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Abstract
Coronary heart disease (CHD) remains the single leading cause of natural
death worldwide. Despite significant advances in the diagnosis and treatment,
CHD accounts for 1 out of every 6 deaths in the United States. Myocardial infarct
(MI) as a result of CHD causes irreversible damage to the heart through the loss
of viable myocardial tissue. Patients surviving the initial MI are at risk of developing
heart failure due to lost contractile function and adverse cardiac remodeling.
Improvement in the survival rates for MI have led to an increase in the incidence
of heart failure, affecting approximately 5 million people in the United States.
Although treatment of heart failure has improved, the mortality rates of heart failure
remain high with 1 in 5 dying within the first year of diagnosis and 50% dying within
5 years. The cost of caring for heart failure patients ranks number one in Medicare.
Oxidative stress plays an important role in the etiology and pathophysiology
of CHD and heart failure. The transcription factor Nrf2 is a master regulator of
cellular antioxidant defense mechanisms, controlling the expression of numerous
antioxidant and detoxification genes through the Antioxidant Response Element
(ARE) in the promoter regions. The cytoprotective effects of Nrf2 have been
demonstrated in a variety of organs and disease states; however, the role of Nrf2
in the heart and heart disease has not been defined. The work presented here
defines roles of Nrf2 in limiting cardiac injury and the progression to heart failure
(Chapter II), protecting cardiac myocytes from oxidative stress through the
preservation of mitochondria (Chapter III), and mediating the infarct reducing
effects of statins, one of the most prescribed pharmacological agent (Chapter IV).
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In order to investigate a role of Nrf2 in the pathology of ischemic injury in
the heart, a mouse model of ischemia and myocardial infarct by occlusion of the
left anterior descending coronary artery was used. Nrf2 knockout mice subjected
to ischemia/reperfusion injury experienced a larger infarct size than wild-type mice.
Furthermore, mice lacking Nrf2 experienced a higher mortality rate and an
accelerated progression to heart failure, indicated by severely compromised
contractile function and reduced cardiac output, within 10 days following an MI.
Morphological examination revealed maladaptive remodeling, including myocyte
hypertrophy, heart enlargement, and dilated left ventricle, in Nrf2 KO mice that was
absent in WT mice. Analysis of cardiac function by echocardiogram revealed
increased left ventricular mass, increased systolic volume, decreased fraction
shortening, reduced ejection fraction, and decreased cardiac output in Nrf2 KO
mice. Nrf2 KO mice also demonstrated expression of biomarkers of heart failure,
such as expression of fetal gene program, with elevated levels of β-MHC, ANF,
and BNP mRNA in the myocardium. Interestingly, a lack of immune cell infiltrate
and myofibroblasts as well as a deficiency in collagen deposition were observed
in the infarcted region of hearts from Nrf2 KO mice. These data indicate that Nrf2
plays an important role in protecting the myocardium from ischemic injury and the
progression to heart failure. Lack of Nrf2 response results in deficiency of wound
healing and instead initiation of maladaptive remodeling, leading to heart failure.
Mitochondria are key sources of reactive oxygen species (ROS) generation,
as well as important targets for ROS-induced cell injury. Cardiac myocytes have
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the highest content of mitochondria among all cell types and can be particularly
susceptible to mitochondrial dysfunction due to the high metabolic demand
associated with the contractile function of the heart. With cardiomyocytes (CMCs)
isolated from neonatal rats and kept under tissue culture conditions, mitochondria
exist in elaborated networks. Such networks were replaced by predominately
individual punctate mitochondria 24 hours after exposure to a sublethal dose of
H2O2.

Mitochondrial morphology was altered with membrane swelling and

disorganization of inner cristae with areas of condensation.

Disrupted

mitochondrial morphology was associated with a loss of membrane potential and
decreased expression of mitochondrial proteins involved in the electron transport
chain, such as cytochrome b and cytochrome c. Nrf2 overexpression prevented
H2O2 from inducing morphological changes in mitochondria and the reduction of
cytochrome b and cytochrome c expresssion.

Although Nrf2 is known as a

transcription factor regulating antioxidant and detoxification genes, Nrf2
overexpression did not significantly reduce the level of protein oxidation as
measured by carbonyl formation. Instead, we found that Nrf2 localizes to the outer
mitochondrial membrane, suggesting a direct role of Nrf2 in mitochondrial
protection. As further evidence of a direct role in mitochondrial protection, a cellfree system of mitochondria isolated from the myocardium of Nrf2 knockout mice
were more sensitive to permeability transition, an indicator of mitochondrial
dysfunction. Combined, these data suggest that Nrf2 protects mitochondria from
oxidant injury likely through direct interaction with mitochondria.
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In the clinic, statins are now commonly administered for patients
experiencing MI or CHD. Statins have become mainstays in the treatment of
hypercholesterolemia and atherosclerosis as inhibitors of the rate limiting enzyme
in cholesterol synthesis, 3-hydroxy-3-methylglutaryl coenzyme A reductase. In
addition, statins have been shown to elicit pleiotropic effects, including plaque
stabilization, maintenance of endothelial function, anti-inflammatory actions, and
antioxidant capabilities, independent of effects on cholesterol synthesis. Recently,
these pleiotropic effects have been implicated in providing acute protection against
ischemia and reperfusion injury, which has led to the use of high dose statins
clinically before revascularization of an ischemic event.

I have found that

administration of atorvastatin in mice induced Nrf2 protein levels in the heart, brain,
lung, and liver. While atorvastatin reduced infarct size following an MI in wild-type
mice, this protective effect was lost in mice lacking Nrf2. Failure of atorvastatin to
protect against MI in Nrf2 knockout mice indicates that Nrf2 plays a critical role in
mediating the protective effects of acute statin treatment.
Nrf2 induction by statins is a novel discovery. In order to understand the
mechanism of such statin effect, I used an in vitro cell system, in which a variety
of statins, atorvastatin, simvastatin, lovastatin, and pravastatin, were found to
elevate Nrf2 protein levels.

Elevation of Nrf2 by statins was independent of

increased protein stability or transcriptional regulation. Instead, statins increased
Nrf2 mRNA association with ribosomal complexes and induced Nrf2 protein
through a translational mechanism. Recruitment of Nrf2 mRNA to ribosomes and
induction of Nrf2 protein was dependent on activation of PI3 kinase.
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These studies provide evidence that Nrf2 plays a critical role in protecting
cardiac myocytes and the heart from oxidative stress and MI. In the absence of
Nrf2, mice experienced worse cardiac injury following MI and quickly advanced to
heart failure. Mechanistically, this work has identified a novel role of Nrf2 in
preserving mitochondrial morphology and integrity during oxidative stress through
a direct interaction with the outer mitochondrial membrane.

Finally, a newly

defined role of Nrf2 induction by statins in mediating protection against MI by acute
statin therapy indicates that modulation of Nrf2 may represent a viable
pharmacological target for cardiac protection in humans.
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Chapter I
Introduction: Cardiovascular Disease, Oxidative Stress and Nrf2
The incidence and mortality rates of cardiovascular disease have declined
in the past several decades. This decline is due to advances in diagnosis and
treatment, as well as public education for increasing excise, controlling for obesity
and hypertension, and reducing risk factors such as smoking. Despite these gains,
cardiovascular disease remains the leading cause of mortality, accounting for
31.9% (787,650) of all 2,468,435 deaths that occurred in the United States in 2010
(1). Within the classification of cardiovascular disease, coronary heart disease
(CHD) is by far the most common cause of death and accounts for nearly half of
all cardiovascular disease related deaths, or approximately 1 of every 6 deaths in
the United States (1).

1. Coronary Heart Disease
1.1 Atherosclerosis
During the past 20 years, our understanding of the pathophysiology of CHD
has evolved substantially. CHD develops due to the deposition of atherosclerotic
lesions along the arterial walls of the coronary arteries. While atherosclerosis was
originally considered to be the result of elevated cholesterol in circulation or
hyperlipidemia, it is now understood that complex interactions between risk factors,
cell proliferation of the arterial walls, and inflammatory reactions define
atherogenesis (2, 3). Alterations in the properties and characteristics of arterial
endothelial cells including the expression of leukocyte adhesion molecules,
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inflammatory reaction and changes in permeability of the endothelium are key
events in the initiation of atherogenesis (4).
Increased permeability results in an increased uptake and retention of
cholesterol containing low density lipoproteins (LDL) in the arterial wall where they
are sensitive to oxidative modification. The contaminant expression of leukocyte
adhesion molecules on the endothelial surface promotes the recruitment of
circulating monocytes. Within the arterial wall, these monocytes differentiate to
macrophages and proceed to engulf oxidized LDL, turning into foam cells. “Fatty
streaks,” the first stage of atherosclerotic plaques, begin to form along the arterial
wall as LDL and macrophages continue to accumulate. Following formation of a
fatty streak, vascular smooth muscle cells migrate from the tunica media to the
intima and begin producing an extra cellular matrix of collagen and elastin in order
to form a fibrous cap to cover the plaque and prevent exposure of the
prothrombotic core to the blood (5).

1.2 Stenotic vs Thrombotic Plaques
Atherosclerotic plaques typically cause clinical manifestations in one of two
ways: arterial stenosis or thrombus formation. Arterial stenosis occurs as the
atherosclerotic plaque expands inwardly into the vessel lumen, thus restricting
blood flow and leading to ischemia of the supplied tissue. Stenotic lesions most
commonly present clinically as angina pectoris as a result of myocardial ischemia
(6). The extent of stenosis directly effects perfusion of the downstream tissue.
Coronary arteries have a tremendous reserve potential and stenosis of up to 80%
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has no effect on basal blood flow at rest (7). However, atherosclerotic lesions
causing greater than 40% stenosis progressively reduce the maximal flow and can
impart exercise or stress induced ischemia. Lesions resulting in stenosis are
typically made up of a thick fibrous cap that is less likely to rupture and hence
stenotic atherosclerosis is sometimes referred to as chronic stable ischemic heart
disease.
While atherosclerosis is a chronic disease that can manifest as stable
ischemic heart disease as a result of arterial stenosis, the most worrisome clinical
consequence is thrombus formation. As opposed to chronic stable ischemic heart
disease, thrombus formation often occurs suddenly and without warning in a
transient fashion manifested as an acute coronary syndrome (ACS) (8). Although
stenotic atherosclerotic plaques were originally believed to be the primary culprit
of ACS due to lumen narrowing to the point of small thrombi being capable of
arterial occlusion, it has since been found that plaques responsible for acute
myocardial infarctions typically do not cause significant stenosis.

In fact,

atherosclerotic plaques associated with ACS have several key differences to
plaques causing chronic stable ischemic heart disease. Notably, stenosis causing
plaques typically have a thick fibrous cap and a relatively moderate lipid core, while
plaques commonly associated with ACS have a thin fibrous cap and a large lipid
core with abundant inflammatory cells expanding outwardly from the arterial lumen
(9-12). As a result of the thin fibrous cap, these plaques are susceptible to erosion
and rupture, thus exposing the highly thrombogenic inner core to the blood. In
fact, plaque rupture is associated with 31% of sudden coronary death cases and
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59% to 75% of all ACS, while less severe plaque instability manifested as plaque
erosion is found in 19% of patients suffering from sudden death and 36% to 44%
of ACS (13, 14).

1.3 Clinical Manifestations
Chronic stable angina is the initial clinical manifestation for more than half
of all patients with CHD. Angina is described as a discomfort in the chest, although
it is not necessarily confined to the chest and may extend to the back, throat,
shoulders, jaw, and extremities. Angina occurs as a result of myocardial ischemia
due to an imbalance between oxygen supply and oxygen demand.

Stenotic

plaques are the common cause of stress and exercised induced angina, as the
plaques impair coronary reserve capacity below levels needed (6).
As opposed to stable angina, patients presenting with ACS typically
experience angina at rest. ACS constitutes three clinical conditions: unstable
angina, non-ST-segment elevation myocardial infarction (NSTEMI), and STsegment elevation myocardial infarction (STEMI). A diagnosis of unstable angina
is made if the ischemic episode is short-lived, cardiac symptoms are transient, and
serological testing lacks evidence of myocardial necrosis. If the ischemic event is
longer myocardial necrosis may occur, evidenced by elevated levels of cardiac
troponins (I or T) in the serum, and a diagnosis of myocardial infarction is made.
Electrocardiogram is used to differentiate NSTEMI from STEMI.

STEMI is

characterized by an elevation in the ST-segement elevation in two contiguous
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leads, while a lack of ST-segment elevation, a transient ST-segment depression
or a T-wave inversion suggest a NSTEMI (15, 16).
A myocardial infarction (MI) can cause irreversible damage to the heart.
During the initial ischemic event, insufficient supply of oxygen and metabolic
substrates leads to myocardial “stunning” characterized by altered myocyte
metabolism and a halting of contractility (17). Myocardial stunning is believed to
be a protective mechanism against the ischemic event, and stunned myocytes
remain viable if reperfusion is initiated in a timely manner. However, irreversible
damage to the myocardium begins within 20 to 30 minutes of the ischemic event
and is characterized primarily by necrosis, with apoptosis of myocytes occurring in
the ischemic border zone later in the time course (18, 19). Reperfusion is critical
to salvage still viable cardiac myocytes by restoring oxygen and nutrient supply.
Despite the necessity of reperfusion, evidence of a larger infarct than expected by
ischemia alone as well as the utility in therapeutics applied immediately prior to
reperfusion indicate that reperfusion causes further cell injury.

1.4 Therapeutic Interventions
A major goal in reducing CHD is to reduce the primary incidence of the
disease by decreasing exposure to risk factors. Common risk factors for CHD
include inflammation, high blood cholesterol and triglycerides, hypertension,
diabetes, obesity, and smoking. Decreasing such risk factors has attributed to
about 44% of the decrease in CHD associated deaths from 1980 to 2000 (1). The
primary means of reducing risk factors involves diet and lifestyle changes, although
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pharmacological intervention for some risk factors such as hypertension and
cholesterol are commonplace. Of particular note is the statin class of drugs used
to treat hypercholesterolemia.
Statins inhibit 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMG-CoA
reductase), the rate-limiting enzyme involved in cholesterol synthesis, as a means
of reducing circulating levels of cholesterol in the prevention of atherosclerosis. In
addition to their effects on cholesterol levels, statins have been demonstrated to
elicit pleotropic effects beneficial to CHD including anti-inflammatory properties,
plaque stabilization, improved endothelial function, and antioxidant properties (2023).

Therefore, while statins are commonly prescribed for lowering blood

cholesterol, high dose statin therapy is now used in the treatment of CHD. In this
setting, high dose statin therapy initiated prior to revascularization reduces infarct
size and the occurrence of adverse cardiac events following an MI (22). The short
time frame of effectiveness of statin support the pleotropic effects of statin
independent of lowering cholesterol.
Apart from reduction in risk factors, advancements in available clinical
treatments for CHD have also lead to a reduction in CHD deaths, attributable to
about 47% of the decrease from 1980 to 2000 (1). Treatments of symptomatic
CHD include increasing blood supply and reducing metabolic demand of the
tissue. This is accomplished through a variety of pharmacological agents and
includes the use of calcium channel blockers, beta-blockers, ACE inhibitors or
angiotensin blockers, and nitric oxide to name a few (24-27). These are effective
treatments for chronic ischemic heart disease and unstable angina; however, for
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patients presenting with a myocardial infarction, NSTEMI or STEMI, thrombolysis
and revascularization by percutaneous coronary intervention angioplasty (PCI) or
coronary artery bypass graft (CABG) surgery is often necessary (28).

1.5 Progression to Heart Failure
The heart is considered by most a terminally differentiated organ. Myocytes
lost as a result of a myocardial infarction cannot be replaced due to their nonproliferative nature.

This non-proliferative nature of myocytes presents an

opportunity for regenerative medicine where stem cells or progenitor cells are
transplanted to the injury area for growth and differentiation into myocytes.
Nevertheless, the heart possesses several adaptive mechanisms to cope with the
lost cardiac myocytes in order to maintain contractile function. Following an MI,
the heart undergoes significant remodeling over time, which includes myocardial
fibrosis and left ventricle dilation (29, 30). Cardiac myocyte hypertrophy is an
essential mechanism to compensate for the decreased contractile machinery.
Myocyte hypertrophy is initially a beneficial adaptation, but continued hypertrophy
can become maladaptive and can further impair contractile function (31-33). As
such maladaptive remodeling of the ventricle continues, cardiac function
deteriorates and the heart progresses into failure.
Heart failure is the only cardiovascular disease for which prevalence,
incidence, and mortality burden have increased in the past 25 years. Heart failure
affects 5 million patients currently, is expected to increase 46% by 2030 and
accounts for 1 of every 9 deaths or about 300,000 deaths per year in the United
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States (1). The Frammingham Heart Study suggests that during the past 25 years
CHD has replaced hypertension and valvular disease as the leading cause of heart
failure (34). While the progression to heart failure as a result of hypertension or
valvular disease has decreased significantly, the odds of MI as a cause of heart
failure has increased by 26% and 48% per decade in men and women,
respectively (27). This increase in heart failure as a result of MI is likely the result
of improved survival rates following an MI.

2. Oxidative Stress and CVD
Aerobic respiration is the primary pathway for cellular energy generation;
however, it is paradoxically linked to the generation of potentially damaging
reactive oxygen species (ROS), thus creating a double-edged sword. ROS and
states of oxidative stress have been implicated in the etiology of numerous
diseases, including cardiovascular diseases such as atherosclerosis, ischemic
reperfusion injury, heart failure, and hypertension (35-39).

