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ASSESSMENT OF MITOCHONDRIAL STRESSORS ON
CELLULAR BIOENERGETICS

BLAKE R. ZELICKSON
MOLECULAR AND CELLULAR PATHOLOGY
ABSTRACT

The mitochondrion plays a central role in the maintenance of bioenergetic func-
tion through the production of ATP and essential metabolites. The development of mi-
tochondrial bioenergetic defects is a hallmark of important pathologies such as cardi-
ovascular and liver diseases. It is well established that a decrease in mitochondrial func-
tion, typically of 20-40%, is associated with the progression of these pathologies. Causal
relationships have been more difficult to establish because of the challenge of assessing
mitochondrial function in a cellular setting. Specifically, it is known that mitochondria
function at less than their maximal respiratory capacity and the remainder, known as re-
serve or spare capacity, is thought to be utilized for increased work or combating oxida-
tive stress. The following questions have been addressed in this dissertation: 1) Does re-
serve capacity change under conditions of diminished oxygen availability?, 2) Do the
variations in mitochondrial phenotype caused by differences in the mitochondrial DNA
sequence amongst different populations modify the response to a pathological stress?,
and 3) Does the metabolism of alcohol in the liver interact with the mitochondria to
change reserve capacity and the response to nitric oxide and hypoxia? In testing these
concepts, we have used in vivo models of alcoholic liver disease and cardiac volume

overload and an ex vivo model of vascular ischemia/reperfusion. Taken together, our da-



ta support the concept that mitochondrial bioenergetics are a key determinant of the re-

sponse of a wide variety of cells to pathological stressors.

Keywords: Mitochondrial Function, Extracellular Flux, 4-Hydroxynonenal, Nitric Oxide,

Hypoxia, Reserve Capacity
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CHAPTER 1
INTRODUCTION

The mitochondrion has long been established as the central intracellular organelle
responsible for key metabolic functions which contribute to normal physiology and the
control of cell death pathways [1, 2]. For example, mitochondria play a critical role in
maintenance of calcium homeostasis [3-6], thermogenesis [7-9], redox signaling [10],
and the induction of apoptosis [11-13]. These activities clearly extend the role of the mi-
tochondrion well beyond its most well-known function as the “powerhouse” of the cell
[14, 15]. Understanding the molecular mechanisms of these pathways in a cellular set-
ting is important because changes to mitochondrial function have been noted in a broad
range of pathological conditions, as will be discussed in detail.

Mitochondria within different tissues have in common the same maternally-
inherited mitochondrial DNA (mtDNA) and possess the same proteins and enzymatic
pathways; however, the relative expression of the various mitochondrial proteins and
pathways are different in distinct cell types due to the specific metabolic needs of the cell
[14]. For example, the preferred source of substrates for energy production in the heart is
through fatty acid oxidation [16, 17]; therefore, cardiomyocytes have high expression le-
vels of carnitine palmitoyltransferase-1 (CPT-1), which is the enzyme responsible for the
transport of long chain fatty acids into the mitochondria where they can then undergo B-

oxidation [18].



In addition to the unique mitochondrial composition within individual tissues, it
has recently become apparent that mtDNA can also be altered, resulting in different res-
ponses to pathological conditions [19-22]. Mutations in mtDNA are known to mediate
the development of many diseases, through both inherited and spontaneous mutations.
These mutations can lead to pathology by altering the structure, interactions, and function
of the mitochondrial-encoded subunits of the electron transport chain complexes, thus
altering the mitochondrial production of ATP and reactive oxygen and nitrogen species
(ROS/RNS) [23]. In addition, the combination of decreased bioenergetic efficiency
coupled with the increased energy demand associated with many pathologies leads to cel-
lular dysfunction and death; this occurs through the induction of apoptosis by the mito-
chondrial release of cytochrome ¢ or complete mitochondrial failure to make ATP lead-
ing to necrosis (termed necroapoptosis) [24-26].

Understanding the relationship between variations in mtDNA, mitochondrial
function, cellular bioenergetics and the response to the stress of a developing disease is
the goal of this dissertation. To achieve this we have used an integrated approach using
animal and cell models of diverse pathologies associated with mitochondrial dysfunction
in which we measure endpoints directly related to the pathology and cellular bioenergetic
function (Figure 1-1). The disease models investigated herein are alcoholic liver disease
(ALD), vascular ischemia/reperfusion, and cardiac volume overload. While the etiolo-
gies of these pathologies are different, they were chosen because they all cause cellular
and organ dysfunction which is mediated by the decreased capacity for mitochondrial

bioenergetics [27-31].



Alcoholic Liver Disease

Hypoxia/Reoxygenation

Volume Overload

Figure 1-1. The pathophysiologies of many diseases are mediated by the
development of mitochondrial dysfunction. Alcoholic liver disease,
hypoxia/reoxygenation, and volume overload were selected as the focus of this
dissertation because they all cause progressive organ damage and dysfunction
mediated by the loss of cellular and mitochondrial bioenergetic function. Herein
we describe the effects of these three pathologies on the bioenergetics of intact
primary cells to further understand the mechanisms of pathological progression of
these diseases.



A well understood example is ALD, which is caused by chronic alcohol (EtOH)
consumption leading to the development of mitochondrial bioenergetic dysfunction
through EtOH metabolism-induced increases in ROS production, increased reductive
stress, and mtDNA damage [28-30, 32]. This causes depressed ATP synthesis and hepa-
tocellular bioenergetic dysfunction, leading to the further progression of ALD [28, 32].
Moreover, ALD also causes hypoxia and the increased production of nitric oxide (‘'NO)
in the liver, which both individually and in combination can inhibit mitochondrial func-
tion [33-36].

Ischemia/reperfusion also leads to bioenergetic dysfunction, albeit through a dif-
ferent mechanism. During ischemia, the concentration of oxygen (O,) available for mito-
chondrial respiration and ATP production is greatly diminished, resulting in decreased
energy capacity of the cell [37]. Furthermore, ischemia is also known to cause increased
mitochondrial ROS production [31]. The reperfusion of hypoxic tissue causes an even
greater production of ROS, which leads to increased lipid peroxidation, mtDNA damage,
and protein oxidation, all of which induce mitochondrial dysfunction [31, 38]. Further-
more, mitochondrial calcium overload which is associated with long periods of ischemia
followed by reperfusion can cause damage through the induction of ROS production and
the opening of the mitochondrial permeability transition pore, leading to programmed cell
death [39-42]. While the consequences of ischemia/reperfusion injury have been investi-
gated in several organ systems such as the heart, liver, and kidneys, the effects on the
bioenergetic function of vascular tissue are not as well understood. Ischemia/reperfusion

injury to vascular endothelial cells has recently been shown to increase ROS production



and alter cell signaling; furthermore, long exposure to ischemia can lead to endothelial
dysfunction [43-45].

The final disease model examined in this dissertation is cardiac volume overload,
which is mediated by bioenergetic dysfunction through a mechanism involving changes
in mitochondrial signaling, increased ROS and RNS, and adaptive changes to heart func-
tion and cellular metabolism [46, 47]. Volume overload causes stretching of the cardi-
omyocytes leading to disruption of the cytoskeleton and increased ROS production, both
of which diminish mitochondrial bioenergetic function [27, 48-50]. Moreover, the in-
creased ventricular preload associated with volume overload leads to increased cardi-
omyocyte ATP demand [46, 47]. This, coupled with decreased mitochondrial function,
causes cardiomyocyte bioenergetic and cellular dysfunction, leading to heart failure [27,
46, 51]. Furthermore, individuals from various ethnic backgrounds with distinct mtDNA
sequences exhibit different susceptibilities to heart failure and other cardiovascular dis-
eases [52, 53]. Therefore the effect of mtDNA sequence, which influences mitochondrial
bioenergetic efficiency and ROS production, on the susceptibility to volume overload-
induced bioenergetic dysfunction is discussed in this dissertation [54-60].

Understanding the unique role of the mitochondrion in different organ systems,
and how chronic EtOH consumption, ischemia/reperfusion, and volume overload alter
that role, is critical to the development of potential therapies to protect mitochondrial bio-
energetics and thus prevent cellular dysfunction. This dissertation contains a series of
studies which elucidate the effects of these pathologies on mitochondrial function in in-
tact primary cells, yielding a more complete understanding of the development of mito-

chondrial and cellular dysfunction during disease progression.



ROLE OF THE MITOCHONDRION IN PHYSIOLOGY
Bioenergetics

The mitochondrion plays an important role in cellular metabolism and bioenerget-
ics by being the predominant site of ATP production [1, 14, 15, 61]. This occurs by the
oxidation of reducing equivalents produced by the citric acid cycle coupled with the
phosphorylation of ADP to yield ATP in a process collectively known as oxidative phos-
phorylation. The mitochondrion does this by taking in substrates such as pyruvate, which
is formed from glycolysis in the cytosol, and fatty acids. Pyruvate is then converted into
acetyl CoA by the mitochondrial pyruvate dehydrogenase complex while fatty acids are
imported into the mitochondria by the carnitine shuttle, where they undergo a series of -
oxidation producing an acetyl CoA molecule for every two carbons in the fatty acid chain
[17, 62]. The acetyl CoA produced by these pathways is then used as a substrate for the
citric acid cycle, where it is cycled through several intermediate reactions by eight mito-
chondrial enzymes which are coupled to the production of electron donors such as
NADH, succinate, and malate [62, 63]. These electron donors are then used by the mito-
chondrial electron transport chain to produce ATP.

Mitochondrial oxidative phosphorylation occurs through the coupling of the elec-
tron transport chain, which is a series of four major enzyme complexes (Complexes I
through 1V), ubiquinone (Q), and cytochrome ¢, with ATP synthase (or Complex V) in
the inner membrane of the mitochondria; together these five complexes are responsible
for the majority of cellular ATP production [64, 65] (Figure 1-2). Complexes I and II
oxidize electron donors produced by the citric acid cycle, using the electrons to reduce Q

to ubiquinol (QH») within the mitochondrial inner membrane [66-68]. The QH; is then
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Figure 1-2. Mitochondrial oxidative phosphorylation. Complex | oxidizes NADH
and shuttles the electrons (e°) to the CoQ site, where they are used to reduce ubiquinol
(Q) to ubiquinone (QH,). Complex Il can oxidize succinate at the FAD site and
transfer the e” to the Q site to reduce Q to QH,. The QH, produced by either Complex
I or 1l can then feed into Complex Il to participate in the Q cycle leading to the
reduction of cytochrome c. Reduced cytochrome c is then reoxidized by Complex 1V,
which uses the e to reduce O, to H,O. This electron transfer is coupled to the
pumping of protons (H*) from the matrix to the intermembrane space to produce an
electrochemical gradient. This gradient is then used by Complex V to drive the
phosphorylation of ADP to produce ATP.



reoxidized by the Q cycle in Complex III, transferring the electrons to cytochrome ¢ [69].
Complex IV uses the electrons from reduced cytochrome c as the substrate to perform the
complete, four-electron reduction of O, to H,O [70-72]. Moreover, the transport of elec-
trons through Complexes I, III, and IV to convert O, to H,O are coupled to the pumping
of protons from the mitochondrial matrix across the inner membrane into the intermem-
brane space, thus establishing an electrochemical proton gradient [73, 74]. This gradient
is then used by Complex V, or ATP synthase, to provide energy for the phosphorylation
of ADP in the matrix [75].

In addition, the activities of these enzymes are also capable of regulating non-
mitochondrial bioenergetics. Low ATP to ADP and AMP ratios can activate AMP-
activated protein kinase (AMPK), which when activated stimulates fatty acid oxidation,
glucose uptake, cholesterol synthesis, insulin release, and lipogenesis [76-80]. Moreover,
the export of ATP from mitochondria is controlled by the adenine nucleotide transporter
(ANT), thus regulating the supply of ATP to the cytosol and other organelles [81-83].
Many cell types also have a mitochondrial isoform of creatine kinase, which is located in
the intermembrane space and participates in energy buffering and transport through the
activity of the creatine shuttle [84-86].

Preserving mitochondrial bioenergetics under stress is necessary for supplying
sufficient energy for the maintenance of cellular function. The effects of cellular and mi-
tochondrial stress induced by ALD, ischemia/reperfusion, and volume overload, all of
which are implicated with increased production of mitochondrial ROS, on mitochondrial

bioenergetics are a major focus of this dissertation.



Mitochondrial ROS Production

The importance of reactive oxygen and nitrogen species (ROS/RNS) in physiolo-
gy and their interactions with mitochondria are well established [87]. Originally
ROS/RNS were considered to be simply destructive and cytotoxic, but more recently it
has become clear that they have several beneficial effects through their ability to activate
specific cell signaling pathways [88, 89]. ROS have been shown, at low levels, to induce
cell proliferation and control the synthesis of endogenous antioxidant enzymes. Mito-
chondria are both a source and target for ROS and play a key role in redox cell signaling
[90-93]. Under pathological conditions, increased levels of mitochondrial ROS formation
can lead to the oxidative damage of DNA, lipids and proteins; this can impair bioenerget-
ic function, and in some cases initiate programmed cell death or apoptosis.

Mitochondria can generate ROS from a number of different redox centers in sev-
eral metabolic pathways [94]. The basic principle for ROS generation from these sites is
shown in Figure 1-3A. Electrons are transferred to a redox center which then acts as an
intermediate carrier to another redox active member of the metabolic pathway [95]. The
more reduced the redox center is, the greater the potential production of ROS. While
there are several mitochondrial enzymes which are known to produce ROS, the primary
contributors are Complexes I and III [96].

Complex I (NADH:ubiquinone oxidoreductase) consists of 45 subunits with a
combined mass of close to 1MDa [67, 68]. Complex I accepts two electrons from
NADH, which is produced by the citric acid cycle, via a flavin mononucleotide (FMN)
and transfers them through a chain of seven iron-sulfur centers to the CoQ reduction site

[67, 68]. There the electrons are transferred to ubiquinone (Q), reducing it to ubiquinol
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Figure 1-3. Mechanisms of ROS formation in the mitochondria. The sites of
ROS production within the mitochondria all follow a similar mechanism. An
electron donor donates an electron to a redox center, which then reduces the
electron acceptor. However, electrons can also be transferred from the redox
center to reduce oxygen into superoxide (A). Complex | oxidizes NADH through
the FMN site, and can transfer the electrons to either the CoQ site to make
ubiquinol (QH,) or, if the CoQ site is inhibited, to O, to make superoxide (B). In
reverse electron transport (RET), QH, produced by Complex Il can be transferred
back into Complex | through the CoQ site to the FMN, which can then either
reduce NAD* back to NADH or it can reduce O, to form superoxide (C).
Complex 11l uses QH, produced predominantly by Complex I and Il as the
electron donor, transferring the electrons to the Rieske Fe-S and then on to
cytochrome c1 and finally cytochrome c. Complex Il also transfers electrons to
the b, heme, which participates in the Q cycle. However, when the Q cycle is
inhibited, by antimycin A for example, the electrons can leak out of the Q, site to
reduce O, to make superoxide (D).
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(QH3). One mechanism by which Complex I produces ROS is by the reaction of O, with
the fully reduced FMN forming O, on the matrix side of the complex [97]. The rate of
O, production at the FMN can be increased by inhibiting the CoQ site using the small
molecule inhibitor rotenone [98]. Similarly, this production of O, " at the FMN is depen-
dent on the NADH/NAD" ratio, which determines the proportion of FMN that is fully
reduced. Under physiological conditions, O, generation from Complex I is sensitive to
the redox state of the respiratory chain [99, 100] (Figure 1-3B).

An additional mechanism through which Complex I can produce ROS is called
reverse electron transport (RET) [101-104] (Figure 1-3C). This occurs when the mito-
chondria are utilizing succinate as a substrate through Complex II [97, 105]. Under con-
ditions of low electron flux (when ADP levels are low), the larger pool of reduced QH; is
sufficient to reduce Complex I at the CoQ site [106]. This reverses the normal flow of
electrons back through the complex to reduce the FMN site, and as a result reducing
NAD" to form NADH, while also reducing O; to form O, [101, 103, 104, 107] (Figure
1-4). RET results in the generation of O, " in the matrix and can be inhibited with rote-
none treatment [108]. Interestingly, RET generates the highest rate of O, formation
detected thus far in the mitochondrion [108-110]. Whether RET plays a physiological
role in cell signaling through ROS production is not clear.

Complex III is approximately 240kDa and is made up of 11 subunits, three heme
groups, and the Rieske iron-sulfur (Fe-S) center [69]. It functions by oxidizing QH; in
the inner membrane and transferring the electrons to reduce cytochrome c in the inter-
membrane space [69]. The rates of O, production from Complex III are relatively low

during RET compared to that of Complex I [111]. However, the further inhibition of
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Complex III with the Q, site inhibitor myxothiazol attenuates most of this O, produc-
tion, suggesting that Complex III does produce some O, during RET, albeit a small
amount [103, 108]. Alternatively, when the Q; site is inhibited using antimycin A, Com-
plex III produces increased amounts of O, [98, 104, 112-115], which are released to
both sides of the inner membrane [102, 107, 116, 117]. This formation of O, " is due to
the reaction of O, with the QH bound to the Q, site. This O, " formation due to antimy-
cin A can be abrogated by treatment with myxothiazol, which inhibits the Q, site, sug-
gesting that QH bound to the Q, site is the main site of O, production [98, 104, 112-
115] (Figure 1-3D). There are several other mitochondrial enzymes which are able to
produce low levels of ROS, including Complex II, a-ketoglutarate dehydrogenase, and
glycerol-3-phosphate dehydrogenase [96].

The mitochondrion also has several ways through which it can control the levels
of ROS it produces [87]. Superoxide can be converted to hydrogen peroxide by the en-
zyme superoxide dismutase [118, 119]. The superoxide dismutase located in the mito-
chondrial matrix contains a Mn prosthetic group and is known as SOD2 or MnSOD
[118]. The superoxide dismutase located in the cytosol contains Cu/Zn prosthetic groups
and is known as Cu/Zn SOD or SOD1, and may also be present in the mitochondrial in-
ter-membrane space [120, 121]. SOD2 provides a major mechanism by which the mito-
chondrion can control the levels of ROS, through its ability to catalyze the dismutation of
superoxide (O;") to hydrogen peroxide, which can be further metabolized to H,O by cat-
alase, peroxiredoxin, thioredoxin, or glutathione peroxidase [122, 123]. In addition, these
systems can also help to remove other peroxides, such as those that have formed on lipids

and proteins.
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Mitochondria also control ROS production through the ability of uncoupling pro-
teins (UCP) which increase proton leak, thereby decreasing mitochondrial membrane po-
tential and the redox state of sites of O, formation [104, 124-134]. UCP3 has also been
suggested to lower mitochondrial levels of lipid peroxidation by causing fatty acid efflux
from the matrix when fatty acid levels are in excess [135-137].

Although much is already known about the production and function of these reac-
tive species, many aspects of how ROS are formed by and interact with the mitochon-
drion are still unclear, particularly in vivo. Moreover, the production of ROS is known to
be increased in response to ALD [30], vascular ischemia/reperfusion [31], and cardiac
volume overload [27], and could exacerbate the damage to the mitochondria. This disser-
tation focuses on elucidating a greater understanding of how these reactive species affect

mitochondrial and cellular bioenergetic function in these pathologies.

Importance of mtDNA Haplotype

An important target of damage induced by mitochondrial ROS which is impli-
cated in the development of mitochondrial dysfunction and disease is mtDNA. Each mi-
tochondrion contains multiple copies of their own genome, independent of nuclear DNA,
which exists as a circular DNA molecule of approximately 16,000 base pairs and codes
for 37 genes (Figure 1-5) [138]. These genes encode for the large and small subunits of
rRNA, 22 tRNAs, and 13 proteins [19, 20]. Importantly, all 13 of the mtDNA encoded
proteins are subunits of the electron transport chain complexes [138]. Differences in the
mtDNA which encodes for these protein subunits have been shown to change the struc-

ture, folding, and/or activities of the complexes in which they reside [20, 139]. It has
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Figure 1-5. Mitochondrial DNA map. The mitochondrial DNA (mtDNA)
encodes for 37 different genes: 2 rRNAs, 22 tRNAs, and 13 peptides. The 2
rRNAs make up the large and small subunits of the mitochondrial ribosomes.
The 22 tRNAs are responsible for transferring amino acids to a growing peptide
at the ribosome during mitochondrial protein synthesis. The 13 peptides which
are encoded by mtDNA make up 7 subunits of Complex I, 1 subunit of
Complex 111, 3 subunits of Complex IV, and 2 subunits of Complex V. Figure
obtained from Wikipedia.
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been suggested that different mtDNA haplotypes have been selected for during the evolu-
tion of certain populations of humans and animals. Some of these haplotypes have subtle
differences in their mtDNA sequences, which have been shown to alter their mitochon-
drial bioenergetics, resulting in the better adaptation for their specific environments [140-
142].

Through the sequencing of mtDNA from different populations from around the
world, humans can be grouped into several different mitochondrial haplogroups [143-
145] (Figure 1-6). These mtDNA haplogroups were likely selected for evolutionarily
based on environmental factors as populations migrated into different environments [ 140,
142]. For example, as humans moved further north where temperatures were lower,
mtDNA mutations that allowed for greater mitochondrial heat production at the expense
of decreased bioenergetic efficiency were probably more favorable. In contrast, popula-
tions of people who originated in Africa where temperatures are high selected for
mtDNA mutations resulting in increased bioenergetic efficiency with less heat generation
[140, 142].

Along with altering mitochondrial efficiency and heat production, different
mtDNA mutations also affect the rate of mitochondrial ROS production. Northern Euro-
pean populations associated with increased heat production and decreased mitochondrial
efficiency also have lower levels of ROS production, while African populations asso-
ciated with lower levels of heat production and increased mitochondrial efficiency have
higher levels of ROS production [140]. These different levels of mitochondrial ROS
production, along with different bioenergetic efficiencies, likely play a role in the suscep-

tibility of different populations to several diseases, particularly those characterized by



Figure 1-6. Model of human migration based on mtDNA haplogroups.
The migration pattern of human populations out of Africa and around the
world has been traced based on the evolution of different haplotypes of
maternally-inherited mtDNA.  The letters represent different mtDNA
haplotypes amongst populations from around the world. Haplotypes of
interest in the dissertation are the H and L haplotypes, which contain 17
mtDNA nonsynonymous mutations: 4 in Complex I, 1 in Complex Ill, 1 in
Complex IV, 1 in Complex V, 2 in tRNA for Asp and lle, 4 in 12S rRNA, and
3in 16S rRNA. Figure obtained from Wikipedia [143].
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alterations in mitochondrial function such as heart failure. For example, it has been
shown that a higher percent of people of African descent suffer from various forms of
cardiovascular diseases than people of European descent, which supports the theory that
increased ROS production due to the African mtDNA haplotype plays a role in increased
disease susceptibility [52, 53] (Figure 1-7).

In this dissertation, the effect of mtDNA haplotype on mitochondrial bioenerget-
ics and the susceptibility to disease were examined using the model of cardiac volume
overload in mice with different mtDNA haplotypes. The utilization of this mouse model
allows for the investigation into the role of distinct mtDNA haplotypes, each with unique
bioenergetic efficiencies and rates of ROS production, in the development of mitochon-

drial and cellular bioenergetic dysfunction.

ROLE OF THE MITOCHONDRION IN PATHOLOGY
Bioenergetic Dysfunction

An increasing number of diseases have been shown to be characterized by altera-
tions in mitochondrial function [19, 21, 22, 138, 146]. Some of these diseases, such as
Leber’s hereditary optic neuropathy and Kearns-Sayre syndrome, have been linked to
mutations in specific mtDNA genes [147, 148]; others, such as Friedreich’s ataxia, have
been linked to nuclear encoded mitochondrial genes [149-151]. There are also numerous
diseases whose etiologies and pathophysiologies directly involve the development of mi-
tochondrial dysfunction. A few examples of these include diabetes mellitus [152, 153],
cardiovascular diseases [23, 154-157], fatty liver diseases [28-30, 158-161], and neuro-

degenerative diseases [162-164]. The major unifying link between these different pa-
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Figure 1-7. Death rate from cardiovascular diseases between Caucasians
and African Americans. Both male and female African Americans are know
suffer from a higher rate of morbidity and mortality from cardiovascular
diseases than Caucasians [48, 49].
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thologies is cellular damage which causes increases in oxidative stress, and the mito-
chondrion is a major source and target of oxidative stress.

Oxidative stress is known to cause mitochondrial dysfunction through the oxida-
tive damage to mitochondrial proteins, lipids, and DNA [23, 87, 96] (Figure 1-8). Stu-
dies have shown that ROS can cause sustained mtDNA damage, thus altering mitochon-
drial transcript levels and protein synthesis [22, 23]. Moreover, ROS have been shown to
mediate the formation of oxidative post-translational modifications of mitochondrial pro-
teins, resulting in their altered function and inactivation [157, 160, 165]. For example,
the citric acid cycle enzyme aconitase is known to exhibit decreased activity following
exposure to ROS, and as such aconitase activity is often used as a marker of mitochondri-
al oxidative stress [166-170]. Furthermore, the adenine nucleotide transporter has been
shown to be inactivated in response to oxidative stress [171, 172].

