
 

  

Investigating the role of mitoNEET in iron 

overload-induced insulin resistance  

  

Eddie Tam  

  

  

A thesis submitted to the Faculty of Graduate Studies in partial 

fulfillment of the requirements for the degree of Master of Science  

  

Graduate Program in Biology  

York University, Toronto, Ontario  

July 2023  

  

  

 

 

 

 

  

© Eddie Tam 2023 

 

 

   



II 
 

ABSTRACT 

Excess iron, in a process termed iron overload (IO) is closely linked to cardiovascular and 

metabolic diseases. Previous research has already established a causal link between IO and 

insulin resistance in both cardiac and skeletal muscle setting. Building upon this knowledge, the 

potential for mitoNEET to offer protection against IO-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 H9c2 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 IO-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.  
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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].  
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One way for regulating excess iron utilizes translational regulation from IRPs, 

which bind to specific untranslated regions of mRNA, 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].  
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1.2 Iron overload in clinical setting 

Despite its importance, an excess of iron, termed iron overload (IO), 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 IO 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. IO 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 IO 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 10µM and 30µM [13]. Total iron binding capacity can range up to 80µM, so the 

body can handle a mild excess in iron. Furthermore, serum iron concentration up to 

89.5µM has demonstrated to have mild to no toxicity in humans. Adverse effects are 

more apparent once serum iron concentrations exceed 89.5µM and are particularly 

pronounced in concentrations above 179µM [14]. 
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Iron overload can be classified as primary, or secondary. The underlying cause of 

primary IO 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, IO, whether primary or secondary, has been linked to the development of 

diabetes and cardiovascular diseases [16]. One potential mechanism underlying the 

deleterious effects of IO 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 
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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 IO, 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 
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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. 

 

 
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 Thr08 and Ser473, respectively. Immediately downstream of 
Grb2-SOS recruitment, RAS, RAF, and MEK are sequentially activated resulting in 
ERK1/2 activation.  
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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 

ß-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 Mfn1, Mfn2, and Opa1. 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-II, 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 IO 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-II 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, FUNDC1 is inhibited via Src phosphorylation, however, 

during hypoxia, Src-mediated inhibition is relieved [43]. This allows for FUNDC1 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-II 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-II 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 FUNDC1 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. 



19 
 

1.9 Research aims and hypothesis 

The link between iron overload (IO) 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 IO-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 IO-induced insulin resistance in H9c2 cells 

In the first study, the mechanisms underlying the protective effect of mitoNEET was 

investigated in IO-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. I hypothesize 

IO in H9c2 cells will cause mitochondrial iron accumulation leading to increase in 

mitochondrial ROS which induces insulin resistance. I 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 IO-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. I hypothesize during IO, L6 cells will exhibit 

increased mitochondrial iron accumulation, increased mitochondrial ROS, increased 

fission, decreased biogenesis, and decreased mitophagy. I expect these effects induced 

by IO 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 IO-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 (IO) 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 IO, 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, Skq1, 

prevented IO-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 IO-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 IO, 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. MitoNEET has been implicated in regulation of mitochondrial iron and 

metabolism. Overexpression of mitoNEET has demonstrated to limit mitochondrial iron 

accumulation. MitoNEET has also been found to preserve insulin sensitivity upon high fat 

diet feeding in mice. Furthermore, mitoNEET has also been linked to age-related heart 

failure. For instance, cardiac-specific knockout of mitoNEET in mice accelerated cardiac 

dysfunction associated with the ageing process. Together, this suggests mitoNEET may 

play a protective role in preventing onset of insulin resistance under IO conditions. 

In this study, an in vitro model of mitoNEET overexpression in H9c2 

cardiomyoblasts was used to assess the role of mitochondrial iron in insulin resistance. I 

hypothesized that during cellular iron overload, the overexpression of mitoNEET would 

prevent excess mitochondrial iron accumulation resulting in preservation of insulin 

sensitivity. The underlying mechanisms linking mitochondrial iron and insulin resistance 

(mitochondrial ROS and dynamics) was also examined. 
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2.3 Methods 

Cell culture and treatment 

H9c2 cells were cultured as previously described [56]. For IO treatment, cells were 

treated with 200µM ferric ammonium sulfate, NH4Fe(SO4)2, for 4 or 24 hours in serum 

free DMEM. Where indicated, cells were pretreated with 3µM Mdivi-1 for 3 hours, or 20nM 

Skq1 for 30 minutes. 