The increased

generation of ROS combined with insufficient removal by antioxidant defenses has
been observed in the myocardium as a result of CHD, cardiomyopathy, and heart
failure (38, 40). The corresponding oxidative stress in cardiac myocytes has been
linked to tissue injury and disease progression, indicating that ROS-induced
oxidative stress plays an important role in the development of heart disease.

2.1 Sources of ROS
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ROS are reactive oxygen containing compounds, which can be classified
into two categories: free radicals (e.g. O2- and OH) and non-radical derivatives
(e.g. H2O2 and HOCl). Free radicals are characterized by having unpaired
electrons, which makes them more reactive than the non-radicals. Some of the
most important ROS in the heart include superoxide (O2-), hydrogen peroxide
(H2O2), hydroxyl radical (OH), and peroxynitrite (ONOO-). At low concentrations
these species play important roles as cellular signaling molecules; however,
excessive levels of ROS can cause harmful effects through reactions causing
protein oxidation, lipid peroxidation, and DNA damage.
ROS are generated from a variety of sources within cells, including
mitochondria, endoplasmic reticulum, peroxisomes, cytosol, and extracellular
space.

Mitochondria have long been considered the primary source of

endogenous ROS as a result of inefficient oxidative phosphorylation causing
electron leakage from the electron transport chain; however, this concept has
recently been called into question. The issues raised about the classification of
mitochondria as the primary source of ROS production center on cell type
differences, discrepancies in measured ROS production from various sites in the
cell, and the presence of antioxidant enzymes that act as an ROS sink to mask
actual production rates (41). Regardless, there is no denying mitochondria
represent a significant source of endogenous ROS production, with approximately
1-2% of mitochondrial oxygen consumption being converted to ROS by healthy
mitochondria (42). Within the mitochondria, electron leakage from complex I and
complex III of the electron transport chain is scavenged by O 2 to form O2-. O2- is
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short lived and is rapidly converted to H2O2 (43). OH can be formed from the
reaction of H2O2 with iron(II) in the Fenton reaction or through the reaction of H2O2
with O2- in the Haber-Weis reaction (44). Other important sources of ROS in the
heart include xanthine oxidase, NAD(P)H oxidase, and nitric oxide synthase (38).

2.2 Mitochondria as Targets of ROS
In addition to being a key source for the generation of ROS, mitochondria
are also central targets of ROS-induced toxicity. ROS are highly reactive and thus
more likely to react and cause damage near the sites of formation, for example the
mitochondria.

Mitochondria perform a myriad of important cellular functions,

including cellular metabolism, maintaining homeostasis, regulating stress
responses, and controlling cell death pathways, all of which can be disrupted or
altered as a result of excessive levels of ROS (45-47). In order to deal with ROS
produced as a byproduct of cellular respiration, mitochondria possess significant
reserves of antioxidant defenses such as glutathione, glutathione peroxidase and
thioredoxin, and in fact act as a ROS-sink for extra-mitochondrial produced ROS
as well (48-50). Despite the abundant mitochondrial antioxidant defense system,
the steady-state concentration of O2- has been estimated to be five- to ten-fold
higher in the mitochondria than in the cytosol or nucleus (51). Damaged or
dysfunctional mitochondria in the myocardium, as occurs during IR injury and heart
failure, can produce 10-fold more H2O2 than healthy organelles, which can
overwhelm the antioxidant system and damage mitochondrial components and
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structures (52). Within mitochondria, ROS can target mitochondrial DNA (mtDNA),
the lipid membrane, and protein complexes to cause deleterious effects.
As opposed to nuclear DNA, which is partially protected from oxidation by
histones and efficient repair mechanisms, mtDNA is particularly sensitive to
oxidative stress (53). mtDNA encodes 13 polypeptides, 22 tRNAs, and 2 rRNAs,
all of which are essential for electron transport and ATP production. Oxidative
damage to mtDNA can disrupt the expression or function of these genes causing
dysfunctional electron transport, altered mitochondrial membrane potential, and
decreased ATP production, which can ultimately contribute to lethal cell injury (54).
As a result, mtDNA damage by ROS is a major source of mitochondrial genomic
instability leading to respiratory depression.
Unsaturated fatty acids, as components of phospholipids in the inner and
outer mitochondrial membrane, are highly susceptible to oxidation. Lipid
peroxidation generates lipid hydroperoxides with highly reactive unsaturated
aldehydes such as 4-hydroxy-nonenal, malondialdehyde, and acrolein.

The

subsequent generation of lipid radicals can then induce a self-sustaining chain
reaction of lipid peroxidation and radical formation, initiating further damage. Lipid
peroxidation alters mitochondrial function through disruption of membrane bound
proteins (e.g. electron chain complexes and substrate transporters) and alteration
of the membrane fluidity and permeability (47, 55). Dysfunction of the
mitochondrial inner membrane is associated with uncoupling of the electron
transport chain, loss of membrane potential, and reduced Ca 2+ buffering capacity.
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Protein oxidation can induce fragmentation, unfolding, and altered function.
Proteins of the electron transport chain are particularly susceptible to oxidation due
to the presence of iron-sulfur complexes (complexes I, II, and III), copper centers
(complex IV) and heme groups (complexes II, III, and IV), as well as the close
proximity to sites of ROS generation (46). Oxidation of electron transport chain
complexes inhibits enzymatic activity and causing dysfunctional electron transport
(56, 57). As a result, oxidation results in greater electron leak, reduced ATP
production, and enhanced ROS formation, furthering exacerbating oxidative
stress.
Another important mitochondrial target of ROS are components of the
permeability transition pore (mPTP).

The mPTP is a channel in the inner

mitochondrial membrane that allows passage of molecules up to 1.5 kDa. Opening
of the mPTP collapses the proton gradient and electrical potential across the inner
mitochondrial membrane, thereby disrupting the driving force of oxidative
phosphorylation (58). In addition, mPTP opening results in the influx of solutes
and water causing swelling of the mitochondrial matrix. Mitochindrial swelling can
result in rupture of the mitochondrial membranes and release of pro-apoptotic
proteins into the cytosol. The exact composition of the mPTP is debatable;
however, the voltage-dependent anion channel (VDAC), adenine nucleotide
translocase (ANT), and cyclophilin D have been implicated to either be directly
involved in the complex or to play regulatory roles. Oxidation of VDAC or ANT is
associated with opening of the mPTP, permeabilization of the outer mitochondrial
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membrane, loss of membrane potential, mitochondrial swelling, and release of
cytochrome c (59-61).
Among the many effects of ROS on mitochondrial targets, decreased ATP
production and opening of the mPTP are critical endpoints that dictate cell survival.
Oxidative phosphorylation provides greater than 90% of cellular energy and proper
function is required to maintain energy levels and ensure cell viability, while mPTP
opening is a key regulator of necrotic and apoptotic cell death pathways.

2.3 Antioxidant Defense Mechanisms
Generation

of

ROS

is

an

unavoidable

byproduct

of

oxidative

phosphorylation. Low levels of ROS are indispensable for many biochemical
processes including, growth arrest, apoptosis, and immune defenses, while high
levels damage cellular components and cause toxicity such as abnormal
metabolism and cell death. As a result, cells have developed an elaborate
antioxidant defense system in order to maintain oxidation-reduction homeostasis
and protect against oxidative stress.
Endogenous antioxidant defenses include both enzymatic and nonenzymatic mechanisms.

Classical antioxidant enzymes include: superoxide

dismutases (SODs), which catalyzes the formation of H2O2 from O2-; catalase,
which converts H2O2 to water; glutathione peroxidase, which utilizes glutathione to
catalyze the reduction of hydroperoxides (e.g. H2O2 and ROOH); and thioredoxin
and thioredoxin reductase; which is a system of dithiol-disulfide oxidoreductases
that is involved in an array of ROS-related processes (62). Thioredoxin and
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thioredoxin reductase demonstrate broad substrate specificity in catalyzing the
reduction of disulfides in proteins, such as glutathione peroxidase and
peroxiredoxin, and regenerating a variety of antioxidant molecules, including
glutathione, ascorbic acid, lipoic acid, and ubiquinone (63, 64). Nonenzymatic
antioxidants act as ROS scavengers to prevent reaction with cellular components.
Examples of common intracellular antioxidants include vitamin E, vitamin C, βcarotene, ubiquinone, lipoic acid, and glutathione (65).

2.4 Oxidative Stress and Ischemia/Reperfusion Injury
Increased oxidative stress has been implicated as playing a causative role
in myocardial injury during ischemic reperfusion (IR).

In experimental animal

models, H2O2 levels in the heart increase from a baseline of 1-2 µM to 4-6 µM
within 30 minutes of ischemia. Subsequent reperfusion causes an oxidative burst
that further elevates H2O2 levels to 11-13 µM (66). Three primary enzyme systems
have been identified as key producers of ROS during IR: 1) xanthine oxidase within
endothelial cells; 2) mitochondrial electron transport chain within myocytes; and 3)
NAD(P)H oxidase within invading leukocytes (35, 40).

Expression levels of

antioxidant enzymes remain relatively constant during short periods of ischemia,
although decreased levels of SODs and Gpx have been observed with prolonged
ischemia of 60 minutes. However, a time dependent reduction of the levels of
reduced glutathione occurs during ischemia suggesting a depletion of antioxidant
reservoir (40).
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Elevated levels of ROS during IR injury cause a myriad of detrimental
effects in the myocardium. Oxidative stress further inhibits complexes of the
electron transport chain, disrupts function of contractile proteins causing
myocardial stunning, inhibits ion channel function promoting calcium overload,
alters organelle membrane permeability, and initiates cell death pathways.
Mitochondria represent both an important target and effector of IR injury. Following
IR significant alterations in mitochondrial morphology and function have been
observed and implicated as important contributors to IR injury. IR and oxidative
stress cause of a fragmentation of the mitochondrial network, a loss of membrane
potential necessary to drive ATP production, and activation of the mitochondrial
membrane permeability transition pore leading to cell death (67-71).

2.5 Oxidative Stress and Heart Failure
The expression of antioxidant enzymes is progressively decreased during
the advancement to heart failure. Most notably the activities of SOD and GPx are
decreased in the failing heart, suggesting an intrinsic role of oxidative stress in
worsening heart failure (72, 73).

In addition to a reduction in antioxidant

capabilities, dysfunctional mitochondria within the failing heart have a greater
electron leak and produce higher levels of ROS (74). Elevated levels of ROS have
been implicated is promoting maladaptive changes associated with heart failure,
including activation of the “fetal gene program” and cardiac myocyte hypertrophy
(45).
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2.6 Antioxidant Therapies for the Treatment of CVD
The strong link between oxidative stress and CVD led to the suggestion that
supplementation of the endogenous antioxidant system with exogenous sources
could be beneficial in preventing and limiting CVD.

Several animal models

supported this notion, as did substantial epidemiological data demonstrating a
lower incidence of CVD in populations with higher dietary intake of antioxidants.
However, a number of larger scale clinical trials investigating the efficacy of
antioxidants such as vitamin E, α-tocopherol, and β-carotene failed to show any
protective effect (75). In fact, supplementation with β-carotene was reported to
cause a small, but significant increase in mortality rates (76, 77). Despite the
failures of antioxidant clinical trials, the substantial role of oxidative stress in CVD
pathophysiology and the experimental evidence demonstrating the therapeutic
potential of modulating ROS production/removal suggest that there is still reason
to believe targeting oxidative stress within cells following IR injury may have clinical
benefit against heart failure.
The failure of the antioxidant clinical trials could be related to a variety of
confounding factors including type and form of antioxidant supplement, length and
time of supplementation, and population studied.

Recently, new antioxidants

specifically targeted to the mitochondria have been developed and early results
are promising. Another potential avenue to supplement antioxidant defenses is
through the pharmacological activation of the endogenous antioxidant system.
Although these new regiments are waiting to be tested clinically, the negative
outcome of antioxidant clinical trials can also suggest that low levels of oxidants
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are important for activating endogenous defenses. By removing such oxidants,
there is a lack of endogenous defense system activation, which may account for
the negative outcome of the clinical trials.

3. Nrf2: Master Regulator of Antioxidant Defenses
Cellular antioxidant defense mechanisms are tightly regulated in order to
ensure redox homeostasis and prevent the deleterious effect of oxidative stress.
At the heart of antioxidant defense regulation is the transcription factor Nuclear
factor erythroid 2-related factor 2 (Nrf2). Nrf2 is a basic leucine zipper transcription
factor first identified in 1994 during a tandem NF-E2/AP1 screen of the β-globin
locus control region (78). Nrf2 belongs to the cap’n’collar subfamily of transcription
factors, of which there are 6 members: NF-E2, Nrf1, Nrf2, Nrf3, Bach1, and Bach
2. NF-E2 is erythrocyte specific, regulating globin genes and appears to be
required for platelet production as NF-E2 knockout mice succumb to uncontrolled
bleeding (79). Nrf1 is ubiquitously expressed and plays critical roles in erythrocyte
differentiation and platelet production, with knockout of Nrf1 causing embryonic
lethality (80). Nrf1 also has some overlap with Nrf2 in respect to regulating
antioxidant response element (ARE) gene expression, although Nrf2 is more
potent (81). Nrf3 is also widely expressed and primarily functions as a repressor
of ARE-dependent transcription (82). Nrf3 knockout mice are viable and display
normal phenotype (83). Bach1 and Bach2 act as negative regulators of gene
transcription (84, 85). While Bach1 is ubiquitously expressed and knockout mice
develop normally, Bach2 expression is limited to the brain and B cell lines, where
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it is essential to antibody class switching (86). Nrf2 is ubiquitously expressed,
highly conserved across species and knockout mice develop normally, with the
exception of enhanced sensitivity to environmental and xenobiotic stressors
including oxidant generating compounds.

3.1 Nrf2 and the Antioxidant Response
Nrf2 is best known as a transcription factor regulating the expression of a
battery of genes involved in antioxidant defenses and xenobiotic detoxification.
Recent genome-wide studies have shown that Nrf2 also regulates the expression
of several signaling molecules, transcription factors and growth factors important
for cell proliferation and tissue repair (87, 88). Nrf2 coordinates the expression of
downstream genes through the interaction with the antioxidant response element
(ARE) consensus sequence 5’-TMAnnRTGAYnnnGCR-3’ (where M = A or C; R =
A or G or T; Y = C or T; n = any) (89, 90). Prior to binding the ARE in the promoter
regions of DNA, Nrf2 heterodimerizes with small Maf proteins, which are required
for Nrf2 function as a transcription factor. Genes regulated by Nrf2/ARE that are
important in the defense against oxidative stress include redox-balancing proteins
(e.g. glutamate cysteine ligase, glutathione peroxidase, and heme oxygenase-1),
phase II detoxification enzymes (e.g. NAD(P)H quinone oxioreductase-1 and
glutathione

S-transferases), and

transporters (e.g.

multidrug resistance-

associated proteins) (87, 91).
Nrf2 functions as the master regulator of cellular antioxidant defenses. In
order to maintain strict balance between ROS production and removal by
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antioxidants and enzymes, Nrf2 must be able to be activated quickly in response
to oxidative stress. Control over Nrf2 activation occurs at two levels: protein
stabilization and de novo protein translation. Nrf2 is constitutively produced, but
has a short half-life of 10-15 minutes in unstressed cells (92). Under these basal
conditions, Nrf2 is sequestered in the cytosol through an interaction with the Cul3KEAP1-E3 ubiquitin ligase complex. The Nrf2-KEAP1 interaction promotes the
ubiquitination of Nrf2 and degradation by the 26S proteasome (93). KEAP1 acts
as a sensor of oxidative stress to control Nrf2 activation. Under conditions of
oxidative stress, key cysteine residues, notably Cys151, on KEAP1 are modified,
which alters the interaction with Nrf2 and inhibits ubiquitination (94). As a result,
Nrf2 protein half-life is increased and elevated levels of Nrf2 allow the translocation
to the nucleus to active AREs.
Previous work from our lab has demonstrated that de novo synthesis of Nrf2
protein plays an important role in Nrf2 protein increase and activation. Short cycles
of IR in the myocardium or treatment with mild doses of H 2O2 in primary cardiac
myocytes resulted in a rapid induction of Nrf2 protein levels (95). This system of
Nrf2 regulation provides near instantaneous control over Nrf2 activation, with Nrf2
protein elevation occurring within 10 minutes allowing for quick response to
oxidative stress (96).
3.2 Nrf2 and Cytoprotection
The role of Nrf2 in regulating antioxidant/detoxification defenses has led to
investigations into the cytoprotective effects of Nrf2. Nrf2 knockout mice offer a
convenient model to study the effects of Nrf2 loss, while a diverse array of
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compounds that activate the Nrf2 antioxidant response have been identified.
Examples of common Nrf2 inducers include isothiocyanates (e.g. phenylethyl
isothiocyanate and sulforaphane), phenolic or flavonoid antioxidants (e.g.
curcumin, resveratrol, and t-butylhydroquinone), organosulfur compounds (e.g.
oltipraz, lipoic acid, and 1,2-dithiole-3-thione), and Michael acceptors (e.g.
zerumbone) (97).
Nrf2 knockout mice were first observed to have increased sensitivity to the
oxidant generating pesticide paraquat. Subsequent studies found Nrf2 knocknout
mice are sensitive to a variety of environmental toxicants and xenobiotics. Further
studies have demonstrated the cytoprotective effects in a variety of organs
including the liver, lungs, and central nervous system in experimental animals.
Nrf2 activation has been implicated in protecting against cancer initiation,
neurodegeneration, and drug toxicity, among others.
A primary function of the liver is metabolism and detoxificiation of
xenobiotics, which can lead to exposure of high levels of ROS in the liver. Nrf2
serves a protective role against a variety of chemical and oxidative stress induced
pathologies in the liver. Nrf2 knockout studies have demonstrated that loss of Nrf2
results in increased susceptibility to hepatic injury. The first compound used to
illustrate the importance of Nrf2 against hepatotoxicity was the classical
hepatotoxicant acetaminophen.