Oxidative damage to the mitochondrion results in the decreased ability of the cell
to generate energy [23, 160, 173]. When the loss of mitochondrial bioenergetic function
is great enough that the cells can no longer meet their energy requirements, the cells be-
come dysfunctional and can induce apoptosis mediated by the mitochondrial release of
cytochrome c [11, 24, 174, 175]. This loss of cellular function mediated by the develop-
ment of mitochondrial dysfunction plays a key role in the progression of diseases asso-
ciated with high levels of oxidative and cellular stress and is a major focus of this disser-

tation.

The study of mitochondrial function has traditionally been achieved by isolating
the mitochondria from a tissue and measuring their respiration and specific enzymatic

activities [176]. While these types of studies have led to significant advances in the un-



21

&
& ¢ Inter-
o membrane
Electron Transport Space
Chain
mPTP [ 0, H,0, —>
per0X7
v
Cell . Mitochondrial Redox
Death Dysfunction Signaling

Pathology

Figure 1-8. Effects of mitochondrial ROS. Mitochondrial ROS production can
alter the function through a variety of pathways. Lower levels of ROS can act
through several redox signaling mechanisms, while higher levels can directly
damage mitochondrial proteins, leading to the further production of ROS. ROS
can also damage mtDNA and induce lipid peroxidation in the membrane, and can
also cause mitochondrial permeability transition pore (mPTP) opening, which
leads to cytochrome c release and apoptosis induction.
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derstanding of the role of mitochondrial function in disease progression, there are still
many drawbacks to using this approach. Isolated mitochondria are lacking their cellular
environment and endogenous substrates, which negates any cellular regulation and also
makes it very difficult to mimic pathological conditions. Because of this, we have uti-
lized recent advances in the study of cellular bioenergetics to study the effects of different
pathologies on mitochondrial function within their cellular environment [176-178].

The ability to measure mitochondrial bioenergetics within intact, adherent cells
allows for the measurement of the cells’ basal respiration rate, which cannot be measured
using isolated mitochondria [178]. This ability allows for the determination of the effects
of different pathologies on basal mitochondrial function in different tissues. Moreover,
when compared to the cells’ maximal respiration rate, the reserve respiratory capacity of
the cells can also be calculated [179, 180]. This fundamental parameter of mitochondrial
function represents the cells’ mitochondrial function which they are not using under basal
conditions, but can call upon under conditions of increased stress or ATP demand [179,
180] (Figure 1-9). Previous studies using *'P-NMR have shown that cardiac cells pos-
sess a reserve capacity for ATP production which is depleted under conditions of stress,
such as pressure overload-induced heart failure [179, 181-184]. Importantly, pathologi-
cal conditions which result in diminished mitochondrial function cause a decrease in the
reserve capacity, which renders the tissue more susceptible to dysfunction in response to
an additional stress. The effects of ALD, hypoxia/reoxygenation, and volume overload
on mitochondrial bioenergetic function and reserve capacity are a central focus of this

dissertation.



23

Normal Increased
Physiology Workload

S88
528
A1
S88
S88
S88

O
O

Bioenergetic
Dysfunction

Mitochondrial

O
o
S
Q
Q
)

%=

Figure 1-9. Reserve capacity protects tissue from bioenergetic dysfunction in
response to increased workload or stress. (A) Under normal physiology, most
cell types inherently possess a bioenergetic reserve capacity, which is mitochondrial
function which is not being used and is available to the cell under conditions of
increased ATP demand. (B) Cells with increased ATP demand can utilize the
reserve mitochondrial function available to the cell. (C) Mitochondrial damage
decreases the total mitochondrial function available to the cell, thus decreasing the
reserve capacity. (D) Bioenergetic dysfunction occurs because there is not enough
available mitochondrial function to meet the cells energetic requirements. Blue
mitochondria = mitochondrial function being used. Green mitochondria = reserve
capacity (spare mitochondrial function available to the cell). Red mitochondria =
dysfunctional mitochondria.  Purple mitochondria = deficit of mitochondrial
function due to lack of reserve capacity.
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DISEASES ASSOCIATED WITH MITOCHONDRIAL DYSFUNCTION

Elucidating the relationship between mitochondrial dysfunction and the response
to the stresses associated with developing pathologies is the aim of this dissertation. To
accomplish this, we used animal and cell models of diverse pathologies associated with
mitochondrial dysfunction in which we measure endpoints directly related to the patholo-
gy and cellular bioenergetic function. The disease models investigated herein are ALD,
vascular ischemia/reperfusion, and cardiac volume overload. While the development of
these pathologies occurs via different mechanisms, they were chosen because they all
cause cellular and organ dysfunction which is mediated by diminished mitochondrial bio-

energetics.

Alcoholic Liver Disease

Alcoholic liver disease (ALD) affects over 2,000,000 people in the United States
alone, and can lead to cirrhosis and hepatocellular carcinoma [185, 186]. The early stag-
es of ALD are characterized by liver hypoxia, oxidative and nitrative stress, as well as
alterations in the mitochondrial function of the hepatocytes, rendering the cells more sus-
ceptible to bioenergetic dysfunction by secondary stresses [28-30, 33, 34, 160, 161, 187,
188]. ALD-induced mitochondrial dysfunction has been shown by measuring the respira-
tion of isolated liver mitochondria [28, 33, 34] and the products of mitochondrial bio-
energetics from isolated hepatocytes [161, 187, 188]. However, the effect of chronic
EtOH consumption on the bioenergetic responses of primary hepatocytes to stresses as-

sociated with ALD remains unclear.
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Chronic EtOH consumption has been shown to cause an increase in inducible ni-
tric oxide synthase (iNOS) levels, which leads to the increased production of 'NO and
nitrative stress [33, 34, 36]. It is known that "NO inhibits mitochondrial respiration, par-
ticularly at the low O, concentrations experienced in hypoxia [189-191]; furthermore,
nitrative stress is also known to diminish mitochondrial function even in normoxic condi-
tions [180, 192-194]. Chronic EtOH toxicity is known to cause hypoxia in the liver [33,
34, 161, 187, 188], which is able to alter mitochondrial function via cell signaling and the
availability of O, as a substrate for cytochrome ¢ oxidase (CcOX) [195-201]. We have
shown that 'NO treatment diminishes the maximal respiration of the mitochondria in in-
tact cells, rendering them more susceptible to toxicity induced by secondary stresses
[180] (Figure 1-10). Furthermore, the effect of "NO on mitochondrial function in intact
primary hepatocytes under hypoxia has not been shown. Therefore, it is important to un-
derstand both the individual and combined effects of hypoxia and "NO on the already im-
paired mitochondrial bioenergetics of hepatocytes in ALD. Understanding the role of the
increased production of 'NO in the liver hypoxia which develops as a result of ALD
could be of critical importance, as hypoxia is well known to alter mitochondrial function.

In this dissertation, the effects of chronic EtOH consumption, "NO, and hypoxia
on mitochondrial function in intact primary hepatocytes were determined. Moreover, the
effect of iNOS on the development of hypoxia in response to chronic EtOH consumption
is discussed herein. Understanding the effects of these pathological features of chronic
EtOH consumption on the development of mitochondrial dysfunction leading to hepato-
toxicity and ALD are critical to gaining further insight into how cellular bioenergetics are

altered by pathologies.
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Figure 1-10. Chronic alcohol consumption induces hepatocellular mitochondrial
dysfunction. Chronic alcohol consumption causes liver hypoxia as well as increased
expression of cytochrome P450 2E1 (CYP2EL) and inducible nitric oxide synthase
(iNOS). Hypoxia inhibits mitochondrial respiration and causes an increased formation
of ROS such as superoxide (O,). CYP2EL1 is also known to cause increases in ROS
production. This increase in ROS oxidizes mitochondrial proteins, lipids, and DNA,
causing mitochondrial damage. The increased expression of iNOS results in the
increased formation of nitric oxide ("NO), which can both inhibit mitochondrial
respiration and react with O, - to produce reactive nitrogen species (RNS), which then
further damage the mitochondria and thus alter mitochondrial bioenergetics. All of
these factors result in the bioenergetic dysfunction of the hepatocytes, which leads to
the liver pathology that is associated with chronic alcohol consumption.
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Ischemia/Reperfusion in the Vasculature

Much like ALD, albeit through different mechanisms, ischemia/reperfusion caus-
es mitochondrial bioenergetic dysfunction mediated by increases in reductive stress and
mitochondrial ROS formation which damage mitochondrial proteins, lipids, and DNA.
While hypoxia and reoxygenation are known to alter mitochondrial function, the effects
of altering O, concentration over time on the bioenergetics of intact cells are not as well
understood. Moreover, many of the studies which have elucidated the effects of hypoxia
and reoxygenation have been using isolated mitochondria and have been focused on the
effects on the extra-vascular tissue, while few studies have focused on the effects of hy-
poxia and reoxygenation on the endothelium within the vessel. Understanding the altera-
tions in mitochondrial function induced during hypoxia and reoxygenation are of great
importance in the vasculature because maintaining proper endothelial function is crucial
in the reperfusion that is needed following an occlusion. Loss of endothelial function af-
ter ischemia/reperfusion injury can lead to the no-reflow phenomenon, in which the ob-
struction is cleared but there is failure of the blood to reperfuse the ischemic tissue, fur-
ther contributing to tissue damage [202, 203].

Exposure of the vasculature to hypoxia and reoxygenation occurs in vivo during
ischemia/reperfusion when a thrombus prevents blood flow from reaching downstream
tissues followed by removal of the clot and the restoration of blood flow and O, (Figure
1-11). Both hypoxia and the reoxygenation that follows are known to cause increased
ROS production from both xanthine oxidase and mitochondria [31, 204]. While both

states result in increased oxidative stress, reoxygenation causes a much greater increase
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Figure 1-11. Ischemia/reperfusion causes damage to the endothelium and
underlying tissue. Ischemia in the vasculature caused by thrombus
formation renders the downstream endothelium and tissue to become hypoxic
due to the lack of blood flow, inhibiting mitochondrial bioenergetics and
inducing reactive oxygen, nitrogen, and lipid species (ROS, RLS, and RNS)
formation.  When the clot is cleared via thrombolysis, the wvessel is
reperfused. Reperfusion is known to cause large increases in oxidative stress,
resulting in further damage to mitochondrial bioenergetics.
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in ROS [38, 205]. This increase in ROS production has been shown to modulate redox
signaling, damage mtDNA, induce lipid peroxidation, and denature proteins [205-207].

Cells exposed to low O, are also known to exhibit diminished mitochondrial bio-
energetics [195, 196, 208]. Complex IV and MnSOD have decreased enzymatic activi-
ties under low O, concentrations. The decrease in Complex IV activity results in the in-
creased formation of ROS due to the leak of electrons from the earlier complexes in the
electron transport chain. In addition, the decrease in MnSOD activity also contributes to
increased ROS damage due to the loss of the ability to convert O, " into H,O,, which can
then be converted to O, and H,O by catalase. These increases in ROS produced during
hypoxia damage the complexes of the electron transport chain [209-211]; furthermore,
when the cells are reoxygenated, the damage to the electron transport chain caused during
hypoxia causes a large increase in ROS formation, which leads to further damage and
often dysfunction [38, 212-214]. It has been shown that increasing times of hypoxic ex-
posure causes greater amounts of oxidative damage to the mitochondria and increasing
cytotoxicity upon reoxygenation, due in part by the loss of mitochondrial function and the
subsequent induction of apoptosis [215].

Elucidating the bioenergetic response of the endothelium to decreasing O, con-
centrations is critical to understanding how mitochondria regulate their respiration in hy-
poxia. Furthermore, determining the mitochondrial response to reoxygenation following
hypoxia allows for greater understanding on the effects of reperfusion injury on endo-
thelial bioenergetics. Therefore, the effects of hypoxia and reoxygenation on endothelial

cell bioenergetics are a major focus of this dissertation.
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Cardiac Volume Overload

Mitochondrial dysfunction is implicated in both the initiation and progression of
most cardiovascular diseases, such as ischemia/reperfusion and volume overload [23].
Cardiovascular disease is the leading cause of death in the United States, resulting in over
800,000 deaths per year; moreover, approximately 7% of these deaths are attributed to
heart failure [52, 53]. A major cause of heart failure is volume overload due to mitral
valve regurgitation (MR) [216]. In patients with acute MR, the left ventricle (LV) devel-
ops volume overload because with every contraction it now has to pump out not only the
volume of blood that goes into the aorta, but also the blood that leaks back into the left
atrium. This increase in stroke volume causes the progressive increase in LV volume,
resulting in LV dysfunction and heart failure [48, 217].

Volume overload (VO) is associated with an increased workload on the myocar-
dium, resulting in a greater utilization of ATP and yielding increased levels of AMP and
ADP [27, 46, 47, 218]. These are degraded through purine catabolism to form xanthine
and hypoxanthine, which act as substrates for xanthine oxidase to produce ROS [219,
220] (Figure 1-12). Importantly, xanthine oxidase has been shown to have increased ac-
tivity in models of volume overload, along with increased levels of ROS production [221,
222]. These ROS damage cellular proteins, particularly those in the mitochondria which
are known to be a major target of ROS [87]. This in turn can cause mitochondrial dys-
function, which manifests as a decrease in ATP production along with an increase in the
production of mitochondrial ROS. The mitochondrial damage and resulting increase in

ROS production form a feed-forward loop causing even more bioenergetic dysfunction
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Figure 1-12. Increased xanthine oxidase activity leads to mitochondrial
dysfunction in the volume overloaded heart. Volume overload in the heart
leads to increased usage of ATP for energy, resulting in increased levels of ADP
and AMP. ADP and AMP are then degraded into hypoxanthine (HX) via purine
catabolism. Xanthine oxidase then uses HX as a substrate to form superoxide
(O,) and hydrogen peroxide (H,O,), which then damages the mitochondria,
leading to bioenergetic dysfunction. This results in increased electron leak to
form more ROS and decreased ATP production. The increase in ROS and
decrease in ATP production feed back into the cycle causing further
mitochondrial damage, thereby increasing left ventricle systolic dysfunction.
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over time, which eventually leads to myocyte dysfunction when the energy demand of the
cells can no longer be met [27, 221].

Volume overload has also been shown to cause the disruption of the myocyte cy-
toskeleton, which is mediated by the activation of matrix metalloproteinases (MMPs)
[223, 224]. The MMPs have been suggested to be become activated by ROS produced
by xanthine oxidase and the mitochondria [225]. Because the cytoskeleton is known to
play a role in the regulation of mitochondrial function and cellular bioenergetics [49, 226-
228], the disruption of the cytoskeleton seen in volume overload may also play a role in
the bioenergetic dysfunction that is characteristic of volume overload.

Furthermore, because people and animals with distinct mtDNA haplotypes have
been shown to have different susceptibilities to cardiovascular diseases and discrete bio-
energetic efficiencies and rates of ROS production [52, 53, 140-142], we decided to study
the effect of mtDNA haplotype on the susceptibility to volume overload-induced cardi-
omyocyte dysfunction. To accomplish this, volume overload was induced in two strains
of mice with different mtDNA haplotypes. Therefore, the effects of mtDNA haplotype
on acute volume overload-induced cytoskeletal disorganization and mitochondrial bio-

energetics are a major focus of this dissertation.

SUMMARY
The mitochondrion is a key player in redox signaling, the regulation of apoptosis,
and the bioenergetic function of the cell, and as such has been a major subject of research
for many years. The majority of this research has been done using mitochondria isolated

from the tissue of interest, which removes them from their cellular environment, com-
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plete with endogenous substrates and signaling, and makes it extremely difficult to mimic
pathological conditions. The research discussed in this dissertation utilizes recent ad-
vances in technology which allow for the measurement of mitochondrial bioenergetics
within their cellular environment, yielding new insights into how mitochondria function
both in response to endogenous substrates and signaling and also in response to various
pathological conditions.

This dissertation examines the bioenergetic response to three different pathologi-
cal conditions which are all mediated by the common etiology of alterations in mitochon-
drial function. We hypothesized that ALD, hypoxia/reoxygenation, and volume overload
all induce changes in cellular bioenergetics in the tissue of interest, leaving the tissue
more susceptible to damage and dysfunction in response to a secondary stress. The ef-
fects of ALD, along with the associated confounding factors of hypoxia and increased
"NO production, on hepatocellular bioenergetics are discussed in Chapter 2. Chapter 3
then examines the effects of hypoxia and reoxygenation on mitochondrial bioenergetic
function within the endothelium. Following this, the role of volume overload on the alte-
ration of cardiomyocyte bioenergetics and the potential mediators of mtDNA haplotype
and cytoskeletal disruption are investigated in Chapter 4. Finally, a discussion of the role
of disease in the alterations of mitochondrial function in intact tissue and the potential

future directions of these projects are included in Chapter 5.
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CHAPTER 2

EFFECT OF CHRONIC ALCOHOL CONSUMPTION ON HEPATIC
MITOCHONDRIAL FUNCTION IN RESPONSE TO HYPOXIA: ROLE OF
NITRIC OXIDE

INTRODUCTION
Role of Nitric Oxide in Alcohol-Induced Hepatotoxicity

It has recently been recognized that "NO is capable of regulating several aspects
of mitochondrial function, including respiration and mitochondrial biogenesis [154, 189-
192, 194, 201, 229-234]. These new insights are also leading to a deeper understanding
of the cross talk between 'NO signaling pathways and major regulatory and metabolic
pathways in the cell. Among these are the findings that mitochondrial biogenesis can be
regulated by the soluble guanylate cyclase pathway and that 'NO can modulate the re-
sponse to hypoxia, depending on its concentration, through both mitochondrial-dependent
and independent pathways [234-236].

A role for the 'NO-CcOX pathway in regulating O, gradients has been proposed
based upon both theoretical modeling and the observation that 'NO is a more effective
inhibitor of the most actively respiring mitochondria [237]. This suggests that under
normal conditions the binding of "NO to CcOX limits O, consumption in the most active-
ly respiring tissues, and so extends O, gradients in organs such as the heart or liver [238,
239]. However, under conditions associated with inflammation, increased ROS will de-

crease the available "NO to modify CcOX and will stress mitochondrial function through
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the oxidation, nitration, and inactivation of mitochondrial proteins. We have recently
shown that amelioration of mitochondrial oxidant stress with a mitochondrial antioxidant,
probably through the scavenging of peroxynitrite, can inhibit HIF-1a activation in re-
sponse to chronic EtOH consumption [240]. Moreover, in response to hypoxic stress as-
sociated with EtOH-dependent hepatotoxicity, evidence suggests that mitochondria be-
come more sensitive to inhibition by 'NO. This will further contribute to tissue hypoxia
and oxidative stress through increasing production of superoxide within the respiratory

chain [241, 242].

Chronic Alcohol Consumption Causes Mitochondrial Dysfunction

Previous studies have shown that chronic EtOH consumption causes marked bio-
energetic defects in both perivenous and periportal hepatocytes (Figure 2-1). Upon ex-
posure to hypoxic conditions, which occurs in EtOH-induced hepatotoxicity, these de-
fects become more pronounced, and is associated with decreased aerobic and anaerobic
ATP production [161, 187, 188]. These findings support the concept that the mitochon-
drial bioenergetic reserve has been depleted. Recently we have shown that cellular bio-
energetic reserve capacity is required to protect cells against oxidative stress and is dimi-
nished by exposure to 'NO [180]. We hypothesized that alterations in the bioenergetic
reserve capacity of the hepatocytes in response to chronic EtOH consumption plays a ma-
jor role in determining their susceptibility to hypoxia. This is important since inducible
nitric oxide synthase (iNOS) is known to be induced in response to EtOH consumption,
and mitochondria isolated from EtOH-treated animals are more susceptible to "NO-

dependent inhibition of respiration [242, 243]. Given that induction of iNOS is also as-
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Figure 2-1. Chronic alcohol consumption induces mitochondrial dysfunction
mediated by nitric oxide and hypoxia. The development of ALD is mediated
by the induction of iINOS. This leads to increased levels of "NO, resulting in
oxidative and nitrative stress and the inhibition of mitochondrial function. The
increased production of "NO also causes hypoxia in the liver, leading to further
inhibition of mitochondrial function and oxidative/nitrative stress. Together
these factors cause the loss of hepatocyte bioenergetics and function, leading to
the progression of ALD.
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sociated with protein nitration, we reasoned that "NO would exacerbate the effects of hy-
poxia on hepatocytes from EtOH-exposed animals.

In support of this concept, using a model of chronic EtOH feeding in mice, we
and others have shown that EtOH-dependent hepatotoxicity is suppressed in iNOS™" ani-
mals [36, 243]. These data support the proposed link between increased "NO formation
from iNOS during chronic EtOH intoxication, enhanced sensitivity of mitochondrial res-
piration to 'NO, and hypoxia. The control of inter and intracellular O, gradients is essen-
tial for the normal functioning of cells within a complex organ such as the liver. The
adaptive response to hypoxia is orchestrated through hypoxia-inducible factor 1 (HIF-1)
which is a heterodimer composed of alpha and beta subunits [244]. At normal O, tension
the enzyme prolyl hydroxylase (PHD), which requires O, as a cosubstrate, catalyzes the
hydroxylation of critical proline residues in HIF-1a, and this ultimately targets the protein
to the proteasome for degradation [245]. Where, the O, tension is low, decreased hy-
droxylation of proline residues in the HIF-1a subunit stabilizes the protein and enables it
to translocate to the nucleus, where it causes enhanced transcription of various genes,
which protect the cell against hypoxia (Figure 2-2). Several genes have been identified
which contain a hypoxia responsive element (HRE) within their promoter including those
involved in iron metabolism and iNOS [197, 246]. A number of studies have been di-
rected towards understanding the effects of "NO on hypoxia. However, the response of
HIF-1a to iNOS induction in an in vivo model of EtOH-dependent hepatotoxicity and the
impact of "NO on reserve capacity has not been examined. These concepts were tested in
a model of chronic EtOH induced hepatotoxicity using primary hepatocytes isolated from

Sprague-Dawley rats and liver sections from C57BL/6 and iNOS™ mice [36, 243].
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Figure 2-2. Hypoxia inducible factor-1a signaling pathway is activated in hypoxia.
Under normoxic conditions, prolyl hydroxylase domains (PHD) are active and can
hydroxylate critical proline residues on HIF-1a, targeting it for ubiquitination and
proteasomal degradation. In hypoxic conditions, PHD activity is inhibited by the lack
of O, as a substrate and mitochondrial ROS, resulting in HIF-1a stabilization. This
leads to HIF-1a translocation to the nucleus where it acts as a transcription factor by
activating the transcription of hypoxia response element (HRE) genes.
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MATERIALS AND METHODS
Materials
All chemicals were purchased from Sigma-Aldrich (St.-Louis, MO) unless stated

otherwise and were of the highest grade available.

Alcohol Feeding

Male Sprague-Dawley rats or wild type (C57BL/6) and iNOS™ (B6.129P2-NOS2
tm/lau) mice were fed according to the Lieber-DeCarli liquid diet protocol for 5-6 weeks
as described previously [243, 247] (Figure 2-3). EtOH consumption was uniform
throughout the study period and there was no difference in EtOH consumption between
wild type and iNOS™ mice or rats with and without EtOH consumption (data not shown).
All animals were handled in accordance to the recommendations in “The Guide for the
Care and Use of Laboratory Animals” approved by the Institutional Animal Care and Use

Committee at the University of Alabama at Birmingham.

Hepatocyte Preparations
Rat primary hepatocytes were isolated as previously described by the digitonin-
collagenase procedure [187, 248]. Rats were anesthetized with xylazine:ketamine
(10:100 mg/kg, i.m.). The liver was cannulated via the portal vein and superior vena ca-
va and was flushed with GBS, followed by perfusion with 7 mM digitonin and then 250
mL of 0.5 mg/mL collagenase to isolate the hepatocytes. The cells were resuspended in

DMEM supplemented with 20 mM HEPES and 10 mM sodium bicarbonate at a cell den-
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Figure 2-3. Alcohol feeding schedule for rats and mice. (A) Twelve rats
were divided into two groups (control and EtOH) and were pair fed either the
control or EtOH diet, with progressive increase in EtOH content at the time
points shown. (B) C57BL/6 and iNOS” mice were divided into control and
EtOH groups (n=4 per group) and were pair-fed control or EtOH diets for 6
weeks. The EtOH content in the liquid diet for the EtOH groups was
progressively increased at the time points shown. After 4 wk, the EtOH
content was lowered from 4% to 3% because the mice were not eating
enough of the food and were losing weight.
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sity of approximately 1.5 x 107 cells/mL. The viability of the isolated hepatocytes was

assessed, and was typically 93 + 1% from both control and EtOH-fed rats.

