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ABSTRACT

Excess iron, in a process termed iron overload (I0) is closely linked to cardiovascular and
metabolic diseases. Previous research has already established a causal link between 10 and
insulin resistance in both cardiac and skeletal muscle setting. Building upon this knowledge, the
potential for mitoNEET to offer protection against |O-induced insulin resistance was investigated.
The potential mechanisms underlying the protective effects of mitoNEET, which included
mitochondrial dynamics, oxidative stress, and mitophagy, was also examined in H9¢c2 cardiac
and L6 skeletal muscle cells. Using various experimental approaches including quantitative
polymerase chain reaction (QPCR), western blot, fluorescent microscopy, and reporter cell lines,
mitoNEET was shown to be protective against 10-induced insulin resistance. In H9c2 cells,
mitoNEET provided protection by regulating mitochondrial iron and reactive oxygen species
(ROS) to prevent insulin resistance. In L6 cells, mitoNEET prevented insulin resistance via

regulation of mitochondrial iron, ROS, and mitochondrial fission.



ACKNOWLEDGMENTS

| would like to extend my gratitude to Dr. Gary Sweeney for the opportunity to
complete my MSc under his supervision and guidance. | would like to thank members of
the Sweeney lab for their support with special thanks to Dr. Hyekyoung (Cindy) Sung for
serving an advisory role. | would also like to thank Dr. Kubiseski for his feedback
regarding my research progress and presiding over my thesis defence. Finally, | would
like to thank members of the examining committee, Dr. Christopher Perry, and Dr.

Emanuel Rosonina, for taking time out of their busy schedule to examine my thesis.



ABBREVIATIONS

Akt protein kinase B
BNIP3___ BCL2/adenovirus E1B 19 kDa protein-interacting protein 3

DMT1 ___ divalent metal transporter 1
Drp1 __ dynamin related protein 1
ERK1/2 __ extracellular signal-regulated protein kinase 1/2

EV __ empty vector
FAS __ ferric ammonium sulphate, NH4Fe(SO4)2 FUNDC1___
FUN 14 domain containing 1

Grb2 __ growth factor receptor-bound protein 2
IRE ___iron response element

IRP ___iron regulatory protein

IRS __ insulin receptor substrate

IO iron overload

MEK __ mitogen-activated protein kinase kinase

MFF __ MitoFerroFluor

Mt Mitochondrial

Mtff_mitochondrial fission factor

Mfn1/2 _ mitofusin1/2

MitoN __ mitoNEET

mTORC2 __ mammalian target of rapamycin complex 2
Opa1 __ optic atrophy 1

PDK __ 3-phosphoinositide-dependent protein kinase
PI3K __ phosphatidylinositol (3,4,5)-triphosphate kinase
PINK1__ PTEN-induced kinase1

PIP2 _ phosphatidylinositol 4,5-bisphosphate

PIP3 __ phosphatidylinositol (3,4,5)-triphosphate

ROS __ reactive oxygen species
SOS  son of sevenless
STEAP3 ____ six-transmembrane epithelial antigen of prostate 3

T2D ___ type 2 diabetes

Tf __ tranferrin

TfR ___ transferrin receptor
TSAT___ transferrin saturation
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1 CHAPTER 1: LITERATURE REVIEW

1.1 Iron metabolism

Iron is required for living things to carry out physiological processes, acting
primarily as a cofactor in the form of a prosthetic group called iron sulfur clusters (ISCs).
ISC-containing proteins play key roles in catalyzing metabolic reactions, mediating
signaling pathways, and the regulation of iron homeostasis. Specific examples of
processes that require ISCs include DNA replication and repair, cellular respiration, and
cell cycle regulation [1,2].