Nrf2 knockout mice experienced severe

hepatocellular injury following exposure to dose of acetaminophen that was
relatively non-toxic in wild-type mice (98, 99).

Nrf2 knockout mice are also

susceptible to other toxicants such as arsenic and pentachlorophenol (100, 101).
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In mice fed high fat diets, Nrf2 knockout mice had significantly more hepatic
steatosis and steatohepatitis than wild-type mice (102). Interestingly, Nrf2 plays a
role in liver regeneration, as liver regeneration was significantly impaired in a twothirds partial hepatectomy in Nrf2 knockout mice (103). While loss of Nrf2 results
in increased sensitivity to hepatotoxicants and models of liver injury,
pharmacological activation of Nrf2 decreased liver injury in many of these same
models.
Oxidative stress in the lung has been associated with many inhaled
toxicants and the pathophysiology of respiratory disorders such asthma, chronic
obstructive pulmonary disease, idiopathic pulmonary fibrosis, and acute lung
injury. Evidence from Nrf2 knockout mice suggests a protective role against lung
toxicity and respiratory disorders. Loss of Nrf2 exacerbates ovalbumin-induced
airway inflammation and hyper-responsiveness in asthma models.

Similarly,

exposure to particulate matter or diesel exhaust particles enhanced oxidative
stress induced injury, hyper-responsiveness, and inflammatory responses in Nrf2
knockout mice. Chronic exposure to cigarette smoke caused severe emphysema
symptoms in Nrf2 knockout mice (104).
In the central nervous system, the Nrf2 antioxidant systems plays important
roles in protection against a variety of insults including traumatic brain injury (TBI),
stroke, and neurodegenerative disorders. Following a TBI, Nrf2 is upregulated at
the site of injury as well as at the blood brain barrier. Treatment with the Nrf2
inducer sulforaphane reduces neuronal death and neurological dysfunction
following TBI in rats (105).

In Nrf2 knockout mice the protective effects of
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sulforaphane are blunted and Nrf2 knockout mice experience exacerbated injury
and neurological deficits (106). At the blood brain barrier sulforaphane reduces
permeability and brain edema following TBI in wild-type, but not Nrf2 knockout
mice. In models of ischemic stroke, Nrf2 knockout mice experience larger infarct
sizes and worse neurological deficits, while administration of Nrf2 inducers, tBHQ
or CDDO, reduces infarct size and sensorimotor deficits in wild-type mice (107,
108).
Models of toxicant induced Parkinson’s disease (PD) by 1-methyl-4-phenyl1,2,3,6-tetrahydropyridine (MPTP) indicate that Nrf2 levels are decreased in PD
(109). Furthermore, Nrf2 knockout mice experience a greater loss of dopamine
transporters and are more sensitive to 6-hydroxydopamine (6-OHDA) toxicity,
while the Nrf2 inducer D3T is protective in wild-type mice (110). Further evidence
for a protective role of Nrf2 comes from the clinical use of the B-type monoamine
oxidase inhibitor selegiline, which has been demonstrated to be dependent on Nrf2
activation (111).

3.3 Nrf2 and CVD
Due to the prominent role oxidative stress plays in the progression of
cardiovascular diseases such as atherosclerosis, IR injury, and heart failure,
research has begun to investigate the role of Nrf2 as a potential therapeutic target
in the pathophysiology of these diseases. As described previously, atherosclerosis
evolves from an interplay between cholesterol storage, inflammation, and oxidative
stress. The role of Nrf2 in atherogenesis is convoluted, as Nrf2 appears to have
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both pro- and anti-atherogenic effects (112, 113). In support of an anti-atherogenic
function, Nrf2 is induced in macrophages upon exposure to oxLDL and protects
macrophages from oxLDL injury. In the absence of Nrf2 pro-antherogenic foam
cell formation is increased (114).

In addition, several Nrf2-regulated genes,

including HO-1, GCLC, and NQO1, have been reported to suppress
atherosclerotic lesion formation. Through an interplay with matrix metalloprotease
9, HO-1 has also been suggested to function in plaque stabilization (115).
Paradoxically, pro-apoptotic effects of Nrf2 have been implied using a study of
plaque formation in ApoE knockout mice that were either sufficient or deficient in
Nrf2. Loss of Nrf2 in these mice reduced the area of plaque deposition and
attenuated the loss of vessel wall elasticity (116, 117).
In regards to IR injury, the protective role of Nrf2 is beginning to be defined.
Increased Nrf2 protein was observed in the myocardium following IR
preconditioning and the protective effects of IR preconditioning were lost in Nrf2
KO mice (118). This potential role of Nrf2 in mediating IR preconditioning was
confirmed by another group demonstrating that IR preconditioning in rats
prevented the decrease in Nrf2 protein levels following ischemia (119). Treatment
with sulforaphane reduced infarct size and preserved left ventricle function
following IR injury; however, the involvement of Nrf2 was not investigated in this
study (120).
While there is clear evidence for enhanced ROS production and reduced
antioxidant enzyme expression in the setting of cardiomyopathy and heart failure,
the role of Nrf2 has not received significant attention. However, there is some
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evidence that Nrf2 may be protective against mal-adaptive remodeling occurring
during the progression to heart failure. Induction of Nrf2 by CDDO treatment
inhibited cardiac hypertrophy and fibrosis and reduced mortality in a mouse model
of pressure overload by transaortic constriction (121). In addition, loss of Nrf2 was
associated with enhanced oxidative stress and cardiac hypertrophy following
angiotensin II treatment (122).
Although Nrf2 has received considerable attention with regards to
cytoprotection in a variety of organ systems, as of yet few studies have
investigated the protective effects of Nrf2 in the heart. The overwhelming evidence
supporting a role of oxidative stress in the pathology of heart disease, along with
the observed benefits of Nrf2 downstream targets in protecting against cardiac
injury, justify the need to better understand the role of Nrf2 in the heart. The work
presented in this dissertation investigates the importance of Nrf2 in myocardial
infarction and heart failure progression (Chapter II), Nrf2 protective effects against
oxidative stress in cardiomyocytes through mitochondria preservation (Chapter III),
and statin regulation of Nrf2 in mediating protection against IR injury (Chapter IV).
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Chapter II: Nrf2 Protects the Myocardium against Acute Heart Failure
Sequential to Myocardial Infarction
Introduction
Heart disease is the leading cause of natural death worldwide. Coronary
heart disease alone is responsible for 1 of every 6 deaths in the United States (1).
Blockage of the coronary artery results in myocardial infarction (MI).

Those

surviving MI are at a risk of developing heart failure. Pathophysiologically, MI
results in death of cardiomyocytes within a confined region of an ischemic area
and the loss of cardiomyocytes causes a decrease in the capacity of the
myocardium to generate sufficient contractile force to meet the demand of the
workload of whole body metabolism. A weakening of the ventricular wall leads to
increased wall stress, leading to gradual remodeling of the ventricular wall.
Early on after a MI, a robust immune response is initiated in order to remove
necrotic tissue to allow for wound repair. Macrophage and myofibroblasts are
recruited to the infracted region for collagen deposition and formation of fibrous
scar tissue as a means of preventing the rupture of ventricular wall due to myocyte
loss (30, 123).

The non-infracted area of the ventricle usually develops

hypertrophy due to enlargement of cardiomyocytes to compensate for the loss of
contractile force (124).
Hypertrophic remodeling of the myocardium commonly occurs following
hemodynamic or biomechanical stress.

Compensated hypertrophy acts to

maintain cardiac function in response to the injury or stress to the heart. However,
sustained pathological hypertrophy can have negative effects on cardiac function
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and remains a primary clinical predictor of heart failure.

The compensating

mechanisms at the molecular level such as collagen deposition and myocyte
hypertrophy can become maladaptive over time, eventually causing the heart to
fail to sustain sufficient cardiac output.

Inefficient repair and maladaptive

remodeling contribute to heart failure and increased mortality.
Animal models have been developed to study the biochemical and
molecular events associated with wound healing and progression to heart failure
after MI. Surgical occlusion of the left anterior descending (LAD) coronary artery
is the established model of initiating an MI in rodent models. Young mice (2-3
months) typically recover from MI induced by LAD coronary occlusion, surviving
for months without any signs of heart failure (125). Older mice develop heart failure
after MI (126), making the model relevant to humans, since the occurrence of MI
and the risk of developing heart failure are of particular concern to the elderly.
Older age is associated with worse maladaptive ventricular remodeling post-MI
and an increased mortality rate (127, 128). Optimal wound healing in the postinfarcted heart is imperative to maintain structural and functional integrity of the
heart; however, elderly individuals are susceptible to impaired healing processes.
Similarly, an impairment of post-MI healing has been observed in aged mice (129).
Furthermore, this healing deficit is associated with increased maladaptive
remodeling and worse outcome.

Economically, because of the expenses of

keeping experimental animals to old age, a new model is needed that can develop
heart failure within a short period of time following MI.
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Nrf2 is a basic leucine zipper transcription factor best known as a master
regulator of antioxidant and detoxification genes. In response to oxidative or
electrophilic stress, Nrf2 protein is induced and translocates from the cytosol to the
nucleus to bind to the Antioxidant Element in the promoter of antioxidant and
detoxification genes, such as NAD(P)H: quinone dehydrogenase, superoxide
dismutase

1,

glutathione

transferases,

glutamate

cysteine

ligase,

and

hemeoxigenase-1 (87, 91). Genome wide profiling of genes downstream of Nrf2
regulation revealed that a long list of genes involved in pleiotropic actions ranging
from tissue repair and regeneration to proliferative signaling (88). Nrf2 regulation
of such a wide array of antioxidant, detoxification, proliferation, and repair genes
has led to an overwhelming interest in Nrf2 as an important target in cytoprotection.
Although the cytoprotective effects of Nrf2 have been well studied in numerous
tissues and cell lines, few studies have investigated the role of Nrf2 in modulating
myocardial physiology, injury, or disease states. Using genetic knockout of Nrf2,
we investigated the impact of Nrf2 on the hearts responding to myocardial
infarction, including effects on cardiac function and remodeling.
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Materials and Methods:
Surgical Procedure: Male C57BL/6J mice, age 8-12 weeks, were housed and
handled in accordance with the University of Arizona’s Animal Care and Use
committee. The heart was visualized by a left thoracotomy and 8-0 suture was
used to ligate the left anterior descending coronary artery 1-2mm below the atria.
The chest cavity was closed and the animal was allowed to recover on a heated
pad until ambulatory, before being returned to the home cage. Mouse weights were
recorded the day of the surgery as well as 3 and 10 days after. At 10 days after
the procedure the mice were sacrificed and the wet weight of each heart was
recorded.
Echocardiogram Analysis: Prior to sacrifice, the mice were anesthetized using
1.5% isoflurane and digital images were recorded at a frame rate of 200
frames/second with a linear 35-MHz probe (Model 707B Scanhead, Visualsonics,
Canada) for left ventricle function analysis by echocardiogram (ECHO). 2-D Mmode analysis was used to calculate ejection fraction, fractional shortening,
ventricle wall thickness, and intra-ventricle diameter. Aortic outflow tract velocity
time integral was calculated using Doppler.
Histology: Excised hearts were fixed in 10% formalin and paraffin embedded for
thin (5 μm) transverse or longitudinal sectioning. Heart sections were stained with
Hematoxylin and Eosin or Mason’s Trichrome stain.
Real-Time RT-PCR: Total RNA extracted using TRIzol was used as templates for
RT-PCR. cDNA syntheses were performed using a commercial cDNA synthesis
kit (Fermentas) with random hexamers. PCR primers were purchased from Sigma
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with the sequences of 5’-CAATGCGACCAAGCTGTGTG -3’ (forward) and 5’(reverse)

CCGATAGATCTTCCCTCTTG-3’

CCAGTAAGTGCGGGTCATAAG-3’
GGCCTCACTAAACCATCCAA-3’
AACTTTGGCATTGTGGAAGG-3’

for

(forward)

TGTGATGGTGGGAATGGGTCA-3’
TGTGGTGCCAGATCTTCTCCA-3’

for

(forward)
(reverse)

(reverse)

for

(forward)
(reverse)

for

(forward)

5’-

and

(reverse)

TGGATTCTCAAACGTGTCTAGTGA-3’
GCATTCTCCTGCTGTTTCCTT-3’

ANF;

(forward)

CTATCCTTTTGTTTTCCATCCTG-3’
CAGGATGGAAAACAAAAGGATAG-3’

for

18S

5’-

BNP;

5’-

and

5’-

β-MHC;

5’-

and

5’-

β-actin;

5’-

and

5’-

rRNA;

and

and

5’5’-

ACACATTGGGGGTAGGAACA-3’ (reverse) for GAPDH. Quantitative real time
PCR was performed with the CFX96 Thermal Cycler (Bio-Rad) and Cyber Green
dye (Fermentas). Real-Time PCR was performed with initial denaturation at 95ºC
for 10 min and 40 cycles of 95ºC for 15 sec for denaturation, 60ºC for 30 sec for
annealing and 72ºC for 30 sec for extension. Melting curve analysis was performed
at the end of PCR to verify the specificity of the product. Bio-Rad CFX Manager
software was used for data analyses. The expression values were calculated as
Relative Quantity gene = Egene^(CT(control)-CT(sample)), Normalized Expression

sample

=

RQsample/(RQreference 1 x RQreference x … x RQreference n)^(1/n), E = efficiency of primer
set calculated by (% Efficiency x 0.01) + 1, where 100% efficiency = 2, RQ =
relative quantity of sample.
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Statistical Analysis
Student’s t-test was used to compare two means. One-way analysis of variance
(ANOVA) with a Bonferroni correction was used to compare multiple (>2) means.
A p-value of <0.05 was used as the cutoff for statistical significance.
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Results
Increased Mortality Rate and Enlargement of the Heart in Nrf2 KO Mice
Following MI
Nrf2 knockout (KO) mice and wild type (WT) littermates were subjected to
permanent ligation of the left anterior descending coronary artery (LAD). Survival
rates for both groups were similar within the first 24 hr. The observation within 10
days showed that Nrf2 KO mice had a higher mortality rate than WT mice (44.5%
for Nrf2 KO vs 20% for WT; Fig 2.1A). Whereas no significant changes in total
body weight were observed (Fig 2.1B), the heart weight of Nrf2 KO mice is
significantly increased (Fig 2.2A).