Mitochondrial Enzyme Activity Assays

Citrate synthase and CcOX were measured in primary hepatocytes isolated from
both control and EtOH-fed rats and lysed in PBS containing 0.2% lauryl maltoside, as
previously described [242, 249, 250]. Briefly, CcOX activity was measured by using a
spectrophotometer to monitor the oxidation of cytochrome c over time by the hepatocyte
lysates at 550 nm [249]. Citrate synthase activity was measured by monitoring the con-
version of oxaloacetate and acetyl-CoA into citrate and CoA. CoA formation was de-
tected by adding DTNB (5,5'-dithiobis-(2-nitrobenzoic acid)), which is converted to TNB
(2-nitro-5-thiobezoic acid) by CoA and can be measured spectrophotometrically at 412

nm.

Immunoblot Analysis

For cytochrome P-450 2E1 (CYP2EI) detection, whole liver homogenates were
separated by SDS/PAGE and immunoblotted against CYP2E1 using an anti-CYP2E] an-
tibody (AB 1252; Millipore, Billerica, MA) and B-actin using an anti-B-actin antibody
(4970; Cell Signaling, Beverly, MA) followed by HRP-conjugated donkey anti-rabbit
secondary antibody (NA934V; GE Healthcare Amersham, Piscataway, NJ). Mitochon-
drial proteins were immunoblotted for CcOX subunit IV (CcOX-IV) using anti-CcOX-IV
antibody (A21348; Invitrogen, Carlsbad, CA) and voltage-dependent anion channel

(VDAC/porin) using an anti-porin antibody (459500; Invitrogen), followed by an HRP-
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conjugated sheep anti-mouse secondary antibody (NA931V; GE Healthcare Amersham).
The intensities of protein bands were quantified using AlphaEaseFC software (Alpha In-
notech, Santa Clara, CA). Images were selected for analysis prior to saturation of the

signal.

Mitochondrial Bioenergetics

To determine the effects of EtOH consumption on hepatocyte bioenergetics, the
XF24 analyzer (Seahorse Bioscience, Billerica, MA) was used to measure O, consump-
tion in intact, primary hepatocytes [177, 178, 251]. The XF24 analyzer works by using a
disposable cartridge (FluxPak, Seahorse Bioscience) with fluorescent probes on the end
which is lowered onto V7 plate (Seahorse Bioscience) to make a temporary microchamb-
er (Figure 2-4A). This allows for the measurement of O, consumption by the cells,
which is used to calculate the oxygen consumption rate (OCR) (Figure 2-4B). Impor-
tantly, the cartridge is then raised back up allowing the system to return to baseline,
which prevents the cells from becoming hypoxic or anoxic and thus allowing for repeated
measurements over long periods of time and in response to various treatments.

Primary hepatocytes were attached to V7 plates coated with collagen. The cells
were allowed to adhere overnight, after which time the culture media was changed to un-
buffered DMEM (pH 7.4) supplemented with 5.5 mM D-glucose, 1 mM sodium pyruvate,
and 4 mM L-glutamine (Invitrogen) for the XF24 assays.

Parameters of mitochondrial function were measured utilizing the ability of the
XF24 to inject four different compounds into the wells during an assay as described pre-

viously [179, 180, 250, 252] (Figure 2-5). Briefly, the basal O, consumption of the he-
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Figure 2-4. XF24 analyzer technology. The XF24 analyzer (Seahorse Bioscience)
utilizes 24 probe heads to analyze cells in culture. Panel A shows a schematic
depiction of the measurement chamber utilized in this technique. The first well
shows the optics in the resting position. For measurements, the cartridge is lowered
in all wells to create a transient 7 uL chamber. The red dot at the tips of the sensor
probes is representative of the fluorescent sensor quenched by oxygen to allow for
measurement of this parameter. Monitoring these concentrations over time allows
for the calculation of the oxygen consumption rate (OCR) (B).
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Figure 2-5. Measurement of bioenergetic parameters of isolated primary
hepatocytes using an XF24 analyzer. After three basal OCR measurements,
oligomycin (1 pg/mL), FCCP (0.3 uM) and antimycin A (10 pM) plus
rotenone (1 pM) were injected sequentially with OCR measurements
recorded after each injection. ATP-linked oxygen consumption (ATP) and the
OCR due to proton leak (LEAK) can be calculated using the basal and the
oligomycin-insensitive rate. FCCP, a proton ionophore, is then used to
determine the maximal respiratory capacity. Lastly, injection of antimycin A
plus rotenone allows for the measurement of non-mitochondrial oxygen
consumption. The reserve capacity is calculated by subtracting the maximal
from the basal OCR.
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patocytes was determined by measuring the oxygen consumption rate (OCR) of the cells
over time prior to any treatment. The cells were then treated with oligomycin (1 pg/mL),
resulting in a decrease in OCR which is attributed to ATP-linked respiration. The re-
maining mitochondrial O, consumption following oligomycin treatment is ascribed to
proton leak. Next, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP, 0.3
uM) was injected to stimulate the maximal OCR of the cells. The maximal OCR also
allows for the calculation of the reserve capacity, which is the difference between the
maximal and basal OCR and represents the cells reserve mitochondrial function that is
available to be utilized during an increased work load or stress [179, 180]. Finally, anti-
mycin A (10 pM) and rotenone (1 uM) were injected simultaneously to completely inhi-
bit the mitochondrial electron transport chain, thus yielding the non-mitochondrial OCR
of the hepatocytes.

The concentrations of the compounds used in these experiments were determined
by titrating the amount to yield their optimal effects (data not shown). The OCR was ex-
pressed as pmoles of O, consumed per minute (pmol/min), as pmol/min normalized to
total protein in each well using the DC Protein Assay (BioRad, Hercules, CA), or as the
percent change from the baseline reading in each well, which was the last OCR mea-

surement prior to the first injection.

Hypoxia Exposure
To measure the effect of changing O, tension on primary hepatocytes, an XF24
analyzer (Seahorse Bioscience) was placed in a sealed glove box (Plas-Labs, Lansing,

MI) which was equilibrated to 1% O, (11.5 uM Oy) via repeated cycles of vacuuming out
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the air in the chamber and replacing it with argon (Figure 2-6A). Primary hepatocytes
were seeded in V7 culture plates and were changed into unbuffered DMEM equilibrated
to room air 1 hr prior to starting the XF assay (as described above). The OCR of the he-
patocytes was then measured over time as the O, tension of the media decreased as it

equilibrated to the 1% O, atmosphere in the glove box (Figure 2-6B).

Immunohistochemistry

To detect tissue hypoxia, pimonidazole was injected via tail vein (i.v.) after 5
weeks of EtOH consumption. Briefly, restrained mice were administered pimonidazole
(120 mg/kg) in saline (1 ml/kg) and after 60 min were anesthetized with keta-
mine:xylazine (60:10 mg/kg i.p). Brief anesthesia immediately prior to sacrifice does not
significantly affect pimonidazole adduct accumulation in liver [253]. Blood and unbound
pimonidazole were cleared from the circulation by perfusing oxygenated buffer into the
heart with a 22-gauge needle. Livers were harvested and a portion of the tissue was fixed
in 10% buffered formalin for immunofluorescence studies. Paraffin blocks containing
liver tissue were then sectioned at 5 um thickness. Sections were deparaffinized with xy-
lene and rehydrated by washing with a graded series of EtOH concentrations. Hydrated
sections were briefly treated with 0.01% protease (pronase E), and blocked for 5 min with
serum-free protein block at room temperature. Sections were then incubated with hy-
droxyprobe-1 (mouse anti-pimonidazole, 1:50 dilution) for 40 min at room temperature.
Sections were then blocked again for 10 min with 5% BSA in PBS. The sections were
then washed with PBS, and then incubated with for 1 hr with the secondary antibody.

The secondary antibody was AlexaFluor® 350 conjugated goat anti-mouse (Invitrogen).



/ Hypoxia Chamber

Vacuum Argon

\ /

N ¥

OO0

Controller
Vacuum
Chamber

N7

Gloves

180
160
140 4

—~ 120 -

3 100 o

80 -

60 -

40 4

20 -

0 L) L) L) L) L) L) L
0 30 60 90 120 150 180 210

Time (min)

[O]

Figure 2-6. Measuring mitochondrial function in hypoxia. (A) A XF24
analyzer was placed in a sealed glove box. The atmosphere in the glove box
was then lowered to 1% O, by alternating flushing with argon gas and then
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additional XF24 analyzer in room air. (B) Changes in O, concentration in room
air-equilibrated media above attached hepatocytes over time following
exposure to 1% atmospheric O,.
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Sections were washed several times with PBS prior to counterstaining the nuclei with
Oregon Green® 488 conjugated goat anti-rabbit antibody (Invitrogen) for 10 min. Sec-
tions were washed again in PBS and images analyzed using a Leica fluorescent micro-
scope with IPLAB Spectrum (Scanalytics, Rockville, MD). The intensity of fluorescence
was quantified by using SIMPLEPCI software (Compix, Irvine, CA).

HIF-1a levels were assessed using formalin fixed, paraffin embedded sections,
which were deparaffinized through a graded series of EtOH. Antigen unmasking was
performed by incubating the sections with 0.1 M sodium citrate (pH 6.0). All sections
were rinsed with TBS (0.1 M, pH 7.2), incubated for 1 hr with 10% goat serum, followed
by overnight incubation at 4°C in a humidified chamber with anti-HIF-1a (NB 100-105)
antibody (Novus Biologicals, Littleton, CO) at a dilution of 1:50. Sections were then

blocked again and developed with secondary antibody as described above.

Statistics
All experiments were performed 3-6 times, and data are presented as mean +
SEM. The experiment was performed with six pair-fed controls and EtOH-containing
diets for rats or wild type and iNOS™ mice. Statistical significance was determined using

student’s 7-test, with p<0.05 taken as significantly different.

RESULTS

Hepatocyte Density for Measurement of Mitochondrial Bioenergetics

Primary hepatocytes were attached to V7 culture plates coated with collagen. The

cell seeding density was optimized for both control (Figure 2-7A) and EtOH hepatocytes
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Figure 2-7. Cell density-dependent changes in hepatocyte respiration following
chronic alcohol consumption. (A) The OCR of primary hepatocytes isolated from
control rats was measured at varying seeding densities (20,000, 40,000, or 60,000
cells/well) followed by sequential injections of oligomycin (O), FCCP (F), and
antimycin A plus rotenone (A+R). (B) Effect of different seeding densities (20,000,
40,000, or 60,000 cells/well) of hepatocytes from EtOH-fed rats on mitochondrial
function as examined in panel A. (C) Basal OCR of control and EtOH-fed rats as a
function of cell densities. Results are mean + SEM. n=5 for each group.
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(Figure 2-7B). The density chosen was 20,000 cells/well for the control hepatocytes and
40,000 cells/well chosen for EtOH hepatocytes because they expressed the most similar

basal OCR values (Figure 2-7C) and total protein within each well (data not shown).

Alcohol Induces Characteristics of Liver Toxicity in Hepatocytes

The activity and levels of key mitochondrial enzymes were determined from pri-
mary hepatocytes isolated from control and EtOH-fed rats. As reported previously, EtOH
consumption causes a decrease in CcOX activity and protein subunits whereas the levels
of citrate synthase activity are unchanged (Figure 2-8). Protein levels of the outer mito-
chondrial membrane protein VDAC was not modified by EtOH consumption (Figure 2-
8C,D). It has been well established that the induction of CYP2EI occurs in response to
chronic EtOH consumption, and was found to be elevated in hepatocytes isolated from

the EtOH-fed group (Figure 2-8C,D).

Hepatocytes Exhibit Bioenergetic Defect in Response to Alcohol Exposure

In order to determine if chronic EtOH consumption causes alterations in hepato-
cyte cellular bioenergetics, mitochondrial function was measured using the XF24 analyz-
er (Figure 2-9). Chronic EtOH consumption had no effect on basal OCR, ATP-linked
OCR or proton leak of the hepatocytes (Figure 2-10A,B). The proton ionophore FCCP
(0.3 uM) was then injected to stimulate the maximal OCR of the cells. Interestingly, the
hepatocytes isolated from EtOH-fed rats exhibited a significantly diminished maximal
OCR, (Figure 2-10C). The amount of mitochondrial function available for the hepato-

cytes to use under conditions of increased energy demand and/or stress is termed the cel-
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lular bioenergetic reserve capacity [179, 180]. The hepatocytes isolated from EtOH-fed
animals exhibited a 50% decrease in their available reserve capacity as compared to the
control hepatocytes (Figure 2-10D). Hepatocytes were then exposed to antimycin A (10
uM) and rotenone (1 pM) to fully inhibit the mitochondrial electron transport chain. This
caused a large decrease in the OCR of the hepatocytes, with all remaining O, consump-
tion attributed to non-mitochondrial sources. The hepatocytes isolated from EtOH-fed
rats displayed a small but significant decrease in non-mitochondrial OCR (Figure 2-

10E).

Chronic Alcohol Increases Hepatocyte Sensitivity to Nitric Oxide

The effect of 'NO on the mitochondrial function of primary hepatocytes isolated
from control and EtOH-fed rats was assessed using the "NO donor DetaNONOate (Deta-
NO), which releases "NO at a low rate similar to that reported for iNOS [254]. As shown
in Figure 2-11, control and EtOH-exposed hepatocytes were exposed to 500 uM DetaNO
for 4 hr while monitoring the OCR, followed by the evaluation of mitochondrial function.
As shown in Figure 2-10, EtOH consumption did not change basal OCR and conversely
decreased the maximal respiration. However, hepatocytes from EtOH-fed rats treated
with DetaNO exhibited a progressive decrease in the basal OCR after approximately 2 hr
exposure to the "NO donor, resulting in a 40% inhibition after 4 hr (Figure 2-12A). Fol-
lowing oligomycin injection, the EtOH-exposed hepatocytes treated with DetaNO also
showed a significant decrease in their ATP-linked OCR and proton leak (Figure 2-12B),

while EtOH consumption alone had no effect.
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The maximal OCR of primary hepatocytes isolated from control and EtOH-fed
rats was assessed using FCCP treatment, and was dramatically suppressed by the com-
bined exposure to 'NO and EtOH (Figure 2-12C). The reserve capacity decreased fol-
lowing DetaNO and EtOH exposure alone; however, the combined DetaNO/EtOH expo-
sure to hepatocytes resulted in a cumulative decrease in reserve capacity (Figure 2-12D).
Chronic EtOH consumption again resulted in a slight although significant decrease in

non-mitochondrial OCR, but DetaNO had no additional effect (Figure 2-12E).

Alcohol Exacerbates Bioenergetic Alterations Induced by Hypoxia and Nitric Oxide

The effect of hypoxia on the mitochondrial bioenergetics of primary hepatocytes
was determined next. To achieve this, cells were plated with media equilibrated to room
air into an XF24 analyzer placed in a sealed chamber with an atmosphere of 1% O,. The
O, levels in the cell culture plate were then allowed to reach equilibrium with the atmos-
phere in the hypoxia chamber. The O, concentration was measured every 8 min in the
media in individual wells containing cells and decreased exponentially over 2-3 hrs as the
media reached equilibrium with the atmosphere in the hypoxia chamber as shown pre-
viously in Figure 2-6B. After approximately 160 min, the O, concentration was essen-
tially stable at 20 pM. Over the same time course, the basal OCR of control hepatocytes
was measured and remained unchanged for the first 60 min corresponding to an O, con-
centration of approximately 60 uM, after which it began to decrease progressively (Fig-
ure 2-13A). In contrast, hepatocytes from EtOH-fed animals showed less of a depen-
dence on decreasing O, concentrations (Figure 2-13B). To determine the effect of 'NO

on the OCR of control hepatocytes in hypoxia, 250 pM — 1 mM DetaNO was added to



58

A —o—0pM DetaNO -A-250pM DetaNO
=<--500uM DetaNO --#l-- 1ImM DetaNO
120 -
v
=
©
0
®©
m
©
>
o
@)
@)
O L] L] L] L] L] L] L
0 30 60 90 120 150 180 210
Time (min)
B 120 -
—~ 100
[¢b)
=
T 80 -
g :
n
S %0 B
E:) ".°-."\<>ﬁ~A\A\
S - 5884035
0 L] L] L] L] L] L] L
0 30 60 90 120 150 180 210
Time (min)

Figure 2-13. Alcohol toxicity increases hepatocyte susceptibility to nitric
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the cells immediately prior to the beginning of the assay. The control hepatocytes were
essentially resistant to exposure to 'NO under hypoxic conditions with only the highest
levels of DetaNO modestly decreasing OCR after 2 hr. In contrast, hepatocytes isolated
from EtOH-fed rats were much more sensitive to "NO-induced inhibition of OCR at low
O, tensions than the control hepatocytes.

The changes in OCR in control and EtOH hepatocytes were then plotted as a
function of the O, measured in the media at the time of the OCR measurement. As
shown in Figure 2-14A, 'NO caused a right shift of the O, dependency in control cells
and showed no clear dependency on DetaNO concentration. Hepatocytes isolated from
EtOH-fed animals showed a dose-dependent shift in inhibition of OCR by DetaNO under
low O, conditions (Figure 2-14B). Taken together, this data shows that the O, depen-
dency for OCR in the hepatocytes from the EtOH treated animals is left shifted compared
to controls, but the respiration is much more sensitive to inhibition by "NO. While in-
creasing concentrations of DetaNO caused a slight increase in the IC50 for the depen-
dence of OCR on O; in control hepatocytes, the IC50 of EtOH-fed hepatocytes was sig-

nificantly higher in response to increasing concentrations of DetaNO (Figure 2-15).

Alcohol-Induced Hypoxia in the Liver is iNOS-Dependent
Since "NO is able to significantly inhibit O, consumption in primary hepatocytes
isolated from EtOH-fed rats, we then determined the effects of endogenous "NO produc-
tion on the hypoxia induced by chronic EtOH consumption. In order to manipulate 'NO

levels using a molecular approach, we next used iNOS™ mice on a C57BL/6 background.
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EtOH is metabolized predominantly by the enzymes CYP2E1 and alcohol dehy-
drogenase; acetaldehyde, the main product of EtOH metabolism, is then metabolized by
aldehyde dehydrogenase 2 (ALDH2) [255, 256]. To validate our model, we examined
the effect of chronic EtOH consumption on CYP2EI and ALDH2 expression in iNOS™
and wild type mice to rule out any potential alterations in the expression of these en-
zymes. CYP2E] expression was significantly increased after EtOH feeding in wild-type
and iNOS™ mice (Figure 2-16A). ALDH2 protein was equal between control and EtOH
groups and genotypes (Figure 2-16B). Chronic EtOH consumption is also associated
with the development of liver steatosis [158, 240, 257-259], which also occurred in these
experiments with C57BL/6 mice (Figure 2-17). Furthermore, the lack of iNOS was able
to attenuate the development of steatosis [34].

Using the hypoxia marker pimonidazole, which is reductively activated at low O,
concentrations and reacts with protein thiols [253], we were able to use immunohisto-
chemistry to visualize the O, gradients in liver sections isolated from control and EtOH-
fed wild type and iNOS™ mice. In normal, healthy liver, the most hypoxic region is zone
3, or the peri-central zone. A significant increase in pimonidazole binding was seen in
the zone 3 region in liver of EtOH-fed wild-type mice, which extended into the mid-zonal
and peri-portal regions compared to controls (Figure 2-18A). These data are indicative
of the development of peri-portal and peri-central hypoxia due to chronic EtOH con-
sumption. In contrast, livers from EtOH-fed iNOS™ mice exhibited a significant de-
crease in pimonidazole binding (i.e., less zonal hypoxia) in the peri-portal regions, and
when staining was present it was localized in the peri-central region of the liver lobule.

Livers from control-fed wild type and iNOS™ mice showed minimal pimonidazole stain-
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Figure 2-16. Chronic alcohol consumption causes induction of cytochrome
P450 2E1 in wild type and iNOS” mice. (A) Liver homogenates (25 pg
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Figure 2-17. Lack of iNOS prevents hepatic steatosis in alcohol-fed
animals. Hepatic steatosis was assessed using H&E stained liver sections.
Images are representative from each group and quantification results are
mean = SEM. n=6 per group. Data obtained by A. Venkatraman.
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Figure 2-18. INOS-derived nitric oxide is required for chronic alcohol-
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Data obtained by A. Venkatraman.
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ing, indicating that there is a lower level of hypoxia in the absence of chronic EtOH ex-
posure. Sections incubated with pre-immune sera or without the primary antibody for
pimonidazole adducts showed low background staining similar to that seen of in control
livers (data not shown). Quantitative analysis of images showed a 5.5 fold increase in
pimonidazole staining in wild type animals on the EtOH diet compared to their pair-fed
controls, whereas the lack of iNOS expression attenuated the EtOH-dependent pimonida-
zole staining by 60% as compared to wild type animal consuming EtOH (Figure 2-18B).
Given that HIF-1a stabilization has also been shown to be modulated by "NO
[260], we also used immunohistochemistry to examine HIF-1a in liver from iNOS™ and
wild type mice fed the control and EtOH diets. Consistent with pimonidazole staining,
there was increased HIF-1a staining in the liver peri-central region from EtOH-fed wild
type mice as compared to pair—fed controls (Figure 2-19A). Interestingly, there was a
significant decrease in HIF-1la staining in the liver peri-central region from EtOH-fed
iNOS™ mice as compared to EtOH-fed wild type mice. These results implicate a role of
INOS in the response to chronic EtOH consumption and the development of tissue hy-
poxia in vivo. Both controls had negligible background staining. Figure 2-19B depicts

the quantitative analysis of HIF-1a levels in liver of all treatment groups.

DISCUSSION
The development of mitochondrial dysfunction is an important feature of the pa-
thophysiology of EtOH-inducted hepatotoxicity. It has been shown that EtOH toxicity
causes alterations in the mitochondrial proteome, resulting in decreased levels of the

complexes required for oxidative phosphorylation [159]. This has been shown to cause
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HIF-1a stabilization in liver sections from control and alcohol (EtOH)-fed wild
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shown in (B). Images are representative from each group and quantification
results are mean =+ SEM. n=6 per group. *p<0.05 compared to respective
controls. #p<0.05 compared to EtOH-fed wild type mice. Data obtained by A.
Venkatraman.
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bioenergetic defects, with diminished glycogen utilization and ATP production [161, 187,
188]. It has also been shown that chronic EtOH consumption causes mitochondrial dys-
function using isolated liver mitochondria [160, 243]; however, the effects of EtOH tox-
icity on different parameters of mitochondrial function and the impact of "NO in intact
hepatocytes remain unclear.

We found that hepatocytes isolated from EtOH-exposed rats do not have different
levels of basal mitochondrial function; however, these hepatocytes did exhibit a signifi-
cant decrease in their maximal OCR and reserve capacity (Figure 2-10). Given that the
basal OCR is not affected by EtOH consumption suggests that in the absence of an addi-
tional stressor, such as "NO, the bioenergetic needs of the cell can be met. Since chronic
EtOH consumption is associated with increased ROS/RNS from a number of different
sources within the cell, this finding leads to the hypothesis that hepatocytes from EtOH-
fed animals are less tolerant to secondary stresses.

Importantly, increased iNOS leads to the increased production of "NO, which can
inhibit mitochondrial respiration reversibly at CcOX and irreversibly when combined
with ROS at other respiratory complexes [36, 180, 237, 239, 241, 243, 261]. We found
that the inhibition of mitochondrial function by chronic EtOH consumption was further
exacerbated by exposure to 'NO (Figure 2-11). The combination of these stressors de-
crease total available mitochondrial function to the point that only negligible reserve ca-
pacity remains (Figure 2-12C,D), and the addition of a secondary stress such as 'NO to
hepatocytes from the EtOH group resulted in a significant decrease in the basal OCR as
compared to control and pair-fed control hepatocytes (Figure 2-12A). In addition to the

combination of the stresses of chronic EtOH and "NO causing the loss of mitochondrial
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function that was seen, the formation of peroxynitrite and subsequent mitochondrial dam-
age likely also mediated the effect [36, 262-265]. This data emphasizes the concept that
reserve capacity serves as a protective buffer for available mitochondrial function, enabl-
ing the cells to maintain the bioenergetic function necessary to maintain overall cellular
function even after being exposed to a stressor.