 

MitoFerroFluor - measurement of mitochondrial iron content 

MitoFerroFluor, MFF, is a fluorescent probe that is targeted to the mitochondrial 

matrix and exhibits a fluorescent signal that is quenched by free iron [57]. Increase 

mitochondrial iron loading will be observed as a decrease in MFF fluorescent signal. H9c2 

EV and MitoN cells were grown on 4-well chambered coverslips overnight. Cells were 

treated with or without 200µM for 4 hours. Cells were washed 3 timed, then stained with 

2µM MFF (a gift from Dr. John Lemasters, University of South Carolina) and nuclear mask 

for 30 minutes. Cells were washed 3 times, then imaged on a Nikon A1 confocal 

microscope. Fluorescent intensity per cell was quantified on ImageJ.  
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Detecting oxidative stress using CellROX™ Deep Red reagent  

H9c2 EV and MitoN cells were grown on 24-well plates overnight. CellROX dye 

was added at a final concentration of 1µM and incubated for 30 minutes and co-stained 

with nuclear mask. Cells were washed 3 times then treated with or without iron overload, 

200µM FAS for 4 hours. Cells were washed then imaged using EVOS™ FL Auto 2. Where 

indicated, cells were pretreated with mitochondrial antioxidant, 20nM Skq1, for 30 

minutes. Images were capture using EVO FL Auto 2 microscope and fluorescent intensity 

quantified using ImageJ. 

 

Western blot  

H9c2-EV and -MitoN cells were seeded and grown to 90% confluency on 6-well 

plates in serum-free media, then treated with or without 200µM Ferric ammonium sulfate 

for 24 hours in serum free media. Where indicated, cells were treated with 100nM insulin 

10 minutes prior to treatment endpoint, at which point, the cells were washed, lysed with 

lysis buffer (80mM Tris-HCl, 2% SDS (w/v), 15% glycerol (v/v), 10% beta-

mercaptoethanol (v/v), phosphatase and protease inhibitor (A32959, Thermo Fisher 

Scientific, Waltham, MA, USA, and 0.1nM okadaic acid) and incubated on ice for 10 

minutes. Lysates were collected, centrifuged for 15 minutes at 12000 rpm, the 

supernatants were collected, and heat denatured at 95°C for 5 minutes. Lysates were 

resolved on tris-glycine gels, transferred to PVDF membranes, blocked in 5% non-fat milk 

or 3% BSA, followed by incubation in primary antibodies overnight at 4°C. Membranes 

were washed 3 times in TBST (Tris-buffered saline with Tween 20: 20 mM Tris, 150 mM 

NaCl, 0.01%, w/v), incubated in appropriate secondary antibody for 1 hour, washed 3 
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more times in TBST, then detected with chemiluminescence on autoradiography film. 

Densitometric analysis was performed using ImageJ software. The following primary 

antibodies were used: Mfn2 (9482), Opa1 (80471), p-Drp1 S616 (3455), p-Drp1 S637 

(4867), total Drp1 (8570), mitochondrial fission factor (84580), p-ERK1/2 T202/Y204 

(9101), p-Akt T308 (9275), p-Akt S473 (9271), mitoNEET (83775), total Akt (9272), beta 

actin (12620), and GAPDH (2118) were from Cell Signaling Technology (Danvers, MA, 

USA). Antibodies for Mfn1 (ab221661), OXPHOS (ab110413), and mitochondrial ferritin 

(ab66111) were from Abcam (Cambridge, UK). Anti-PGC1α (NBP1-04676) was from 

Novus Biologicals (Englewood, CO, USA). Anti-Fis1 (sc-376447) was from Santa Cruz. 

Anti-mouse and anti-rabbit HRP-linked secondary antibodies were from Cell Signaling 

Technology.  

 

Mitochondrial network analysis 

H9c2 EV and MitoN cells were seeded on 4-well chambered coverslips overnight. 