Although iron is an essential nutrient for biological processes, there are
mechanisms in place to ensure it is tightly regulated. Intracellular iron homeostasis is
established by a balance between import, export, storage, and utilization. Import of
extracellular iron, which is often found it the ferric form and bound to transferrin (Tf), is
transported to transferrin receptor 1 (TfR1) [3]. Cells then import this iron through
endocytosis into endosomes, where STEAP3 converts iron from the ferric state to the
ferrous form [3]. DMT1 then transports ferrous iron out of endosomes and into the cytosol
forming the labile iron pool [3]. This metabolically active form of iron can then be utilized
for cellular processes as described above. Within the cell, mitochondria are a major
source of iron utilization, however, the precise mechanism which iron is imported has not
been fully characterized [3]. Intracellular iron is exported exclusively by ferroportins, a

transmembrane transporter [4].



One way for regulating excess iron utilizes translational regulation from IRPs,
which bind to specific untranslated regions of mMRNA, IREs [1]. One such protein under
the regulation of IRPs and IREs is ferritin which sequesters iron for storage [1]. When
levels of iron are low, IRP binds to the IRE of ferritin mRNA at the 5" end resulting in
translational inhibition [1]. In response to too much iron, such as with IO, the IRP inhibition
is relieved, thus increasing ferritin expression [2]. However, when ferritin becomes
oversaturated by iron, it forms aggregates, and eventually gets degraded by lysosomes

in a process termed ferritinophagy [5].
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Figure 1. Schematic diagram of iron import, export, and storage. Extracellular iron,
bound to transferrin in its ferric form, is imported into cells by transferrin receptor 1 —
mediated endocytosis. In endosomes, iron is reduced to its ferrous form by STEAP3 and
DMT1, then exported out of endosomes. Iron can then be utilized by the cell, stored in
ferritin, or exported via ferroportins.
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Figure 2. Mechanism of ferritin regulation. Ferritin mRNA is translationally repressed
by iron regulatory protein (IRP) binding of the 5’UTR in a basal state as shown on the left.
Increasing levels of iron (right) relieves the IRP repression allowing for increase in
translation of ferritin mRNA [6].



1.2 Iron overload in clinical setting

Despite its importance, an excess of iron, termed iron overload (I0), has been
linked to pathological conditions in humans such as metabolic syndrome and heart
disease [7,8]. In a clinical setting, iron overload is defined as a surplus of iron stored in
the body, notably in the liver, heart, and skeletal muscle. The gold standard for
assessment of 10 is to obtain a tissue biopsy to quantify the amount of stainable iron [9].
However, this method is highly invasive and much more costly than a blood tests. 10 can
be routinely diagnosed using blood tests such as serum transferrin saturation (TSAT), or
serum ferritin levels. Normal range for transferrin saturation is 20% - 40%. Iron deficiency
is diagnosed when TSAT falls below 20% and 10 is diagnosed when TSAT exceeds 40%.
However, the deleterious effects are not very apparent until TSAT levels surpass 60%-
70% [10]. The normal range for serum ferritin in men is 30-300ng/mL and 10-200ng/mL
in women [11]. Even though a serum ferritin and TSAT test only serve as an indirect
indicator of iron levels, it remains a highly cost-effective and non-invasive method as an
initial screen which continues to be applicable for clinical use [12].

Physiological concentration of serum iron in humans are estimated to be
between 10uM and 30uM [13]. Total iron binding capacity can range up to 80uM, so the
body can handle a mild excess in iron. Furthermore, serum iron concentration up to
89.5uM has demonstrated to have mild to no toxicity in humans. Adverse effects are
more apparent once serum iron concentrations exceed 89.5uM and are particularly

pronounced in concentrations above 179uM [14].



Iron overload can be classified as primary, or secondary. The underlying cause of
primary 10 is mutation in genes, such as HFE. The mostly widely studied mutation, is
C282Y in the HFE protein which regulates the production of hepcidin, a key hormone
involved in the negative regulation of iron import [15]. Secondary iron overload occurs as
a result of increased iron intake through dietary means or blood transfusions.
Nonetheless, 10, whether primary or secondary, has been linked to the development of
diabetes and cardiovascular diseases [16]. One potential mechanism underlying the

deleterious effects of 10 is the induction of reactive oxygen species (ROS) [17,18].