The loss of reserve capacity of EtOH-exposed hepatocytes upon treatment with
"NO becomes more apparent when the hepatocytes were subjected to low O, concentra-
tions as would occur in vivo (Figure 2-13). Chronic EtOH consumption is known to
cause liver hypoxia, particularly in zone 3 of the liver [258]. While control hepatocytes
were mostly resistant to the effects of "NO under decreasing O, tensions, the EtOH-
exposed hepatocytes displayed a significant inhibition of mitochondrial function by "NO
under hypoxia. This is due to the hepatocytes isolated from EtOH-fed animals having
reduced reserve capacity as compared to control animals (Figure 2-10D), which is then
further diminished by exposure to 'NO (Figure 2-12D). These data suggest that the
available functional CcOX in EtOH hepatocytes is diminished, thus leading to "NO be-
coming a stronger competitor with O, for binding with CcOX. Moreover, as the O, con-
centration decreases, the ability of "NO to outcompete O, from binding CcOX increases,
resulting in an increase in the "NO-induced inhibition of respiration as the hepatocytes
became hypoxic. This supports previous findings which have shown that isolated mito-
chondria from EtOH-fed animals are more sensitive to inhibition by "NO than those from
control animals [242], and that "NO is a more robust inhibitor of respiration during hy-

poxic stress [239].
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Cells respond to low O, availability by initiating a series of adaptive responses
through transcriptional activation and stabilization of hypoxia inducible factor 1o (HIF-
la) [199]. Accumulation of HIF-1a is an important step in the activation of HIF1 during
hypoxia. Regulation of HIF-1a by "NO is an additional mechanism by which "NO might
modulate cellular responses to hypoxia [233]. The modulation of the hypoxic response
by 'NO is believed to have wide pathophysiological significance [266]. The susceptibili-
ty of the centrilobular region of the liver to low O, tensions is predominantly due to an O,
gradient between the portal blood and hepatic venous blood in vivo [267]. Since it is well
established that EtOH consumption causes hypoxia and increased expression of iNOS in
zone 3 of the liver lobule in vivo [35, 243], and here we have shown that "NO inhibits mi-
tochondrial function in EtOH-exposed hepatocytes, we used iNOS™™ mice to test the role
of "NO in the formation of hypoxia in the liver following chronic EtOH consumption. In
agreement with earlier studies, chronic EtOH consumption significantly increased the
binding of the hypoxia marker pimonidazole in liver tissue, predominantly in the O,—poor
(zone 3) region of the liver lobule (Figure 2-18) [35]. In addition, we demonstrate that
chronic EtOH consumption can lead to HIF-1a expression in the O, deprived region of
the liver lobule (Figure 2-19).

EtOH metabolism increases O, utilization by hepatocytes, thereby reducing the
O, availability for other important cellular functions, and this in turn leads to hypoxia.
This phenomenon is most predominant in the zone 3 region of the liver lobule, which
normally is exposed to lower O, concentrations as compared to zones 1 and 2. The ten-
dency of hypoxia to occur in zone 3, taken together with increased oxidative (4-

hydroxynonenal protein adduct formation) and nitrative stress (increased iNOS and nitro-
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tyrosine staining) in this zone [36, 243], may account for the increased severity of EtOH-
induced hepatotoxicity in this region of the liver lobule. Interestingly, the absence of
iNOS prevented the accumulation of HIF-1la and pimonidazole staining in mice on the
EtOH diet (Figure 2-18,19). The disruption of O, gradients observed in the wild type
mice after EtOH consumption was also restored in iNOS™ mice, revealing a major role
for iNOS in regulating responses to hypoxia. In addition, we and others have also dem-
onstrated that ablation of iNOS blunted the various hepatotoxic effects of EtOH con-
sumption [36, 243].

How does depletion of iNOS cause restoration of the O, gradient? There could be
several possibilities. It is becoming increasingly evident that chronic EtOH administra-
tion increases peroxynitrite mediated hepatotoxicity by enhancing concomitant produc-
tion of '"NO (from iNOS) and superoxide [265]. Another possibility is the involvement of
mitochondria in the development of hypoxia within the tissue. Studies using pharmaco-
logical inhibitors of the respiratory chain, as well as cells lacking mtDNA and electron
transport chain activity, suggest that HIF-1a activity is dependent on mitochondrial func-
tion [198, 268-270]. This may partly explain the "NO-dependent expression of HIF-1a in
wild type mice on an EtOH diet and the reversal of the induction in iNOS™ mice. It is
possible that these effects of 'NO are mediated through the mitochondrion as a conse-
quence of inhibiting respiration at CcOX. This response may be exacerbated by changes
in the "NO-dependent control of respiration which occurs in response to stress. For ex-
ample, we have demonstrated that mice on an EtOH diet have increased sensitivity to in-
hibition of mitochondrial respiration by 'NO, an effect reversed in mice lacking iNOS

[243]. This finding was also evident in the isolated hepatocytes (Figure 5) which suggests
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that the combined effects of increased "NO and ROS in the intact liver would lead to
areas of non-functioning mitochondria and hypoxia.

Taken together, these data provide evidence for the role on "NO as an important
regulator of mitochondrial respiration at CcOX in EtOH-induced hepatotoxicity. We
have shown that the addition of "NO to hepatocytes isolated from rats consuming EtOH
have diminished basal OCR, ATP-linked OCR, increased proton leak and decrease in re-
serve capacity, or the ability to withstand mitochondrial stressors. We have also shown
that under conditions of hypoxic stress, the addition of "NO to EtOH hepatocytes resulted
in an increased susceptibly to decreases in OCR under low O; tensions. Lastly, we have
shown that the removal of iNOS in a mouse model of EtOH exposures leads to decreased

hypoxia and hypoxic markers in the liver.
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CHAPTER 3

HYPOXIA/REOXYGENATION ALTERS THE RESPONSE OF CELLULAR
BIOENERGETICS TO 4-HYDROXYNONENAL IN ENDOTHELIAL CELLS

INTRODUCTION

The pathophysiology of ischemia and reperfusion is a central mediator in the
morbidity and mortality accompanying many diverse pathological conditions. Myocardi-
al infarction, stroke, atherosclerosis, circulatory shock, and organ transplantation are all
associated with the development of pathology which is often initiated by ische-
mia/reperfusion injury [271, 272]. While ischemia/reperfusion is often studied in combi-
nation, both ischemia and reperfusion elicit cell damage through separate yet related me-
chanisms [31].

Ischemic tissue can quickly develop bioenergetics dysfunction, due to the lack of
O, and nutrients which are necessary for cellular energy production. Moreover, ischemia
is known to cause the electron transport chain to become more reduced due to the lack of
available O, to accept the electrons, thereby promoting the leaking of electrons to form
ROS [31, 37, 198, 209-211, 268-270, 273-282]. Xanthine oxidase and NADPH oxidase
have also been implicated in the increased formation of ROS associated with ischemia
[220, 283, 284]. This increase in hypoxia-induced mitochondrial ROS induce oxidative
damage to proteins, lipids, and mtDNA; however, they also play a role in cell signaling,

in part through the stabilization of HIF-1a, leading to the induction of genes under the
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control of the hypoxia response element (HRE) [198, 268, 269, 280, 285, 286]. Further-
more, during ischemia there is an increased dependence on glycolysis for energy produc-
tion, which causes lactic acid accumulation which results in a more acidic intracellular
pH [271, 287]. The development of cytosolic acidosis initiates the release of Ca®" from
the endoplasmic reticulum, leading to calcium overload [40, 42, 288-291].

Upon prolonged ischemic periods, the mitochondria lose their membrane potential
due to the hindrance of the electron transport chain [287, 292]. This causes ATP syn-
thase to reverse directions, using ATP hydrolysis to in an attempt to maintain the mem-
brane potential [287]. Furthermore, prolonged hypoxia has been shown to decrease Mn-
superoxide dismutase (SOD) activity and CcOX expression, both of which lead to further
oxidative stress [195, 196, 208]. The loss of ATP, in combination with increased levels
of Ca*" and ROS leads to cellular dysfunction and, if the ischemia persists, cell death
(Figure 3-1) [26, 207, 292-297].

Reperfusion, while necessary for the maintenance of viability and function, causes
further damage to the ischemic tissue [271]. The reintroduction of O, and nutrients is
associated with the rapid and abundant formation of ROS [31, 38, 212-214, 287, 298-
301]. Several mechanisms have been implicated with this increase in oxidative stress.
Xanthine oxidase has been shown to produce large quantities of ROS during reperfusion
[31, 38, 215], as has NAPDH oxidase, through a Ca*" overload-dependent mechanism
[41, 291, 302, 303]. Another important source of reperfusion-induced ROS is the mito-
chondria, due in part to the abundance of reducing equivalents, the damage incurred dur-
ing ischemia, and the decreased activity of MnSOD [195, 299, 304-308]. An external

source of oxidative damage caused by reperfusion is the inflammatory response mediated
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Figure 3-1. Ischemia causes bioenergetic and cellular dysfunction. Ischemia
causes damage by inhibiting mitochondrial function and stimulating mitochondrial
ROS formation. Glycolysis is increased, causing cellular acidosis, which stimulates
the release of calcium (Ca?*) from the endoplasmic reticulum (ER). This results in
cytosolic and mitochondrial Ca?* overload, as well as the activation of NADPH
oxidase (NOX). Xanthine oxidase (XO) is also activated in ischemia, producing high
levels of ROS. Furthermore, the loss of mitochondrial function in ischemia leads to
increased ADP levels, which is broken down through purine catabolism to
hypoxanthine (HX), which is the substrate for XO to produce more ROS.
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by the recruitment of polymorphonuclear cells due to the tissue damage caused by the
ischemia and reperfusion [31, 271, 272, 309-311]. All of these sources of ROS lead to
the exacerbation of mitochondrial damage and bioenergetic dysfunction, inducing apop-
totic and necrotic cell death [24-26, 39, 293, 297, 312-315].

Many studies have elucidated the effects of ischemia and reperfusion on cellular
bioenergetics and mitochondrial function in various tissues; however, the development of
mitochondrial dysfunction in the endothelium over time during the exposure to hypoxia is
not as clear. Understanding the effect of ischemia and reperfusion on the mitochondrial
bioenergetics in the endothelial cells is of critical importance, because the loss of endo-
thelial function can hinder the reperfusion of ischemic tissues [202, 203, 271, 272, 309,
310, 316, 317]. The focus of this chapter is to examine the alterations to mitochondrial
bioenergetic function in intact endothelial cells over time in response to hypoxia and
reoxygenation to further understand the mechanisms of pathogenesis of ischemia and re-

perfusion.

Bioenergetic Alterations Associated with Ischemia/Reperfusion:
Effects of Reactive Lipid Species

The oxidative stress caused by both ischemia and reperfusion induce high levels
of lipid peroxidation, which leads to formation of reactive, electrophilic lipids which are
capable of adducting to proteins and altering their structure and function [31, 318-321].
A major product of lipid peroxidation which has been shown to be produced in large
quantities in ischemia/reperfusion is 4-hydroxynonenal (HNE) [322-326]. Importantly,

the modification of mitochondrial proteins by HNE is well known to modulate bioener-
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getic function [179, 327-332]; however, the effect of HNE on mitochondrial function in

hypoxia is not clear, and is a focus of this chapter.

MATERIALS AND METHODS
Materials
All reagents were purchased from Sigma (St. Louis, MO) and were of the highest
grade offered, unless otherwise stated. V7 microplates and FluxPaks for running XF24

assays were purchased from Seahorse Bioscience (Billerica, MA).

Cell Culture
Bovine aortic endothelial cells (BAEC) were harvested from descending thoracic
aortas and maintained at 37°C with 5% CO, in DMEM growth medium (Mediatech, Ma-
nassas, VA) supplemented with 5.5mM D-glucose (Sigma), 4 mM L-glutamine, 1 mM
sodium pyruvate, 3.7 g/L sodium bicarbonate, 100 U/mL penicillin, and 100 ng/mL strep-
tomycin (Invitrogen, Carlsbad, CA, USA), and 10% fetal bovine serum (Atlanta Biologi-

cals, Atlanta, GA, USA).

Measurement of Oxygen Consumption in Endothelial Cells
An XF24 analyzer (Seahorse Bioscience, Billerica, MA) was used to measure the oxygen
consumption rates (OCR) of adherent BAEC [177, 178, 333]. The XF24 does this using
specialized microplates and disposable assay cartridges which use fluorescent probes to
measure the concentration of O, in the media. We have found that the mitochondrial

function of BAEC decreases with passage number; therefore, only BAEC between pas-
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sages 5-8 were used [180]. BAEC were seeded into V7 microplates (Seahorse Bios-
cience) at 40,000 cells/well and were allowed to adhere and grow for 24 hr. One hr prior
to the beginning of the XF24 assays, the growth media was changed to unbuffered
DMEM (supplemented with 5.5 mM D-glucose, 4 mM L-glutamine, and 1 mM sodium
pyruvate, with the pH adjusted to 7.4 at 37°C). The OCR of the BAEC was measured

over time and in response to treatments or changing O, concentrations.

Mitochondrial Function Assay

In order to assess various parameters of mitochondrial function in BAEC, we used
a previously described protocol utilizing sequential injections of oligomycin, FCCP, and
antimycin A [179, 180, 250, 252, 330] (Figure 3-2). The injection of oligomycin results
in a decrease in the OCR below basal, which represents the ATP-linked OCR. Next,
FCCEP is injected, causing an increase in OCR to the maximal point of which the cells are
capable. This represents the maximal OCR. Moreover, the difference between the max-
imal OCR and the basal OCR is the reserve capacity, which represents the amount of mi-
tochondrial function that the cells are capable of utilizing in response to stress or in-
creased ATP demand. Finally, antimycin A is injected to inhibit the electron transport
chain at Complex III. This causes a major decrease in the OCR of the cells, with the re-
maining OCR representing non-mitochondrial OCR. In addition, the difference between
the oligomycin-sensitive OCR and the antimycin A-sensitive OCR represents the proton
leak of the cells. The concentrations of oligomycin, FCCP, and antimycin A necessary to
give maximal effects were determined, and these concentrations were used for all expe-

riments [180]. For the calculation of these parameters of O, consumption, the OCR for
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Figure 3-2. Measurement of parameters of mitochondrial function in
endothelial cells using an XF24 analyzer. After three basal OCR
measurements, oligomycin (1 pg/mL), FCCP (1 uM) and antimycin A (10
uM) were injected sequentially with OCR measurements recorded after each
injection. ATP-linked oxygen consumption (ATP) and the OCR due to proton
leak (LEAK) can be calculated using the basal and the oligomycin-insensitive
rate. FCCP, a proton ionophore, is then used to determine the maximal
respiratory capacity. Lastly, injection of antimycin A allows for the
measurement of non-mitochondrial oxygen consumption. The reserve
capacity is calculated by subtracting the maximal from the basal OCR.
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each well were normalized to the total protein in that well using the DC Protein Assay

(BioRad, Hercules, CA)

Exposure to Hypoxia and Reoxygenation

In order to determine the effects of decreasing the O, concentration on the OCR
of BAEC, an XF24 analyzer was placed in a sealed glove box (PLAS labs, Lansing, MI)
which was equilibrated to 1% O, £+ 0.2% by vacuuming the air out of the chamber and
refilling it with argon gas (Figure 3-3A). This cycle was repeated until the O, reached
1%, which was determined using an O, sensor. A second XF24 was maintained in room
air (20.9% 0O,), in which parallel plates were run as a control. Hypoxia experiments were
performed by using cells and media which were equilibrated to room air and monitoring
the changes in OCR and O, concentration over time (Figure 3-3B). In order to perform
the reoxygenation studies, the cells were allowed to become hypoxic for the indicated
amount of time, followed by re-equilibrating the glove box to room air by opening the
chamber and flushing with room air using a fan. For these studies, the KSV algorithm
(developed by Seahorse Bioscience) was used to calculate the OCR of the cells. While
this algorithm is known to underestimate the OCR of cells in room air, it allows for the
more sensitive measurement of the OCR of cells in hypoxia [333]. Because the fluores-
cence of the O, sensor is exquisitely sensitive to changes in temperature, XF24 assays are
typically preceded by an equilibration period to verify that the temperature of the media
is stable at precisely 37.0°C. For XF24 assays in hypoxia, the equilibration period was
removed in order to monitor the initial decreases in O, concentration. With the slight

variations in temperature due to the lack of equilibration, the O, sensor is still able to ac-
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Figure 3-3. An XF24 analyzer in a hypoxia chamber was used for hypoxia and
reoxygenation protocols. (A) XF24 analyzer was placed in a sealed glove box. The
atmosphere in the glove box was then lowered to 1% O, by alternating flushing with
argon gas and then vacuuming the air out of the chamber. The 1% O, was maintained
for the length of all experiments with hypoxia as a condition. For reoxygenation
experiments the chamber was opened, thus allowing the XF24 to re-equilibrate to
room air. (B) The protocols of room air and hypoxia exposures for room air, hypoxia,
and reoxygenation experiments.
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curately measure the O, concentration at the beginning of the assay; however, with the
variability in temperature, the sensor lacks the precision necessary to measure the change
in O, concentration over time. Therefore, the first three OCR measurements of every hy-
poxia experiment were discarded to allow for the stabilization of the temperature of the

media.

Immunoblot Analysis
Immediately following the conclusion of an XF assay, the BAEC were lysed in
the V7 well using Laemmli sample buffer. The entire contents of each well were then
separated by SDS/PAGE and Western blot, and were probed for protein-HNE adducts
using a protein-HNE antibody (provided by Dr. Aruni Bhatnagar, U. of Louisville) fol-
lowed by the HRP-conjugated anti-rabbit secondary antibody (Cell Signaling, Danvers,
MA). The staining intensities for the entire lanes were quantified prior to saturation us-

ing AlphaEaseFC software (Alpha Innotech, Santa Clara, CA).

Statistics
Mitochondrial function measurements and Western blot densitometries were
compared using a student’s 7-test. A p<0.05 between groups was considered statistically
significant. For OCR traces generated during XF24 assays, statistics were omitted for the

sake of visual clarity.
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RESULTS

Oxygen-Dependence of Endothelial Cell Mitochondrial Function

The mitochondrial function of BAEC in room air-equilibrated media was deter-
mined by using the XF24 analyzer to measure their OCR over time. Throughout the 7 hr
assay, the O, concentration remained constant at approximately 220 pM (Figure 3-4A).
The OCR of the BAEC also remained essentially unchanged for the duration of the assay
(Figure 3-4B).

Next, the effect of decreasing the availability of O, to the endothelial cells on mi-
tochondrial function was examined by monitoring the OCR of BAEC during the exposure
to the progressive loss of O,. BAEC were placed in XF media equilibrated to room air
(20.9% 0O,) prior to being placed in an XF24 analyzer maintained under a 1% O, atmos-
phere. The decreasing concentration of O in the media above the cells was monitored
over time as it equilibrated with the 1% O, atmosphere in the hypoxia chamber. This was
achieved by measuring the O, concentration in the media above the cells every 8 min,
and it was found to decrease exponentially (Figure 3-5A). After approximately 360 min,
the O, concentration was essentially stable at 16 uM. Over the same time course, the
basal OCR was measured for the endothelial cells and remained unchanged for 180 min,
corresponding to an O, concentration of approximately 35 uM, after which it decreased
progressively (Figure 3-5B).

Using the data shown in Figure 3-5, the relationship between OCR and O, con-
centration was determined (Figure 3-6). This analysis allowed for the determination that
the OCR of the BAEC was insensitive to changes in O, concentrations of 35 uM and

above. Once the concentration of O, decreased below 35 uM, the BAEC exhibited a
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Figure 3-4. Oxygen consumption of endothelial cells in room air. (A) The
O, concentration of media was monitored in an XF24 analyzer in room air.
(B) BAEC seeded at 40,000 cells/well in V7 microplates and their OCR was
measured over time. Results are mean + SEM. n=5per group.
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Figure 3-5. Effect of hypoxia on oxygen consumption of endothelial cells. (A)
Media alone equilibrated to room air (20.9% O,) was placed in an XF24 analyzer in a
sealed glove box equilibrated to 1% O,. The change in O, concentration of the media
over time was measured. (B) BAEC seeded at 40,000 cells/well in a V7 microplate
equilibrated to room air were placed into the XF24 in 1% O,. The change in oxygen
consumption rate (OCR) of the cells was measured over time as the O, concentration
of the media equilibrated to 1% O,. Results are mean + SEM. n>4 per group.
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Figure 3-6. Hypoxia causes loss of oxygen consumption of endothelial cells.
The change in OCR of BAEC (as seen in Figure 3-5B) was plotted as a function
of the changing O, concentration of the media over time (as seen in Figure 3-
5A). Results are mean + SEM. n>4 per group.
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progressive loss of mitochondrial respiration. These data conformed to saturation kinet-
ics, with an apparent Ji,x of 55 pmoles O,/min and an apparent Psyp of 9.27 uM O,.

In order to determine the effect hypoxia followed by reoxygenation has on the mi-
tochondrial function of the endothelial cells, BAEC were exposed to approximately 4.5 hr
of hypoxia followed by 3.5 hr of reoxygenation in the XF24. As seen in Figure 3-7A,
the O, concentration of the media decreased exponentially while equilibrating to 1% O»;
the media then exhibited a rapid increase in O, concentration when the chamber was re-
equilibrated to room air (20.9% O,). The OCR of the BAEC remained stable as the O,
concentration of the media decreased (as seen before in Figure 3-5). However, when
reoxygenated prior to the point at which the O, became limiting, the BAEC exhibited a
progressive decrease in their OCR (Figure 3-7B). This decrease in OCR is consistent
with the development of mitochondrial dysfunction, since the majority of this OCR in
endothelial cells is attributed to the mitochondria O, consumption and is inhibitable by

antimycin A.

Reactive Lipid-Induced Alterations to Endothelial Cell Bioenergetics

Ischemia/reperfusion and other vascular pathologies are associated with increased
levels of lipid peroxidation, which leads to the production of reactive lipid species such
as 4-hydroxy-2-nonenal (HNE) [31, 37, 298, 299, 318, 323, 324, 334, 335] (Figure 3-8).
In order to determine the effect of HNE on endothelial cell mitochondrial bioenergetics in
room air, BAEC were treated with HNE (20 uM) and the resulting alterations in the OCR
were monitored over 4.5 hr (Figure 3-9A). In addition, the endothelial cells were also

exposed to nonanal (20 pM), which is a non-reactive analog of HNE. Treatment with
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Hypoxia/reoxygenation alters oxygen consumption in endothelial

cells. (A) Media alone equilibrated to room air (20.9% O,) was placed in an XF24
analyzer in a sealed glove box equilibrated to 1% O,. The change in O, concentration
of the media was monitored during the 4.5 hr exposure to hypoxia, followed by
reoxygenation to room air. (B) The OCR of BAEC was monitored during the exposure
to hypoxia and reoxygenation as described in (A). Results are mean + SEM. n>4 per

group.
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Figure 3-8. Structures of 4-hydroxynonenal and nonanal. The structure of
two lipids used in this chapter are shown. HNE has a single electrophilic
carbon denoted by the asterisk due to the a,p-unsaturated carbonyl. Nonanal
is a non-electrophilic 9-carbon lipid used as a structural control for HNE.
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Figure 3-9. HNE alters mitochondrial function in intact endothelial cells. BAEC
plated at 40,000 cells/well were placed in an XF24 analyzer to measure the OCR of
the cells over time. (A) The cells were then treated with HNE (20 uM) or nonanal (20
K1M), the unreactive analog of HNE, and OCR was monitored for 4 hr. (B) BAEC
treated with HNE (5-20 uM) for 4h followed by serial injections of oligomycin (O, 1
pg/mL), FCCP (F, 1 uM), and antimycin A (A, 10 uM) to measure parameters of
mitochondrial function. The graph is zoomed in to show the resulting OCR from the
injections of these compounds. Results are mean + SEM. n>3 per group.
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nonanal or the vehicle control did not have any effect on the OCR of the BAEC; howev-
er, 20 uM HNE elicited a significant loss of mitochondrial function, as seen by the pro-
gressive decrease in the OCR. The lack of a nonanal-induced effect on OCR suggests
that the loss of mitochondrial function in response to HNE exposure is due to its reactivi-
ty with proteins.

Next, alterations in the OCR of the endothelial cells were measured following the
exposure to different concentrations of HNE (5-20 uM) for 4.5 hr, followed by the mea-
surement of several parameters of mitochondrial function (as described in Figure 3-2).
Only the highest concentration of HNE was able to elicit a significant decrease in OCR
over time, so the final 60 min of the OCR trace was selected to more clearly display the
differential effects of the sequential injections of oligomycin (O, 1 pg/mL), FCCP (F, 1
uM), and antimycin A (A, 10 uM) due to the exposure to HNE (Figure 3-9B). These
values were then used to calculate the parameters of mitochondrial function in response
to HNE exposure.