Cells were treated with or without 200µM FAS for 24 hours. Mitotracker green, 50nM 

(Thermo Scientific), and nuclear mask staining was added 30 minutes before treatment 

endpoint. Cells were washed, changed to phenol free DMEM, and imaged on A1 confocal 

microscope. Images were captured at 60x magnification and zoomed in 3x. Network 

branch length (mitochondrial length), network branches (degree of mitochondrial 

networking), and mitochondrial footprint (mitochondrial area) per cell were quantified 

using ImageJ mitochondrial network analysis tool [58]. For 3D images, Z-stacks were 

captured using 0.2µm step size, then rendered using the surfaces algorithm on IMARIS 

software (Oxford Instruments, Abingdon, US). 
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MitoNEET overexpressing cell line 

Generation and selection of a stable MitoN overexpressing cell line was described 

previously [56].  

 

Statistical Analysis 

Data is shown as mean ± SEM. One way ANOVA followed by Tukey’s multiple 

comparison test or t-test was used for statistical analysis. All statistical tests were 

performed using GraphPad Prism. p<0.05 was considered statistically significant.  
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2.4 Results 

IO-induced insulin resistance is prevented by mitoNEET  

The MitoN overexpressing cell model was established in a previous publication 

where there was about 2.5-fold increase in MitoN protein. [56]. MitoN overexpression was 

utilized to selectively regulate mitochondrial iron during conditions of IO. Mitochondrial 

ferritin is an iron storage protein that is translationally repressed by IRPs under 

physiological conditions, however excess mitochondrial iron will relieve this repression. 

Because of this, an elevated level of mitochondrial ferritin can be used as an indicator of 

increased mitochondrial iron content. By western blot, it was determined that IO caused 

a significant increase in mitochondrial ferritin in EV control, but not in MitoN cells (Fig. 

1A). This was also confirmed in live cell imaging using MitoFerroFluor (MFF), a 

fluorescent probe targeted to the mitochondria which has its fluorescence quenched by 

iron. Following IO, MFF fluorescent signal decreased nearly 50% in EV, but remained 

largely unchanged in MitoN cells (Fig. 1B,C).  

One of the key downstream effector proteins during insulin signaling is Akt, which 

is activated following insulin stimulation via phosphorylation at T308 and S473. The 

phosphorylation status of Akt was quantified as a measurement of insulin signaling. In 

H9c2 EV control cells, IO significantly blunted insulin-stimulated phosphorylation of Akt 

at T308 and S473, indicative of insulin resistance. In the H9c2 MitoN cells, insulin 

stimulated phosphorylation of Akt remained largely unchanged suggesting preserved 

insulin sensitivity. Extracellular regulated kinase 1/2 (ERK1/2) is another protein activated 

by phosphorylation upon insulin signaling. ERK1/2 activation originates also from IRS, 

but it diverges from the Akt pathway. Thus, phosphorylated ERK1/2 can serve as an 
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additional indicator of insulin sensitivity. In H9c2 EV cells, IO decreased insulin-stimulated 

phosphorylation of  ERK1/2 suggestive of insulin resistance (Fig 1F). This reduced 

phosphorylation was not seen in the H9c2 MitoN IO-treated cells (Fig 1F). Together, this 

data demonstrated that IO caused significant insulin resistance which was prevented by 

MitoN overexpression. 
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Figure 1. IO-induced insulin resistance is prevented by mitoNEET. (A) Evaluation of 
mitochondrial iron overload by Western blot analysis of mitochondrial ferritin in H9c2-EV 
and -MitoN cells treated with (IO) or without (control) iron for 24 hours. Representative 
blot and loading control are shown, n=4. **p<0.01 compared to EV control, ##p<0.01 
compared to EV IO (B, C) Quantification of relative mitochondrial iron content using MFF 
in H9c2-EV and -MitoN cells treated with (IO) or without (control) iron for 4 hours. 
Representative confocal images are shown in B and quantified in C using ImageJ 
software. n=3. Scale bar = 20µm. *p<0.05 compared to EV control, #p<0.05 compared to 
EV IO. Insulin signaling assessed by Western blot analysis of (D) p-Akt S473, (E) p-Akt 
T308, and (F) p-ERK1/2 in H9c2-EV and -MitoN cells treated with (IO) or without (control) 
iron for 24 hours. Representative blots of p-Akt S473 (n=5) and p-Akt T308 (n=10) with 
loading controls are shown. *p<0.05 compared to EV control, **p<0.01 compared to EV 
control, #p<0.05 compared to EV IO. 
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IO-induced oxidative stress is prevented by mitoNEET  

Having established the protective role of MitoN in IO-induced insulin resistance, 

oxidative stress was subsequently examined. CellROX red is a fluorescent probe that is 

weakly fluorescent in the reduced state but is highly fluorescent following oxidation by 

ROS. It was found that IO induced significant ROS production in H9c2 EV control cells 

(Fig. 2A-B). Pre-treatment with mitochondrial antioxidant Skq1 attenuated this IO-induced 

ROS production suggesting IO-induced ROS is derived primarily from mitochondria. 