1.3 Iron overload and oxidative stress

ROS are molecules derived from molecular oxygen that have undergone reaction
to yield more toxic forms. Some common examples of ROS include hydroxyl radicals,
hydrogen peroxides, and superoxides [17]. ROS is produced at low levels under
physiological settings where it acts as signaling molecules that contribute to cell survival
and proliferation. Physiological ROS originates from several subcellular components such
as endoplasmic reticulum, peroxisomes, and mitochondria. It is generally accepted that
mitochondria are the major source of ROS [17]. When the levels of ROS become
elevated, several endogenous mechanisms are in place to re-establish homeostasis.
Antioxidant mechanisms such as superoxide dismutase, glutathione peroxidase, and
catalase are in place to prevent an excess production of ROS. Superoxide dismutase
catalyzes the conversion of superoxide into oxygen and hydrogen peroxide, a less toxic
form of ROS. Catalase further breaks down hydrogen peroxide into water and oxygen.

Glutathione peroxidase catalyzes the reaction between glutathione and hydrogen



peroxide resulting in the breakdown into water. There are also non-enzymatic
antioxidants such as NAD+/NADH and glutathione which can act as a buffer to
compensate for mild redox imbalances through donation/acceptance of hydrogen and
electrons. Despite these antioxidant mechanisms, pathological levels of ROS
upregulation can exceed the endogenous antioxidant capacity resulting in disease.
Specifically, under 10, the excess ROS generated can overwhelm these antioxidant
mechanisms ultimately causing oxidative stress [19]. Oxidative stress has been linked

with several pathologies such as insulin resistance, diabetes, and heart disease [19].

1.4 Insulin signaling and insulin resistance

Insulin is a peptide hormone that regulates several biological processes such as
glucose, lipid, and energy metabolism [20]. Insulin exert many of its effects via activation
of the Akt or ERK1/2 pathway [20].

In the Akt pathway, insulin binds to insulin receptors causing a conformational
change and autophosphorylation at tyrosine residues. Phosphorylated insulin receptors
recruit the adaptor protein, IRS, to be phosphorylated at tyrosine residues.
Phosphorylated IRS allows for the recruitment and binding of SH2 domain containing
molecules such as PI3K, which results in its activation. PI3K then phosphorylates PIP2 to
PIP3, which recruits PDK-1 and mTORC2 to activate Akt via phosphorylation at
threonine308 and serine473, respectively. Activated Akt regulates different genes
responsible for metabolism, translation, and cell growth.

In the ERK1/2 pathway, Grb2 binds to IRS independently of PI3K. Grb2 allows for

SOS to bind, which catalyzes the conversion of Ras-GDP to Ras-GTP. GTP bound Ras



then transduces its signal to Raf, which activates MEK1/2, resulting in phosphorylation
and activation of ERK1/2. Like Akt, ERK1/2 also regulates genes for cell growth and
proliferation [20]. Insulin resistance, which contributes to a broader condition called

metabolic syndrome, occurs when there is an impairment in the insulin signaling pathway.
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Figure 3. Insulin signaling pathways

Insulin initiates a signal transduction by binding to insulin receptor. Upon binding, insulin
receptors cause autophosphorylation and conformational change to occur. This leads to
recruitment of adaptor proteins such as Grb2-SOS and IRS which activates the ERK1/2
and Akt pathway, respectively. IRS recruitment to insulin receptor activates it via
autophosphorylation causing the subsequent recruitment of PI3K to the membrane and
the generation of PIP3. This results in recruitment and activation of PDK-1 and mTORC2
which phosphorylate Akt at ThrO8 and Ser473, respectively. Immediately downstream of
Grb2-SOS recruitment, RAS, RAF, and MEK are sequentially activated resulting in
ERK1/2 activation.