Exposure to HNE for 4 hr resulted in a significant, concentration-dependent de-
crease in the basal OCR of the BAEC (Figure 3-10A). This decrease in basal OCR eli-
cited by HNE exposure was preceded by a concentration-dependent decrease in the ATP
linked OCR, which was significant with the treatment of concentrations of 10 uM HNE
and higher (Figure 3-10B). While 5 uM HNE had no effect on proton leak, both 10 uM
and 20 uM HNE stimulated a significant increase in proton leak (Figure 3-10C). Treat-
ment with the proton ionophore FCCP yields the maximal OCR, which is constrained by
the availability of respiratory substrates and the overall capacity of the electron transport

chain [179, 180, 250, 252, 330]. Similar to the effect on basal OCR, HNE was able to
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Figure 3-10. Effect of HNE on mitochondrial function in endothelial cells.
Several parameters of mitochondrial function of the BAEC exposed to HNE (5-20
pM) for 4 hr were calculated from Figure 3-9B and normalized for protein (ug). (A)
The basal OCR was measured prior to oligomycin injection. Oligomycin treatment
allowed for the measurement of ATP-linked OCR (B) and proton leak (C). (D)
Maximal OCR was determined by the injection of FCCP, and the reserve capacity was
calculated as the difference between maximal and basal OCR (E). (F) The non-
mitochondrial OCR is the OCR remaining after antimycin A injection. Results are
mean = SEM. n=5 per group. *p>0.05 compared to vehicle.
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significantly diminish the maximal OCR of the endothelial cells in a concentration-
dependent manner (Figure 3-10D). The difference between the basal and maximal OCR
is termed the reserve capacity and represents the available mitochondrial function that
could be utilized under conditions of increased workload or stress [179, 180, 250, 252,
330]. The reserve capacity is significantly decreased by approximately 50% following
exposure to 10 uM HNE and is essentially completely diminished with 20 uM HNE
(Figure 3-10E). These data suggest a progressive perturbation of mitochondrial function
with increasing concentrations of HNE.

HNE also caused a decrease in the non-mitochondrial OCR of the BAEC, which
became significant after the treatment with 20 pM HNE (Figure 3-10F). HNE may be
eliciting the decreased non-mitochondrial OCR by either inducing cell death or by inhi-
biting the function of proteins other than CcOX which consume O, such as xanthine oxi-
dase or NADPH oxidase. However, because both xanthine oxidase and NADPH oxidase
have been shown to be activated by HNE [336-339], this affect is likely due to the induc-
tion of cell death [340-345]. The unreactive lipid analog of HNE (nonanal) was used to
verify that the effect of HNE on these parameters of mitochondrial function is due to its
reactivity with nucleophiles and indeed caused no significant alterations in the O, con-

sumption profile of these cells (data not shown).

Oxygen-Dependence of Endothelial Cell Bioenergetic Alterations Induced by HNE.

BAEC were next exposed to HNE (0-20 uM) while subjected to hypoxia (45 uM
O,) using the capability of the XF24 to inject compounds into the wells during the course

of an experiment. The OCR of the cells were then monitored for 4 hr following HNE ex-
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posure (Figure 3-11A). Exposure to HNE in hypoxia resulted in a concentration-
dependent decrease of the OCR, with even the lowest concentration of HNE (5 pM) re-
sulting in the slight but significant inhibition of respiration 24 min after treatment. How-
ever, after 60 min exposure to HNE, the O, concentration had fallen to the level where it
limited OCR in the control and, after a further period of 60 min, the rates of OCR in all
samples became identical.

To test the possibility that the inhibitory effects of HNE on the parameters of mi-
tochondrial function were altered by decreasing the O, concentration, the mitochondrial
functionality test was performed at 384 min, corresponding to the O, concentration of 16
uM (Figure 3-11B). The responsiveness to the mitochondrial inhibitors showed a similar
OCR profile in hypoxia as was obtained in room air (Figure 3-2,3-9B). Interestingly, the
exposure of BAEC to HNE (0-20 uM) in hypoxia resulted in no changes in the basal
OCR of the cells after 4 hr (Figure 3-12A). This was the due to the significant decrease
in the ATP-linked OCR with 10 and 20 uM HNE treatment (Figure 3-12B) and the si-
multaneous increase in the proton leak of the BAEC at the same HNE concentrations
(Figure 3-12C). These higher concentrations of HNE also caused a significant decrease
in maximal OCR and reserve capacity (Figure 3-12D,E), suggesting that although HNE
did not affect the basal OCR of the cells, it was causing them to be more susceptible to
damage from increased ATP demand or stress, such as would occur upon reoxygenation.
Furthermore, only 20 pM HNE treatment in hypoxia was able to slightly decrease the
non-mitochondrial OCR compared to vehicle control, while the lower concentrations of
HNE were not significantly different (Figure 3-12F), contrasting with the effects in room

air, where HNE caused a large decrease in the non-mitochondrial OCR.
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Figure 3-11. Bioenergetic response of endothelial cells to HNE exposure in
hypoxia. (A) BAEC seeded at 40,000 cells/well were exposed to hypoxia with HNE
treatment (5-20 uM) after 2 hr with continued OCR measurement for 4 hr. The dotted
line represents the [O,] of the media. (B) Parameters of mitochondrial function were
examined after the 4 hr exposure of the BAEC to HNE in hypoxia using sequential
injections of oligomycin (O, 1 ug/mL), FCCP (F, 1 uM), and antimycin A (A, 10 uM).
The graph is zoomed in to show the last five OCR measurements resulting from the
injections of these compounds. Results are mean + SEM. n>3 per group.
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3-11B normalized to total protein (ug). (A) The basal OCR was measured prior to
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(B) and proton leak (C). (D) Maximal OCR was determined by the injection of FCCP,
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injection. Results are mean + SEM. n>3 per group. *p>0.05 compared to vehicle.
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To verify that the differences in the alteration of mitochondrial function by HNE
in room air and hypoxia were not due to different levels of protein-HNE adduct forma-
tion, the total cell lysates were taken at the conclusion of the experiment and were ana-
lyzed for protein-HNE adducts by Western blotting (Figure 3-13A). Treatment with in-
creasing concentrations of HNE resulted in a significant increases in protein-HNE ad-
ducts in BAEC in both room air and hypoxia (Figure 3-13B). Interestingly, the differen-
tial effects of HNE on the mitochondrial function of the BAEC in room air and hypoxia
was independent of protein-HNE adduct formation, as there was no difference in the ad-

duct formation between the different groups.

Exacerbation of Reoxygenation-Induced Loss of Mitochondrial Function by HNE

Ischemia/reperfusion injury is known to induce an increase in oxidative stress and
lipid peroxidation [31, 37, 202, 271, 272, 285, 298, 299, 311, 346-348]. This results in
the exposure of the endothelium to lipid peroxidation products, such as HNE. In order to
determine the effect that HNE has on the mitochondrial function in the endothelium,
BAEC were exposed to 4.5 hr of hypoxia followed by 3.5 hr of reoxygenation in the
XF24 analyzer. The OCR of the BAEC remained stable as the media became hypoxic (as
seen before in Figure 3-7B); however, when reoxygenated the BAEC exhibited a pro-
gressive decrease in their OCR (Figure 3-14). This decrease in OCR is representative of
the progressive development of mitochondrial dysfunction, since the majority of this
OCR is attributed to the mitochondria and is inhibitable by antimycin A.

Furthermore, when the BAEC were exposed to HNE (20 uM) under hypoxia for

2.5 hr followed by 3.5 hr of reoxygenation, the cells exhibited a more rapid decrease in
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Figure 3-13. Protein-HNE adduct formation after exposure to HNE in both
hypoxia and room air. (A) BAEC were exposed to HNE (5-20 pM) in both
room air and hypoxia for 4 hr. The resulting lysates were then separated by
SDS-PAGE, transferred to PVDF, and probed using an anti-protein-HNE adduct
antibody. (B) Quantification of protein-HNE adduct densitometry normalized
to room air control. Results are mean = SEM. n=5 per group. *p>0.05
compared to room air control.
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their OCR compared to the vehicle control. Taken together, these data suggest that even
though HNE does not seem to significantly alter the basal OCR of the BAEC under hy-
poxia, when the cells are reoxygenated, the protein-HNE adducts which were formed dur-
ing hypoxia result in the exacerbated loss of mitochondrial function compared to BAEC
exposed to HNE in room air (Figure 3-9).

Assuming that the progressive loss of OCR seen in response to reoxygenation and
HNE is attributable to the loss of bioenergetic function, calculating the derivative of the
decreasing OCR allows for a quantitative measurement of the development of mitochon-
drial damage (Figure 3-15). Exposure to 20 uM HNE in room air resulted in an approx-
imately 3-fold increase of bioenergetic dysfunction as compared to the room air control,
while HNE treatment in hypoxia induced a slight, yet significant, increase in this parame-
ter as compared to the hypoxia control. Moreover, BAEC exposed to hypoxia exhibited a
significantly increased loss of OCR compared to cells in room air, due to the decreasing
OCR as the O, concentration became limiting. Furthermore, endothelial cells exposed to
hypoxia/reoxygenation displayed a further exacerbation of the loss of mitochondrial func-
tion. This result is likely due to reoxygenation injury, which is associated with the in-
creased formation of ROS, RNS, and RLS leading to mitochondrial damage. Finally, the
exposure of 20 uM HNE to BAEC in hypoxia followed by reoxygenation resulted in a
substantial induction of bioenergetic dysfunction.

The extensive loss of mitochondrial function which is exhibited by BAEC with
the combination of HNE and reoxygenation supports the “two-hit hypothesis” in which
the first “hit” is HNE, which lowers the reserve capacity of the cells, rendering the BAEC

more susceptible to further stress [258]. The reoxygenation-induced damage then acts as
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the second “hit,” resulting in the development of mitochondrial dysfunction that would

lead to cell and potentially organ failure in vivo.

DISCUSSION

The data presented in this chapter demonstrate that BAEC were able to maintain
consistent and stable respiration over several hours while in room air (Figure 3-4); how-
ever, upon exposure to hypoxia, the BAEC exhibited an O, concentration-dependent de-
crease in mitochondrial function, which conformed to saturation enzyme kinetics, with an
apparent J.x of 55 pmoles O,/min and a Psy of 9.27 uM O,. (Figure 3-5,3-6). Further-
more, BAEC subjected to 4.5 hr of hypoxia followed by reoxygenation exhibited a pro-
gressive loss of mitochondrial function over time, likely mimicking the phenomenon of
reperfusion injury which involves the generation of ROS and the development of mito-
chondrial dysfunction [31, 204, 207, 213, 215, 299].

HNE is a reactive lipid peroxidation product which is formed in high concentra-
tions in response to increased oxidative stress due to ischemia/reperfusion and other pa-
thologies associated with oxidative stress [324, 341, 344]. The effect of HNE on endo-
thelial cell bioenergetics was then examined under conditions of varying O, tensions.
Exposure to HNE in media equilibrated to room air for 4 hr resulted in a significant, con-
centration-dependent decrease in the basal OCR of the BAEC (Figure 3-10A). Interes-
tingly, this result differs from the HNE-induced effects of HNE on neonatal rat ventricu-
lar myocytes (NRVM), in which their OCR is stimulated by HNE [179]. While the me-
chanism underlying these unique bioenergetic responses to HNE exposure is not yet

clear, it is likely mediated by the fact that cardiomyocytes have a much higher maximal
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OCR and reserve capacity than BAEC [179, 180, 330, 349], possess higher levels of crea-
tine kinase [84, 86, 350, 351], and contain myoglobin [352-354], all of which have been
shown to be modulated by the exposure to HNE and other reactive lipid species [179,
322, 355-364]. Furthermore, HNE exposure resulted in a concentration-dependent pro-
gressive loss in all parameters of mitochondrial function, with the exception that the
higher concentrations of HNE significantly induced proton leak (Figure 3-8,3-9).

Exposure of BAEC to HNE in decreasing O, tensions caused a transient HNE
concentration-dependent loss of OCR that persisted until the O, concentration decreased
to 24 uM, at which point there were no further differences in OCR between vehicle- and
HNE-treated BAEC (Figure 3-11). Interestingly, HNE treatment in hypoxia elicited sim-
ilar changes in the parameters of mitochondrial function as in room air, with a significant
decrease in ATP-linked OCR, maximal OCR, and reserve capacity and an increase in
proton leak; however, HNE treatment in hypoxia elicited no change in basal OCR after 4
hr (Figure 3-12). These differences are not due to alterations in the formation of protein-
HNE adducts, as there was no significant difference in the levels of adducts formed (Fig-
ure 3-13).

Importantly, FCCP was able to stimulate an increased OCR in the vehicle control
endothelial cells in hypoxia, indicating that the progressively decreasing OCR was not
due solely to the limited availability of O, to CcOX. FCCP uncouples the mitochondria
by diminishing the proton gradient across the mitochondrial inner membrane. This elec-
trochemical proton gradient is a major source of control over the activity of CcOX, and
now that it has been decreased by FCCP, CcOX doesn’t have a strong electrochemical

gradient against which it must pump protons. This thereby increases CcOX activity to a
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rate that is then limited by the availability of O, and electrons from cytochrome ¢ [365-
372].

Because 20 uM HNE was shown to decrease the reserve capacity in both room air
and hypoxia, it was predicted that HNE would exacerbate the reoxygenation damage seen
in BAEC. Indeed, BAEC treated with HNE in hypoxia again only saw a transient change
in OCR; however, when the cells were reoxygenated, the BAEC treated with HNE exhi-
bited a significantly higher rate of loss of OCR, signifying the loss of mitochondrial func-
tion (Figure 3-13, 3-14).

Taken together, the data discussed in this chapter evaluate the dependence of the
OCR of endothelial cells on the O, concentration of the media, as well as the ability to
measure the effects of reoxygenation injury on bioenergetic function in real time. The
development of this model can be used to further elucidate the mechanisms by which hy-
poxia/reoxygenation can alter cellular bioenergetics, and can also be applied to the stu-
dies of other pathologies which are associated with changes in O, availability such as

ALD or myocardial infarction.
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CHAPTER 4

MITOCHONDRIAL HAPLOTYPE DETERMINES SUSCEPTIBILITY TO
CARDIOMYOCYTE DYSFUNCTION RESULTING FROM CARDIAC
VOLUME OVERLOAD

INTRODUCTION

Cardiovascular diseases are the leading cause of mortality in the United States,
resulting in over 800,000 deaths per year; moreover, approximately 7% of these deaths
are attributed to heart failure [52, 53]. A major cause of heart failure is left ventricular
volume overload caused by mitral regurgitation (MR), which progresses to heart failure
through three stages: acute, chronic compensated, and chronic decompensated [373-375]
(Figure 4-1). In patients with acute MR, the LV develops volume overload because with
each contraction it must pump the volume of blood that goes into the aorta in addition to
the blood that leaks back into the left atrium [216, 376, 377]. This increase in stroke vo-
lume causes the progressive increase in LV volume, resulting in LV dysfunction and

heart failure.

Effects of Volume Overload on Cardiomyocyte Mitochondria
During the progression to heart failure, alterations occur in mitochondrial bio-
energetics through several mechanisms. [17, 27, 46, 47, 217, 221, 378-386]. Volume
overload is associated with an increased workload on the myocardium, resulting in a

greater utilization of ATP and yielding increased levels of AMP and ADP [387-391].
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Figure 4-1. The disease progression of volume overload leading to the
development of heart failure. Volume overload occurs as the left ventricular
preload increases due to mitral valve insufficiency. This disease progression
occurs through three stages: acute, compensated, and heart failure. During the
acute stage of volume overload there is an increase in LV volume, which is
accompanied by the stretching of the LV wall and the moderate loss of cardiac
function. As the volume of the LV continues to increase over time, the LV wall
thickens to compensate, improving cardiac function. Eventually the LV can no
longer compensate for the still increasing LV volume, at which point there is
cardiomyocyte dysfunction and the loss of cardiac function, resulting in heart
failure.
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These can be degraded through purine catabolism to form xanthine and hypoxanthine,
which act as substrates for xanthine oxidase to produce superoxide and hydrogen perox-
ide [220-222, 387, 388]. These ROS, alone or in combination with "NO to produce RNS,
lead to the oxidative damage of cellular proteins, particularly those in the mitochondria
which are known to be a target of ROS [87, 374]. This causes mitochondrial dysfunction,
which manifests as a decrease in ATP production along with an increase in the produc-
tion of ROS by the mitochondria. The increase in mitochondrial ROS and the decrease in
the ATP/ADP ratio result in the further induction of bioenergetic and myocyte dysfunc-
tion, because there is insufficient ATP to meet the demand of the cell [27, 384].

Another mechanism by which volume overload leads to alterations in mitochon-
drial bioenergetics is through the disruption of the desmin cytoskeleton [223, 224]. Des-
min is known to play a role in the maintenance of cardiomyocyte organization and has
also been shown to regulate mitochondrial bioenergetics [49, 50, 392, 393]. In addition
to the alterations in mitochondrial function induced by the loss of desmin in the progres-
sion towards heart failure, bioenergetic dysfunction has also been shown to occur due to
the disruption of energy transfer pathways between the mitochondria, the sarcoplasmic
reticulum, and the sarcomeres [49, 350, 351, 380, 393-397]. The maintenance of cardi-
omyocyte contraction and relaxation is dependent upon efficient myofibrillar function
and the sarcoplasmic reticulum calcium ATPases, both of which require high ATP/ADP
ratios to function properly [84, 398].

It has become increasingly apparent through the last few decades that alterations
in mitochondrial and cellular bioenergetics play a central role in the progression towards

heart failure. The studies of the mechanisms by which this occurs most often focus on
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the increased energetic demands, increased oxidative stress, loss of cytoskeletal regula-
tion, and the disruption of energy transfer pathways. However, recent studies have
shown that differences in mitochondrial efficiency and ROS formation caused by distinct
mtDNA haplotypes can alter the susceptibility to several pathologies associated with mi-
tochondrial dysfunction [54-56, 58-60]. The relationship between mtDNA and volume
overload have not been studied. Therefore, the focus of this chapter is to determine if
different mtDNA haplotypes can influence the susceptibility to bioenergetic dysfunction

induced by volume overload.

Elucidating Role of mtDNA Haplotype on Susceptibility to Volume Overload

Mammalian mtDNA is a circular double-stranded DNA molecule of approximate-
ly 16,000 base pairs which encodes for 13 peptide subunits of different complexes of the
mitochondrial electron transport chain, as well as 2 rRNAs and 22 tRNAs [20, 139, 143,
399-403]. Using recent advances in DNA sequencing over the last 30 years, phylogenet-
ic trees have been developed tracing the ancestry of populations of inbred mouse strains
based on polymorphisms in their mtDNA sequence [399-402, 404-406]. These different
populations with common mtDNA polymorphisms are grouped into mtDNA haplo-
groups. Many mtDNA haplogroups are known to have different susceptibilities to pa-
thologies associated with alterations in mitochondrial function, which has been suggested
to be mediated by their distinct bioenergetic efficiencies and mitochondrial ROS forma-
tion [54-56, 58-60].

In order to test the hypothesis that mtDNA haplotype plays a role in the suscepti-

bility to volume overload-induced bioenergetic dysfunction, C57BL/6 and C3H/HeN
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mouse strains were selected due to their different mtDNA haplotypes and known suscep-
tibilities to several pathologies [407-419] (Figure 4-2). C57BL/6 mice are known to be
susceptible to models of cardiovascular diseases, inflammation, obesity, and diabetes,
while C3H/HeN mice have been shown to be very resistant to models of these diseases
[409, 414-416, 418]. The studies which have elucidated these differences in disease sus-
ceptibilities have focused primarily on inter-strain nuclear DNA (nDNA) polymorphisms
with the goal of describing the gene or genes that mediate this altered susceptibility, par-
ticularly in the context of atherosclerosis [415-419]. For example, many investigators
have used the C3H/HelJ strain for studies of atherosclerosis, which, unlike C3H/HeN
mice, are Toll-like receptor-4 (Tlr4) deficient due to a missense mutation in the third ex-
on of the Tlr4 gene [420-423]. Because Tlr4 is known to play a critical role in the innate
immune response and inflammation, in part through modulating the release of tumor ne-
crosis factor-a (TNF-a) and interleukin-1B (IL-1B), the deficiency of Tlr4 can readily
modulate the development of atherosclerosis and other inflammatory diseases [424-426].
Importantly, using C3H/HeN mice allows for the elimination of the lack of TIr4 as a po-
tential variable which likely alters disease susceptibility.

A mechanism which could likely mediate these observed differences in disease
susceptibility that has been largely overlooked in the literature is the potential role of dif-
ferences in mtDNA sequences, which are known to modulate mitochondrial bioenergetics
[54, 56, 59, 60, 406, 427]. Importantly, the two mouse strains studied in this chapter
have different mtDNA haplotypes due to the presence of a single-nucleotide polymor-
phism (SNP) in the genes which encode for CcOX subunit III (CcOX-III), Complex I

subunit IIT (NDIII), and the mitochondrial tRNA for arginine (mt-tRNA"%) [400, 401].
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Figure 4-2. Differences in mtDNA haplotype between different strains of
mice. Different strains of mice possess different mtDNA haplotypes as shown
above. Moreover, the mice strains cluster both based upon their differences in
mtDNA and their relative susceptibilities to atherosclerosis, hypertension,
ischemia/reperfusion, and diabetes. The strains of mice used in this
dissertation are the C57BL/6, which are the most susceptible, and C3H/HeN
mice, which are the most resistant.
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The mitochondrial genotypic difference in CcOX-III likely alters the bioenergetic effi-
ciency and ROS production of the mitochondria because CcOX-III is part of the catalytic
core of CcOX, where it mediates electron transfer to O, and proton pumping from the
matrix to the intermembrane space [428]. The SNP in the gene which codes for the mt-
tRNA“" may also mediate any differences in phenotype, as previous studies have shown
that mutations in this gene can induce mitochondrial defects [429-431].

In order to separate the role of the mtDNA haplotype from the effects of the nuc-
lear genome, mitochondria-nuclear exchange (MNX) mice were developed. These MNX
mice express the nDNA of one strain and the mtDNA of the other. The utilization of the

MNX mice allows for the segregation of effects with either the nDNA or mtDNA.

MATERIALS AND METHODS
Reagents
All chemicals were purchased from Sigma-Aldrich (St.-Louis, MO) unless stated

otherwise and were of the highest grade available.

Generation of Mitochondria:Nuclear Exchange (MNX) Mice
C57BL/6 and C3H/HeN mice were used to create mitochondria:nuclear exchange
(MNX) mice, in which the resulting MNX mice have the nDNA of one strain and the
mtDNA of the other strain (Figure 4-3). This was achieved by enucleating the embryos
of both strains leaving embryos with the mitochondria, and thus mtDNA, of the parent

strain but with no nucleus. A removed nucleus from one strain was then transferred into
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Figure 4-3. Generation of mitochondria:nuclear exchange (MNX) mice. MNX
mice were created by enucleating an embryo from “Strain A” and replacing the
removed nucleus with a nucleus from an embryo from “Strain B.” The renucleated
embryo still contains the mitochondria, and thus the mtDNA, from “Strain A” while
now having the nucleus and nDNA from “Strain B.” This new MNX mouse strain is
therefore denoted as Strain B, pyai:Strain A pna-  The opposite MNX mouse strain is
also made, which would be Strain A pyai:Strain B, pna.  The two strains utilized to
produce the MNX mice used in this study were C57BL/6 and C3H/HeN mice, but this
method could be applied to other strains of mice as well.
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an enucleated embryo of the other strain, resulting in the formation of an embryo with the

mtDNA of one strain and the nDNA of the other strain (Table 4-1).

Strain nDNA mtDNA
C57BL/6 C57BL/6 C57BL/6
C3H/HeN C3H/HeN C3H/HeN
C57,::C3H 1t C57BL/6 C3H/HeN
C3H,::C57 ¢ C3H/HeN C57BL/6

Table 4-1. Mouse strains utilized for studies of susceptibility to volume overload.
C57BL/6 and C3H/HeN mice were used for all studies. In addition, two novel strains of
MNX mice were generated and used herein. C57,::C3H,, mice contain the nDNA of a
C57BL/6 mouse and the mtDNA of a C3H/HeN mouse. C3H,::C57,, mice contain the
nDNA of a C3H/HeN mouse and the mtDNA of a C57BL/6 mouse. MNX mice were de-
veloped by S.W. Ballinger.

Aortocaval Fistula Surgery

C57BL/6, C3H/HeN, C57,::C3H,s MNX, and C3H,,::C57,,; MNX male mice (18-
24 weeks) were used for volume overload studies. An aortocaval fistula (ACF) was sur-
gically created as described previously [432-434] (Figure 4-4). Briefly, ACF and sham
operations were performed under sterile conditions on all three strains of mice at 18 to 24
weeks of age. With mice under isoflurane anesthesia, the abdominal cavity was opened
via a midline incision, and a fistula was created between the abdominal aorta and the in-
ferior vena cava. Induced sham and ACF mice were sacrificed 3 days after surgery, at
which point the hearts were excised and used for the isolation of cardiomyocytes for bio-
energetic measurements, Western blot, and mitochondrial enzyme activity assays or for
LV sections for transmission electron microscopy, in situ zymography, and immunohis-

tochemistry.
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Figure 4-4. Induction of left ventricular volume overload by surgically
creating an aortocaval fistula. Left ventricular volume overload was induced
surgically by creating an aortocaval fistula. A 30-gauge needle was used to
create a hole in both the inferior vena cava and abdominal aorta, and the two
were attached by suturing the holes together. This causes an increased venous
return to the heart, resulting in an increased ventricular preload, leading to the
development of left ventricular volume overload.
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Cardiomyocyte Isolation

Primary adult cardiac myocytes (AMCM) were isolated from sham and ACF mice
from each of the different strains, as described previously by our laboratory [27, 218].
Briefly, hearts were perfused with perfusion buffer (120 mM NaCl, 15 mM KCI, 0.5 mM
KH2PO4, 5 M NaHCO3, 10 mM HEPES, and 5 mM glucose, pH 7.0) for 5 min and di-
gested with perfusion buffer containing 2% collagenase II (Invitrogen, Carlsbad, CA) for
30 min at 37°C. The right ventricle, atria and apex were removed before the perfused-
heart was minced. The digestion was filtered and washed, and the cells were pelleted.