Gross morphology at 10 days after LAD

occlusion revealed enlargement of the hearts in the Nrf2 KO mice (Fig 2.2B).
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Figure 2.1. Nrf2 KO mice have a higher mortality following MI. Nrf2 KO and
WT littermates underwent LAD coronary artery occlusion or sham operation and
were monitored over the course of 10 days for changes in body weight (A) and
survival rate (B). Body weight was recorded prior to coronary occlusion as well as
3 and 10 days after. Body weight was normalized to the body weight prior to
surgical procedure (A). Survival rate was recorded daily and is plotted as a
percentage of mice surviving after coronary occlusion (B).
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Figure 2.2. Heart size and weight of Nrf2 KO mice is increased following MI.
Nrf2 KO and WT littermates underwent LAD coronary artery occlusion or sham
operation. Hearts were excised and photographed 10 days after the surgical
procedure (A). The wet-weights of excised hearts were recorded as total weight
(black bars) or as a percentage of body weight (grey bars) (B). A letter indicates
significant difference (p<0.05) from means labeled with a different letter as
determined by ANOVA.
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Echocardiography Reveals Failing Hearts in Nrf2 KO Mice Following MI
Echocardiogram was used for non-invasive assessment of contractile function and
general geometry of the hearts. 2-D M-mode imaging of the left ventricle showed
impaired contractile function of the infarcted anterior wall in WT MI and Nrf2 KO
MI groups compared to sham controls (Fig 2.3). Although WT MI and Nrf2 KO MI
groups both demonstrated impaired contraction, the Nrf2 KO MI exhibited worse
function than the WT MI group and lacked nearly any contractile motion (Fig 2.3).
Electrocardiogram (ECG) recordings indicate a return to normal cardiac
conductance in the WT MI group by day 10, while the Nrf2 KO MI group presented
with an atypical ECG recording indicating impaired electrical conductance and
evidence of arrhythmia (Fig 2.4). M-mode analysis and aortic outflow tract Doppler
confirmed significantly worse cardiac function in the Nrf2 KO MI group compared
to the WT MI group (Table 2.1). Estimations of left ventricle mass revealed an
increase in the MI groups compared to sham groups with a greater increase in
mass observed in the Nrf2 KO MI group (Table 2.1). M-mode analysis also
revealed thinning of the infarcted anterior wall, which was exacerbated in the Nrf2
KO mice (Table 2.1). In addition to thinning of the anterior wall, there was an
observerable thickening of the posterior wall, but this increase was only significant
between the Nrf2 KO sham and Nrf2 KO MI groups (Table 2.1). Both WT MI and
Nrf2 KO MI groups exhibited an increase in the mean systolic and diastolic
volumes compared to sham controls indicating dilation of the left ventricle;
however, this increase was only significant between the Nrf2 KO sham and Nrf2
KO MI groups (Table 2.1).
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In the WT MI group contractile function and cardiac output were maintained,
as there was no appreciable decrease in fractional shortening of the ventricle wall,
ejection fraction, stroke volume or cardiac output (Table 2.1). However, the Nrf2
KO MI mice were unable to compensate and demonstrated severe impairment in
fractional shortening, ejection fraction, and stroke volume. This impairment of
cardiac function in the Nrf2 KO MI mice manifested as a significant decrease in
cardiac output compared to the WT MI group and the sham controls (Table 2.1).
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Figure 2.3. Representative M-mode echocardiogram images 10 days after
MI. Long axis M-mode images taken using a 35-MHz Model 707B Scanhead from
Visualsonics for transthoracic ECHO of WT and Nrf2 KO mice 10 days after
operation. Images are from one mouse representative of the experimental group
on a whole.
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Figure 2.4. Representative electrocardiogram recordings 10 days after MI.
ECG readings of WT and Nrf2 KO mice 10 days after operation. Recordings are
from one mouse representative of the experimental group on a whole.
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Table 2.1. ECHO Measurements Indicating Heart Failure in Nrf2 KO Mice.
WT Sham

Nrf2-/- Sham

WT MI

Nrf2-/- MI

FS (%)

28.2 ± 2.21a

32.12 ± 5.05a

20.19 ± 9.40a

7.35 ± 2.51b

EF (%)

55.01 ± 3.67 a

60.75 ± 7.54 a

40.77 ± 17.55 a

16.31 ± 5.38 b

LV VolD (μL)

68.66 ± 11.17 a

64.78 ± 17.87 a

105.37±69.35ab

113.74± 29.53b

LV VolS (μL)

24.43 ± 17.73ab

26.1 ± 11.89 ab

70.39 ± 64.74ab

95.92 ± 29.73 b

SV (μL)

37.51 ± 3.76 a

38.68 ± 5.98 a

34.97 ±4.77 a

17.81 ± 3.62 b

HR (bpm)

327.33 ±38.02a

362 ± 72.12 a

308.33 ±40.67a

344 ± 51.74 a

CO (mL/min)

11.77 ± 1.90 a

13.75 ± 0.45 a

10.98 ± 2.92 a

6.20 ± 2.09 b

LV mass (mg)

102.41 ±17.74a

90.6 ± 14.18 a

121.85 ±32.82a

153.59 ± 4.03 b

Anterior WallS

1.08 ± 0.07 a

1.12 ± 0.27 a

0.71 ± 0.29 b

0.36 ± 0.25 c

0.86 ± 0.06 a

0.96 ± 0.19 a

1.07 ± 0.36 b

1.15 ± 0.07 b

(mm)
Posterior
WallS (mm)

Nrf2KO and WT littermates at 10 days after LAD coronary artery occlusion were
anesthetized with isofluorane as described in the Methods. Long-axis M-mode
analysis of transthoracic ECHO was used to measure cardiac parameters. FS,
fractional shortening; EF, ejection fraction; LV mass, left ventricle mass; Anterior
WallS, diameter of anterior wall at systole; Posterior WallS, diameter of posterior
wall at systole; LV VolD, volume of left ventricle at diastole; LV VolS, volume of left
ventricle at systole; SV, stroke volume; HR, heart rate; CO, cardiac output.
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Expression of Biomarkers of Heart Failure
During the hypertrophic response and advancement to heart failure, the
gene expression profile of the myocardium is altered. We investigated changes in
the expression of three genes, B-type natriuretic peptide (BNP), atrial natriuretic
factor (ANF), and β-isoform of myosin heavy chain (β-MHC), commonly used as
biomarkers

of

cardiomyocyte

hypertrophy

and

maladaptive

responses.

Expression of all three genes were elevated significantly more in the Nrf2 KO MI
group than in the WT MI group, compared to corresponding sham control groups
(Fig 2.5). Expression of β-MHC in the myocardium increased slightly in the WT MI
group (1.7-fold) compared to WT Sham mice, while expression increased 3.2-fold
in the Nrf2 KO MI group compared to the Nrf2 KO sham controls. ANF expression
was elevated approximately 2.5-fold over WT Sham mice in the myocardium of
WT MI group and 6-fold over the Nrf2 KO Sham mice in the Nrf2 KO MI group.
Expression of BNP, the factor most closely associated with maladaptive
remodeling and heart failure, was only slightly elevated in WT MI mice (1.7-fold
compared to WT Sham mice) while being significantly higher in Nrf2 KO MI mice
(3.7-fold compared to Nrf2 KO Sham mice).
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Figure 2.5. Activation of “fetal gene program” in Nrf2 KO mice following MI.
Total RNA was isolated from heart tissue collected 10 days after LAD occlusion or
sham operation. Real time RT-PCR analysis was performed for β-MHC, ANF, and
BNP expression. A letter indicates significant difference (p<0.05) from means
labeled with a different letter as determined by ANOVA.
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Nrf2 KO Mice Have Dilated Left Ventricle and Myocyte Hypertrophy Following
MI
Consistent with echo measurements, examination of transverse crosssection of the hearts 10 days after LAD ligation confirmed clear dilation of the left
ventricle, thinning of the infarcted wall and enlargement of the heart in the Nrf2 KO
MI mice (Fig 2.6A). Cardiac myocytes in the non-infarcted myocardium were
evaluated for cardiac hypertrophy based on cell diameter. At 10 days after MI, the
myocytes from the WT MI group were comparable in size to the WT sham group
(Fig 2.6B-C). Myocytes in the Nrf2 KO MI hearts were significantly larger than the
corresponding sham group, based on cell diameter (Fig 2.6B-C).

Nrf2 KO Mice Lack Repair Response to MI
Hematoxylin and eosin (H&E) staining of transverse and longitudinal heart
sections revealed extensive coagulation necrosis of the myocytes, indicated by
lack of nuclei and hypereosinophilic staining, in the infarcted region of the left
ventricle in both WT and Nrf2 KO mice (Fig 2.7A). However, while the hearts of
WT mice presented clear signs of normal repair processes including immune cell
infiltration, fibroblast proliferation, and early formation of granulation tissue, Nrf2
KO mice did not (Fig 2.7 and 2.8). Nrf2 KO mice did not exhibit infiltration of
macrophages or other immune cells nor did they display fibroblast migration and
proliferation, both of which are required for normal repair and formation of
granulation tissue (Fig 2.7 and 2.8). The recruitment of macrophages to the
infarcted region, indicated by CD163 positive staining, confirmed an active repair
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response in the WT mice (Fig 2.7A-B). Furthermore, H&E staining indicated
extensive cell infiltrate into the infarcted region of WT mice, while this response
was lacking in Nrf2 KO mice (Fig 2.8A). Mason’s trichrome staining of the WT MI
tissue was positive for collagen indicating the beginning stages of new collagen
deposition in the infarcted area (Fig 2.8B), while Masson’s trichrome staining of
Nrf2 KO tissue lacked collagen positive staining (Fig 2.8B).
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Figure 2.6. Histological analysis of heart enlargement and cardiac myocyte
hypertrophy in Nrf2 KO mice 10 days after MI. Isolated hearts were paraffin
embedded and cut into transverse sections. Gross morphology of H&E stained
transverse heart sections were observed at 2x magnification (A). H&E stained
cardiac myocytes in the non-infarcted left ventricle myocardium were observed at
60x magnification (B) and the relative diameter was calculated (C). A letter
indicates a significant difference (p<0.05) from means labeled with a different letter
as determined by ANOVA.
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Figure 2.7. Macrophage recruitment to the infarcted region is inhibited in
Nrf2 KO mice 10 days after MI. Macrophage infiltration into the infarct was
observed using anti-CD163 antibody for immunohistochemistry of transverse
sections (A-B).
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Figure 2.8. Cell infiltration and collagen deposition in the infarcted region 10
days after MI. H&E stained transverse sections (A). Mason’s trichrome stain of
transverse sections revealed positive collagen staining in the WT MI hearts, but
not Nrf2 KO MI hearts (B).
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Discussion
Our studies here suggest that Nrf2 plays an indispensable role in cardiac
repair following myocardial infarction. MI results in doubling of the mortality rate in
Nrf2 knockout mice.

Those surviving MI showed accelerated maladaptive

remodeling, with features that include thinning of the left ventricle wall, dilation of
the left ventricle and hypertrophy of the whole heart. In association with these
maladaptive remodeling, Nrf2 KO mice exhibited a severe reduction in contractile
functions, shown in the measures of fractional shortening, ejection fraction and
cardiac output, in contrast to WT littermates, which maintained normal cardiac
function despite the induction of a MI.

Combined these indicators of dilated

cardiomyopathy, severely diminished cardiac output, and increased mortality
suggest that Nrf2 KO mice experience a rapid advancement to heart failure within
the course of 10 days following MI, while WT mice are able to recover and avoid
these consequences. The short time course of developing heart failure suggests
Nrf2 KO mice serve well as a model for studying heart failure.
The heart responds to tissue injury and hemodynamic changes through the
process of cardiac remodeling, which consists of two phases: tissue repair and
adaptive remodeling. Postinfarction remodeling has an early phase, which occurs
within 72hr and includes infarct expansion and neurohormonal activation, and a
late phase, involving myocyte hypertrophy and alterations in the ventricular
architecture that occurs after 72hr. MI causes a loss of cardiomyocytes, which
increases ventricle wall stress and limits the ability to generate force by reducing
the contractile machinery. Proper repair responses during both the early and late
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phase of postinfarction remodeling are required to maintain cardiac function and
prevent infarct rupture. During the early phase, neutrophil and monocyte are
recruited to the infarcted tissue to begin phagocytosis of necrotic cells as well as
releasing matrix metaloproteases to degrade the extracellular matrix and allow for
infarct expansion in order to reduce wall stress. In the late phase macrophages
continue the removal of necrotic myocytes, while myofibroblasts reconstruct this
infarcted region through the deposition of collagen in the formation of fibrous
tissue. As the infarct heals the necrotic myocytes are replaced almost entirely by
collagen, which is detectable in the infarct region within 7 days and complete scar
formation is complete by 28 days.
Interestingly, loss of Nrf2 dramatically disrupted the repair process in the
myocardium following MI.

While WT mice exhibited significant macrophage

infiltration to the infarcted region at 10 days post-MI, virtually no immune cell
infiltration was observed in the infarcted region of Nrf2 KO mice.

Similarly,

fibroblast migration and proliferation in the infarcted tissue was widespread in the
WT mice, but was lacking in the Nrf2 KO mice. Macrophages and fibroblasts play
important roles in the normal repair process following a MI. Macrophages are
required for the removal of necrotic myocytes, apoptotic neutrophils, and
extracellular matrix debris from the infarcted area. Fibroblasts function to produce
collagen in the extracellular matrix, which helps maintain tissue structure and
integrity.

Both macrophages and fibroblasts are required for formation of

granulation tissue during proper tissue repair.

As would be expected in the

absence of macrophages and fibroblasts, Nrf2 KO mice show no signs of
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granulation tissue or repair processes that are evident in the WT mice. In order to
confirm a lack of a functional repair response Masson’s trichrome stain was used
to visualize collagen deposition. Tissue slices from WT mice displayed light
staining positive for collagen, which would indicate early stages of collagen
deposition. Tissue slices from Nrf2 KO mice, on the other hand, were absent of
positive collagen staining in the infarcted area. Combined these data indicate that
Nrf2 KO mice have a severe impairment in repair processes in the infarcted
myocardium.
Although the lack of repair following a MI is evident in Nrf2 KO mice, the
mechanism by which Nrf2 modulates the process of myocardial tissue remains to
be determined. Nrf2 primarily functions as a transcription factor for regulation of
antioxidant and detoxification genes. However, genome wide profiling indicates
that Nrf2 also regulates the expression of several signaling molecules (Cox-2,
protein kinase A1, phospholipase A2, adenylate cyclase 1), transcription factors
(c/EBPβ, ATF-4, MEF2A, MafG), growth factors (IGF-1, NGF-β, PDGF a/c, VEGF
α, FGF7/10/23, TGFβ2, BMP 8A, BMP receptor 1A, proliferin ½, Jagged 1,
nephronectin) and proteases (calpain 7, cathepsin B/E/S, MMP-12) and
extracellular matrix proteins (procollagen IV a1, extracellular matrix protein 1) (87,
88). Lack of these downstream effects may explain the loss of myocardial repair
in Nrf2 knockout mice.
Cardiomyocyte hypertrophy is commonly associated as an adaptive
process that can occur after a MI. In the early stages such hypertrophy acts to
compensate for the lost myocytes in order to reduce wall stress, maintain
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contractile function, and preserve cardiac output.

Over time, continued

cardiomyocyte hypertrophy can become detrimental and therefore impair cardiac
function. Work from our lab has identified Nrf2 as capable of attenuating oxidant
induced cardiomyocyte hypertrophy in vitro, while others have identified Nrf2 as
being protective against pressure overload or angiotensin-induced hypertrophy in
vivo (121, 131). Although the Nrf2 KO mice experienced hypertrophy in our study,
this process was unable to compensate for the MI injury as the Nrf2 KO mice had
worse cardiac function than the WT mice, which lacked significant hypertrophy.
This suggests that the decompensatory hypertrophy ultimately contributes to heart
failure. A hallmark of a hypertrophic failing heart is extensive collagen deposition
and cardiac fibrosis, which causes ventricular stiffening and therefore impaired
contractile function (132, 133). Such an increase in collagen was absent in the
Nrf2 KO mice. Instead, these mice demonstrated whole heart enlargement with a
significantly dilated left ventricle consistent with dilated cardiomyopathy. Dilation
of the left ventricle following a MI is a strong correlate to heart failure and is
associated with increased mortality. This would suggest that while Nrf2 KO mice
experience increased hypertrophy, this event is likely an adaptive process initiated
in an attempt to compensate for the severe decrease in contractile function that
results from enhanced cardiac injury and impaired healing in these mice.
The development of hypertrophy and heart failure has been associated with
altered gene expression within the myocardium resulting leading the reactivation
of the “fetal gene program” (134, 135). A key feature of the “fetal gene program”
is suppression of several postnatal genes and activation of genes typically
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expressed prenatally in the developing heart (136, 137). The activation of certain
elements in the “fetal gene program” may promote early salutary adaptations to
cardiac stress; however, it has become evident that aberrant expression of many
fetal genes results in maladaptive changes that limit cardiac function (138). As
such, activation of the “fetal gene program” is believed to play a causative role in
maladaptive cardiac remodeling and the progression to heart failure. We found βMHC, ANF, and BNP, markers of the “fetal gene program,” to be up-regulated
following MI in both WT and Nrf2 KO mice; however, the expression of these genes
was much higher in the Nrf2 KO mice following MI. In addition to being markers
of the hypertrophic response, the expressions of these genes have been identified
as indicators of the severity of heart failure and prognosticators of outcome (139,
140). Of these three, BNP expression shows the most positive collelation of heart
failure and adverse outcome, and BNP blood tests are used clinically in the
evaluation heart failure status (141).
Within 10 days after MI, Nrf2 KO mice demonstrate signs of a rapid
progression to heart failure, including dramatic decline in contraction and cardiac
output, hypertrophy causing enlargement of the heart, dilated left ventricle, and
activation of genes in the “fetal gene program”. Young WT mice subjected to the
same injury exhibit preserved cardiac function during the same time course of
advancement to heart failure in Nrf2 KO mice. The significantly worse cardiac
function and the absence of normal signs of repair in the Nrf2 KO mice indicates
that Nrf2 plays an important role in limiting the extent of injury to the myocardial
tissue following a MI as well as in initiating proper repair mechanisms. Previous

64
work from our group has demonstrated that Nrf2 is rapidly induced in the
myocardium following ischemia/reperfusion preconditioning and mice lacking Nrf2
lose the protective effects of infarct reduction provided by ischemia/reperfusion
preconditioning (95). Combined with the work presented here showing that loss
of Nrf2 results in exacerbation of the maladptive responses to MI and hastened
development of heart failure, this suggests that targeting Nrf2 induction may serve
to limit ischemic injury in the myocardium. The availability of numerous natural
and synthetic Nrf2 inducers indicate that Nrf2 should be investigated as a viable
pharmacological target in the treatment of ischemic heart disease and heart failure.
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Chapter III: Nrf2 Protects Against Mitochondria Decay Due to Oxidative
Stress
Introduction
An elevated level of oxidative stress has been detected in association with
a number of heart diseases, particularly myocardial infarction (MI). MI, most
commonly resulting from coronary artery blockage, causes an impaired metabolic
function of the mitochondria, and inactivation of superoxide dismutase and
glutathione peroxidase, resulting in an elevated level of H2O2 in the ischemic region
of the myocardium. With experimental animals, H2O2 concentration reaches 4 to
6 M in the ischemic heart (66). Although current medical technology allows quick
rescue of ischemia by angioplasty based Percutaneous Coronary Intervention
(PCI), about 35% of patients experience peri-procedural myocardial injury and
have an increased risk of subsequent MI (3, 142). This is related to the fact that
reperfusion enhances oxidant generation through abnormal mitochondrial function
as well as activation of xanthine oxidase. The level of H 2O2 increases to 11 - 13
M in the myocardium of experimental animals during reperfusion (66). In addition
to H2O2, hydroxyl radicals and superoxide have been detected in the myocardium
(66, 143-147). The myocardium surviving ischemia and reperfusion undergoes
repair and remodeling, rooted to changes occurring at the cellular and molecular
levels (147). Although the mitochondria have been studied extensively as an
important regulator of cell death, the role of mitochondria in cells surviving
oxidative stress has not been addressed.