1.5 Metabolic syndrome and diabetes

Metabolic syndrome (MetS) refers to a condition characterized by the presence of
several metabolic dysfunctions which increases the risk for development of T2D,
cardiovascular disease, and overall mortality [21,22]. The presence of MetS occurs when
at least 3 of 5 of the following criteria (exact diagnostic thresholds shown in table 1) are
met: abdominal obesity, elevated triglycerides, reduced HDL-cholesterol, increased blood
pressure, and glucose intolerance. The prevalence of MetS varies by age and ethnicity,
however evidence points towards an overall trend towards increased prevalence for MetS
worldwide [23]. The global prevalence of metabolic syndrome is estimated to be roughly
25% [24]. MetS was once thought to be a disease that affects adults only, but the rise of
MetS in younger population has also been observed [25]. Several established factors
which contribute to the development of MetS include smoking, sedentary lifestyle, and
overnutrition [23]. Furthermore, there is increasing evidence linking iron overload with
features of metabolic syndrome [26]. In fact, there is now a condition called dysmetabolic
iron overload syndrome (DIOS), which is characterized by mild elevations in body iron

and is associated with MetS [27].
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Table 1. Clinical definition of metabolic syndrome

The 5 criteria used in the diagnosis of metabolic syndrome are illustrated below. The
definition outlined is set by the international diabetes foundation (IDF) which has been
used in clinical settings worldwide [28].

Criterion Definition

Abdominal obesity Waist circumference = 94 cm in men or = 80

cm in women

Elevated triglycerides 150mg/dL
Reduced HDL cholesterol <40mg/dL in men or <50mg/dL in women
Increased blood pressure >130/85mmHg

Glucose intolerance >100mg/dL
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1.6 Mitochondrial health and insulin resistance

Mitochondria are dynamic organelles that functions to produce energy for cellular
processes. Due to its central role in energy metabolism, mitochondria have gained
increasing attention in metabolic diseases including T2D.

Mitochondria maintain their dynamic nature by undergoing processes of fusion and
fission [8]. Collectively, the balance between mitochondrial fusion and fission is termed
mitochondrial dynamics which is imperative to maintain proper mitochondrial morphology
and function [8]. Upon mild stress such as at physiological conditions, mitochondria may
fuse with healthy mitochondria in a process called complementation, thus re-establishing
mitochondrial homeostasis [8]. However, more extreme cases such as oxidative stress
can disrupt mitochondrial dynamics leading to mitochondrial dysfunction [11].

There is increasing evidence suggesting mitochondrial dysfunction plays a role in
mediating a diverse range of diseases such as Alzheimer’s, Parkinson disease, kidney
disease, cancer, liver disease, and heart failure [29]. Moreover, due to its central role in
energy metabolism, disrupted mitochondrial function and dynamics have gained
increasing attention in the context of diabetes and heart disease [12]. Therefore,
mitochondrial function remains an attractive therapeutic target for a diverse range of
diseases, and this is reflected in the increasing number of therapeutic strategies targeting
mitochondria [13].

Both mitochondrial dynamics and function are closely related. Mitochondrial
dynamics has also been proposed as a bridge linking mitochondrial dysfunction and
insulin resistance [30]. For instance, mitochondrial fusion is associated with improved

energy metabolism whereas mitochondrial fission is associated with a decline in energy
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metabolism along with elevated ROS [30]. Through mitochondrial fusion, healthy
mitochondria can compensate for damaged mitochondria through sharing of mtDNA and
content [31]. Due to its regulatory role in mitochondrial quality control, any major
alterations in mitochondrial dynamics will be detrimental for mitochondrial health. For
example, a shift from fusion to fission resulted in elevated mitochondrial ROS, impaired
3-oxidation, and impaired ATP production — all indicators of mitochondrial dysfunction
[32]. Altered mitochondrial dynamics with a shift towards fission have also been observed
in disease states such as insulin resistance and T2D [32,33]. When mitochondria are
damaged beyond repair, such as in pathological conditions, they undergo fission followed

by degradation in a process termed mitochondrial autophagy, also known as mitophagy.
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Figure 4. Mitochondrial homeostasis - fission, fusion, biogenesis, and mitophagy
Mitochondria undergo a process termed complementation where damaged mitochondria
fuse with healthy mitochondria to compensate for a mild stress. This fusion process is
mediated by proteins such as Mfnl, Mfn2, and Opal. Following excess stress resulting
in mitochondrial damage beyond repair, the mitochondria undergo fission, mediated by
Drp1, followed by lysosomal degradation in a process called mitophagy.
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1.7 Autophagy, mitophagy and insulin resistance

Mitophagy is considered a selective form of autophagy which is a catabolic
process that functions to clear damaged or dysfunctional proteins and organelles [34].
The process of autophagy occurs non-specifically upon stress and can be classified into
4 distinct steps [34].