Only samples with purity > 95% and viability (rod-shaped) > 80% were used.

Mitochondrial Enzyme Activities

Citrate synthase and CcOX were measured using primary AMCM isolated from
both C57BL/6 and C3H/HeN mice and lysed in PBS containing 0.2% lauryl maltoside, as
previously described [242, 249, 250]. Briefly, CcOX activity was measured by using a
spectrophotometer to monitor the oxidation of cytochrome ¢ over time by the hepatocyte
lysates at 550 nm [249]. Citrate synthase activity was measured by monitoring the con-
version of oxaloacetate and acetyl-CoA into citrate and CoA. CoA formation was de-
tected by adding DTNB (5,5'-dithiobis-(2-nitrobenzoic acid)), which is converted to TNB
(2-nitro-5-thiobezoic acid) by CoA and can be measured spectrophotometrically at 412

nm.
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Immunoblot Analysis
AMCM homogenates (10 pg total protein) were separated by SDS/PAGE and
Western blot and were probed for MnSOD (Assay Designs, Plymouth Meeting, PA),
CcOX subunit I (CcOXsl; Invitrogen), VDAC (Invitrogen), ATP Synthase 3 subunit (In-
vitrogen), and oligomycin sensitivity conferring protein (Invitrogen) followed by the
HRP-conjugated anti-rabbit or anti-mouse secondary antibodies (GE Healthcare, Pisca-
taway, NJ). The intensities of protein bands were quantified prior to saturation using Al-

phaEaseFC software (Alpha Innotech, Santa Clara, CA).

Cellular Bioenergetics

To determine the effects of mitochondrial haplotype on cellular bioenergetics, an
XF24 analyzer (Seahorse Bioscience, Billerica, MA) was used to measure O, consump-
tion by live cells in culture [177, 178]. This instrument allows for high throughput, real-
time, non-invasive measurements of O, consumption by using fluorescent probes adhered
to disposable assay cartridges. These measurements can then be used to correlate O,
consumption rate (OCR) to mitochondrial function. AMCM were attached to specialized
V28 plates (Seahorse Bioscience, Billerica, MA) coated with laminin at 7,500 cells/well.
The cells were then allowed to attach for 2 hr, after which time the culture media was
changed to unbuffered DMEM supplemented with 1% FBS (Atlanta Biologicals, La-
wrenceville, GA) and 4 mM L-glutamine (Invitrogen) for the XF24 assays.

Various parameters of mitochondrial function were measured utilizing the ability
of the XF24 to inject compounds into the wells through an assay as described previously

[179, 180, 250, 252, 330, 349]. Briefly, basal O, consumption of the AMCM was deter-
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mined by measuring the OCR of the cells over time without any treatment (Figure 4-5).
Next, FCCP (1 uM) was injected to stimulate the maximal OCR of the cells. This max-
imal OCR also allows for the calculation of the reserve capacity, which is the difference
between the maximal and basal OCR, and represents the cells spare mitochondrial func-
tion that is available to be utilized during an increased work load or stress. Finally, anti-
mycin A (10 uM) and rotenone (1 uM) were injected simultaneously to completely inhi-
bit the mitochondrial electron transport chain, thus yielding the non-mitochondrial OCR
of the myocytes.

For most cell types, oligomycin would be injected prior to FCCP. This typically
causes a decrease in the OCR, which is due to the ATP-linked OCR with the remaining
mitochondrial OCR being attributed to proton leak. However, the OCR of AMCM is not
inhibitable by oligomycin (Figure 4-6), as has been shown previously [435]. This is like-
ly due to the high energy buffering capacity of the creatine shuttle and the low ATP de-
mand within the myocytes ex vivo. The amount of AMCM plated per well and the con-
centrations of these compounds in these experiments were determined by titrating for
their maximal effect (data not shown). The OCR was normalized to the total protein for

each well, as measured by the DC protein assay (BioRad, Hercules, CA).

Echochardiography and Hemodynamic Measurements
Echocardiography and hemodynamics were performed on the sham and ACF
mice prior to sacrifice using the Visualsonics imaging system (Toronto, Canada) with the
animals under light isoflurane anesthesia. LV dimension and wall thickness can be

matched to simultaneous high-fidelity LV pressure throughout the cardiac cycle to obtain
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Figure 4-5. Measurement of mitochondrial function of cardiomyocytes
using an XF24 analyzer. Mitochondrial function of AMCM, seeded at 7,500
cells/well, was measured over time. Basal oxygen consumption was
determined by measuring the OCR of AMCM prior to any treatments. The
maximal OCR was then determined by injecting FCCP (1 uM), followed by the
injection of antimycin A (10 puM) and rotenone (1 uM) to fully inhibit the
mitochondrial electron transport chain, yielding the non-mitochondrial OCR.
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Figure 4-6. Oligomycin does not decrease cardiomyocyte oxygen
consumption. AMCM were plated at 7,500 cells/well and their oxygen
consumption rate (OCR) was measured over time. A range of concentrations of
oligomycin was then injected into the wells (0.05-5 pg/mL) and the OCR was
measured over time. No concentrations of oligomycin were able to decrease
the OCR of the AMCM to allow for the calculations of ATP-linked OCR and
proton leak. However, 5 pg/mL oligomycin was able to cause uncoupling of
the mitochondria, resulting in the increase in OCR which is seen. Results are
mean = SEM. n=3-4 per group.
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echo-derived volumes calculated from the Teicholz formula with matching pressures [27,

436, 437] (Figure 4-7).

Immunohistochemistry

Mouse hearts were immersion-fixed in 10% neutral buffered formalin and paraf-
fin-embedded. 5 pm sections were mounted on slides, deparaffinized in xylene and re-
hydrated in a graded series of ethanol. After blocking with 5% goat serum (in 1% bovine
serum/PBS), followed by 1 hr room temperature incubation with desmin antibody (Ab-
cam #ab15200, Cambridge, MA, 1:200), the sections were treated with AlexaFluor 488-
conjugated secondary antibody (Molecular Probes, Eugene, OR; 1:500) to visualize des-
min (green) in the tissue. Nuclei were stained (blue) with DAPI (1.5 pg/ml; Vector La-
boratories, Burlingame, CA). Image acquisition (100x objective) was performed on a
Leica DM6000 epifluorescence microscope with SimplePCI software (Compix, Inc.,
Cranberry Township, PA). Images were adjusted appropriately to remove background

fluorescence.

Transmission Electron Microscopy
Heart LV tissue samples were fixed with Karnovsky's solution (2% paraformal-
dehyde/2.5% glutaraldehyde in 0.1 M phosphate buffer) overnight. After fixation, the
specimens were rinsed several times with PBS followed by post fixation with 1% OsO4
solution in PBS for one hour. Then the tissue samples were dehydrated through a series
of graded ethyl alcohols from 50 to 100%. After dehydration, the infiltration was per-

formed in intermediate solvent, 2 changes of 100% propylene oxide (PO) for 15 min
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Figure 4-7. Using echocardiography to measure cardiac function in vivo.
Echocardiography was used to measure the cardiac function of the mice
following 3 days of exposure to ACF or sham surgeries. Cross-section of the
left ventricle (LV) of the heart in a sham (A) and ACF (B) C57BL/6 mouse.
The LV end diastolic dimension (EDD) is the cross section of the LV during
diastole. Echocardiography performed by W.E. Bradley.
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each, and then immerged into a 1:1 mixture of PO and the embedding resin (Embed 812,
Electron Microscopy Sciences, Fort Washington, PA) for 12-18 hr. Samples were then
transferred to fresh 100% embedding media, tissue blocks were polymerized for 12-18 hr
at 60°C, sectioned at 70-100 nm and then placed on nickel mesh grids. After drying, the
sections were stained with the heavy metals uranyl acetate and lead citrate and were
viewed on a Tecnai Twin 120kv TE microscope (FEI, Hillsboro, OR). Digital images
were taken with an AMT CCD camera, transferred onto a personal computer, and ana-

lyzed.

Statistics
Transmission electron microscopy and immunohistochemistry images are qualita-
tive and are representative images from their respective groups. Mitochondrial function,
cardiac function, Western blot, and mitochondrial enzyme activity data were compared
using a student’s 7-test or a two-way ANOVA with Student-Newman-Keuls post hoc

analysis. A p<0.05 between groups was considered statistically significant.

RESULTS
Comparison of C57BL/6 and C3H/HeN Mitochondrial Phenotypes
Isolated primary AMCM from C57BL/6 and C3H/HeN mice were used to eluci-
date any differences in mitochondrial protein levels or enzymatic activities between the
two strains. Proteins representative of different mitochondrial compartments were
probed to assess any potential differences between the strains. Manganese superoxide

dismutase (MnSOD) is expressed in the mitochondrial matrix, and was found not to



123

change between C57BL/6 and C3H/HeN mice (Figure 4-8A,B). CcOX subunit I
(CcOXsl), ATP synthase B, and oligomycin sensitivity conferring protein (OSCP) are
expressed in the mitochondrial inner membrane and were also found not to change be-
tween the strains (Figure 4-8A,B). Voltage dependent anion channel (VDAC) is ex-
pressed in the mitochondrial outer membrane and did not exhibit different levels between
the C57BL/6 and C3H/HeN mice (Figure 4-8A,B).

The relative activities of CcOX and citrate synthase were measured in isolated
AMCM from the two strains to determine if there was any difference in mitochondrial
amount or activity. CcOX activity is of particular interest because, as discussed earlier,
there is a single-nucleotide polymorphism in the mtDNA that codes for CcOX subunit 3
which could alter the activity of the complex. Furthermore, citrate synthase (CS) activity
was measured as a normalization factor, since citrate synthase activity and levels are
known to be similar within mitochondria from the same cell populations [438, 439]. Inte-
restingly, there was no difference between the CcOX, nor was there a change when nor-
malized by CS activity, which was also the same between strains (Figure 4-8C).

Even though there was no difference between mitochondrial protein levels or ac-
tivities between AMCM isolated from C57BL/6 and C3H/HeN mice, we next wanted to
determine if there was a difference in the bioenergetic function in the AMCM of the two
strains. Therefore, AMCM from C57BL/6 and C3H/HeN mice were isolated and plated
in V28 plates to assay their O, consumption ex vivo using the XF24 analyzer. There was
no significant difference between the basal OCR of the C57BL/6 and C3H/HeN myo-
cytes; however, the AMCM isolated from C57BL/6 mice exhibited an approximately

50% increase in their FCCP-stimulated maximal OCR as compared to the C3H/HeN
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Figure 4-8. Comparison of mitochondrial protein levels and activity from
cardiomyocytes isolated from C57BL/6 and C3H/HeN mice. (A) The levels of
various mitochondrial proteins from isolated AMCM were determined by separating
lysates via SDS-PAGE and Western blotting for the respective proteins.
Representative protein bands are shown in (B). (C) The activity of cytochrome c
oxidase (CcOX) was assayed from AMCM lysates and normalized to citrate
synthase (CS) activity. Results are mean + SEM. n=4 per group for panels A and B,
and n=7-8 per group for panel C. MnSOD = manganese superoxide dismutase.
CcOXsl = cytochrome c oxidase subunit I. VDAC = voltage dependent anion
channel. OSCP = oligomycin sensitivity conferring protein.
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myocytes (Figure 4-9). Furthermore, the non-mitochondrial OCR of the AMCM isolated

from both strains of mice were found to be not significantly different.

Bioenergetic Response of C57BL/6 and C3H/HeN Mice to Volume Overload

The susceptibility to alterations in mitochondrial bioenergetics in response to
acute volume overload induced by ACF was then tested by measuring the mitochondrial
function of AMCM from both strains following 3 d of exposure to sham or ACF surgery.
The sham myocytes from C57BL/6 mice once again exhibited a 6-fold increase in their
maximal OCR over their basal respiration rate, indicating that these cells have a very
large reserve capacity which they can utilize in conditions of increased ATP demand
(Figure 4-10A). However, AMCM isolated from C57BL/6 mice subjected to 3 d of ACF
had a significantly lower maximal OCR, which also manifests as a decreased reserve ca-
pacity. This data suggests that not only does the ACF induce the loss of bioenergetic
function in C57BL/6 cardiomyocytes, but it also renders them more susceptible to dam-
age in response to increased ATP demand. This becomes particularly important when
taking into account the fact that volume overload increases the workload of the heart in
order to pump the increased volume of blood to the rest of the body, which increases
ATP utilization and demand within the AMCM in vivo.

Cardiomyocytes from adult C3H/HeN mice were also isolated following sham
surgery, and as discussed previously, they exhibit a 4-fold increase in maximal OCR over
basal when stimulated by FCCP (Figure 4-10B). Interestingly, despite the fact that the
C3H/HeN cardiomyocytes exhibit a lower maximal OCR than C57BL/6 myocytes, they

were protected from the loss of maximal mitochondrial function in response to 3 d of
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Figure 4-9. Cardiomyocytes isolated from C57BL/6 and C3H/HeN mice
exhibit differences in mitochondrial function. The oxygen consumption rate
(OCR) of AMCM from the two strains of mice, seeded at 7,500 cells/well, was
measured over time and in response to sequential injections of 1 uM FCCP (F)
and 10 pM antimycin A plus rotenone 1 uM rotenone (A + R). Results are
mean + SEM. n=7-8 mice per group.
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Figure 4-10. Cardiomyocytes isolated from C57BL/6 and C3H/HeN mice
exhibit different bioenergetic responses to volume overload. The oxygen
consumption rate (OCR) of AMCM from the two strains of mice 3 d following
a sham (A) or ACF (B) surgery was measured over time. The mitochondrial
function of the sham and ACF AMCM was assessed using sequential injections
of 1 uM FCCP (F) and 10 uM antimycin A plus rotenone 1 uM rotenone (A +
R). Results are mean = SEM. n >5 mice per group.
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ACF. Taken together, these data suggest that even though C57BL/6 and C3H/HeN mice
have similar mitochondrial protein levels and enzyme activities, they have different mito-
chondrial function and bioenergetic efficiencies. Furthermore, the C3H/HeN AMCM

seem to be protected from ACF-induced alterations in mitochondrial bioenergetics.

Morphometry and Left Ventricular Function of Mice after Volume Overload

To test whether the susceptibility of the C57BL/6 mice to ACF-induced loss of
mitochondrial function is dependent on the C57 mtDNA haplotype, C57,::C3Hpy
MNX mice were subjected to ACF or sham surgery along with C57BL/6 and
C3H/HeN mice. In order to determine any baseline differences between the strains
and any differential effects of the ACF surgery on the mice, various parameters of
cardiac morphometry and LV function were assessed using echocardiography and
hemodynamic measurements prior to sacrifice. The ACF did not alter the body
weight in any of the strains as compared to the sham; however, the body weights of
the C57,::C3H mice were slightly higher than those of the C57BL/6 and C3H/HeN
mice (Table 4-2). The heart rate was also not significantly altered by the three days
of ACF. However, because the ACF causes ejection into the low pressure venous sys-
tem, there was a significant decrease in the mean arterial pressure (MAP) as was ex-
pected. The posterior wall thickness (PWT) of the mice was measured in the three
strains of mice exposed to sham or ACF surgeries, and there was no difference be-
tween the sham mice from the different strains. However, the C57,::C3H,,; mice with
an induced ACF exhibited a significant increase in PWT during systole, indicating

that there was greater thickening of the ventricular wall at the end of systole.
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C3H/HeN C57BL/6 C57 ::C3H_
Sham ACF Sham ACF Sham ACF
Body Weight (g) 26+ 1 26+ 1 24+ 1 25+1 342 29+1"
MAP (mm Hg) g7+2 | T3es* 77+ 1 64 + 5% 79+ 1 59 + 2%
Heart Rate (bpm) 523+23 | 491+13 523 +21 549 +22 469 + 44 536 + 46
LV PWT — Syst. (mm) | 0.99+0.08 | 1.05+0.07 ] 0.97+0.08 | 1.05=0.14 | 1.11 £0.03 | 1.24 £ 0.04*
LV PWT - Diast. (mm) | 0.62+0.05 | 0.75+0.05]| 0.72+0.06 [ 0.62+0.07 | 0.75+0.03 | 0.69 = 0.02
n 7 5 5 5 4 4
*p < 0.05 vs. respective sham, #p <0.05 vs. C57BL/6

Table 4-2. Acute hemodynamic and echocardiography data. C3H/HeN, C57BL/6, and
C57,::C3H,; mice were subjected to ACF or sham surgery 3 d prior to hemodynamic and
echocardiography measurements. Results are mean = SEM. *p<0.05 compared to its
respective sham. "p<0.05 compared to C57BL/6 sham. MAP = mean arterial pressure.
PWT = posterior wall thickness. Data obtained by W.E. Bradley.

The LV end-diastolic dimension (LVEDD) represents the cross-sectional di-
ameter of the LV at the end of diastolic filling. The C57BL/6 mice exhibited a small
but significant increase in LVEDD following ACF, indicating that they have a greater
dilatation in response to the ACF (Figure 4-11A). The C3H/HeN mice had no change
in LVEDD, and the C57,::C3H,,, mice were also protected from developing any LV
dilatation. The next parameter of cardiac function that was measured was the relative
wall thickness (RWT), which is calculated using the posterior wall thickness to the
LVEDD, which as this ratio decreases is an index of adverse LV remodeling. The
RWT was measured in all three strains and was found to not be significantly different
either between the strains or between sham and ACF mice (Figure 4-11B).

The fractional shortening is the extent of LV shortening from end-diastole to

end-systole. Increased fractional shortening indicates better cardiac function, or a
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Figure 4-11. Changes in left ventricular dimension and volume in response to
volume overload. C3H/HeN, C57BL/6, and C57,::C3H,,; mice were subjected to
ACF or sham surgery for 3 days prior to echocardiography measurements. (A) LV
end-diastolic dimension (EDD) was determined by measuring the diameter of the
left ventricle during diastole. (B) Relative wall thickness (RWT) was determined
by dividing the LV diastolic posterior wall thickness by the LV EDD. (C)
Fractional shortening represents the percentage of the LV EDD that is lost in
systole. (D) The velocity of circumferential shortening (VC Fr) represents the
Results are mean £ SEM. n>4 for all groups. *p>0.05 compared to its respective
sham. Data obtained by W.E. Bradley.
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more complete ventricular output. Interestingly, the sham C57,::C3H,, mice had a
significantly higher fractional shortening than the C57BL/6 or C3H/HeN mice, which
was even further increased in response to three days of ACF (Figure 4-11C). The
increase in fractional shortening suggests a better compensatory response to the in-
crease in preload created by the ACF. The final parameter of cardiac function tested
in the mice following sham or ACF surgeries was the velocity of circumferential
shortening (VC Fr), which represents the speed in which the LV contracts from end-
diastole to end-systole. The C57,::C3H mice exhibited a trend towards a higher VC
Fr than the C57BL/6 and C3H/HeN mice although it did not reach significance (Fig-
ure 4-11D). There were no significant differences in VC Fr between the sham and
ACF mice of any of the strains. In summary, such minor changes in LV shortening

and rate of shortening are not significant at such an early stage in ACF.

Volume Overload-Induced Alterations in Bioenergetic Function

The mitochondrial function of AMCM from the C57BL/6, C3H/HeN,
C574::C3Hp, and C3H,::C57 mice exposed to either sham or ACF surgeries was
assessed using an XF24 analyzer. Primary AMCM were isolated and seeded into V28
plates at 7,500 cells/well, and parameters of mitochondrial function were determined as
described in Figure 4-5. As seen in Figure 4-12A, the basal OCR between the sham and
ACF mice for each strain were not significantly different. Although the basal OCR of the
C57BL/6 AMCM was moderately higher than the C3H/HeN AMCM, the difference was
not statistically significant; however, the basal OCR of the C57BL/6 mice was signifi-

cantly higher than that of both MNX mouse strains.



132

A B

Basal 600 -
200 - e @ Sham
@Sham 2 BACF

175 1@mACF t 500 -
150 <
125
100 <
75 <
50 4
25 4

0 -

N\ &
% ‘(\\\,\e 1%\’ G,g(\(“ 616‘
C 8\ AN 0,5\,\0

Maximal

ug)

OCR (pmol/min/

@)
O

00 . RE€Serve Capacity 120« Non-Mitochondrial
> @Sham S @Sham
= BACF = 100 {®ACF
= 400 1 =
£ E 80 -
S 300 - 3>
£ E 60
=200 - % x =
: g o
O 100 - O 4
0 < 0 <
N & & N 3 3
- Y\\\(\G 0619\« \)\6‘ 616\ o ‘(\\\(\ 616\’ \)6“ 616\
0‘.) ’5‘(\(\ 06 ‘\ '5‘(\0

Figure 4-12. Changes in mitochondrial parameters of oxygen consumption of
cardiomyocytes in response to volume overload. AMCM were isolated from
sham and ACF C57/BL6, C3H/HeN, C57,::C3H,,, and C3H,::C57,,, mice and were
plated in V28 plates at 7,500 cells/well. Parameters of oxygen consumption were
calculated from the OCR traces from each animal as described in Figure 4-5. (A)
Basal OCR represents the respiration of the myocytes under basal conditions. (B)
Maximal OCR was determined by injection of FCCP (1 uM). (C) The reserve
capacity was determined by calculating the difference between the maximal and
basal OCR. (D) Non-mitochondrial OCR was measured following antimycin A (10
M) and rotenone (1 pM) treatment. Results are mean = SEM. n>3 for each group.
*p>0.05 compared to sham of the same strain.
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The maximal OCR of the AMCM from the different strains after sham or ACF
surgeries was measured following the injection of FCCP (1 uM) in the XF24. FCCP is a
proton ionophore which stimulates maximal O, consumption of the cells by uncoupling
the mitochondria and diminishing membrane potential. This leads to the rapid consump-
tion of O, without the production of ATP. The AMCM from C57BL/6 and C3H,::C57
mice subjected to three days of ACF exhibited a decrease in maximal OCR as compared
to the shams, while the AMCM from the C3H/HeN and C57,::C3H,; mice showed no
difference in maximal OCR between the sham and ACF groups (Figure 4-12B). This
data supports the concept that while the C57BL/6 C3H,::C57 mice are susceptible to
ACF-induced damage, the C3H/HeN and C57,::C3H,,; mice were resistant to any appar-
ent damage resulting from volume overload.

The reserve capacity of the AMCM from the four strains ex vivo was determined
by calculating the difference between the maximal and basal OCR, and again represents
the spare respiratory capacity of the cells. The AMCM from the C57BL/6 and
C3H,;::C57m: mice exposed to ACF displayed a significant decrease in their available re-
serve capacity as compared to the sham controls, while the C3H/HeN and C57,::C3Hy
mice showed no difference in their reserve capacities between the sham and ACF groups
(Figure 4-12C). This data further supports the notion that the mice with C57BL/6
mtDNA are susceptible to ACF-induced injury while mice with C3H/HeN mtDNA are
resistant to damage.

Finally, in order to measure the non-mitochondrial OCR of the AMCM, antimy-
cin A (10 uM) and rotenone (1 M) were injected onto the myocytes simultaneously to

fully inhibit the mitochondrial electron transport chain, resulting in a substantial decrease
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in OCR. The remaining non-mitochondrial OCR can be attributed to extra-mitochondrial
sources of O, consumption, such as xanthine oxidase and the NAPDH oxidases. As
shown in Figure 4-12D, the non-mitochondrial OCR of the four strains of mice were not
significantly different from each other, and ACF did not alter the non-mitochondrial OCR

in any of the groups.