Degeneration of mitochondria

contributes to dysfunction of energy metabolism as observed in numerous disease
states.
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Mammalian cells contain innate defense systems that are capable of
combating damage and promoting cell survival. Whereas oxidants at high levels
can overwhelm the defense systems, damage macromolecules, and ultimately
result in cell death, the majority of cells can survive with low to mild doses of
oxidants (148). We have found that cardiomyocytes surviving oxidative stress later
develop hypertrophy, with enlarged cell size, increased protein content and
expression of biomarkers of heart failure (148, 149). These changes correlate with
decreases in contractile function and eventually heart failure. Early in the time
course after cells surviving oxidative stress, elevation of NF-E2 related factor 2
(Nrf2) protein and activation of Nrf2 transcription factor have been observed (96,
152).
Nrf2 is a basic leucine zipper transcription factor that acts as a master
regulator of antioxidant defenses. It is commonly known that Nrf2 translocates to
the nucleus upon activation by oxidative or electrophilic stress, where Nrf2 binds
to the Antioxidant Response Element in the promoter of several antioxidant and
detoxification genes, such as superoxide dismutase 1, glutathione transferases,
glutamate cysteine ligase, and hemeoxigenase-1 (153-157). Overexpression of
Nrf2 has been demonstrated to be cytoprotective in multiple tissues, whereas
knockout of Nrf2 has been shown to increase the sensitivity to tissue injuries (98100, 104, 158-160). Despite the fact that many types of tissue injuries involve
damage to the mitochondria, whether Nrf2 protects mitochondria from damage is
not known. Cardiomyocytes contain the highest content of mitochondria among
all cell types (161), providing a valid experimental system to study the response of
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mitochondria during cell survival. Here we address the impact of oxidative stress
on mitochondria in cardiomyocytes and whether elevation of Nrf2 serves to protect
mitochondria in cardiomyocytes.
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Materials and Methods:
Cell Culture and H2O2 Treatment: Cardiomyocytes were prepared from 1-2 days
old newborn rats as described previously (149, 162). Cells were seeded at a
density of 0.3 x 106 cells per well in 6-well plates or 2.5 x 106 cells per 100 mm
dish. Freshly isolated cells were cultured in low glucose Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin for 3 days. Cells were placed in 0.5% FBS/DMEM for 24 hr
prior to 2 hr treatment with H2O2 (50-400 μM). After 2 hr H2O2 treatment, culture
medium was changed to fresh 10% FBS/DMEM. H2O2 preconditioning was
achieved by a 10 minute pretreatment with 100 μM H2O2 followed by 1 hr recovery
in fresh 0.5% FBS/DMEM before subsequent H2O2 treatments.

Fluorescence Staining of Mitochondria: Cells grown on glass coverslips were
stained with MitoTracker Deep Red for fluorescent microscopy. After incubation
with MitoTracker dye diluted in DMEM at a concentration of 200 nM for 30 min
under culture condition, cells were fixed with formalin for either direct mounting on
glass slides or for permeabilization and co-staining with Nrf2 antibody. Images
were acquired under an Olympus BX53 microscope with an attached DP72 digital
camera.
For mitochondrial membrane potential measurements, cells grown in 6wells plates were washed with PBS and stained with MitoTracker Orange
CMTMRos dye diluted in DMEM at a concentration of 200 nM for 30 minutes under
culture conditions. The fluorescence was detected using a BioTek Synergy 2 plate
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reader with 550Ex/575Em filters. Following fluorescence quantification, cells were
lysed and protein content was determined by Bradford assay (Bio-Rad).

Electron Microscopy: Cells were fixed with phosphate-buffered 2.5%
glutaraldehyde (pH 7.4) for 4 hours followed by postfixation with 1% OsO4 for 1
hour. Fixed cells were dehydrated and resin embedded for standard electron
microscopy procedures as described (162).

Western Blot Analyses: Cell lysates were obtained by scraping cells in lysis
buffer (1% Triton X-100, 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 50
mM Tris, pH 8.0) with freshly added protease inhibitors (Sigma-Aldrich). Protein
concentrations were measured using the Bradford method (Bio-Rad). Proteins
were separated by SDS-polyacrylamide gel electrophoresis and were transferred
to PDVF membrane (152). Western Blot was performed using antibodies for Nrf2,
cytochrome b, bcl-xL, OPA1, GAPDH, VDAC, β-actin (Santa Cruz Biotechnology),
Nrf2, vinculin, TATA Binding Protein (Abcam), and cytochrome c (Cell Signaling).
Secondary antibodies conjugated with horseradish peroxidase (Santa Cruz
Biotechnology) were used for Enhanced Chemiluminescence reaction.

Real-Time RT-PCR: Total RNA extracted using TRIzol was used as templates for
RT-PCR. cDNA syntheses were performed using a commercial cDNA synthesis
kit (Fermentas) with random hexamers. PCR primers were purchased from Sigma
with the sequences of 5’-GCAGCTTAACATTCCGCCCAATCA-3’ (forward) and 5’-
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(reverse)

TACTGGTTGGCCTCCGATTCATGT-3’

(forward)

ACAATGTTTTTGTTGGACAGCCCCG-3’
TGAAGCACGGGTGAGTCTTCTTG-3’
AGCCATGTACGTAGCCATCC-3’
CTCTCAGCTGTGGTGGTGAA-3’
TCAACTTTCGATGGTAGTCGCCGT-3’

for

(reverse)

for

(forward)
(reverse)

for

(forward)

cytochrome

b;

and
cytochrome

5’5’-

c;

5’-

and

5’-

β-actin;

5’-

and

5’-

TCCTTGGATGTGGTAGCCGTTTCT-3’ (reverse) for 18S rRNA; and 5’TGACTCTACCCACGGCAAGTT-3’

(forward)

and

5’-

ACGACATACTCAGCACCAGCA-3’ (reverse) for GAPDH. Quantitative real time
PCR was performed with the CFX96 Thermal Cycler (Bio-Rad) and SYBR Green
dye (Fermentas). Real-Time PCR was performed with initial denaturation at 95ºC
for 10 min and 40 cycles of 95ºC for 15 sec for denaturation, 60ºC for 30 sec for
annealing and 72ºC for 30 sec for extension. Melting curve analysis was performed
at the end of PCR to verify the specificity of the product. Bio-Rad CFX Manager
software was used for data analyses. The expression values were calculated as
Relative Quantity gene = Egene^(CT(control)-CT(sample)), Normalized Expression

sample

=

RQsample/(RQreference 1 x RQreference x … x RQreference n)^(1/n), E = efficiency of primer
set calculated by (% Efficiency x 0.01) + 1, where 100% efficiency = 2, RQ =
relative quantity of sample.

Adenovirus Mediated Nrf2 Overexpression: Replication deficient Nrf2, ∆DBDNrf2, and empty vector adenovirus were a kind gift from Dr. Jeffrey Johnson
(University of Wisconsin). Cells were transduced at a multiplicity of infection of 100.

71
Cells were incubated with the adenovirus in 10% FBS/DMEM for 4 hr at 37ºC,
followed by 24 hrs culture in fresh 10% FBS/DMEM for 24 hr. The adenovirus
contains a GFP protein, allowing us to examine the transducing efficiency. About
90% cells were positive with GFP prior to H2O2 treatment or various
measurements.

MTT

Assay:

3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium

bromide (MTT) is reduced to a blue formazan by mitochondrial succinate
dehydrogenase. With cells plated in 24-well culture dishes, 200 µl of 5 mg/ml MTT
was added to each well for 2 hr incubation in the dark under culture conditions.
Following washes with PBS, the formazan product was dissolved in an isopropanol
solvent containing 0.1 M HCL and 1% triton X-100 for measurements at
wavelength 590 nm with a reference wavelength of 630 nm using a BioTek
Synergy 2 plate reader.

Protein Carbonyl Assay: A colorimetric protein carbonyl assay kit was used
according to manufacturer’s specifications (Cayman Chemical Co). Briefly, cells
were collected in ice-cold homogenization buffer (50 mM phosphate, pH 6.7, 1 mM
EDTA). Following a brief sonication, cell lysates were centrifuged at 10,000 x g for
15

min

at

4°C.

Aliquots

of

cell

lysates

were

incubated

with

2,4-

dinitrophenylhydrazine (DNPH) or 2.5 M HCl (control) for 1 hr in the dark. Protein
was precipitated by addition of 20% trichloroacetic acid (TCA) and centrifugation
at 10,000 x g for 10 min. Following washes with 10% TCA and ethanol/ethyl
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acetate, protein pellets were resuspended in guanidine hydrochloride. Absorbance
at a wavelength of 370 nm was measured using BioTek Synergy 2 plate reader.
Absorbance of the DNPH sample was subtracted from the corresponding control
of each cell lysate to generate corrected absorbance (CA). Protein carbonyl
concentration was calculated using the extinction coefficient for DNPH of 0.022
μM-1 cm-1.

Subcellular Fractionation: Cells in culture were collected in fractionation buffer
(250 mmol/L sucrose, 20 mmol/L HEPES-pH 7.4, 1 mmol/L EGTA, 1 mmol/L
EDTA, 1.5mmol/L MgCl2, 10mM KCl, 1 mmol/L DTT). After homogenization using
a glass dounce and passing through a 25 gauge needle 10 times, cell lysates were
centrifuged at 800 x g for 5 mins to collect nuclear fraction. The supernatant was
centrifuged at 10,000 x g for 10 mins for collection of mitochondrial fractions. The
supernatant constituted the cytosolic fraction, which was purified by second
centrifugation at 10,000 x g for 10 mins. The nuclear and mitochondria fractions
in pellets were resuspended in the lysis buffer for passing through a 25 gauge
needle 10 times again before second centrifugation at 800 x g or 10,000 x g
respectively. The nuclear and mitochondrial pellets were resuspended in the lysis
buffer for measurements of protein concentrations by the Bradford assay (Bio-Rad)
along with the cytosolic fraction.

Immunocytochemistry: Cells grown on glass coverslips were stained with
MitoTracker Deep Red dye diluted in DMEM at a concentration of 200 nM for 30
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min under culture condition. After incubation with MitoTracker dye, cells were fixed
with 10% formalin and membrane permeabilized in 0.25% Triton X-100. Following
1 hr incubation with blocking buffer (1% bovine serum albumin, 0.1% Tween 20,
PBS) cells were incubated 1 hr with primary antibody against Nrf2 (H-300, Santa
Cruz Biotechnology, 1:200 dilution). Cells were washed 5 times in blocking buffer
prior to 1 hr incubation with Alexa Fluor 488-conjugated secondary antibody
(Invitrogen Molecular Probes, 1:800 dilution) diluted in blocking buffer. Images
were acquired under an Olympus BX53 microscope with an attached DP72 digital
camera.

Mitochondria Isolation From Animal Tissues: Isolated rat hearts or livers were
washed in Mg2+ and Ca2+-free PBS, minced in homogenization buffer (250 mmol/L
sucrose, 10 mmol/L MOPS-pH 7.4, 1 mmol/L EGTA, 2 mmol/L MgCl2, 0.1% BSA)
and briefly homogenized using a glass dounce. The homogenized mixture was
centrifuged twice at 800 x g for 5 mins to remove the nuclear fraction. The
supernatant was collected and centrifuged twice at 10,000 x g for 10 min for
collection of mitochondrial fraction. All procedures were performed on ice.

Subfractionation of Mitochondria: Isolated mitochondria were suspended in 10
mM KH2PO4 (pH7.4) for 15 min incubation, followed by addition of an equal volume
of mitochondrial fractionation buffer [32% (w/v) sucrose, 30% (w/v) glycerol, 10
mM MgCl2, 10 mM KH2PO4 (pH7.4)]. Following another 15 min incubation, the
suspension was sonicated twice for 15 sec with a 1 min interval. The suspension
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was centrifuged at 12,000 x g for 10 min at 4°C for separation of the supernatant
and pellet. The pellet was resuspended in homogenization buffer (250 mmol/L
sucrose, 10 mmol/L MOPS-pH 7.4, 1 mmol/L EGTA, 2mmol/L MgCl2, 0.1% BSA).
The pellet and supernatant fractions were loaded on separate discontinuous
sucrose gradients composed of 2 ml each of 25%, 37.5%, and 50% (w/v) sucrose
in 10 mM KH2PO4 (pH7.4) and centrifuged in a type 90Ti rotor at 210,000 x g for 3
hr at 4°C. The outer mitochondrial membrane (OMM) fraction was collected at the
25%/37.5% interface of the gradient loaded with the supernatant. The mitoplast
fraction was collected as the pellet from the gradient loaded with the pellet
suspension. The OMM and mitoplast fractions were washed with homogenization
buffer and centrifuged at 160,000 x g for 1 hr or at 12,000 x g for 10 min,
respectively. All step were performed on ice or at 4°C.

Mitochondrial Swelling Assay: Mitochondria isolated from Nrf2 KO or wild type
littermates were diluted in swelling buffer (250 mmol/L sucrose, 10 mmol/L MOPS,
5 μmol/L EGTA, 2 mmol/L MgCl2, 5 mmol/L KH2PO4, 5 mmol/L pyruvate, 5 mmol/L
malate) at a final concentration of 400 μg protein/ml. A volume of 200 l of this
mitochondrial suspension was placed in a 96-well plate for measuring absorption
at 520 nm over 20 mins at 37°C with reading every 30 sec. Preparations of
mitochondria were analyzed simultaneously with or without the addition of calcium
chloride (CaCl2) at a final concentration of 150 μmol/L.
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Results
Alteration of Mitochondrial Morphology and Content due to H2O2 Treatment
The majority of primary cultured neonatal rat cardiomyocytes can survive
the exposure to mild levels of H2O2 (125). A small fraction of cells die and detach
from the culture dishes within 24 hrs, allowing removal by changing culture medium
(148). Cells surviving H2O2 treatment maintain normal morphology (Fig 3.1A) but
develop hypertrophy after 4 to 5 days (148). Cells surviving H2O2 treatment were
examined for mitochondrial morphology under a fluorescent microscope following
MitoTracker Deep Red staining. We observed that mitochondria in untreated cells
appear in clusters or diffusing networks (Fig 3.1B). In contrast, H2O2 treated cells
appear to have a reduced content of mitochondria and the mitochondria appear as
individualized punctuate dots (Fig 3.1B).

Electron microscopy examination

revealed that normal cells contain abundant mitochondria in rod shapes with wellorganized and evenly distributed cristae (Fig 3.1C). H2O2 treated cells contain
reduced the number of mitochondria and the mitochondria are enlarged and
rounded with disorganized cristae, vacuolar structures and areas of condensation
(Fig 3.1C).
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Figure 3.1. Cardiomyocyte Surviving H2O2 Treatment Show Abnormal
Mitochondrial Morphology. Neonatal rat cardiomyocytes were treated with 300
M H2O2 or equivalent volume of PBS for 2 hrs and kept under tissue culture
condition for 24 hrs before recording for morphology (A) or analyses of
mitochondrial morphology (B-C). Cells seeded on glass coverslips were stained
with Mitotracker Deep Red 633 as described in the Methods (B). The images were
acquired by Olympus DP72 digital camera attached to Olympus BX53 fluorescent
microscope (B). Cells were fixed in phosphate-buffered 2.5% glutaraldehyde (pH
7.4) followed by osmium tetraoxide prior to resin embedment for electron
microscopy (C). A representative image from 31,000x amplification is shown for
control or H2O2 treated cardiomyocytes (C).
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In order to quantify the impact of H2O2 treatment on the function of
mitochondria, we measured mitochondrial membrane potential using Mitotracker
Orange CMTMRos, which selectively accumulates in mitochondria with intact
membrane potential in live cells. Cells challenged with H2O2 showed a timedependent decrease in Mitotracker signal over a course of 5 days (Fig 3.2A). A
dose-dependent decline in mitochondrial membrane potential was observed
starting with 50 M and reached the lowest with 200 to 300 M H2O2 (Fig 3.2B).
These data are consistent with a decline of functional mitochondria in cells
surviving H2O2 treatment.
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Figure 3.2. Cells Surviving H2O2 Treatment Show Decreases in Cellular
Content of Functional Mitochondria. Rat cardiomyocytes seeded in 6-well
plates were treated with 300 μM for 2 hrs and assayed over a time course of 5
days (A) or were treated with various concentration of H2O2 for 2 hrs and cultured
for 5 days (B). Cells were loaded with Mitotracker Orange CMTMRos for
measurements of mitochondria membrane potential using a fluorescence plate
reader. Fluorescence intensity was normalized to protein content from the
corresponding well and expressed as the ratio of means + standard deviations
from 3 independent experiments. A letter indicates significant difference (p<0.05)
from means labeled with a different letter as determined by ANOVA.