Furthermore, in H9c2 MitoN cells, IO treatment induced a significantly lower level of ROS 

compared to EV cells. To determine if IO-induced ROS played a causative role in the 

development of insulin resistance, western blot analysis for Akt phosphorylation in the 

presence of Skq1 was performed in H9c2 EV control cells. The data showed IO caused 

significant insulin resistance that was completely prevented by Skq1 (Fig 2C,D). 

Collectively, IO caused mitochondrial ROS upregulation leading to insulin resistance, but 

this was prevented by mitochondrial antioxidant, Skq1, or MitoN overexpression. 
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Figure 2. IO-induced oxidative stress is prevented by mitoNEET. (A, B) Reactive oxygen 
species (ROS) production was quantified using CellROX in H9c2-EV and -MitoN cells 
treated with (IO) or without (control) iron for 4 hours. Representative fluorescent images 
are shown in A and quantification by ImageJ software in B, n=3. Scale bar = 100µm. 
**p<0.01 compared to EV control, ##p<0.01 compared to EV IO. (C, D) Assessment of 
insulin signaling by Western blot analysis of p-Akt S473 (n=5) and p-Akt T308 (n=6) in 
H9c2-EV cells treated with (IO) or without (control) iron for 24 hours. Where indicated, 
cells were pretreated with mitochondrial antioxidant, Skq1 for the entire 24 hours. 
**p<0.01 compared to EV control, #p<0.05 compared to EV IO. 
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IO-induced mitochondrial fragmentation is prevented by mitoNEET 

Oxidative stress has been linked with fragmented mitochondria, and whether this 

played a role in IO-induced insulin resistance was investigated. Fragmented mitochondria 

can arise from decreased fusion, increased fission, or a combination of both. To assess 

for fusion, western blot analysis of fusion-related proteins (Opa1, Mfn1, and Mfn2) was 

performed where there was no change found following IO (Fig A-C). Dynamin related 

protein 1 (Drp1) is a key protein involved in fission where upon phosphorylation at S616, 

fission is promoted, whereas phosphorylation at S637 inhibits it. In H9c2 EV cells, IO was 

found to increase the phosphorylation ratio of S616:S637 indicative of elevated fission 

(Fig 3D). However, this increased was not observed in H9c2 MitoN cells (Fig 3D). Drp1-

mediated fission can occur through different pathways depending on which Drp1 receptor 

is involved. Two known Drp1 receptors, mitochondrial fission factor (mtff) and fission 

protein 1 (Fis1) were characterized. Although both mitochondrial fission factor and Fis1 

promote fission via Drp1, they were found to be functionally distinct. Mitochondrial fission 

factor mediated fission precedes biogenesis and proliferation, whereas Fis1 mediated 

fission is followed by degradation. This duality may indicate mtff-dependent fission is 

involved in the maintenance of mitochondrial networks. In contrast, Fis1-dependent 

fission may act as a marker for mitochondria damaged beyond repair and may be 

implicated with disease progression. Mitochondrial fission factor was largely unchanged 

across all conditions (Fig 3E). In H9c2 EV, IO increased Fis1, but this was not observed 

in H9c2 MitoN cells (Fig 3F).  
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Elevated levels of fission were then visually corroborated by staining cells with 

Mitotracker green, a fluorescent dye that specifically stains mitochondria independent of 

membrane potential. Mitochondrial length and branching were quantified and found to be 

reduced by IO (indicating elevated fission) in H9c2 EV cells, but not in H9c2 MitoN cells 

(Fig 3G). Mitochondria were also analyzed using Mitotracker and IMARIS software to 

quantify sphericity (the ratio of the surface area of a sphere to the surface area of an 

object, of the same volume, will approach 1 as the object approaches the shape of a 

sphere). In H9c2 EV, IO significantly increased sphericity of mitochondria indicative of 

elevated fission. In H9c2 MitoN cells, mitochondrial sphericity remained unchanged 

following IO compared to control (Fig 3I).  