Autophagy is initiated by the formation of a double membrane structure called
phagophore [35]. The phagophore is then elongated into an autophagosome, engulfing
damaged organelles and proteins in the maturation process [35]. A crucial step in the
maturation into an autophagosome is the lipidation of microtubule associated protein 1
light-chain 3 (LC3) into LC3-Il, followed by insertion into the growing autophagosome [36].
A mature autophagosome then fuses with lysosomes, forming an autolysosomes,
ultimately concluding with lysosomal degradation of damaged protein or organelles [37].
Several cargo recognition proteins are involved, the most well know being p62. P62 is an
autophagy receptor that binds to cargo tagged for autophagic degradation. As such, the
relative levels of p62 can be used as an indicator of the turnover rate of autophagy [36].
The protective effects of autophagy activation in insulin resistance during 10 have been
characterized previously [38,39]. However, the exact role of mitophagy in the induction of
insulin resistance requires further investigation.

The process of mitophagy, like autophagy, relies on LC3-Il and p62 in addition to
several mitophagy-specific proteins. These include proteins such as PINK1/Parkin,

FUNDC1, BNIP3, and Nix-mediated mitophagy.
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PINK1/Parkin is the most well characterized mitophagy pathway [40]. Under
physiological conditions, PINK1 is synthesized in the cytoplasm, transported to
mitochondrial inner membrane, and degraded by proteases [41]. When there is
mitochondrial damage or loss of membrane potential, PINK1 is stabilized on the outer
mitochondrial membrane [41]. PINK1 then phosphorylates and recruits Parkin [41].
Following recruitment of Parkin, LC3 binds to parkin on LC3 interaction regions (LIRS)
which mediates recruitment of vesicles called autophagosomes are recruited to
mitochondria to facilitate lysosomal degradation [41].

BNIP3 and Nix mediated mitophagy are activated upon hypoxia or mitochondrial
membrane depolarization [42]. Similar to Parkin, BNIP3 and Nix also contain LIRs which
aid in the recruitment of autophagosomes to carry out degradation of mitochondria [42].
The FUNDC1 mitophagy receptor was identified in 2013 to contribute as a hypoxia-
mediated pathway [43]. Normally, FUNDCL1 is inhibited via Src phosphorylation, however,
during hypoxia, Src-mediated inhibition is relieved [43]. This allows for FUNDCL1 to initiate
mitophagy by binding LC3 through LIR and allowing for recruitment of autophagosomes.
There is a general consensus that the induction of mitophagy can improve insulin
resistance [40]. However, mice with skeletal muscle-specific knockout of FUNDC1
paradoxically exhibit improved insulin sensitivity but a reduced mitochondrial energetics
upon high fat diet [44]. Taken together, this suggests that the role of mitophagy in insulin
resistance is highly context dependent but may be a promising target for insulin

resistance.
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Figure 5. Process of autophagy

Autophagy is initiated by the formation of a double membrane structure called
phagophore around cargo tagged by p62 which marks it for autophagic degradation.
LC3-ll is inserted into the growing phagophore until it matures into an autophagosome.
To complete autophagy, a mature autophagosomes fuse with lysosomes to form
autolysosomes where cargo along with LC3-1l and p62 are proteolytically degraded.
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Figure 6. Process of mitophagy

Mitophagy can occur in a Parkin-dependent, or Parkin-independent (receptor-mediated)
manner. Upon mitochondrial damage, PINK1 stabilizes on the outer mitochondrial
membrane resulting in recruitment of Parkin and formation of ubiquitin chain. P62 binds
to the growing ubiquitin chain and recruits phagophore for subsequent mitophagy.
Mitophagy receptors BNIP3, NIX, and FUNDCL1 contain LC3-interacting regions which
directly recruits phagophore to initiate mitophagy
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1.8 MitoNEET protein as a potential therapeutic target