Alterations in Desmin Organization in Cardiomyocytes after Volume Overload

Desmin is an intermediate filament protein expressed in high levels in cardiomyo-
cytes, and is known to be important in myocyte architecture and function [49, 50, 223,
224, 228]. The loss of desmin in the cardiomyocytes has been observed in dilated cardi-
omyopathies, and has been linked to the loss of contractile and mitochondrial function
[49, 50, 223, 224, 227, 228, 351, 393, 440]. In Figure 4-13, we used immunohistoche-
mistry to observe the distribution of desmin left ventricular sections from the different
mouse strains exposed to ACF or sham surgeries. The sham C57BL/6 mice exhibited a
normal desmin organization, which was clearly distributed along the Z-lines of the myo-
fibrils and along the intercalated discs. However, in the LV sections of C57BL/6 mice
exposed to ACF for three days, there is the clear loss of desmin protein along the Z-lines
within the myocytes. Moreover, the desmin expression in the intercalated discs did not
change between the sham and ACF C57BL/6 mice, showing that the loss of desmin due
to volume overload was specific to the Z-line, where it plays an important role in con-
necting the sarcomeres to each other, as well as to the mitochondria.

In the LV sections of C3H/HeN mice given the sham surgery, there is the normal

distribution of desmin along the Z-lines and intercalated discs, as also seen in the sham
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Figure 4-13. Volume overload alters desmin expression in left ventricular
myocytes in C57BL/6 mice. C57BL/6, C3H/HeN, and C57,::C3H,,; mice were given
an ACF for 3 d prior to left ventricular isolation and immunohistochemical staining for
desmin (green) and nuclei (blue). Fluorescence was measured using fluorescence
microscopy. The white boxes represent the areas of the 2.5x zoomed-in images.
Results are representative images from each group. Magnification = 100x. n>4 for
each group. Data obtained by P.C. Powell.
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C57BL/6 mice. Interestingly, the C3H/HeN mice exposed to 3 d of ACF did not exhibit
any significant alterations in desmin organization as compared to the shams. We next
probed for desmin in LV sections from sham and ACF C57,::C3H,; mice. The sham
mice also exhibited normal desmin organization, which was not altered after exposure to
3 d of ACF. This suggests that the C3H mtDNA was able to attenuate the ACF-induced

loss of desmin cytoskeleton in the C57,::C3H, mice that is seen in the C57BL/6 mice.

Effect of Volume Overload on Mitochondrial Morphology

Transmission electron microscopy of LV sections from the different strains of
mice after ACF or sham surgery was performed to examine the effects of ACF on cardi-
omyocyte morphology. Sham C57BL/6 mice exhibited intact myofibrils and large, round
mitochondria. Moreover, the intermyofibrillar mitochondria line up along the myofibrils
between the Z-lines, often with one mitochondrion per sarcomere (Figure 4-14). How-
ever, in C57BL/6 mice given an ACF, there were distinct alterations in intracellular mor-
phology, with apparent mitochondrial fission and myofibrillar degradation along with the
loss of extracellular matrix. These morphological alterations were made more apparent
by using a higher magnification (Figure 4-15).

The C3H/HeN sham mice have a mitochondrial and myofibrillar organization
similar to the C57BL/6 mice, although the mitochondria appear to be slightly smaller in
size. However, the LV from the C3H/HeN ACF mice did not exhibit any changes in mi-
tochondrial or myofibrillar morphology from the shams, suggesting that the C3H/HeN
mice are resistant to the ACF-induced loss of mitochondrial and myofibrillar structure

and organization.
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C3H/HeN C57BL/6

C57,::C3H,,

Figure 4-14. Transmission electron microscopy of left ventricle in mice
subjected to volume overload. C57BL/6, C3H/HeN, and C57,::C3H,,; mice were
subjected to ACF or sham surgery 3 d prior to tissue collection. Left ventricular
sections of C57BL/6, C3H/HeN, and C57,::C3H,; mice were collected and
prepared for transmission electron microscopy. Results are representative images
from each group. Magnification = 4,500x. Imaging by Emlabs, Inc., Birmingham,
AL.
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C3H/HeN C57BL/6

C57,::C3H,,

Figure 4-15. Further magnification of transmission electron microscopy of left
ventricle in mice subjected to volume overload. C57BL/6, C3H/HeN, and
C57,::C3H,,; mice were subjected to ACF or sham surgery 3 d prior to tissue
collection. Left ventricular sections of C57BL/6, C3H/HeN, and C57,::C3H,,, mice
were collected and prepared for transmission electron microscopy. Results are
representative images from each group. Magnification = 17,000x. Imaging by
Emlabs, Inc., Birmingham, AL.
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In order to separate the effects of the different nDNA and mtDNA haplotypes of
the C57BL/6 and C3H/HeN mice on the susceptibility to ACF-induced cardiomyocyte
damage, C57,::C3H MNX mice were used. The C57,::C3H,, mice, which possess the
nDNA of the C57BL/6 mice and the mtDNA of the C3H/HeN mice, which were sub-
jected to sham surgeries also had a similar morphology as the sham C57BL/6 and
C3H/HeN mice. Interestingly, the C57,::C3H,, mice subjected to three days of ACF
maintained their morphology, exhibiting no major differences from the sham mice.

Taken together, these data show that C57BL/6 mice are susceptible to the ACF-
induced loss of mitochondrial and myofibrillar organization, while the C3H/HeN mice
are resistant to the morphological changes seen in the C57BL/6 mice subjected to ACF.
Moreover, the fact that the C57,::C3H,,; mice were resistant to ACF-induced morpholog-
ical damage shows that the mtDNA of the resistant C3H/HeN was able to render the mice

with the otherwise normal C57BL/6 phenotype resistant to ACF-induced injury.

DISCUSSION

The progression to heart failure induced by volume overload is characterized by
cardiomyocyte remodeling and alterations in cellular bioenergetic function [27, 217, 218,
221-224, 387-389, 436, 437]. Previous studies have also shown that volume overload
causes an increased energy demand on the myocytes and is also associated with the pro-
duction of ROS [27, 46, 47, 221]. This chapter examines the role of the mitochondria in
the progression of volume overload towards cardiomyocyte dysfunction. Furthermore,
the role of mtDNA haplotype in determining the susceptibility to volume overload-

related pathology is also a major focus of the data discussed herein.
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In order to study the effect of mtDNA haplotype on the predisposition to volume
overload-induced cardiomyocyte dysfunction, C57BL/6 and C3H/HeN mice were se-
lected due to their known differences in mtDNA haplotype and disease susceptibilities
[400, 409, 414-416, 418]. Because these two strains have a single-nucleotide polymor-
phism in the gene encoding for CcOX subunit III, the levels and activities of mitochon-
drial proteins were measured between the strains [400]. C57BL/6 and C3H/HeN AMCM
exhibited no differences in the levels of proteins from different mitochondrial compart-
ments or the activities of CcOX or citrate synthase (Figure 4-8). Importantly, the CcOX
activity assay used measures maximal enzymatic activity using lysates; therefore, any
differences in the regulation of CcOX or the proton pumping ability would likely not be
detected using this approach. Next, the mitochondrial function of the AMCM isolated
from both strains was then compared using the XF24 analyzer. The AMCM from the
C57BL/6 mice had a significantly higher maximal OCR than the C3H/HeN cardiomyo-
cytes (Figure 4-9). Moreover, because the basal OCR was not significantly different be-
tween the strains, the C57BL/6 AMCM had a higher reserve capacity. The higher reserve
capacity seen in the C57BL/6 suggests that these mice should be more resistant to in-
creased energy demand or stress than the C3H/HeN mice.

Interestingly, when the two strains were subjected to ACF surgeries for three
days, the C57BL/6 mice exhibited a loss in their maximal mitochondrial function, while
the C3H/HeN AMCM showed no significant changes in their mitochondrial function
(Figure 4-10). The differential bioenergetic response of the C57BL/6 and C3H/HeN
mice supports previously published work showing disparate susceptibilities to pathology

using other models of cardiovascular diseases [415, 416, 418]. These differences are



141

likely due to differences in bioenergetic efficiency, substrate handling, or mitochondrial
regulation.

In order to further elucidate the role of mtDNA haplotype in the proclivity for the
development of disease, MNX mice were also subjected to sham and ACF surgeries to
determine their susceptibilities to volume overload-induced pathologies. Following three
days of exposure to ACF, the cardiac function of the mice was assessed using echocardi-
ography and catheterization. C57BL/6 mice showed a significant increase in LVEDD
compared to the sham mice, while there was no difference between the sham and ACF
C3H/HeN mice (Figure 4-11A). Interestingly, there was also no difference in LVEDD
between the sham and ACF C57,::C3H,, mice, showing that the C3H/HeN mtDNA was
able to render the mice with C57BL/6 nDNA resistant to ACF-induced volume overload.
The C57,::C3H mice also exhibited an increased fractional shortening as compared to
the C57BL/6 mice, showing that the C3H/HeN mtDNA improved the LV function of the
mice (Figure 4-11C).

Several parameters of mitochondrial function of myocytes isolated from
C57BL/6, C3H/HeN, and both MNX mice subjected to sham or ACF surgeries for three
days was then assessed. The basal OCR of all four strains of mice were not altered in
response to ACF induction (Figure 4-12A); however, the C57BL/6 and C3H,::C57
mice subjected to ACF exhibited a significantly decreased maximal OCR, while the
C3H/HeN and C57,::C3H,,; mice were resistant to any change in maximal OCR in re-
sponse to ACF induction (Figure 4-12B). The decrease in maximal OCR in the
C57BL/6 mice subjected to ACF represents the diminishing of maximal mitochondrial

function at CcOX (analogous to state 3 respiration in isolated mitochondria) as has been
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shown before in rats [27]. The fact that there was no change in basal OCR in the
C57BL/6 or C3H,::C57» AMCM exposed to ACF suggests that even though their basal
mitochondrial function ex vivo was sufficient to support cellular function, there was less
total mitochondrial function available should the cell need it due to an increase in work-
load or a secondary stress. Moreover, the AMCM were no longer contracting after isola-
tion as they would have been in vivo, suggesting that they would have had a significantly
higher ATP demand and may have needed a higher percent of their maximal mitochon-
drial function to support their basal function. This would result in even less reserve ca-
pacity in the AMCM subjected to ACF that the myocytes could call upon in the event of
increased workload or stress, which could lead to cardiomyocyte dysfunction if there is
not enough available mitochondrial function to fulfill the energy requirements of the cell.
Because the disruption of the desmin cytoskeleton has been implicated in both the
development of heart failure and the regulation of mitochondrial bioenergetics [49, 50,
223, 224], the effects of ACF on the desmin organization was examined in LV sections
from C57BL/6, C3H/HeN, and C57,::C3H,,; mice. As can be seen in the desmin images
from the sham mice from all of the strains, desmin is organized along the Z-lines of the
myofibrils, maintaining the structure of the myocyte (Figure 4-13). Desmin also attaches
to the mitochondria, both maintaining their organization along the myocytes and regulat-
ing their function [49, 50]. In the C57BL/6 mice subjected to ACF, there is an apparent
loss of desmin staining along the Z-lines within the myocytes, indicating the loss of des-
min cytoskeletal organization. Interestingly, the C3H/HeN and C57,::C3H,, mice were

resistant to ACF-induced alterations in their desmin localization. Taken together, this
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data provides a likely explanation as to why the mitochondrial function was altered in the
C57BL/6 mice but not the C3H/HeN and C57,::C3H, mice.

Next, transmission electron microscopy was used to examine the morphology of
the myocytes from the three strains following sham or ACF surgeries (Figure 4-14, 4-
15). As can be seen in the C57BL/6 sham sections, the intermyofibrillar mitochondria
are organized along the myofibrils at the Z-lines with one mitochondrion per sarcomere
[441]. This arrangement allows for efficient energy transfer from the mitochondria to the
sarcomeres, supporting proper bioenergetic function in vivo while the heart is beating [86,
351, 393]. However, in C57BL/6 mice subjected to ACF, the mitochondrial organization
is lost, most likely due to the disruption of the desmin cytoskeleton which holds them in
place [49, 223, 224, 228]. Interestingly, the mitochondria also appear to be smaller and
more electron dense, suggesting that they may also be undergoing mitochondrial fission
[442, 443]. This induction of mitochondrial fission can mediate the initiation of mito-
phagy, which leads to the turnover of dysfunctional mitochondria [444-446].

The C3H/HeN sham mice exhibit the same mitochondrial and myofibrillar organ-
ization as the C57BL/6 shams; however, when subjected to ACF for three days, the
C3H/HeN mice did not display the same loss of mitochondrial and myofibrillar organiza-
tion as the C57BL/6 ACF mice. Upon closer inspection, it is evident that rather than
condensing like the mitochondria in the C57BL/6 ACF mice, there is mitochondrial swel-
ling and the apparent disruption of the cristae structure within the mitochondria [223].
These data suggest that without the loss of desmin, the mitochondrial organization is kept
intact; however, there are still ACF-induced alterations to the mitochondria, even though

these changes have yet to alter mitochondrial function.
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Finally, LV sections from C57,::C3H, mice subjected to either sham or ACF
surgery were examined using transmission electron microscopy. The sham mice dis-
played the same mitochondrial organization as the C57BL/6 and C3H/HeN mice, and this
organization was maintained in the animals subjected to ACF. Interestingly, the sections
from the ACF C57,::C3H,; mice show a combination of the phenotypes of the C57BL/6
and C3H/HeN mice subjected to ACF. Similar to the C3H/HeN mice, the mitochondrial
organization was maintained, likely due to the maintenance of the cytoskeleton. Moreo-
ver, even though the mitochondrial organization was maintained, the mitochondria appear
to be smaller and more condensed, indicating that they are undergoing mitochondrial fis-
sion.

Taken together, these data suggest that the induction of mitochondrial fission and
the loss of cytoskeletal organization leading to the loss of mitochondrial organization and
function in response to ACF track with the mtDNA of the C57BL/6 mice. Furthermore,
the C3H/HeN mtDNA seems to confer the protection of the mitochondrial organization
and function by maintaining the desmin cytoskeleton in response to ACF. The differenc-
es in the cytoskeletal response to ACF likely play a role in the increased susceptibility to
alterations in cardiac morphometry and function to ACF seen in the C57BL/6 mice as
compared to the C3H/HeN mice. These effects may be mediated by the differential bio-
energetic efficiencies between the strains, but further experiments would be required to
prove a causal relationship. Moreover, the majority of the datasets discussed in this chap-
ter need to be completed with the C3H,::C57, mice to further strengthen our conclusion

that the susceptibility to ACF-induced damage is mediated by the mtDNA haplotype.
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Importantly, the differential susceptibilities of the two mtDNA haplotypes to vo-
lume overload-induced pathology can be related to differential population-based suscep-
tibility to diseases in humans. Using the same methods that allowed for the development
of mouse mtDNA phylogenetic trees, DNA sequencing has allowed for the tracing of the
ancestry of populations of humans based on polymorphisms in their mtDNA sequence
[403-405, 447]. Populations with similar mtDNA polymorphisms were then grouped into
several different mtDNA haplogroups [20, 139-144, 448, 449]. Interestingly, the
C57BL/6 mtDNA haplotype is similar to the African L haplogroup in humans, with in-
creased mitochondrial efficiency and higher rates of ROS production while the C3H/HeN
mtDNA haplotype is similar to the European H haplogroup, with decreased mitochondri-
al efficiency and lower rates of ROS production [140, 144]. Furthermore, it has been
shown that a higher percent of people of African descent suffer from various forms of
cardiovascular diseases than those of European descent, which supports the theory that
increased ROS production due to the African mtDNA haplotype plays a role in the in-
creased disease susceptibility [52, 53, 450, 451]. Therefore, the utilization of mouse
models to examine the role of mtDNA haplotypes in susceptibility to pathologies will
lead to the further understanding of the mechanisms by which the mtDNA can alter bio-
energetic efficiency and disease progression, with obvious implications in the elucidation

of human susceptibility and pathogenesis.
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CHAPTER 5
DISCUSSION
INTRODUCTION

The data presented in this thesis illustrates the bioenergetic responses to stress in-
duced by three pathologies in which mitochondrial dysfunction is a common feature.
This was achieved by utilizing extracellular flux technology to measure alterations in the
bioenergetics of intact primary cells induced by chronic EtOH consumption, hypox-
ia/reoxygenation, and cardiac volume overload. In Chapter 2 of this dissertation, the ef-
fects of chronic EtOH consumption on the mitochondrial bioenergetics within hepato-
cytes were examined using primary hepatocytes isolated from EtOH-fed rats. Next, the
alterations of mitochondrial function in primary aortic endothelial cells in response to the
stress of hypoxia/reoxygenation were assessed in Chapter 3. Finally, the bioenergetic
response to volume overload was studied in Chapter 4 using primary cardiomyocytes iso-
lated from adult mice with different mtDNA haplotypes, which further illuminates the
role of mtDNA in modulating mitochondrial function and disease susceptibility.

While these studies focus on the examination of the alterations in mitochondrial
bioenergetics induced by these three specific pathologies, the data discussed herein are
potentially applicable to the study of any other disease state associated with inflamma-
tion, increased energy demand, and/or mitochondrial dysfunction. The pathogenesis of

ALD [28-30, 34, 160, 161, 257], hypoxia/reoxygenation [39, 40, 271, 272, 285], and car-
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diac volume overload [27, 46, 47, 221] are all associated with the progression towards
bioenergetic dysfunction and cell death mediated by the loss of mitochondrial function.
A critical factor in this development of cellular dysfunction is the loss of the bioenergetic
reserve capacity, which represents the cells’ spare mitochondrial function which is not
used under basal conditions but can be utilized in response to increased ATP demand or
pathological stress [179, 180, 330, 349]. In this chapter, implications of the data illu-
strated in this dissertation will be discussed, focusing in particular on the importance of
the bioenergetic reserve capacity in the three disease models described. Furthermore, the
possible future directions of these projects and the potential application of this work to

other pathologies will also be discussed.

Reserve Capacity and the Cellular Response to Pathological Stress

Mitochondria play a vital role in the maintenance of bioenergetic function in part
through the production of ATP during normal physiological conditions. The rate of ATP
production by mitochondria is exquisitely regulated and highly dependent upon the ATP
demand of the cell. Because of this, mitochondria in most cell types operate well below
their maximal capacity of ATP production under basal conditions, leaving a bioenergetic
reserve capacity of additional mitochondrial function which the cells can utilize under
increased ATP demand for the detoxification of reactive species, the repair of damaged
proteins, and the preservation of cellular and organ function. Although the physiological
importance of the reserve capacity has only recently become appreciated, the concept of
reserve capacity has existed in the literature for a few decades. The first quantitative

measurements of reserve capacity were achieved using O, measurements in conjunction
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with *'P-NMR to measure the synthesis of phosphocreatine and ATP in myocytes [181,
182]. These studies showed that with increased exercise or treatment with an uncoupler,
there was an increase in O, consumption and ATP/phosphocreatine synthesis beyond the
basal rate, suggesting that there is “spare” mitochondrial function which can be utilized
upon increased ATP demand. These discoveries have been expanded upon in several dif-
ferent disease models associated with increased ATP demand along with the loss of mito-
chondrial reserve capacity, leading to bioenergetic failure.

In addition to inducing an increase in ATP demand, the pathologies studied in this
dissertation are also associated with oxidative and nitrative stress, which can damage the
mitochondria and thus lower their maximal functional capacity. The data described in
this dissertation examine the effects of chronic EtOH consumption, hypox-
ia/reoxygenation, and cardiac volume overload on the bioenergetic function in primary
hepatocytes, endothelial cells, and cardiomyocytes, respectively. All three of these pa-
thologies resulted in a diminished reserve capacity, leaving the cells more susceptible to

stress-induced bioenergetic dysfunction.

ALCOHOL-INDUCED LOSS OF MITOCHONDRIAL FUNCTION

In Chapter 2, the bioenergetic response of hepatocytes to chronic EtOH consump-
tion, as well as their susceptibility to bioenergetic dysfunction in response to 'NO and
hypoxia, was examined. The data presented in Chapter 2 show that chronic EtOH con-
sumption resulted in the inhibition of the maximal OCR of the hepatocytes. Furthermore,
hepatocytes isolated from control and EtOH-fed rats exhibited the same basal OCR.

Taken together, these data demonstrate that EtOH-induced hepatotoxicity causes a de-
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crease in the reserve capacity of the hepatocytes, which we hypothesized would render

them more susceptible to bioenergetic dysfunction induced by stress.

Role of Nitric Oxide in Alcohol-Dependent Hepatotoxicity

Importantly, chronic EtOH consumption is well known to cause an increase in
iNOS expression in the liver, leading to the increased production of 'NO [33, 34, 36].
"NO can reversibly inhibit respiration by competing for O, at CcOX and irreversibly in-
hibit respiration by reacting with superoxide to produce peroxynitrite, which can oxida-
tively damage mitochondrial proteins [189-192, 452-457]. To test the hypothesis that the
decreased reserve capacity of primary hepatocytes isolated from EtOH-fed rats renders
them more susceptible to bioenergetic dysfunction in response to an additional insult, the
hepatocytes were then treated with the 'NO donor DetaNO [180, 254]. Indeed, the hepa-
tocytes isolated from EtOH-fed rats that were treated with "NO developed bioenergetic
dysfunction, as seen by the decrease in both basal and maximal OCR and the almost
complete loss of reserve capacity. These affects are likely mediated by both the ability of
"NO to reversibly inhibit respiration and the formation of reactive nitrogen species upon
reacting with ROS (Figure 5-1). Importantly, chronic EtOH consumption has been
shown to cause increased levels of ROS production in the liver, which supports this con-

cept [29, 30, 160, 263, 458].

Alcohol Consumption Alters Hepatocellular Response to Hypoxia
The next set of experiments in Chapter 2 examines the effects of "NO treatment to

control and EtOH hepatocytes in the context of hypoxia. ALD is also associated with the
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Figure 5-1. Peroxynitrite formation is a likely mediator of bioenergetic
dysfunction in alcohol-induced hepatotoxicity. Primary hepatocytes isolated
from EtOH-fed rats have increased expression of CYP2E1, which can produce
superoxide. Superoxide can react with "NO produced from DetaNO to form
peroxynitrite (ONOO"). ONOO- itself, and the radical products of its reaction,
with CO, can damage mitochondrial proteins, lipids, and DNA and cause
bioenergetic dysfunction.
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development of hypoxia in the liver, which has been implicated in mediating the devel-
opment of mitochondrial damage [35, 36, 161, 187, 188, 253, 263, 264]. Primary hepa-
tocytes isolated from control animals exhibited a progressive decrease in OCR over time
as the concentration of O, dropped. Interestingly, hepatocytes from EtOH-fed animals
were less sensitive to the decreasing O, concentrations compared to the control hepato-
cytes. This differential response to hypoxia is likely a result of the prolonged in vivo ex-
posure to hypoxia that the EtOH hepatocytes were subjected to prior to isolation. The he-
patocytes isolated from the EtOH-fed animals have had increased HIF-la signaling for
the duration of the development of hypoxia associated with the chronic EtOH feeding,
and HIF-1a signaling has been shown to regulate mitochondrial metabolism and protect
from a subsequent hypoxic insults [199, 244, 459-462]. Furthermore, when treated with
increasing concentrations of DetaNO during the exposure to hypoxia, control hepatocytes
exhibited a slight inhibition of respiration at low O, concentrations. However, EtOH he-
patocytes were much more sensitive to "NO-dependent inhibition of respiration than the
control hepatocytes. This data corroborates previous findings which show a similar ef-
fect in isolated liver mitochondria following chronic EtOH consumption [33].

The increased susceptibility to bioenergetic dysfunction which is evident in the
hepatocytes isolated from EtOH-fed animals is likely mediated by the diminished reserve
capacity. This supports previous findings which show that chronic EtOH consumption
induces decreased mitochondrial respiratory protein levels [159, 463]. These alterations
have been suggested to be a result of EtOH-induced mtDNA damage [464, 465] and de-

crease in functional mitochondrial ribosomes [466, 467]. However, these changes in mi-
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tochondrial protein levels induced by chronic EtOH consumption could also be at least

partially explained by the associated liver hypoxia as discussed below.

Hypoxic Signaling as a Mediator of Alcohol-Induced Bioenergetic Alterations

Stabilization of HIF-1a during hypoxia and the resulting induction of hypoxic
signaling have been shown to mediate the adaptation to hypoxia by down-regulating mi-
tochondrial O, consumption [459-461, 468]. This occurs through the induction of pyru-
vate dehydrogenase kinase, which inhibits pyruvate dehydrogenase from utilizing pyru-
vate to fuel the Krebs cycle to make reducing equivalents for the electron transport chain
[468]. Furthermore, HIF-1a signaling induces the increased expression of lactate dehy-
drogenase A, which converts pyruvate to lactate, leaving less pyruvate as substrate for
pyruvate dehydrogenase [460]. Recent studies have also shown that hypoxic signaling
induces CcOX subunit IV isoform switching, mitophagy, and the expression of micro-
RNA-210, which inhibits the production of Fe/S clusters that are required for oxidative
phosphorylation [459, 461, 462, 469-471].