Next, it was determined whether fission played a causal role in IO-induced insulin 

resistance. IO-induced fission was modulated through the use of Mdivi-1, a 

pharmacological inhibitor of Drp1 activity. In H9c2 EV, IO decreased mitochondrial length 

and branching which was averted when the cells were pretreated with Mdivi-1 (Fig 3J). 

The effect of Mdivi-1 on IO-induced insulin resistance was investigated by western blot 

analysis of Akt phosphorylation. In H9c2 EV cells, IO was found to cause insulin 

resistance and the use of Mdivi-1 did not prevent this (Fig 3K). This shows IO induces 

mitochondrial fission via the Fis1-Drp1 pathway, however, the inhibition of Drp1 activity 

did not prevent the following insulin resistance.  

Additional aspects of mitochondrial health such as mitochondrial content, 

mitochondrial DNA copy number, and mitophagy were investigated but the findings were 

inconclusive. The data has been included in the final publication for completeness but 

was not included here.  
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Figure 3. IO-induced mitochondrial fragmentation is prevented by mitoNEET. (A - C) 
Quantification of mitochondrial fusion proteins, Mfn1 (n=5), Mfn2 (n=4), and Opa1 (n=3), 
assessed by Western blot analysis in H9c2-EV and -MitoN cells treated with (IO) or 
without (control) iron for 24 hours. (D - F) Assessment of mitochondrial fission related 
proteins by Western blot analysis of the Drp1 phosphorylation ratio pS616:pS637 (n=3), 
mitochondrial fission factor (n=3), and Fis1 (n=6) in H9c2-EV and -MitoN cells treated 
with (IO) or without (control) iron for 24 hours. (G) Representative blots of fusion and 
fission proteins with loading control are shown. (H) Quantitative analysis of mitochondrial 
networks using Mitotracker green in H9c2-EV and -MitoN cells treated with (IO) or without 
(control) iron for 24 hours. Representative fluorescent images of mitochondria are shown 
and quantification of mitochondrial length and branching by ImageJ software are 
adjacent, n=3. Scale bar = 10µm. (I) 3D images of mitochondrial networks processed with 
the Imaris software sphericity quantification tool (using the surfaces algorithm) is shown 
in H9c2-EV and -MitoN cells treated with (IO) or without (control) iron for 24 hours. 
Quantification is representative of at least 134 mitochondria. Scale bar = 5µm. (J) 
Quantitative analysis of mitochondrial length and branching using ImageJ software 
analysis of Mitotracker green fluorescence in H9c2-EV cells treated with (IO) or without 
(control) iron for 24 hours. Where indicated, cells were pretreated with Drp1 inhibitor, 
Mdivi-1. Representative images are shown, n=3. Scale bar = 10µm. (K) Assessment of 
insulin signaling by Western blot analysis of p-Akt S473 and p-Akt T308 in H9c2-EV cells 
treated with (IO) or without (control) iron for 24 hours. Where indicated, cells were 
pretreated with Drp1 inhibitor, Mdivi-1. Representative blots with loading controls are 
shown, n=3. *p<0.05, **p<0.01 compared to EV control; #p<0.05, ##p<0.01 compared to 
EV IO. 
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2.5 Discussion 

Insulin resistance is a known risk factor for complications including T2D and 

cardiovascular diseases. In fact, signs of insulin resistance have been observed in 

humans up to 10 years  prior to the development of T2D [59]. As a result, therapies aimed 

at treating insulin resistance are appropriate for early intervention against T2D and 

cardiovascular diseases. The role IO plays in causing insulin resistance has been 

previously described in the literature [39]. However, the effects of mitochondrial iron, 

specifically, has not been fully defined. 

In this study, an H9c2 cell line overexpressing the MitoN protein was used to 

investigate its therapeutic potential in mitigating insulin resistance under conditions of iron 

overload. In IO-treated H9c2 cells, MitoN overexpression prevented accumulation of 

mitochondrial iron as compared to H9c2 EV cells as shown by MFF staining. Furthermore, 

mitochondrial iron was significantly upregulated by IO in EV, but not MitoN cells. Following 

IO, EV cells displayed signs of insulin resistance, however, MitoN cells exhibit normal 

insulin signaling action, demonstrating it played a protective effect against insulin 

resistance. 