MitoNEET (MitoN) is a transmembrane protein found on the outer mitochondrial
membrane. It was originally identified as a binding target for the anti-diabetic drug,
pioglitazone [45] and named after a four amino acid sequence, Asn-Glu-Glu-Thr, located
near the C terminal [46]. Since its discovery in 2003, MitoN has shown potential as a
novel therapeutic for a wide array diseases such as neurodegeneration, breast cancer,
inflammation, cardiovascular diseases and diabetes, however, the precise mechanisms
via which this occurs requires further investigations [47].

The protective effects could be attributed to mitoNEET’s role in the regulation of
mitochondrial iron, oxidative stress, cell death, mitochondrial health, and metabolism. For
instance, MitoN knockout caused glucose intolerance, increased ROS, and dysfunctional
mitochondria [46,48]. Furthermore, a decrease in MitoN expression caused a loss of
mitochondrial membrane potential, leading to mitochondrial dysfunction, and subsequent
apoptosis in human cancer cells [49]. In contrast, MitoN overexpression decreased
mitochondrial iron and ROS [48]. MitoN has also been shown to be protective against
oxidative stress-induced apoptosis by regulating mitochondrial oxidative capacity and
possibly antioxidant mechanisms as well [50]. Furthermore, MitoN was found to play a
role in transfer and synthesis of iron-sulfur clusters, a key factor in the function of proteins
involved in cellular respiration [51]. The physiological significance of MitoN’s role in iron-
sulfur cluster transfer remains a topic of open discussion within the literature, however, it
likely plays a role in mitochondrial function and iron homeostasis [51]. As such, MitoN
likely plays a role in the development of metabolic dysfunction, however further

investigation is needed to fully understand the processes involved.
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1.9 Research aims and hypothesis

The link between iron overload (I0) and insulin resistance has already been
established in both the cardiac setting and skeletal muscle. Furthermore, mitoNEET has
also been demonstrated to have some effect in regulating mitochondrial iron. However,
the link between mitochondrial iron, specifically, and insulin resistance in the cardiac
setting and skeletal muscle remains largely unexplored. My objective will be to investigate
the therapeutic potential of mitoNEET in 10-induced insulin resistance and the underlying
mechanisms using H9c2 cardiac cells (study 1) and L6 skeletal muscle cells (study 2).
Skeletal muscles are considered a classical insulin target tissue and are responsible for
the majority of glucose uptake in the postprandial (fed) state. As a result, findings from
the study in L6 cells could have direct implications for novel therapeutics in metabolic
diseases such as T2D. In contrast, the heart is considered a non-classical insulin target
tissue in that it is not the primary tissue type responsible for glucose utilization.
Nevertheless, insulin resistance in the cardiac setting can have negative consequences
such as the progression to cardiovascular disease including heart failure. Thus, findings
from the study in H9c2 cells may have implications for therapeutics aimed at preventing

cardiovascular complications in high-risk individuals.

Study 1: The role of mitoNEET in 10-induced insulin resistance in H9c2 cells

In the first study, the mechanisms underlying the protective effect of mitoNEET was
investigated in 10-induced insulin resistance using H9c2 cardiac cells. Insulin resistance
remains a strong risk factor for the development of T2D, which collectively increases risk

for cardiovascular diseases. Early intervention of insulin resistance remains an effective
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strategy to prevent the development of further difficult to treat complications. The role of
mitochondrial iron in cardiac insulin resistance remains largely unexplored. | hypothesize
IO in H9c2 cells will cause mitochondrial iron accumulation leading to increase in
mitochondrial ROS which induces insulin resistance. | also expect regulation of
mitochondrial iron through overexpression of mitoNEET in H9c2 cells will avert the

deleterious effects of IO such as elevated mitochondrial ROS and insulin resistance.