These responses to hypoxic signaling decrease mitochondrial O, consumption,
while also making the electron transport chain more efficient [461]. Taken together with
the fact that the production of reducing equivalents is diminished by the increased ex-
pression of pyruvate dehydrogenase kinase and lactate dehydrogenase A in hypoxia,
these mitochondrial phenotypic alterations are predicted to decrease the formation of
ROS by the mitochondria during hypoxia and likely evolved as a protective mechanism
to decrease oxidative damage in response to further hypoxia. However, in the context of

chronic EtOH consumption, there is also the increased production of "NO, which further
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inhibits respiration, particularly in hypoxia. Therefore, the diminished mitochondrial
function and reserve capacity render the hepatocytes more susceptible to bioenergetic
dysfunction induced by the stress of hypoxia and 'NO. These effects, in combination
with the documented increases in mtDNA damage induced by chronic EtOH, may pro-
vide a more complete understanding of the development of bioenergetic dysfunction in
ALD. Future studies into the role of HIF-la signaling in the development of EtOH-
dependent hepatotoxicity should be performed to more thoroughly elucidate the exact

mechanisms which are involved in the disease progression.

EFFECT OF HYPOXIA/REOXYGENATION ON BIOENERGETIC FUNCTION
In Chapter 3, the bioenergetic response of primary bovine aortic endothelial cells
(BAEC) to the exposure of hypoxia and reoxygenation was examined. Moreover, the
effect of the reactive lipid HNE, which is formed in vivo during ischemia and reperfusion,
on the mitochondrial function of BAEC in hypoxia and reoxygenation was investigated.
The data presented in Chapter 3 show that endothelial cells exposed to HNE exhibit a
diminished maximal mitochondrial function and reserve capacity. This decrease in mito-
chondrial reserve capacity led to the development of bioenergetic dysfunction when the

cells were exposed to hypoxia/reoxygenation.

Endothelial Cell Mitochondrial Function is Altered in Hypoxia
The effect of changing O, concentrations on the bioenergetic function of endo-
thelial cells was examined using an XF24 analyzer in a hypoxia chamber set at 1% O,.

Upon the exposure to hypoxia, BAEC exhibited the progressive loss of O, consumption
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at O, concentrations of 35 uM and below. The dependence of OCR on the O, concentra-
tion conformed to saturation kinetics, with apparent J.x of 55 pmol O»/min and an ap-
parent Pso of 9.27 uM O,. Interestingly, treatment with FCCP during the progressively
decreasing OCR, presumably due to the O, concentration limiting CcOX activity, re-
sulted in the stimulation of O, consumption. This result can be explained by exploring
the regulation of CcOX activity.

CcOX activity is subject to four means of regulation: the supply of O, as an elec-
tron acceptor, the supply of electrons from reducing equivalents and reduced cytochrome
¢, the electrochemical gradient against which it must pump protons, and its intrinsic max-
imal rate of enzyme turnover [229, 365, 366, 368-370, 428, 472-480] (Figure 5-2). Us-
ing pure enzyme or lysates with the excess supply of O, and an electron donor, and with
no electrochemical gradient to pump protons against, allows for the measurement of the
maximal intrinsic activity of CcOX. However, in a cell under normal physiological con-
ditions, CcOX activity is typically regulated by the electrochemical gradient. When cells
are uncoupled using compounds such as FCCP, the electrochemical gradient is dimi-
nished resulting in the increased activity of CcOX. This increased activity of CcOX is
then largely regulated by the supply of electrons from reducing equivalents and cytoch-
rome c¢. Under conditions of severe hypoxia, the supply of O, becomes limiting, decreas-
ing the activity of CcOX.

These methods of regulation also help to explain the differences that are seen in
the kinetic analysis of CcOX activity over changing O, concentrations (Figure 5-3).
Pure enzyme or lysates with excess substrates and no electrochemical gradient to pump

protons against exhibit the highest rate (Vmax) of CcOX activity. The activity of CcOX in
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Figure 5-2. Regulation of cytochrome c oxidase activity in different systems. (A)
In kinetic studies with pure CcOX enzyme or in lysates, electron sources (e”) and O,
are in excess and there is no proton gradient; therefore, the only thing limiting the
reaction rate is the enzyme itself. (B) In a cell under physiological conditions, O, and
e" are in excess; however, there is a proton gradient, which is the limiting factor for the
rate of enzyme turnover. This is why an uncoupler, which diminishes the proton
gradient, is able to stimulate CcOX activity such that the supply of e~ (in normoxia)
becomes limiting (C). (D) Severe hypoxia is caused by a decrease in O, supply,
making the O, the rate limiting factor of CcOX activity. The red line represents the
rate-limiting factor in the activity of CcOX.
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Figure 5-3. Kinetics of cytochrome ¢ oxidase activity in different systems. The
kinetic profile of CcOX activity as a function of O, concentration ([O,]) varies
depending on the specific system in which it’s measured. In Kinetic assays using pure
enzyme or lysates with the excess supply of electron donators (red line), the V., of
CcoX is dependent only on its maximal intrinsic activity and the K, is dependent
CcOX’s inherent affinity for O,. The J.,, of CcOX in a cellular context (blue line) is
limited by the electrochemical gradient against which it pumps H*. The J,,, of CcOX
in uncoupled cells (green line) is often higher than in coupled cells due to the shift of
control from the electrochemical gradient (which is now lost) to the supply of reducing
equivalents. This increase in J,, due to uncoupling is the biochemical basis of the
reserve capacity measured in the XF24. The V., or J... IS represented by the
horizontal dashed lines, and the K, or P, is represented by the vertical dashed lines.
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cells (Jmax) 1S much lower, as it is subject to regulation by the integrated pathway of sub-
strate supply and the electron transport chain and most importantly the electrochemical
gradient, and is representative of the basal OCR which is measured by the XF24 analyzer.
Uncoupling the cells results in the stimulation of the Jnax of CcOX due to the loss of the
membrane potential, and represents the maximal OCR as measured in the XF24. Fur-
thermore, because the apparent K., or P5gp of CcOX is dependent on enzyme turnover, ly-
sates and pure enzyme will have a higher apparent K, compared to cells [477]. Because
all of the CcOX is actively binding O, and converting it to H,O in lysates, the activity of
CcOX is more sensitive to the loss of O,. On the other hand, cells have a lower apparent
Pso for CcOX because although all of the CcOX is binding O,, only a proportion of the
available enzyme is active due to the regulatory constraints discussed previously. There-
fore, cellular CcOX is less sensitive to decreasing O, concentrations due to their reserve

capacity of CcOX activity.

Reoxygenation Induces Progressive Loss of Mitochondrial Function

To investigate the effects of hypoxia/reoxygenation on endothelial cells, BAEC
were exposed to decreasing O, concentrations as described previously; however, they
were reoxygenated prior to reaching the O, concentration shown to induce a decrease in
OCR of greater than 10%. Interestingly, the exposure of BAEC to hypox-
ia/reoxygenation elicited a progressive decrease in the OCR of the cells. This decrease in
the OCR of BAEC in response to hypoxia/reoxygenation can be related to the loss of mi-
tochondrial function, as the majority of the OCR of endothelial cells is attributable to mi-

tochondrial function and can be inhibited by antimycin A. The loss of mitochondrial
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function in response to hypoxia/reoxygenation was then quantified by calculating the de-
rivative of the decreasing OCR, showing that reoxygenation resulted in the significant

loss of mitochondrial function.

Oxygen-Dependent Effects of HNE on Mitochondrial Function

The reactive lipid peroxidation product HNE has been shown to be produced in
ischemia/reperfusion [323, 324], and is well known to modify mitochondrial proteins and
alter their functions [179, 323, 330, 331, 341, 344, 349]. Another focus of Chapter 3 was
to investigate whether the HNE-induced modulation of mitochondrial function in endo-
thelial cells is dependent on the O, concentration. When BAEC were exposed to HNE in
room air, they exhibited a concentration-dependent loss of basal, maximal, and ATP-
linked OCR together with an increase in proton leak. Furthermore, HNE treatment also
caused the progressive loss of reserve capacity, as has been shown previously [179].
However, when BAEC were treated with HNE in hypoxia, HNE induced a transient de-
crease in OCR which returned to level of vehicle-treated endothelial cells after 60 min.
Interestingly, once the basal OCR of the endothelial cells began to decrease due to de-
creasing O concentrations, HNE had no additional effects on the basal OCR. This data
suggests that HNE modifies and inhibits proteins which are responsible for the control of
CcOX activity, but as the O, concentration began to decrease the OCR, the control of
CcOX was altered such that the inhibition of HNE-modified proteins no longer affected
O, consumption at CcOX. In support of this hypothesis, when the endothelial cells

treated with HNE were reoxygenated, there was a significant increase in the progressive
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loss of mitochondrial function compared to vehicle-treated as well as HNE-treated BAEC
in room air.

Taken together, these data show that the mitochondrial dysfunction which occurs
in ischemia/reperfusion can be recapitulated in vitro using this model of hypox-
ia/reoxygenation (Figure 5-4). Furthermore, the fact that the combination of stress from
HNE exposure and reoxygenation caused the greater loss of mitochondrial function sup-
ports the hypothesis that the loss of reserve capacity renders cells more susceptible to
bioenergetic dysfunction, as seen with HNE-treatment in room air and hypoxia leading to
the cumulative loss of mitochondrial function upon reoxygenation. Future studies will
investigate the effects of different lengths of exposure to hypoxia and reoxygenation on
mitochondrial function. In addition, the effects of HNE exposure in hypoxia will be fur-

ther examined.

SUSCEPTIBILITY TO BIOENERGETIC ALTERATIONS IS MEDIATED BY
mtDNA HAPLOTYPE

In Chapter 4, the role of mtDNA haplotype in determining the susceptibility to
volume overload-induced alterations in mitochondrial bioenergetics was assessed. In or-
der to examine the effects of different mtDNA haplotypes, two strains of mice (C57BL/6
and C3H/HeN) with known differences in mtDNA haplotype were used [400]. Although
there were no differences in the mitochondrial protein levels or enzyme activities from
isolated cardiomyocytes between the two strains, they each exhibited a distinct mito-
chondrial profile. C57BL/6 cardiomyocytes have a significantly higher maximal OCR
than the C3H/HeN, and taken together with the similar basal rates, the C57BL/6 cardi-

omyocytes also have a significantly higher reserve capacity.
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Reperfusion ’
ROS

ROS — LPO

Figure 5-4. Reperfusion exacerbates bioenergetic and cellular dysfunction.
Reperfusion causes damage by stimulating mitochondrial ROS formation due to
reductive stress and mitochondrial damage incurred during ischemia. This loss of
mitochondrial function results in increased hypoxanthine (HX) production, which is
the substrate for xanthine oxidase (XO), by the breakdown of ADP. Calcium (Ca?*)
release from the endoplasmic reticulum (ER) continues, causing further Ca%* overload.
NADPH oxidase (NOX) and XO are activated in reperfusion, producing high levels of
ROS. Reperfusion is also associated with circulating XO, as well as recruited
polymorphonuclear cells (PMNs) due to tissue damage during ischemia, inducing
inflammation and further oxidative stress. The ROS formed during ischemia and
reperfusion induce lipid peroxidation (LPO), resulting in the production of 4-
hydroxynonenal (HNE) leading to the progression of mitochondrial dysfunction.
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Bioenergetic Responses to Volume Overload in C57BL/6 and C3H/HeN Mice

Possessing a higher reserve capacity implies that the C57BL/6 cardiomyocytes
have more mitochondrial function which they can utilize under conditions of increased
energy demand or stress, which typically suggests that they would be more protected
from stress [180]. However, when subjected to three days of ACF, the C57BL/6 mice
exhibited a significant decrease in maximal OCR, while C3H/HeN mice displayed no al-
terations in their maximal OCR in response to ACF. When looking at the C57BL/6 strain
alone, inducing the ACF did indeed induce a decrease in reserve capacity, suggesting that
the myocytes would be more susceptible to further stress. However, when comparing
across different haplotypes and strains, a lower reserve capacity is not a sufficient predic-
tor of pathological outcomes. Because there are many other factors which play a role in
cellular bioenergetics in cardiomyocytes, a broader examination of different pathways
involved in the maintenance of bioenergetic function must be undertaken. For example,
the different strains may exhibit differences in their expressions or activities of the iso-
forms of creatine kinase or have different levels of phosphocreatine as an energy buffer
[84, 86, 351, 393, 394, 481]. Furthermore, they may have distinct reliances on fatty acid
oxidation or glycolysis, or they may have mitochondria with different efficiencies [59,
400, 407, 409, 416]. All of these factors can play critical roles in the bioenergetic func-
tion of the cardiomyocytes, and elucidating the functions of these pathways in the differ-

ent strains is a potential future direction for these studies.
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Effect of mtDNA on Changes in Morphometry and Function by Volume Overload

In order to control for the various phenotypic differences which exist between the
C57BL/6 and C3H/HeN mice due to their different nuclear genomes, MNX mice were
utilized with the nDNA of one strain and the mtDNA of the other strain. Using this novel
mouse model, any differences which are observed can be traced to the nDNA or the
mtDNA, and therefore allow for the elucidation of the role of mtDNA haplotype in the
determination of disease susceptibility. In the first set of experiments using MNX mice,
echocardiography and catheterization were used to measure different parameters of left
ventricular morphometry and function following three days after sham or ACF surgeries.
C57BL/6 mice exposed to ACF surgery exhibited a significant increase in the LVEDD as
compared to the shams, while the C3H/HeN mice showed no difference between the
groups. Interestingly, the C57,::C3H,; mice subjected to ACF did not show a significant
increase in LVEDD as compared to sham, suggesting that the susceptibility to ACF-
induced volume overload was due to the C57BL/6 mtDNA because the switching the

C57BL/6 nDNA mouse to the C3H/HeN mtDNA reversed this susceptibility.

Volume Overload-Induced Alterations in Mitochondrial Function in MNX Mice
Volume overload and heart failure have been shown to be associated with the in-
duction of alterations in mitochondrial function and cellular bioenergetics [17, 27, 221,
384, 385, 389, 482]. AMCM were isolated from C57BL/6, C3H/HeN, C57,::C3H,, and
C3H,::C57 mice three days after the induction of an ACF or the sham surgery to assess
their mitochondrial function. The C57BL/6 mice had higher basal OCR than the sham

mice from the other three strains, but the AMCM isolated from ACF mice were not dif-
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ferent than the sham mice from the same strains. This data supports previous findings
which have shown that volume overload increases the vulnerability of heart mitochondria
without affecting their function in the absence of stress [389]. Interestingly, treating the
AMCM with FCCP to stimulate their maximal OCR revealed that ACF caused a decrease
in maximal mitochondrial function in C57BL/6 and C3H,::C57,; mice as compared to
their respective shams. Moreover, the maximal OCR of the AMCM was found to not be
affected by ACF in the C3H/HeN and C57,::C3H, mice. Because there were no differ-
ences between the basal OCR within each strain, the reserve capacity of the AMCM in
response to ACF followed the same trend as the maximal OCR. Additionally, there were
no significant differences in the non-mitochondrial OCR between the strains or between
sham and ACF within the same strain. Taken together, these data support the concept
that mtDNA haplotype can determine the susceptibility to volume overload-induced bio-

energetic dysfunction.

Loss of Desmin Mediates Bioenergetic Alterations Induced by Volume Overload

The desmin cytoskeleton has been implicated in maintaining cardiomyocyte struc-
ture and regulating its bioenergetic function, and has been shown to be altered during the
progression to heart failure [27, 49, 50, 223, 224, 228, 351, 394]. Using immunohisto-
chemistry, the desmin organization was examined in sham and ACF C57BL/6,
C3H/HeN, and C57,::C3H, mice. As can be seen in the LV sections from the sham
mice of all three strains, the desmin cytoskeleton runs along the Z-lines of the myofibrils
to maintain the cardiomyocyte structure, as well as to preserve the mitochondrial organi-

zation along the myofibrils [49, 50]. Interestingly, C57BL/6 mice subjected to ACF ex-
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hibited a decrease in desmin staining, showing a loss or disruption of the desmin cytoske-
leton. However, the C3H/HeN and C57,::C3H,,; mice subjected to ACF were resistant to
alterations in their desmin cytoskeleton. This data further supports the concept of
mtDNA haplotype regulating the disease susceptibility, and also provides a likely me-

chanism to explain the alterations in mitochondrial function seen in the C57BL/6 mice.

Volume Overload-Induced Changes in Cardiomyocyte Morphology

Finally, transmission electron microscopy was used to examine any gross mor-
phological effects of ACF on the LV tissue in each strain. In the sham mice, normal car-
diomyocyte morphology can be seen, with myofibrils running in parallel and the mito-
chondria organized along the myofibrils, often with one mitochondrion per sarcomere.
Interestingly, in the C57BL/6 mice subjected to ACF, there is the loss of mitochondrial
organization, which is likely mediated by the disruption of the desmin cytoskeleton. Fur-
thermore, the mitochondria are smaller and more condensed, suggesting that they are un-
dergoing mitochondrial fission, which has recently been identified as a mechanism of in-
itiation for mitophagy [374, 443-446, 483]. In C3H/HeN mice, the mitochondrial organi-
zation was maintained upon induction of ACF. However, the mitochondria appear to be
swelling, which suggests that even though there were no apparent changes in mitochon-
drial bioenergetics or organization, the mitochondria may be progressing towards dys-
function through different mechanisms. The C57,::C3H,y mice subjected to ACF were
also protected from the loss of mitochondrial organization; however, they also exhibit

smaller and more electron-dense mitochondria which appear to be undergoing fission.
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The completion of these data sets with the C3H,::C57n MNX mice is needed to
more fully understand the phenomena discussed in this Chapter 4. However, these data
suggest that the C57BL/6 mtDNA haplotype renders the mice susceptible to the ACF-
induced disruption of the desmin cytoskeleton, which may be mediated by increased
MMP activity, leading to the loss of mitochondrial organization and subsequent altera-
tions in bioenergetic function. Furthermore, the C3H/HeN mtDNA haplotype was resis-
tant to these ACF-induced changes, and was able to rescue the MNX mice with C57BL/6
nDNA and C3H/HeN mtDNA. Moreover, the C57BL/6 mtDNA rendered the MNX mice
with C3H/HeN nDNA susceptible to ACF-induced bioenergetic dysfunction, although
further studies will be necessary to confirm this induced susceptibility with other end-

points.

Relating Mouse mtDNA Haplotypes to Human mtDNA Haplogroups

The determination of mtDNA haplogroups/haplotypes was made possible by the
sequencing of the mtDNA of both humans and mice [143, 399-401, 403, 404]. Human
mtDNA haplogroups were grouped based on similar sequences, which allowed for the
determination of the human mtDNA phylogenetic tree, which allows insight into the evo-
lution of select populations of humans during early global migrations [20, 139, 140, 142,
143, 427, 448, 484, 485]. Importantly, different mtDNA haplotypes exhibit varying mi-
tochondrial phenotypes; moreover, the evolution of distinct mtDNA haplogroups has
been postulated to have been selected for based on the different environments of each
population [20, 139, 140, 142, 144, 447-449, 484, 485]. These unique mitochondrial

phenotypes, which once may have been beneficial, are now credited with different haplo-
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groups’ altered susceptibilities to various diseases associated with mitochondrial patholo-
gy [54, 56, 57, 60, 143, 406, 450, 484].

The phenotypes of the C57BL/6 and C3H/HeN mouse mtDNA haplotypes are
similar to the African (L) and European (H) human mtDNA haplogroups, respectively.
Both the C57BL/6 haplotype and the L haplogroup are characterized by high bioenergetic
efficiency and high levels of ROS production, as well as being more susceptible to cardi-
ovascular diseases. In contrast, the C3H/HeN haplotype and H haplogroup are associated
with being less bioenergetically efficient while producing lower levels of mitochondrial
ROS, and they are both typically more resistant to cardiovascular diseases [52, 53].
These different mitochondrial phenotypes are due to the different polymorphisms which
separate the strains (Figure 5-5) [143, 401]. Importantly, while the C57BL/6 and
C3H/HeN haplotypes mimic the phenotypes of the L and H haplogroups, the SNPs which
separate these groups are different in the mice and humans. Therefore, investigations
which utilize this mouse model of C57BL/6 and C3H/HeN mice as different mtDNA
haplotypes, while showing the efficacy of these types of studies, may only elucidate the
effects of the specific alterations in the CcOX-III, NDIII, and mt-tRNA“"¢ genes; howev-
er, selecting mice haplotypes which share the same SNPs as specific human haplogroups,
or inducing alterations in the mtDNA of mice to match differences between human hap-
logroups, would allow for the examination of the phenotypic changes which occur with
specific human mtDNA haplogroups. Using the knowledge gained from studies compar-
ing different mtDNA haplotypes, the role of distinct polymorphisms in the susceptibility
to or initiation of specific diseases may be elucidated, which would have tremendous po-

tential for the development of therapeutics to treat the diseases.



MtDNA SNPs between C57BL/6 and C3H/HeN:

NADH Dehydrogenase subunit Il
Cytochrome ¢ Oxidase subunit 11l
tRNAAG

MtDNA SNPs between L and H:

NADH Dehydrogenase subunit Il
NADH Dehydrogenase subunit Il
2x — NADH Dehydrogenase subunit V
Cytochrome b
Cytochrome ¢ Oxidase subunit |
ATP Synthase FO subunit VI
tRNAASP
tRNAe
4x — 12S ribosomal RNA
3x — 16S ribosomal RNA

Figure 5-5. mtDNA single nucleotide polymorphisms between C57BL/6
and C3H/HeN mouse haplotypes and between L and H human
haplogroups. Single nucleotide polymorphisms (SNPs) which result in non-
synonymous mutations in the mtDNA gene products between the two

haplotypes/haplogroups [111, 401].
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CONCLUSIONS

In this dissertation, the mechanisms of pathogenesis mediated by alterations in
mitochondrial bioenergetic function of three disease models have been investigated by
monitoring the alterations of mitochondrial function in response to stress. While a great
deal is already known about the diseases of interest, recent advances in technology were
utilized to elucidate stress-induced changes in mitochondrial bioenergetics while still
within the context of intact cells. Examining alterations in mitochondrial function within
primary cells is of critical importance because the mitochondria are still subjected to their
endogenous regulation, which is extremely difficult to mimic in studies of isolated mito-
chondria or enzymes.

In Chapter 2, chronic EtOH consumption was shown to decrease the reserve ca-
pacity of isolated primary hepatocytes, rendering them more susceptible to bioenergetic
dysfunction induced by the EtOH-associated mitochondrial stresses of "NO and hypoxia.
Data discussed in Chapter 3 exhibited that exposure of endothelial cells to hypox-
ia/reoxygenation resulted in the progressive loss of mitochondrial function. Furthermore,
Chapter 3 examined the O,-dependence of the HNE-induced alterations in mitochondrial
function, showing that although HNE has only transient effects on the basal OCR in hy-
poxia, upon reoxygenation HNE induced a significant exacerbation of the loss of mito-
chondrial function. Chapter 4 investigated the effects of volume overload on mitochon-
drial bioenergetics and cellular morphology, and revealed that the susceptibility to these
volume overload-induced changes in physiology is controlled by the mtDNA haplotype.

Taken together, the data presented in this dissertation further elucidate the central

role of the mitochondrion in the development and progression of ALD, vascular ische-
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mia/reperfusion, and cardiac volume overload. Importantly, these studies support the hy-
pothesis that bioenergetic dysfunction develops in response to the mitochondrial stresses
which are associated with these diseases discussed herein. Moreover, the techniques
which were developed to accomplish these studies and the knowledge gained in their ac-
complishment can be applied to the investigations of other pathological conditions asso-
ciated with the development of bioenergetic dysfunction, such as diabetes and neurode-

generative disorders.
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Animal use must be renewed by November 18, 2011. Approval from the IACUC must be
obtained before implementing any changes or modifications in the approved animal use.

Please keep this record for your files, and forward the attached letter to the appropriate
granting agency.

Refer to Animal Protocol Number {APN) 101109302 when ordering animals or in any
comrespondence with the IACUC or Animal Resources Program (ARP) offices regarding this
study. If you have concerns or questions regarding this notice, please call the IACUC office at
(205) 934-7692.

Institutional Animal Care and Use Committee Mailing Address:
CH19 Suite 403 CH19 Suite 403
933 19" Street South | 1530 3RD AVE S
205.934.7692 BIRMINGHAM AL 35294-0019
FAX 205.934.1188



	Assessment of Mitochondrial Stressors on Cellular Bioenergetics
	Recommended Citation

	Prelim Pages Final
	Chapter 1-5 Dissertation w Figures - BRZ 06-20-2011.pdf
	Chapter 1-5 - BRZ 06-18-2011.pdf
	Chapter 1-5 Figures - BRZ 06-18-2011.pdf
	Chapter 1 - Introduction Figures BRZ 06-16-2011.pdf
	Chapter 2 - EtOH Hepatocytes Figures BRZ 06-17-2011
	Chapter 3 - BAEC Hypoxia Figures BRZ 06-17-2011
	Chapter 4 - ACF Figures BRZ - 06-17-2011
	Chapter 5 - Discussion Figures BRZ - 06-17-2011