Oxidative stress has been known to play a role in the pathogenesis of T2D and its 

associated cardiovascular complication [60]. Nevertheless, studies investigating the 

therapeutic potential of general antioxidants generally concluded them to be ineffective 

at treating T2D and cardiovascular complications [61,62]. Using CellROX, the role of 

oxidative stress in IO-induced insulin resistance in H9c2 cells was explored. IO caused 

an increase in ROS, which could be avoided with MitoN overexpression, or with the 

mitochondrial antioxidant Skq1. This indicates mitochondria are a major contributor of 
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cellular ROS during conditions of IO. Moreover, Skq1 was demonstrated to provide 

complete protection against IO-induced insulin resistance as measured by insulin-

stimulated Akt phosphorylation. Thus, targeting mitochondrial ROS specifically, may be a 

more useful therapeutic strategy in protecting against cardiac insulin resistance. 

 Elevated levels of mitochondrial fission have been associated with the 

development of insulin resistance [32]. Furthermore, mitochondria from patients with T2D 

or heart failure were found to be smaller, suggesting increased mitochondrial fission 

[63,64]. In H9c2 EV, but not MitoN cells, IO was found to increase S616:S637 

phosphorylation ratio of Drp1, indicative of increased fission. Furthermore, the IO-induced 

fission was found to proceed through the Fis1-pathway, but not the mitochondrial fission 

factor pathway. The Fis1 -dependent fission is characterized by mitochondria marked for 

degradation and may be linked with a pathological state. Visual analysis of mitochondria 

by Mitotracker green staining corroborated the increased Drp1 activity where 

mitochondria from IO-treated H9c2 EV, but not MitoN, were more fragmented. The data 

presented, however, demonstrated IO-induced mitochondrial fission did not contribute to 

insulin resistance. The use of the selective Drp1 inhibitor, Mdivi-1, prevented fission, but 

did not preserve insulin sensitivity following IO. 
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In conclusion, this study characterized the role of mitochondrial iron in the 

pathogenesis of insulin resistance in H9c2 cardiac cells. During IO, mitochondrial iron 

was elevated which led to an induction of mitochondrial ROS, and consequently insulin 

resistance. Moreover, it was shown that the MitoNEET protein was protective against IO-

induced insulin resistance. The protective effect of MitoNEET is mediated via its ability to 

regulate mitochondrial iron, therefore preventing IO-induced mitochondrial ROS and the 

subsequent insulin resistance in H9c2 cells (summarized in Figure 4).   

 

 

 

Figure 4. Protective role of MitoNEET during iron overload. Extracellular iron overload 
(IO) led to increased mitochondrial iron accumulation. A modest surplus of iron can be 
stored in iron storage proteins called ferritin in the cytosol or mitochondria. IO induced an 
increase in mitochondrial ROS which was causally linked to the development of insulin 
resistance. IO also induced an increase in mitochondrial fission, but this was not causally 
linked to the onset of insulin resistance. 
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3 CHAPTER 3 – L6 CELLS 

“MitoNEET prevents IO-induced insulin resistance in L6 skeletal muscle cells through 

regulation of mitochondrial iron” 

 

3.1 Abstract 

Iron overload (IO) is known to contribute to metabolic dysfunction such as type 2 

diabetes and insulin resistance. Using L6 skeletal myoblasts, we examined the role of 

MitoNEET as a potential therapeutic against IO-induced insulin resistance. First, the in 

vitro model of IO-induced insulin resistance was established using an Akt biosensor cell 

line and by western blot analysis of Akt phosphorylation. IO resulted in accumulation of 

iron within the mitochondria as shown by fluorescent probe, MitoFerroFluor (MFF), and 

elevated levels of iron storage protein, mitochondrial ferritin. Accumulation of 

mitochondrial iron subsequently caused an upregulation of mitochondrial ROS as shown 

by MitoSOX staining. IO was also found to increase mitochondrial fission via the fission 

protein 1 (Fis1) pathway shown by western blot and analysis of mitochondrial networks. 