79
We measured mitochondrial proteins, cytochrome c and cytochrome b, to
demonstrate the decrease of mitochondrial content or function in cells surviving
H2O2 treatment. Cytochrome c is encoded by nuclear DNA, whereas cytochrome
b is encoded by mitochondrial DNA. Western blot analyses revealed that H2O2
exposure resulted in decreased levels of cytochrome c and cytochrome b proteins.
The decrease of cytochrome c and cytochrome b protein levels were observed
within 8 hours after H2O2 exposure and persisted for 3 days after exposure (Fig
3.3A). Corresponding to the observed decrease at the protein level, cytochrome
c and cytochrome b mRNA levels were also reduced following H2O2 treatment (Fig
3.3C).

A dose-dependent decrease in cytochrome b and cytochrome c was

observed at both protein and mRNA levels (Fig 3.4). Cytochrome c protein levels
were reduced after exposure to 200-400 μM H2O2, while cytochrome b protein
levels were reduced at H2O2 concentrations as low as 100 μM (Fig 3.3B).
Cytochrome c and cytochrome b mRNA followed a similar trend as the protein,
with 200 and 100 μM H2O2 being sufficient to cause a significant reduction,
respectively (Fig 3.3D).

These data indicate that both cytochrome b and

cytochrome c expression decreased due to H2O2 treatment.
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Figure 3.3. H2O2 Treatment Causes Decreases in Expression of
Mitochondrial Proteins Over time. Rat cardiomyocytes were exposed to 300 μM
H2O2 for 2 hrs and harvested at the indicated time points for Western blot (A, B) or
real time RT-PCR (C). The data represent the means ± standard deviations from
3 independent experiments. A letter indicates significant difference (p<0.05) from
means labeled with a different letter as determined by ANOVA.
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Figure 3.4. H2O2 Dose Dependent Decrease of Mitochondrial Protein
Expression. Rat cardiomyocytes were exposed to H2O2 at the concentration
indicated for 2 hrs before harvesting at 48 hrs after for measurements of
cytochrome c or cytochrome b protein by Western blot (A, B) or mRNA by real time
RT-PCR (C). The data represent the means ± standard deviations from 3
independent experiments. A letter indicates significant difference (p<0.05) from
means labeled with a different letter as determined by ANOVA.
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Nrf2 Overexpression Preserves Mitochondrial Morphology and Function
Following H2O2 Exposure
A brief treatment of H2O2 causes rapid elevation of Nrf2 protein due to de
novo protein synthesis in cardiomyocytes (118, 152, 164). To address whether
this condition of inducing Nrf2 protein results in protection against mitochondrial
damage, cells were pretreated with 100 μM H2O2 for 10 minutes, followed by a 1
hour recovery period. This condition causes a maximal induction of Nrf2 protein
(152). An elevation of Nrf2 protein was detected at 1 hr after pretreatment, which
was before the second treatment of various doses of H2O2 (Fig 3.5A). Nrf2 protein
remained elevated for 8 hr after the preconditioning treatment, and returned to
baseline levels by 12 hr (Fig 3.5A). When cytochrome c and cytochrome b were
measured at 48 hrs after treatment of 50-400 μM H2O2, cells receiving H2O2
preconditioning exhibited a preservation of cytochrome c or cytochrome b protein
levels compared to the cells without H2O2 preconditioning (Fig 3.5B).
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Figure 3.5. Preconditioning with H2O2 Protects Against the Decreases of
Cytochrome c and Cytochrome b. Rat cardiomyocytes were pretreated with 100
M H2O2 for 10 mins followed by 1 hour of recovery in fresh medium. Cells were
collected at the time point indicated for measurements of Nrf2 protein (A). Cells
with or without 10 mins 100 M H2O2 pretreatment were treated at 1 hr after for
varying concentrations of H2O2 for 2 hr before harvesting 48 hr later for Western
blot analysis to measure cytochrome c and cytochrome b protein levels (B). The
data are from one experiment representative of three.
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In order to determine whether Nrf2 elevation is sufficient for preserving
mitochondrial morphology and content, adenovirus containing Nrf2 gene cloned
into a vector containing a soluble Green Fluorescence Protein (GFP) was used for
Nrf2 overexpression. GFP allows the determination of gene transfer efficiency,
which is about 90% in cardiomyocytes. An Nrf2 mutant lacking the DNA binding
domain (∆DBD-Nrf2) was included as a negative control. When cytochrome c and
cytochrome b were measured, we found that Nrf2 overexpression attenuated the
decrease in cytochrome c and cytochrome b at both the protein and mRNA levels
from H2O2 treatment (Fig 3.6A-B). Interestingly, overexpression of either full length
Nrf2 or ∆DBD-Nrf2 augmented the basal level of cytochrome b protein, but only
full length Nrf2 was capable of attenuating the decreases associated with H2O2
exposure (Fig 3.6A).
Following treatment with H2O2, cells overexpressing Nrf2 were resistant to
alteration of mitochondrial morphology shown as lack of disruption of mitochondrial
networks (Fig 3.7A). The ∆DBD-Nrf2 expressing cells maintained normal
mitochondrial morphology prior to H2O2 exposure, but experienced a similar
degree of mitochondrial morphological change as cells expressing GFP alone (Fig
3.7A). Since the transducing efficiency is about 90% with adenovirus mediated
gene delivery, we were able to find cells not overexpressing Nrf2 within the same
culture where the majority of cells were transduced. Only the cells overexpressing
Nrf2 had maintained normal mitochondrial morphology following H 2O2 exposure,
whereas within the same culture, cells that did not show high level Nrf2
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transduction presented with mitochondrial fragmentation in response to H 2O2
exposure (Fig 3.7B).
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Figure 3.6. Nrf2 Overexpression Attenuates Decreases in Expression of
Mitochondrial Proteins. Rat cardiomyocytes were infected with adenovirus for
expression of GFP, Nrf2, or ΔDBD-Nrf2. At 48 hrs after infection, cells were treated
with 300 μM H2O2 for 2 hrs and were collected at 48 hrs after H2O2 treatment for
measurements of Nrf2, cytochrome c and cytochrome b by Western blot (A) or RTPCR (B). Cytosolic and mitochondrial fractions were purified as described in the
Methods for Western blot analysis of cytochrome c protein levels (C). Values
represent the means ± standard deviations from 3 independent experiments. A
letter indicates significant difference (p<0.05) from means labeled with a different
letter as determined by ANOVA.
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Figure 3.7. Nrf2 Inhibits Alteration of Mitochondrial Morphology following
H2O2 Exposure. Rat cardiomyocytes seeded on glass coverslips were infected
with GFP, Nrf2, or ΔDBD-Nrf2 using adenoviral constructs (A). At 48 hrs after
infection, Following 24 hr of recovery after 2 hr exposure to PBS (control) or 300
μM H2O2, cells were stained with Mitotracker Deep Red 633 for observation under
an Olympus BX53 fluorescent microscope with attached Olympus DP72. A view
from Nrf2 adenovirus infected cells treated with H2O2 showing the difference in
mitochondrial morphology in the cells expressing Nrf2 versus the cells not
expressing Nrf2 (B).
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We found that Nrf2 overexpression, but not ∆DBD-Nrf2, prevented the
decrease in mitochondrial membrane potential as qualified by labeling with
Mitotracker Orange CMTMRos (Fig 8A). The conversion of 3-(4,5-dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide (MTT) to its formazan product is dependent
on mitochondrial succinate dehydrogenase. As such, this MTT assay has been
used as a measure of metabolic function of the mitochondria. Exposure to H 2O2
caused a reduction in mitochondrial metabolism in cells infected with GFP (Fig
3.8B).

Cells overexpressing ∆DBD-Nrf2 experienced a reduction in MTT

conversion following H2O2 exposure similar to GFP infected cells; however,
overexpression of Nrf2 prevented this decrease in mitochondrial metabolism after
H2O2 exposure (Fig 3.8B).
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Figure 3.8. Nrf2 Prevents the Decrease of Mitochondrial Function from H2O2
exposure. Rat cardiomyocytes were infected with adenovirus for expression of
GFP, Nrf2, or ΔDBD-Nrf2. At 48 hrs after infection, cells were treated with 300 μM
H2O2 for 2 hrs. At 5 days after H2O2 exposure, cells were stained using Mitotracker
Orange CMTMRos for quantification of membrane potential (A). Fluorescence
intensity was normalized to protein content from the corresponding well (A).
Mitochondrial succinate dehydrogenase activity was assessed by incubation of
cells with MTT. The conversion of MTT to its blue formazan product was measured
at wavelength 590 nm with a reference wavelength of 630 nm using BioTek
Synergy 2 plate reader (B). Values represent the mean ± standard deviations from
3 independent experiments. A letter indicates significant difference (p<0.05) from
means labeled with a different letter as determined by ANOVA.
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Nrf2 Localizes to the Outer Membrane of the Mitochondria
Nrf2 is known as a transcription factor regulating the expression of antioxidant and detoxification genes containing the Antioxidant Response Element in
the promoter. This has led many of us to assume that Nrf2 elevation results in a
decrease in the level of oxidative stress.

We measured the level of protein

carbonyl in order to determine the effect of Nrf2 overexpression on protein
oxidation. Previous work from our laboratory found that cardiomyocytes showed
the highest increase of protein carbonyl content within 2 hours of H 2O2 treatment
and the level of protein carbonyl returned to the basal level within 1-2 days (149).
We observed that H2O2 treatment caused a 2.6 fold increase of protein carbonyls
in control GFP transduced cells. Overexpression of Nrf2 resulted in an insignificant
protection against protein carbonyl formation (25.8 ± 0.6 vs. 22.4 ± 1.2) (Fig 3.9).
As expected, the dominant negative mutant causes an enhancement of carbonyl
formation. This suggests that despite Nrf2 overexpression, the cells experienced
a similar level of protein oxidation as the cells not overexpressing Nrf2.
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Figure 3.9. Nrf2 Fails to Reduce Protein Oxidation by H 2O2 Treatment. Rat
cardiomyocytes were infected with adenovirus for expression of GFP, Nrf2, or
ΔDBD-Nrf2. At 48 hrs after infection, cells were treated with 300 μM H 2O2 for 2
hrs. Cells were harvested immediately for measurements of protein carbonyl.
Values represent the means ± standard deviations from 3 independent
experiments. A letter indicates significant difference (p<0.05) from means labeled
with a different letter as determined by ANOVA.
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Since Nrf2 did not significantly protect proteins from oxidation by H2O2
treatment, we addressed the possibility of whether the protection of mitochondria
is through a direct interaction of Nrf2 with mitochondria. Immunocytochemistry
revealed co-localization of Nrf2 with mitochondria in cardiomyocytes (Fig 3.10A).
Mitochondrial localization of Nrf2 was confirmed by measurements of Nrf2 protein
following sub-cellular fractionation of cell lysates (Fig 3.11A). To reveal whether
Nrf2 is associated with mitochondria outside or inside, we used animal tissues
since cells in culture do not providing enough material for fractionating
mitochondria into outer membrane versus mitoplasts. Since cardiomyocytes in the
myocardium are tightly linked and require vigorous treatment in order for
mitochondria to be released, the preparation of mitochondria from the myocardial
tissue has low yield yet contaminated with other cellular components and debris.
Liver tissues provide an alternative for obtaining clean fractions of mitochondria,
allowing subfractionation of the mitochondria. Subfractionation of mitochondria
isolated from rat livers revealed the outer mitochondrial membrane as the site
where Nrf2 is associated with (Fig 3.11B).
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Figure 3.10. Co-localization of Nrf2 with Mitochondria. Rat cardiomyocytes
were grown on coverglasses. Following 300 M H2O2 treatment for 2 hrs, cells
were fixed with formalin after 30 mins of MitoTracker Deep Red uptake. Nrf2 was
detected by immunocytochemistry as described in the Methods.
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Figure 3.11. Association of Nrf2 Protein with Mitochondria. Rat
cardiomyocytes with or without Nrf2 adenoviral transfection were treated with 300
μM H2O2 for 2 hr. Cells were immediately harvested and fractionated into
cytosolic, mitochondrial, and nuclear fractions for Western blot analysis of Nrf2,
along with protein markers of each fraction: GAPDH (cytosol), VDAC
(mitochondria), and TBP (nucleus) (A). Mitochondria isolated from rat liver were
sub-fractionated into whole mitochondria, mitoplast, and outer mitochondria
membrane as described in the Methods for Western blot analysis of Nrf2 and
protein markers of each fraction (B).
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The observation that Nrf2 localizes to the outer mitochondrial membrane
suggests that Nrf2 may have a direct impact on preserving mitochondria. Calciuminduced swelling of isolated mitochondria is a measurement of mitochondrial
dysfunction and has been used as an indicator of mitochondrial permeability
transition pore (mPTP) opening (165-168). Mitochondria isolated from the hearts
of wild type (WT) and Nrf2 knockout (Nrf2 KO) mice were subjected to calcium
induced swelling indicated by a reduction in absorbance at 540nm. In the absence
of calcium, mitochondria from WT and Nrf2 KO mice maintained relatively stable
absorbance readings at 540 nm (Fig 3.12A). Following the addition of calcium,
mitochondria from WT showed a gradual decrease in 540 nm absorbance.
Mitochondria isolated from Nrf2 KO mice had an enhanced sensitivity to swelling
compared to WT mitochondria, as indicated by the greater decrease in 540 nm
absorbance (Fig 3.12B).

These data suggest that lack of Nrf2 results in an

increased sensitivity to mitochondrial membrane permeability transition and
mitochondrial swelling.
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Figure 3.12. Loss of Nrf2 Increases Mitochondrial Sensitivity to Calciuminduced Swelling. Mitochondria were isolated from the hearts of wild type or Nrf2
knockout mice and challenged with calcium to induce mitochondria swelling.
Swelling was monitored by a decrease in absorbance at 520 nm over a 20 minute
period at 37°C after addition of PBS (control) or calcium (A). Decrease in
absorbance (%) following addition of calcium was calculated compared to WT or
Nrf2 KO controls (B). Values represent the means ± SEM from 3 independent
experiments. A letter indicates significant difference (p<0.05) from means labeled
with a different letter as determined by ANOVA.
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Discussion
The work presented here points to a novel role of Nrf2 in protecting the
mitochondria in cardiomyocytes. We have found that Nrf2 localizes to the outer
membrane of the mitochondria.

Knocking out Nrf2 results in an increased

susceptibility to mitochondrial swelling and mPTP opening.

With isolated

cardiomyocytes, overexpression of Nrf2 prevented H2O2 from inducing changes in
mitochondria, including disruption of the network, loss of membrane potential,
reduction of metabolism, and decreased expression of cytochrome c and
cytochrome b.
Our data suggest a role of H2O2 in converting mitochondria in a network into
individualized mitochondria. In vivo, induction of oxidative stress by ischemic
reperfusion (I/R) causes a shift in mitochondrial composition from an intricate
interconnected network to a population of fragmented and individualized units
(169-171). Biochemically, I/R injury promotes uncoupling of the electron transport
chain (172, 173), altered ion composition (174), loss of mitochondrial membrane
potential, and opening of mPTP (168, 175, 176). Loss of membrane potential is a
key event in the process of mitochondria decay. These morphological and
biochemical changes are accompanied by an increase in the production of ROS
by mitochondria (147, 172, 175).

The morphology of mitochondria we observed in untreated cells is
consistent with the reports indicating that intricate mitochondria networks form in
cardiomyocytes (170). Mitochondria in networks offer several advantages over
individual units of mitochondria. Interconnected networks allow for the sharing of
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mitochondrial components, including the complementation of mtDNA and
respiratory chain components (170, 177). This allows mitochondrial networks a
greater ability to respond to various stressors, thereby maintaining the membrane
potential, metabolic activity for ATP production and localization of cytochrome c
(178, 179).

Oxidative stress can promote fragmentation of mitochondrial networks
through the augmentation of mitochondrial fission (180, 181). Historically the
mitochondria have been viewed as a stable independent organelle.

Recent

evidence suggests that the mitochondria are in fact highly dynamic and constantly
undergo fission and fusion. Mitochondrial fission and fusion are important for
mitochondrial biogenesis, removal of damaged components, maintenance of
energy metabolism, and initiation of cell death pathways (170, 182-185).
Mitochondrial fragmentation by fission has been identified as an early event in the
initiation of apoptosis due to facilitation of cytochrome c release (179). Inhibition
of mitochondrial fission reduces apoptotic cell death in cardiomyocytes in vitro and
in vivo (150, 185). Mitochondrial fission allows segregation of damaged or
dysfunction components for removal by mitophagy, whereas fusion allows
mitochondria to form an intricate network. A number of mammalian proteins have
recently been identified to facilitate the process of fission or fusion, including Drp1,
Drp2, hFis-1, mitofusin1, mitofusin 2 and OPA1.

