
data collection to determine the optimal cycle number at which to accurately assess the
changes in mRNA expression. Quantification in the exponential phase of amplification is
very important in semi-quantitative RT-PCR because the total amount of product
generated after a PCR reaction is not representative of the amount of input DNA. Finally,
when assessing a gene with a very low transcript number, such as ABCA3, there is a
limited dynamic range in which quantification can occur to have both the ABCA3 and
reference gene GAPDH amplifying in their respective exponential phases. Therefore, a
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Figure 4.1. Comparison of semi-quantitative RT-PCR and real-time RT-PCR for the
quantification of rat aortic ABCA3 mRNA levels. Rats were exposed to 0.4 mg/hr GTN
continuously for 48 hrs. a) Quantification of ABCA3 mRNA levels by semi-quantitative
RT-PCR. Data originally presented in Figure 3.5 (n=3; P = 0.9078, Student’s t-test for
unpaired data). b) Quantification of ABCA3 mRNA levels by real-time RT-PCR. Data
originally presented in Figure 3.10 (n=3; P = 0.0480, Student’s t-test for unpaired data).
Messenger RNA expression in the GTN treatment groups was expressed as a percentage
of that determined in aortas from sham-treated animals. Data represent the mean ± SEM.
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more sensitive PCR technique, such as real-time PCR would allow for a more accurate
assessment of the low ABCA3 mRNA transcript levels.
Quantification by real-time RT-PCR assesses mRNA levels based on the cycle
number at which the fluorescence emitted from the amplified PCR product is detectable
by the apparatus; this value is termed the cycle threshold (Ct). The difference between the
Ct value for the gene of interest and that for the reference gene was determined. The
corresponding ΔCt value was subtracted from an external ΔCt, a value derived by
averaging the ΔCt values obtained during efficiency curve generation, to give a ΔΔCt
value which was inserted into the equation 2-ΔΔCt (Livak and Schmittgen, 2001). The
equation is used to calculate an arbitrary value corresponding to mRNA levels of the gene
of interest in a single sample which can be compared to a second sample to determine the
relative changes in mRNA expression between those two samples. If the efficiencies of
the primer sets for both the gene of interest and reference gene are shown to be very
similar, the delta-delta Ct method of approximation can be used to quantify changes in
mRNA levels (Livak and Schmittgen, 2001). Therefore, real-time PCR appeared to be the
best method to use to quantify the ABCA3 mRNA levels due to the high sensitivity of the
technique and the very similar efficiencies of both primer sets.

4.2 Influence of Endothelium Removal on ABCA3 mRNA Expression and Nitrite
Accumulation
Preliminary studies were conducted to assess the presence of ABCA3 mRNA and
protein in the rat aortic endothelium (Figures 1.6 and 1.7). Subsequent experiments using
semi-quantitative and real-time RT-PCR were conducted to assess the effect of
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endothelium-denudation on the expression levels of ABCA3 mRNA in the rat aorta. An
apparent 25-35% decrease in ABCA3 mRNA levels was observed in endotheliumdenuded aortas when compared to endothelium-intact aortas (Figure 3.3b and 3.4),
suggesting that approximately 25-35% of aortic ABCA3 mRNA is endothelial in origin.
Only 5-10% of the cells in the rat aorta are endothelial cells, therefore the data suggest a
high abundance of ABCA3 in this cell type.
Having optimized conditions for real-time RT-PCR analysis of ABCA3, the
effects of continuous GTN exposure on levels of aortic ABCA3 mRNA expression could
be assessed. Twenty-four hours of continuous GTN exposure resulted in an apparent twofold increase in ABCA3 mRNA levels, although this increase was not statistically
significant (Figure 3.10a). However, a significant decrease in aortic ABCA3 mRNA
expression was observed following 48 hrs of continuous GTN exposure, whereas mRNA
levels had returned to control levels after 48 hrs of GTN exposure followed by a 24 hr
drug-free period (Figure 3.10a). In the endothelium-denuded aortas, ABCA3 mRNA
levels were apparently increased after a 24 hr exposure period of rats to GTN, and
ABCA3 mRNA levels were significantly increased at the 48 hr time point (Figure 3.11a).
After a 24 hr recovery period, the ABCA3 mRNA levels in endothelium-denuded aortas
appeared to return to control levels (Figure 11a). Therefore in endothelium-denuded
aortas, ABCA3 mRNA levels were increased after the induction of GTN tolerance, a
phenomenon opposite to that observed for ABCA3 mRNA levels in the endothelium after
the same exposure to GTN.
ABCA1 is known to be involved in cholesterol transport, and is present in
vascular tissue (Bodzioch et al., 1999). ABCA1 mRNA levels were assessed to
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determine whether changes in mRNA expression induced by GTN exposure were limited
to ABCA3, or also occurred with a closely related ABC transporter. Real-time RT-PCR
was performed on the same RNA samples analyzed for ABCA3 mRNA levels, and the
data indicated that whereas GTN exposure produced significant changes in ABCA3
mRNA levels, changes in ABCA1 mRNA levels were not statistically significant (Figure
3.10b).