Study 2: The role of mitoNEET in IO-induced insulin resistance in L6 cells

In the second study, the mechanisms underlying the protective effect of mitoNEET
was investigated in 10-induced insulin resistance using L6 cells. Insulin resistance is
thought to precede the onset of diabetes by up to 10 years. Because of this, early
treatment of insulin resistance remains a viable option for preventing the progression to
T2D. Similar to the H9c2 study, the role of mitochondrial iron, mitochondrial ROS, and
protective effect of mitoNEET in insulin resistance will be explored. Furthermore, aspects
of mitochondrial health including fission, fusion, biogenesis, and mitophagy will be
explored as they relate to insulin resistance. Insulin resistance has been associated with
an increased fission and decreased biogenesis. The precise role of mitophagy in insulin
resistance is not fully clear. However, there is some evidence to suggest impaired
mitophagy is linked to insulin resistance. | hypothesize during 10, L6 cells will exhibit
increased mitochondrial iron accumulation, increased mitochondrial ROS, increased
fission, decreased biogenesis, and decreased mitophagy. | expect these effects induced
by 10 will be linked to the induction of insulin resistance which can be avoided by

regulation of mitochondrial iron content via overexpression of mitoNEET.
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2 CHAPTER 2 -H9C2 CELLS

“MitoNEET prevents 10-induced insulin resistance in H9c2 cardiac cells through

regulation of mitochondrial iron”

2.1 Abstract

Excess iron has been associated with elevated risk for type 2 diabetes (T2D) and
insulin resistance. The potential role for the MitoNEET protein to regulate mitochondrial
iron and preserve insulin sensitivity was examined in H9c2 cardiac cells. Extracellular iron
overload (I0) was demonstrated to increase mitochondrial iron accumulation, reactive
oxygen species (ROS) production, mitochondrial fission, and insulin resistance in empty
vector (EV) H9c2 control cells. Under conditions of 10, overexpression of the MitoNEET
(MitoN) protein was found to prevent mitochondrial iron accumulation, ROS production,
mitochondrial fission, and insulin resistance. The use of mitochondrial antioxidant, Skq1l,
prevented I0-induced ROS production and preserved insulin sensitivity in control cells
implicating mitochondrial ROS as a causal factor in the development of insulin resistance.
The use of mitochondrial fission inhibitor Mdivi-1 prevented 10-induced fission but did not
alter the subsequent insulin resistance in control cells. This demonstrates mitochondrial
fission occurs in parallel with insulin resistance. Overall, this suggests MitoNEET plays a
protective role under conditions of IO through regulation of mitochondrial iron content and

ROS, thus preserving insulin sensitivity in H9c2 cells.
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2.2 Introduction

Insulin resistance is one of five different metabolic defects that has been
characterized in a condition called metabolic syndrome. The diagnostic criteria for
metabolic syndrome is met when at least three of the following occur: hyperglycemia (high
blood sugar), low levels of HDL cholesterol, elevated triglycerides, abdominal obesity, or
high blood pressure. More importantly, the presence of metabolic syndrome increases
the risk for developing cardiovascular diseases. Therefore, a deeper understanding of
metabolic syndrome, which includes insulin resistance, in the cardiac setting may help
with improving cardiovascular outcomes.

Diabetes is a common metabolic disorder affecting 8.3% of the adult population
worldwide [52] and the prevalence is projected to increase 55% by 2035 [53]. Type 2
diabetes, T2D, is the most common form of diabetes, representing approximately 90% of
the diabetic population. Excess iron, or 10O, is an established, yet understated risk factor
for the development of insulin resistance and T2D [54]. The onset of insulin resistance
and T2D can have profound effects on the heart if left untreated. T2D increases the risk
of developing cardiac complication such as diabetic cardiomyopathy (DCM), which is
characterized by a functional decline in cardiac function, ultimately leading to heart failure
and death [16]. The treatment, diagnosis, and prevention of DCM remains a challenge
and as such, therapeutics targeting the treatment of insulin resistance as a preventative

measure may prove to be useful [55].
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Originally identified as a binding target of the antidiabetic drug pioglitazone,
mitoNEET is now known to play a pivotal role in the regulation of several biological
processes. MIitoNEET 