Whether Nrf2 protects the

mitochondria through interaction or alternating the activities of these proteins
remains to be tested.
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Dysfunctional mitochondria are degraded through an autophagosomal
system in a process termed mitophagy (186-188). A deficit in mitophagy results in
the accumulation of dysfunctional mitochondria characterized by mitochondrial
swelling, loss of cristae structure and integrity, decreased membrane potential, and
a decreased capacity for metabolism (189, 190). The inability to remove damaged
mitochondria has been identified as a potential causative factor in the progression
of

cardiac disease, including left ventricle hypertrophy

(191), diabetic

cardiomyopathy (192), and heart failure (189, 193). It has been demonstrated that
augmentation of the mitophagic pathways can restore mitochondrial function and
metabolic capacity, while protecting the heart in an experimental model of heart
failure (190).
The expression of mitochondrial proteins is a coordinated effort between
nuclear and mitochondrial gene expression. Decreases in mitochondrial numbers
results in decreased mtDNA copy numbers and therefore decreased expression
of mtDNA encoded genes such as cytochrome b. Expression of nuclear encoded
mitochondrial proteins, for example cytochrome c, is tightly regulated by
mitochondrial turnover and biogenesis to match the need of functional
mitochondria. H2O2 prompts a decrease in the expression of both mitochondrial
and nuclear encoded components of the electron transport chain. This suggests
an imbalance in mitochondrial turnover, with an increased mitophagy in the
absence of sufficient biogenesis. Interestingly, Nrf2 overexpression was able to
prevent this imbalance, possibly through protection of mitochondria against
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damage, bypassing the need of mitophagy. The mechanism of how Nrf2 protects
the mitochondria or mitophagy remains to be addressed.
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Chapter IV: Statins Induce Nrf2 Protein
Introduction
Coronary artery disease (CAD) is the leading cause of death in the United
States, affecting 15.4 million people (1). CAD often results from the narrowing of
the coronary artery due to atherosclerosis, the buildup of plaque in the arterial
walls. Atherosclerosis is caused by hyperlipidemia and elevated levels of lipids
and cholesterol in the blood. Atherosclerosis begins as a fatty streak on the arterial
wall, which builds up over time and progresses to an atherosclerotic plaque that
obstructs blood flow and can potentially lead to myocardial infarction (MI). Patients
with hypercholesterolemia are prescribed 3-hydroxy-3-methylglutaryl coenzyme A
(HMG-CoA) reductase inhibitors, or statins, to help lower cholesterol levels.
HMG-CoA reductase is the rate-limiting enzyme in the pathway of
cholesterol synthesis. Statin drugs block the catalysis of HMG-CoA to mevalonic
acid and are among the top drugs prescribed in the United States. Statin drugs are
commonly used to lower blood cholesterol and LDL levels, preventing
atherosclerosis and downstream cardiovascular effects.
In recent years, it has been found that statins have pleiotropic effects
beyond cholesterol-lowering. There is evidence that statins stabilize endothelial
function, exhibit antioxidant activity and promote anti-inflammatory actions (20, 21,
194).

Consistent with the therapeutic potential of these pleiotropic effects,

numerous clinical trials have demonstrated that acute administration of statins in
patients suffering a myocardial infarction results in reduced morbidity and mortality
independent of cholesterol-lowering effects (22).

A retrospective study of 13
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clinical trials demonstrated that administration of high doses of statins as a
pretreatment to percutaneous coronary intervention (PCI) reduced periprocedural
myocardial infarction and 30 days major adverse cardiac events by 46% (22).
Several animal studies have demonstrated that acute statin administration reduces
infarct size in a surgical model of myocardial infarction that is independent of
dyslipidemia (23, 195, 196).

The short timeframe of the therapeutic benefit

observed with such statin treatments are inconsistent with the time course for
effects of cholesterol levels.
The cholesterol-independent effects of statins have received considerable
attention recently. Statin effects on vascular endothelial cells, inflammation, and
antioxidant are being investigated in a variety of organ systems and diseases,
including neuroprotection and stroke, kidney disease, and liver steatosis (197200). Due to the association of oxidative stress with myocardial infarction, the
antioxidant activity of statins or the ability of statin in activating endogenous
antioxidant defense may mediate the protective effects of statins in the acute tissue
injury. One mechanism explaining the antioxidant effects of statins is the inhibition
of ROS production by NAD(P)H oxidase activation (201, 202). In addition, statin
treatment has been shown to induce expression of antioxidant enzymes such as
glutathione peroxidase, thioredoxin, and hemeoxygenase (203, 204).

While

several effects on the antioxidant system have been characterized, the mechanism
for statin-induced upregulation of these systems is not known.
The transcription factor NF-E2 related factor-2 (Nrf2) is a master regulator
of endogenous antioxidant defenses. Nrf2 is a basic leucine zipper transcription
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factor that translocates to the nucleus following oxidative or electrophilic stress,
where it binds and activates the antioxidant response element (ARE) in the
promoter regions of numerous antioxidant and detoxification genes. Genes with
promoter regions containing the ARE include hemeoxygenase-1 (HO-1), NAD(P)H
quinone oxidoreductase (NQ01), and glutamate-cysteine ligase (GCLC) (87, 91).
Under non-stressed conditions, Nrf2 signaling is regulated through an interaction
with Keap1, which promotes Nrf2 ubiquitination and degradation via the 26S
proteasome. Oxidative stress disrupts Nrf2 interaction with Keap1, thereby
preventing Nrf2 degradation and promoting its translocation to the nucleus, where
it regulates the expression of ARE-driven genes (205). Induction of Nrf2 has been
shown to be cytoprotective in numerous tissues, while loss of Nrf2 results in
increased susceptibility to tissue injury and reduced regenerative capacity (99,
158, 159). Here we address whether statins activate Nrf2 transcription factor, and
the mechanism of such activation.
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Materials and Methods
In Vivo Statin Administration: Male C57BL/6J mice, age 8-12 weeks, were
handled in accordance with the University of Arizona’s Animal Care and Use
committee. Mice received vehicle or atorvastatin (2 mg/kg) by I.P. injection 26 h
and 2 h prior to sacrifice for tissue collection. Upon rapid excision, the tissues were
quick frozen in liquid nitrogen. The tissues were grinded into a powder form in
liquid nitrogen, and were aliquoted for measurements of Nrf2 protein and mRNA.

Surgical Procedure: Mice received vehicle or atorvastatin (2 mg/kg) by I.P.
injection 26 h or 2 h prior to the surgical procedure. The heart was visualized after
a left thoracotomy and 8-0 suture snare was used to temporarily occlude the left
anterior descending coronary artery 1-2 mm below the atria. The coronary artery
was occluded for 30 minutes and then released to allow reperfusion. A length of
suture was left in place to allow re-occlusion during tissue collection and the chest
cavity was closed. The animal was allowed to recover on a heated pad until
ambulatory, before being returned to the home cage. Mice were sacrificed after
24 h of reperfusion for infarct quantification.

Infarct Quantification: The coronary artery was re-occluded using the in-place
suture. Trypan blue dye (2%) was perfused through the heart via the descending
aorta to stain the non-ischemic area. The hearts were then excised and cut in 1
mm cross sections followed by staining in 1.5% triphenyl tetrazolium chloride
(TTC) for 30 minutes at 37°C. Following TTC staining the slices were fixed in 10%
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formalin and photographed. Left ventricle area, Area At Risk (AAR), and infarct
size were quantified using ImageJ (NIH) planimetry. AAR was determined from
the area not stained by trypan blue. Infarct was represented within AAR not stained
red by TTC.

Cell Culture and Statin or Inhibitor Treatment: HeLa cells were cultured in high
glucose Dulbecco’s Modified Eagle Medium (DMEM) with 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin. Cells for treated with atorvastatin (0.01 – 10
μM), simvastatin (0.01 – 10 μM), pravastatin (0.1 – 10 μM), or lovastatin (0.1 – 10
μM) for 24 h or indicated times (0 – 24 h). Actinomycin D, AS601245 (1 µM), H89
(10 µM), rapamycin (5 ng/ml), SB202190 (10 µM), PD98059 (20 µM), FR180204
(10 µM), wortmanin (2 µM), LY294002 (20 µM), and N-acetyl cysteine were
administered 1 h prior to statin treatment. Mevalonic acid and cycloheximide were
administered at the same time as statins. Cells were transfected with DN-p85 or
empty vector using X-tremeGENE 9 (Roche) according to manufacturer’s
recommendations. DN-p85 and its vector were a kind gift from Dr. Wataru Ogawa
at Kobe University, Kobe Japan.

Western Blot Protocol: Cell lysates were obtained by scraping cells in lysis buffer
(1% Triton X-100, 2 mM EDTA, 150 mM NaCl, 50 mM NaF, 0.1% SDS, 0.5%
sodium deoxycholate, 2 mM Na3VO4, 50 mM Tris-HCl, pH 7.4) with protease
inhibitors (Sigma-Aldrich). Following sonication and centrifugation at 12,000 x g
to remove cell debri, protein content was determined using a Bradford protein
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assay (Bio-Rad).

Proteins were separated by SDS-polyacrylamide gel

electrophoresis and transferred to PDVF membrane. Western Blot was performed
using antibodies against Nrf2 (C-20, Santa Cruz Biotechnology), NQO1 (C-19,
Santa Cruz Biotechnology), p85 (C-1, Santa Cruz Biotechnology), phosphorylated
p85 (Tyr 508, Santa Cruz Biotechnology), and GCLC (ab41463, Abcam).
Secondary antibodies (Santa Cruz Biotechnology) with horseradish peroxidase
were used to detect protein targets by enhanced chemiluminescence reaction.

Ribosome Complex Isolation: Ribosome complexes were isolated as described
previously (206). Briefly, HeLa cells were collected with the ribosomal buffer (20
mM Tris-HCl pH 7.4, 140 mM KCl, 5 mM MgCl2, 0.5 mM dithiothreitol, 0.1 mg/ml
cyclohexamide) and centrifuged for 10 min at 18,000 x g to remove nuclei,
mitochondria, and cell debris. The supernatant was loaded onto a 3 ml 10%
sucrose in ribosomal buffer layered over 6 ml 35% sucrose in ribosomal buffer
gradient for 4 h centrifugation using an SW-41 rotor (Beckman) at 4°C and 240,000
x g to pellet ribosomes, which were resuspended in TRIzol (Invitrogen) for RNA
isolation.

Real Time RT-PCR: Total RNA collected from cells scraped in TRIzol, or
ribosomal-associated RNA collected by sucrose gradient centrifugation were
isolated using TRIzol reagent.

cDNA syntheses were performed using a

commercial cDNA synthesis kit (Fermentas) with random hexamers. PCR primers
for

Nrf2:

forward

5’-GCGACGGAAAGAGTATGAC-3’

and

reverse

5’-
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GTTGGCAGATCCACTGGTTT-3’;

18S

rRNA
and

TCAACTTTCGATGGTAGTCGCCGT-3’
TCCTTGGATGTGGTAGCCGTTTCT-3’;

AGCCATGTACGTAGCCATCC-3’

forward

and
and

forward
reverse

GAPDH:

TGACTCTACCCACGGCAAGTT-3’
ACGACATACTCAGCACCAGCA-3’;

:

reverse
β-actin:

and

forward
reverse

5’5’5’5’5’5’-

CTCTCAGCTGTGGTGGTGAA-3’ were purchased from Sigma-Aldrich. Real time
RT-PCR was performed using a CFX-96 Thermal Cycler (Bio-Rad) and SYBR
Green dye (Takara) according to manufacturer’s specifications. Real-Time PCR
was performed with initial denaturation at 95ºC for 10 min and 40 cycles of
denaturation at 95ºC for 15 sec, primer annealing at 60ºC for 30 sec, and extension
at 72ºC for 30 sec. Melting curve analysis was performed at the end of PCR to
verify the specificity of the product. Bio-Rad CFX Manager software was used for
data analyses. The expression values were calculated as Relative Quantity gene =
Egene^(CT(control)-CT(sample)), Normalized Expression

sample

= RQsample/(RQreference 1 x

RQreference x … x RQreference n)^(1/n), E = efficiency of primer set calculated by (%
Efficiency x 0.01) + 1, where 100% efficiency = 2, RQ = relative quantity of sample.

Statistical Analysis: Student’s t-test was used to compare two means from
populations with normal distributions as determined by the Shapiro-Wilk test. For
non-normal distributions the Mann-Whitney test was used to compare means.
One-way analysis of variance (ANOVA) with a Bonferroni correction was used to
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compare multiple (>2) means from populations with equal varience and normal
distributions. A p-value of <0.05 was used as the cutoff for statistical significance
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Results
Atorvastatin Induces Nrf2 in multiple tissues
To address whether statins induce Nrf-2, we administered mice with the
most commonly prescribed form of statin, atorvastatin. The treatment dose, 2
mg/kg was chosen based on relevance to doses used clinically and evidence for
infarct reduction in mice (196, 207, 208). We found that treatment with atorvastatin
(2 mg/kg) resulted in elevated Nrf2 protein levels in the heart, brain, lung, and liver
(Fig 4.1). Nrf2 protein was increased 7-fold in the heart, 40-fold in the brain, 3.5fold in the liver, and 2.5-fold in the lung (Fig 4.1).

Nrf2 is Required for Reduction of Infarct Size by Atorvastatin
Since statins and Nrf2 both protect the heart from ischemic reperfusion
injury in mice, we addressed whether Nrf2 mediates the cardiac protective effect
of statins. Wild-type (WT) or Nrf2 knockout (KO) mice were administered vehicle
or atorvastatin, and subjected to 30 min ischemia by coronary occlusion followed
by 24 h reperfusion. AAR and infarct size were quantified by trypan blue and TTC
staining, respectively, from transverse sections (Fig 4.2A). Although the AAR was
comparable for all groups, WT mice treated with atorvastatin experienced
significantly smaller infarct sizes than vehicle controls (Fig 4.2B-C). In contrast,
atorvastatin was not effective in reducing infarct size in Nrf2 Knockout mice (Fig
4.2C).
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Figure 4.1. Atorvastatin elevates Nrf2 protein levels in mouse tissues. Mice
were administered atorvastatin (2 mg/kg, I.P.) 26 h and 2 h prior to organ collection.
Lysate from collected tissues was used for Western blot analysis of Nrf2 protein
levels with Vinculin as a loading control (A). Nrf2 band intensities were normalized
to Vinculin (B). * indicates a significant difference (p < 0.05) as determined by
students t-test.
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Figure 4.2. Infarct reducing effects of atorvastatin are lost in Nrf2 knockout
mice. Wild-type or Nrf2 KO mice were administered vehicle or atorvastatin (2
mg/kg, I.P.) 26 h and 2 h prior to 30 minute occlusion of the LAD coronary afrtery.
After 24 h of reperfusion the coronary artery was re-occluded, the hearts were
perfused with trypan blue, cut into transverse sections and stained with TTC (A)
for assessment of the area at risk (B) and infarct size (C). n = 6. A letter indicates
significant difference (p<0.05) from means labeled with a different letter as
determined by ANOVA.
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In Vitro Model for Studying the Mechanism of Nrf2 Induction by Statins
HeLa cells were utilized to explore the mechanism of Nrf2 induction by
statins. A panel of commonly prescribed statins was used to demonstrate that
induction of Nrf2 protein elevation is not limited to atorvastatin. At concentrations
relevant to clinically achieved blood levels (0.1 – 10 μM), atorvastatin, simvastatin,
lovastatin, and pravastatin all elevated Nrf2 protein levels in HeLa cells as
measured at 24 h after treatment (Fig 4.3A-B).

Atorvastatin and simvastatin

caused a dose dependent increase in Nrf2 protein with maximal induction at 0.1 –
1 μM and 10 μM, respectively (Fig 4.4A-B). The time course of Nrf2 protein
elevation by atorvastatin and simvastatin revealed a delayed induction, with
increases in Nrf2 protein levels beginning at 6 h and persisting for at least 24 h
(Fig 4.4C-D). Increased Nrf2 protein correlates with activation of Nrf2 downstream
targets, indicated by increased expression of NQO1 and GCLC (Fig 4.4A-D).
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Figure 4.3. Statins induce Nrf2 protein in HeLa cells. HeLa cells were treated
with different statin drugs (atorvastatin, simvastatin, lovastatin, and pravastatin) for
24 h before harvesting cell lysates for measurement of Nrf2 protein levels by
Western blot.
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Figure 4.4. Atorvastatin and simvastatin induce Nrf2 protein and the
expression of downstream genes. HeLa cells were treated with various doses
(0.01 – 10 μM) atorvastatin (A) or simvastatin (B) for 24 h prior to harvesting cell
lysates for measurement of Nrf2 protein levels by Western blot. Cells treated with
1 μM atorvastatin (C) or 10 μM simvastatin (D) were harvested at the indicated
time points for measurement of Nrf2 protein levels by Western blot.
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Statins Induce Nrf2 through a Translational Mechanism
Increases in protein levels can be regulated through three mechanisms: 1)
increased Nrf2 gene transcription; 2) through translational control of protein
synthesis; and 3) through protein stability dictating half-life.

The classical

mechanism of Nrf2 activation by known chemical inducers is through disruption of
the Nrf2-Keap1 complex, which prevents proteasomal degradation of Nrf2 and
results in increased Nrf2 protein stability. In order to determine the impact of
statins on Nrf2 protein stabilization, a chase experiment was performed to assess
changes in Nrf2 protein half-life following statin treatment.