The data obtained for ABCA3 and ABCA1 mRNA expression levels suggests
different patterns of expression in the endothelial and smooth muscle cells in response to
continuous GTN exposure. Exposure to GTN also appeared to increase the mRNA
expression of both ABCA3 and ABCA1 in the VSMCs, but the same results were not
observed in the endothelium. In endothelium-intact tissues, ABCA3 mRNA levels were
decreased by 70% after 48 hr exposure to GTN, whereas ABCA1 mRNA levels remained
statistically unchanged. These findings suggest that GTN may be affecting an upstream
target, and indirectly inhibiting transcriptional activation of the ABCA3 transporter, since
the effects of the drug differs between cells types.
The mechanism by which GTN affects the transcription of these genes is currently
not known, but a previous study has shown that GTN may alter transcriptional regulation
of genes expressed in vascular cells. A study by Death et al. (2002) suggested that GTN
affected transcription factors required for transcriptional activation of the MMP-9
promoter, specifically NFκB and activator protein-1 (AP-1), leading to promoter binding
and an increase of MMP-9. Moreover, an increase in NO levels positively correlated with
an increase in both AP-1 and NFΚB activity in many cell types (Kang et al., 2000; Koya
and King, 1998). Furthermore, a study by Wang et al. (2002) investigated the effects of
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GTN on the mRNA expression in rat aorta and found that GTN exposure resulted in the
downregulation of TTF-1. TTF-1 has also been shown to bind to the ABCA3 promoter to
initiate transcription of ABCA3 gene (Besnard et al., 2007), suggesting that GTN may
have an indirect effect on the transcription of ABCA3.
An important consideration when assessing endothelial-specific changes in GTNtolerant tissues is endothelial dysfunction. Studies have shown that endothelial
dysfunction, and most importantly endothelial cell apoptosis, is associated with GTN
tolerance (Ji et al., 2003; Gori et al., 2001). Consideration must be given to the possibility
of endothelial cell loss when assessing decreases in protein or mRNA levels. In the
current study, a 70% decrease in ABCA3 mRNA levels was observed in the endotheliumintact aortas from rats treated with GTN for 48 hrs (Figure 3.10a), but only an apparent
20% decrease was observed for ABCA1 mRNA levels (Figure 3.10b). Thus if endothelial
cell apoptosis was solely responsible for the apparent decrease in ABCA3 mRNA levels,
then the mRNA levels for ABCA1 would have been expected to decrease by the same
proportion as ABCA3. Since a significant decrease in ABCA1 mRNA expression was not
observed, it was concluded that treatment with GTN selectively affected ABCA3 mRNA
levels with little effect on the closely related transporter, ABCA1.
The accumulation of inorganic nitrite anion, a GTN metabolite, can have a
detrimental effect on vascular cells. Within the cell, nitrite can undergo an oxidation
reaction to form ·NO2, a highly reactive compound which has been shown to react with
tyrosine residues on cellular proteins, a process termed tyrosine nitration (Radi et al.,
2002). Tyrosine nitration can be harmful to the cell since the addition of a nitro group can
alter protein function and membrane permeability, thereby promoting the leakage of
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cytochrome c into the cytosol. The presence of cytochrome c along with other
mitrochondrial constituents acts as a signal to initiate apoptosis in the cell. Previous
experiments have shown that exposure to GTN is associated with tyrosine nitration.
Aortic endothelial cells from rats exposed to continuous GTN for 48 hrs were isolated
using the Häutchen procedure and stained for 3-nitrotyrosine, a complex formed
following the interaction of ·NO2 with protein Tyr residues. An increase in the abundance
of 3-nitrotyrosine was observed the aortic endothelial cells from rats exposed to GTN (Ji,
unpublished data) suggesting that GTN exposure is associated with protein tyrosine
nitration in endothelial cells.
Since nitrite is present in endothelial cells endogenously at concentrations
between 1-10 μM (Li et al., 2004; Zweier et al., 1995), and accumulation of the ion can
have harmful effects, we propose that cells are able to regulate intracellular nitrite levels.
Nitrite efflux in bacteria is mediated by transporters, specifically the NarK nitrate/nitrite
antiporter and the NRT class of ABC transporters. A homology study was performed to
compare the similarities of the bacterial transporters of E. coli, a species of bacteria
known to regulate intracellular nitrite levels, and the human ABC transporters. Several
ABC transporters have genetic similarity to the bacterial ABC transporters, one of which
was the ABCA3 transporter (Table 1.2). A DNA microarray was performed using aortic
mRNA obtained from rats exposed to continuous GTN for 48 hrs, and an apparent
decrease in ABCA3 mRNA levels was observed. Further experiments confirmed that
decreases in ABCA3 mRNA and protein levels were associated with continuous GTN
exposure when assessed using semi-quantitative RT-PCR and immunohistochemistry,
respectively.