The translational

inhibitor cycloheximide (CHX) was used to halt protein biosynthesis in order
determine the degradation time course of Nrf2 protein. With new protein synthesis
blocked, Nrf2 protein showed a half life of about 20 mins and was completely
degraded by 60 mins (Fig 4.5A). The ability of MG132 to prolong the half life of
Nrf2 and inhibit Nrf2 protein degradation for at least 3 h is consistent with the role
of 26S proteasomes in proteolysis of Nrf2 (Fig 4.5B). If atorvastatin or simvastatin
were acting through a process of stabilization, Nrf2 protein levels should be
maintained beyond the 20 to 60 minute time points. However, both atorvastatin
and simvastatin failed to extend Nrf2 protein half-life beyond 20 mins (Fig 4.5C-D).
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Figure 4.5. Atorvastatin and simvastatin do not affect Nrf2 protein stability.
HeLa cells were treated with cycloheximide (CHX) and cell lysate was collected at
the indicated times. Western blot analysis of cells treated with CHX alone (A),
CHX with MG132 pretreatment (B), CHX with 1 μM Atorvastatin pretreatment (C),
and CHX with 10 μM Simvastatin pretreatment (D).
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We then explored whether statins regulate Nrf2 at the transcriptional level.
Induction of Nrf2 by statins appears to be transcriptionally independent, as the
transcriptional inhibitor actinomycin D failed to block the elevation of Nrf2 protein
by statin treatment (Fig 4.6A).

In support of a transcription independent

mechanism, total Nrf2 mRNA levels quantified by RealTime RT-PCR were
unchanged over the time course of Nrf2 induction (0 – 24 h) following statin
treatment (Fig 4.6B).

With tissues from mice administered atorvastatin, no

increase of Nrf2 mRNA was observed (data not shown). These results suggest
that atorvastatin and simvastatin induce Nrf2 protein through a post-transcriptional
mechanism.
Although Nrf2 protein stabilization is the most established mechanism of
Nrf2 protein accumulation, work from our laboratory has identified de novo Nrf2
protein translation as an important aspect of Nrf2 induction by H2O2. The absence
of a transcriptional or post-translational mechanism for Nrf2 induction by statins,
suggest at a role for de novo protein translation in statin induced Nrf2 protein
increase.
When an mRNA strand is being translated into a protein, the strand is
occupied by ribosomes. Nrf2 mRNA was quantitated in the ribosomal complex
isolated from cells following atorvastatin and simvastatin treatment. Real time RTPCR was used to measure for Nrf2 mRNA in ribosomal fractions isolated by
ultracentrifugation (Fig 4.6C). The increase in ribosome-associated Nrf2 mRNA
occurred despite the abundance of total Nrf2 mRNA in the cytosol not changing,
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suggesting enhanced recruitment of Nrf2 mRNA to ribosomal complexes for
protein translation.
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Figure 4.6. Inhibition of translation, but not transcription, attenuates Nrf2
induction by statins. HeLa cells were pretreated with actinomycin D (Act D) or
cycloheximide (CHX) 1 hr prior to treatment with 1 μM atorvastatin (A) or 10 μM
simvastatin (B). Cells lysate was collected 6 h after statin treatment for analysis
of Nrf2 protein levels by Western blot. HeLa cells were treated with 1µM
atorvastatin (C and D) or 10µM simvastatin (E and F) for the indicated times before
lysis and sucrose gradient centrifugation for the isolation of ribosomal-associated
RNA. Real time RT-PCR analysis was used to quantitate fold change in Nrf2
mRNA levels in the whole cell lysate (C and E) or in the ribosomal fraction (D and
F). * indicates a significant difference (p < 0.05) as determined by students t-test.
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Activation of PI3K by Atorvastatin Mediates Nrf2 Induction
Statins were developed as HMG-CoA reductase inhibitors to reduce
endogenous cholesterol synthesis.

Since HMG-CoA reductase catalyzes the

conversion of HMG-CoA to mevalonic acid, inhibition of HMG-CoA reductase by
statins results in a deficiency of mevalonic acid and downstream products. This
indicates the possibility that blockage of mevalonic acid production represents a
potential cause of Nrf2 induction. However, supplementation with exogenous
mevalonic acid in the form of mevalonolactone, which is cell-permeable, failed to
attenuate Nrf2 induction by atorvastatin treatment, suggesting a mechanism
independent of the mevalonic acid pathway regulates Nrf2 induction by statins (Fig
4.7A). Statin treatment has also been reported to increase ROS levels. As ROS
are important Nrf2 inducers at both the stabilization and translational levels (96,
209), their involvement in Nrf2 induction by atorvastatin was investigated.
Supplementation of the antioxidant system with N-acetyl cysteine (200 µM) did not
affect Nrf2 induction by statins (Fig 4.7A).
Statins activate a variety of signaling pathway (210-213). A panel of
inhibitors against p38 MAPK, ERKs, JNKs, PKA, mTOR, and PI3K pathways was
used to investigate pathways contributing to Nrf2 induction by atorvastatin. Of the
inhibitors used only the PI3K inhibitors, wortmanin (2 µM) and LY294002 (20 µM),
blocked the increase in Nrf2 protein by atorvastatin (Fig 4.7B). Furthermore,
wortmanin and LY294002 prevented the increased association of Nrf2 mRNA with
ribosomal complexes (Fig 4.7C).
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Figure 4.7. Inhibition of PI3K attenuates Nrf2 induction by atorvastatin. HeLa
cells were treated with atorvastatin (1 μM) for 24 h in the presence of mevalonate
or N-acetyl cysteine (NAC) before harvesting cell lysates for measurement of Nrf2
protein levels by Western blot (A). HeLa cells were pretreated with SB, PD, FR,
AS, H89, rapamycin, wortmanin, and LY294002 for 1 h prior to 24 h atorvastatin
(1 μM) treatment and collection of cell lysates for measurement of Nrf2 protein
levels by Western blot (B). HeLa cells were pretreated with wortmanin or
LY294002 for 1 h prior to 6 h atorvastatin (1 μM) treatment. Ribosomal fractions
were isolated by sucrose gradient centrifugation and Nrf2 mRNA was quantified
by RT-PCR (C). A letter indicates significant difference (p<0.05) from means
labeled with a different letter as determined by ANOVA.
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The effectiveness of the PI3K inhibitors in attenuating Nrf2 induction
suggests that activation of PI3K mediates elevation of Nrf2 protein levels by
statins. Treatment with atorvastatin resulted in a dose-dependent increase of
Tyr508 phosphorylation of p85, the regulatory subunit of PI3K (Fig 4.8A).
Phosporylated Tyr508 p85 is indicative of activated PI3K, indicating that
atorvastatin treatment leads to activation of the PI3K pathway. To confirm that
activated PI3K mediates Nrf2 induction by atorvastatin, HeLa cells were
transfected with a dominant negative p85 (DN-p85), which blocks PI3K activation
(214). Elevation of Nrf2 protein levels by atorvastatin was lost in cells expressing
DN-p85, supporting a role of PI3K signaling in Nrf2 induction (Fig 4.8B).
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Figure 4.8. Atorvastatin activation of PI3K is required for Nrf2 induction.
HeLa cells were treated with various doses (0.01 – 10 μM) of atorvastatin for 24 h
prior to harvesting cell lysates for measurement of Nrf2, phosphorylated p85, and
total p85 protein levels by Western blot (A). HeLa cells were transfected with DNp85 or empty vector and treated with atorvastatin (1 μM) for 24 h prior to harvesting
cell lysates for measurement of Nrf2, phosphorylated p85, and total p85 protein
levels by Western blot (B).
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Discussion
The data presented here demonstrates for the first time that atoravastatin
induces Nrf2 protein in a variety of tissues, including the heart. Induction of Nrf2
mediates the infarct reducing effect of atorvastatin following IR injury. We found
that induction of Nrf2 by statins is translationally-mediated and occurs independent
of transcription or protein stabilization. Activation of PI3K is an initiating event in
statin-induced elevation of Nrf2 protein levels and inhibition of this pathway blocks
Nrf2 induction.
Due to the evidence that statins promote beneficial pleiotropic effects
extending beyond their cholesterol-lowering effects, statins have been investigated
for their therapeutic potential in diverse areas such as non-alcoholic fatty liver
disease, age-related macular degeneration, ischemic-reperfusion injury, and
neuroprotection (197-200).

Oxidative stress plays an important role in the

progression of numerous pathologies.

While statins have been reported to

increase ROS generation, a larger volume of the literature shows statin exhibit
antioxidant effects. The antioxidant properties of statins have been implicated as
a key mechanism behind their therapeutic benefit in many cases. Our study here
provides an important link between statins and antioxidant activity via induction of
Nrf2.
Few studies have investigated the effects of statins on Nrf2; however, it has
been reported that simvastatin and fluvastatin activate the Antioxidant Response
Element (ARE) in the liver and vascular smooth muscle cells, respectively,
supporting a role in Nrf2 activation (215, 216). We found that statins induce Nrf2
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protein in multiple tissues, and Nrf2 mediates acute protection against MI by statins
in the myocardium.

The canonical mechanism of Nrf2 activation by a variety of chemical
inducers is through modification of the interaction between Nrf2 and Keap1, which
leads to an increase in Nrf2 half-life and activation of Nrf2 signaling. Here we have
demonstrated that statins are capable of inducing Nrf2 through a non-canonical
mechanism of translational regulation that is independent of Nrf2 protein
stabilization through Keap1/Nrf2 interaction. Translational control of Nrf2 protein
levels mediates cellular response against H2O2 in cultured cardiomyocytes and de
novo Nrf2 protein translation has been reported as a key mechanism of Nrf2
induction by oxidative stress and ischemia/reperfusion preconditioning in the
myocardium (95, 96, 150). Whether statins share a similar de novo Nrf2 protein
translation mechanism with H2O2 remains to be addressed.
Statins act on the mevalonate pathway to reduce cholesterol synthesis
through inhibition of HMG-CoA reductase. Apart from cholesterol synthesis, the
melvalonate pathway produces numerous isoprenoid intermediates such as
geranylgeranyl pyrophosphate (GGPP) and fernesyl pyrophosphate (FPP). GGPP
and FPP are important lipid attachments that regulate post-translational events of
several signaling pathways, including Ras, Rho, and Rac. I nhibition of these
mevalonate pathway metabolites could potentially influence Nrf2 induction;
however, supplementation with mevalonate had no effect on statin-induced Nrf2
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levels, suggesting a mechanism independent of the mevalonate pathway or
inhibition of HMG-CoA reductase.
Statins activate several signaling pathways including AMPK, MAPK, and
PI3K. The PI3K pathway has been implicated as playing an important role in Nrf2
activation by several inducers, including sulforaphane and H2O2.

The data

presented here supports a role of PI3K activation by statins in regulating Nrf2
induction. The PI3K pathway regulates several factors involved in translation
initiation, including eIF4E, 4E-BP, ribosomal S6 kinase, and eIF2α. The PI3K
downstream signaling events in Nrf2 induction were not investigated here.
However, rapamycin, which inhibits mTOR, partially blocked Nrf2 induction by
atorvastatin (Fig 4.7B). mTOR is an important mediator of the PI3K pathway and
is intimately involved in regulating translation initiation.
An interesting question arising from a translational mechanism of Nrf2
induction by statins is whether cap-dependent or cap-independent translation
drives the increase in Nrf2 protein. Previous work from our laboratory identified a
cap-independent mechanism responsible for inducing Nrf2 mRNA translation
through an internal ribosomal entry site (IRES) in the 5’-untranslated region (5’UTR) of Nrf2 in response to oxidative stress or ischemia/reperfusion (95, 163).
Under these conditions La/SSB was found to bind the 5’-UTR of Nrf2 and regulate
IRES mediated translation. La/SSB therefore represents a promising lead, along
with cap-dependent factors such as eIF4E, to further investigate the mechanism
of statin induced Nrf2 translation.
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Nrf2 serves as a cytoprotective gene against chemical and environmental
stressors in a variety of organ systems. However, the importance of Nrf2 in the
heart has been largely overlooked. With regards to ischemic/reperfusion injury
and myocardial infarction, the limited work performed suggests Nrf2 is protective
in the myocardium. Despite the existing evidence that acute statin treatment
protects the myocardium for ischemia/reperfusion injury, the involvement of Nrf2
had not been investigated prior to our study presented here. Importantly, the work
presented here demonstrates for the first time that Nrf2 mediates the protective
effects of acute statin therapy against ischemia/reperfusion injury. This offers
important insight into the mechanism by which statins exert cardiac protection in
the clinical setting of acute statin therapy prior to PCI and may provide new
avenues for the development of novel therapeutics targeting Nrf2 activation in the
myocardium.
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Chapter V: Summary Statement
Coronary heart disease (CHD) represents a significant health and economic
burden worldwide. Although improvements in diagnosis and clinical interventions
have increased survival rates of myocardial infarction (MI), basic science research
suggests that a greater protection is possible. Several lines of evidence point to
oxidative stress as playing an important role in the etiology and progression of
CHD and MI. However, clinical trials investigating the therapeutic potential of
classic antioxidant vitamins in cardiovascular disease failed to show significant
benefit. Our data support the concept that low to mild levels of oxidants activate
endogenous defense mechanisms controlled centrally by Nrf2.

Failure of

antioxidant vitamin trials points to the importance of activating endogenous
defense mechanisms.
Nrf2 is a master regulator of antioxidant defenses with well-defined roles in
protecting a number of organs from oxidative injury. This dissertation has tested
that Nrf2 serves to protect cardiac myocytes from ischemic injury.

The data

presented in this dissertation indeed provide evidence for a protective role of Nrf2
in the myocardium.

The study presented in Chapter II characterized the

importance of Nrf2 in response to cardiac injury by MI. In the absence of Nrf2, the
heart experiences a larger infarct and undergoes significant maladaptive changes
including left ventricle dilation and myocyte hypertrophy. As a result, cardiac
function is greatly compromised and Nrf2 knockout mice quickly develop heart
failure.

The exacerbated injury, along with the deficient repair and adaptive

changes in Nrf2 knockout mice provide support for a critical role of Nrf2 in coping
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with injury as a result of an MI. The data compiled in Chapter III, while addressing
the mechanism of Nrf2 mediated cardiac protection, defined a novel role of Nrf2 in
protecting mitochondria from H2O2 in primary cultured cardiac myocytes.
Mitochondria are important organelles due to their supply of greater than 90% of
the cell’s energy and their control over cell death pathways.

Preservation of

mitochondria in the presence of oxidative stress may be an important mediator of
the protective effects of Nrf2 following MI. Finally, the data presented in Chapter
IV points to the possibility of a role of Nrf2 in cardiac protection in humans. Statins
have now been used in the clinic during treatment of coronary artery blockage and
MI. Chapter IV identified Nrf2 as an important mediator of the infarct reducing
effects of acute statin therapy and demonstrated the signaling pathway of Nrf2
induction by statins.

The mechanism of Nrf2 induction by statins was

demonstrated to be translationally-regulated through a PI3 kinase–dependent
mechanism. This represents the first time a role of Nrf2 has been investigated in
regards to statin therapy during MI.
This study has provided three exciting discoveries. First, the accelerated
development of heart failure in Nrf2 knockout mice may provide a convenient
model to study heart failure and therapeutic interventions. Young mice typically
recover from MI and survive for months with no increase in mortality or signs of
heart failure. However, the Nrf2 knockout mice developed heart failure within 10
days and provide a quicker and more cost effective model of heart failure.
Interestingly, the apparent lack of a typical repair response in Nrf2 knockout mice
indicates that Nrf2 may be intimately involved not only in reducing the initial cardiac
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injury, but also in initiating proper repair mechanism. Nrf2 regulates the expression
of several genes involved in proliferation and repair. How Nrf2 participates in the
healing myocardium is an interesting question for follow-up studies.
Second, Nrf2 interaction with and preservation of mitochondria is a novel
function of Nrf2, which could potentially alter our understanding of Nrf2-mediated
cytoprotection drastically and warrants further investigations into the mechanism
of mitochondrial protection by Nrf2. Future studies should address the impact of
Nrf2 on mitochondrial bioenergetics and ROS production, as well as effects on
mitochondrial dynamics and turnover, including fission and fusion of mitochondria.
Our data provide evidence that Nrf2 prevents mitochondrial fragmentation in
response to oxidative stress, suggesting modulation of the fusion/fission systems.
Mitochondrial fusion and fission can affect mitochondrial energetics and play
important roles in the process of normal mitochondrial turnover, culling of damaged
organelles, and cell death pathways. Disruption of normal mitochondrial dynamics
has been implicated in the pathophysiology of IR injury and heart failure, and as a
result the influence of Nrf2 on these processes warrants further investigation. In
addition, Nrf2 preservation of mitochondria needs to be confirmed in vivo using
models of cardiac injury as a mechanism of protection.
And third, the demonstration that Nrf2 mediates the protective effects of
statins provides evidence that Nrf2 inducers may represent a new target for
treatment of MI. The fact that Nrf2 mediates the protection afforded by a clinically
proven therapy for MI supports the idea that Nrf2 inducers may be effective
therapeutic options. Although statins are already used clinically, it is possible that
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more potent Nrf2 inducers may provide additional benefit beyond the capabilities
of statins. A variety of Nrf2 inducers are currently available and several have been
or are currently in clinical trials for other applications.
In conclusion, Nrf2 plays an important role in protecting cardiac myocytes
from oxidative stress and ischemic injury. The protective capacity of Nrf2 in cardiac
myocytes appears to be multi-faceted, involving the antioxidant system,
preservation of mitochondrial integrity, and repair after cardiac injury. Combined
this data indicates that Nrf2 represents an important new target in reducing cardiac
injury.
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