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The major objective of the current study was to assess the relationship between
ABCA3 mRNA expression and nitrite accumulation in tissues from GTN-treated
animals. In aortas from GTN-tolerant animals (i.e. 48 hr exposure to GTN) there were
reciprocal changes in nitrite content in endothelium-intact and endothelium-denuded
tissues; nitrite accumulation that could be attributed to endothelial cells was calculated to
have increased about two-fold, and nitrite in endothelium-denuded aortas (i.e. primarily
VSMCs) was decreased by approximately 50% (Figure 3.12). In aortas from animals
treated for 48 hrs with GTN followed by a 24 hr drug-free period, nitrite levels in both
endothelium-intact and endothelium-denuded aortas were not significantly different from
nitrite levels in aortas from sham-treated animals. Thus it would appear that the changes
in nitrite content after exposure to GTN varies between cell types.
The changes in nitrite levels were compared with the changes in ABCA3 mRNA
levels in order to observe a correlation, of which there were several. Firstly, in the
endothelial layer, an apparent increase in ABCA3 mRNA levels correlated with a
decrease in nitrite levels after 48 hrs of continuous exposure to GTN. As for changes in
the smooth muscle layer, an increase in mRNA levels correlated with a decrease in nitrite
levels in tolerant tissues, but both nitrite and mRNA levels returned to control levels
during recovery from the drug.

4.3 Future Directions
This study found an inverse correlation between ABCA3 mRNA levels and nitrite
accumulation and distribution following chronic exposure to GTN. Future experiments
could be conducted to assess the effects of GTN in the individual cell types in culture in
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order to corroborate the changes observed in rat aorta. Messenger RNA levels have been
assessed in a HAEC line as well as HEK cells transfected with ABCA3, and ABCA3
mRNA levels in a VSMC line could be assessed in future studies since VSM cell lines
are available.
Both protein levels and transport activity of ABCA3 could be assessed in both the
rat aorta and in the cell lines described above. Protein levels could be assessed by
performing immunoblot analysis on endothelium-intact and -denuded aortas and on
various cell lines. However, the lack of a suitable antibody has prevented these studies
from occurring. In addition, at this point in time there exists no functional assay for the
ABCA3 transporter. The literature suggests that the main substrates for ABCA3 are
phospholipids and cholesterol, and that the protein plays an important role in surfactant
production (Yamano et al., 2001). It is difficult to assess phospholipid and cholesterol
transport across phospholipid membranes, since phospholipids are able to diffuse
throughout membranes without the aid of a transporter. Ideally, an assay is needed to
assess nitrite transport across cell membranes.
Currently, a collaborating laboratory has overexpressed ABCA3 in HEK cells,
and we have shown that HAECs endogenously express the transporter. Figure 3.13 shows
the relative mRNA levels of both cell lines for both ABCA1 and ABCA3. As would be
expected, there was a markedly greater abundance of ABCA3 mRNA in the transfected
HEK cells. Nitrite transport experiments using inside-out membrane vesicles generated
from HEK cells were performed to assess whether ABCA3 mediates nitrite transport, but
no evidence for nitrite transport was obtained (Conseil, unpublished observation). Since
nitrite is a small molecule and the ABCA3 transporter has been shown to transport larger
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molecules such as proteins and phospholipids (Yamano et al., 2001), it is possible that
nitrite is transported along with another molecule. It is also possible that nitrite transport
by ABCA3 requires accessory proteins that may not have been present in the membrane
vesicle preparations used in the above studies. If a correlation between ABCA3 and the
transport of nitrite in transfected HEK cells could be made, then a next step would be to
assess the effects of GTN on ABCA3 expression and nitrite transport in the HAEC cell
line, and possibly a VSMC line. The changes induced by GTN in each cell type could
then be assessed and compared with the findings outlined in this thesis.

4.4 Conclusion
Overall, this study showed an inverse correlation between nitrite and ABCA3
mRNA levels after the induction of GTN tolerance, such that an increase in nitrite
correlated with a decrease in ABCA3 mRNA levels, for example. Also, the changes in
mRNA levels were observed for ABCA3, but not for the closely related transporter,
ABCA1. A major limitation associated with this study is that a functional assay for the
ABCA3 transporter has not yet been developed. Thus changes in nitrite transport
associated with changes in ABCA3 mRNA levels could not be evaluated. Future studies
should be conducted using individual cell types in order to further assess cell typespecific effects of GTN. In conclusion, this study demonstrated that chronic GTN
exposure in an experimental model of nitrate tolerance affects the accumulation of nitrite
and its redistribution to endothelial cells, and that changes in nitrite accumulation were
inversely correlated with changes in ABCA3 mRNA expression. It is possible that future
experiments examining GTN-induced changes in ABCA3 expression, in conjunction with
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the development of a nitrite transport assay, that the ABCA3 transporter may be shown to
play an important role in nitrite transport, and may contribute to the changes in cell
function that occur after chronic exposure to this important class of therapeutic agents.
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