Mitochondria-specific antioxidant, Skq1, prevented IO from upregulating fission indicating 

this process is dependent on mitochondrial ROS. A cell line overexpressing the 

mitochondrial membrane protein, MitoNEET, was generated to regulate levels of 

mitochondrial iron. Therefore, MitoNEET overexpression could prevent insulin resistance 

through regulation of mitochondrial iron, mitochondrial ROS, and fission under conditions 

of excess iron. 
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3.2 Introduction 

Iron plays a crucial role in different metabolic processes such as oxygen transport, 

cellular respiration, and electron transport [65]. However, an excess of iron, termed iron 

overload (IO), has been shown to lead to conditions such as insulin resistance and type 

2 diabetes (T2D) [38,66]. An excess of iron leads to the production of reactive oxygen 

species (ROS), causing oxidative stress which is known to directly cause insulin 

resistance [60]. Treatments aimed at regulating excess iron has shown some benefit in 

improving insulin resistance and T2D, however, limitations exist. For instance, iron 

chelation has shown to be beneficial in improving insulin sensitivity in an animal model of 

obesity [67]. However, long term iron chelation therapy in humans has been known to 

cause visual and auditory toxicity [68]. Furthermore, iron chelation therapy alone may not 

be sufficient to entirely mitigate the detrimental effects of iron overload [69]. 

The redox-active iron that accumulates following IO, termed labile iron pool (LIP), 

was once thought to be primarily cytosolic [70]. However, studies have shown this 

cytosolic LIP can be redistributed to organelles such as lysosomes and mitochondria 

[71,72]. An excess of iron accumulation within mitochondria has gained increasing 

attention for its potential role in mediating insulin resistance [73]. Mitochondrial iron import 

across the inner membrane is mediated by mitoferrin proteins, however, import across 

the outer membrane is not well characterized [74]. Nevertheless, the regulation of 

mitochondrial iron is a more targeted approach and may produce more effective 

outcomes. 
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Mitochondria are dynamic organelles that play an indispensable role in energy 

metabolism [75]. Mitochondrial dynamics, referring to the two opposing processes of 

fusion and fission, help maintain mitochondrial homeostasis. Fusion is mediated by 

mitofusins 1 and 2 (mfn1/2) , optic atrophy a (Opa1). Fission is mediated by the GTPase, 

dynamic related protein 1 (Drp1), where it is recruited to mitochondria by different 

receptors including mitochondrial fission factor, fission protein 1 (Fis1), mitochondrial 

dynamics proteins of 49 and 51 (MiD49 and MiD51) [76]. Due to its central role in energy 

metabolism, it comes as no surprise that dysfunctional mitochondria have been implicated 

in metabolic disorders such as insulin resistance and T2D [77]. Several aspects of 

mitochondrial dysfunction have been explored in how it contributes to insulin resistance. 

For one, mitochondria are a major source of ROS and if left unregulated, can lead to 

oxidative stress [78]. Dysregulated production of ROS can arise from an external stress 

stimuli, or from dysfunctional mitochondria [79]. That subsequently causes an increase in 

electrons leaking out of the electron transport chain, which react with oxygen to form ROS 

[79]. An increase in ROS further exacerbates mitochondrial dysfunction, further 

increasing ROS in a cycle, ultimately causing insulin resistance [80]. 

Aberrant mitochondrial dynamics may provide a possible link between 

mitochondrial dysfunction and insulin resistance [81]. Overexpression of fusion-related 

proteins mitofusin 1 (Mfn1) or mitofusin 2 (Mfn2) were found to be beneficial in improving 

insulin sensitivity in a diabetes-susceptible cell model [81]. On the other hand, 

overexpression of Fis1 and Drp1 had an adverse effect on insulin signaling [81]. 

Furthermore, mitochondria in skeletal muscle from humans with insulin resistance or T2D 
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exhibit lower density, number, and a reduced expression of Mfn2 [82–84]. Collectively, 

this implicates abnormal mitochondrial dynamics in the development of insulin resistance.  

MitoNEET is an iron-sulfur (Fe-S) transmembrane protein found in the outer 

mitochondrial membrane [48]. MitoNEET is a regulator of mitochondrial iron homeostasis, 

possibly via transfer of Fe-S clusters from the mitochondria to acceptors such as iron 

regulatory protein 1 (IRP1) [85]. MitoNEET overexpression has been shown to be 

beneficial in preserving insulin sensitivity in models of obesity [46]. This was associated 

with reduced mitochondrial iron content, lower ROS, decreased ETC activity, and fatty 

acid oxidation [11]. MitoNEET was also found to maintain mitochondrial networks, further 

suggesting it plays a role in mitochondrial function [86]. 

Using an in vitro model of IO, we examined the role of mitochondrial iron 

accumulation in insulin resistance in L6 skeletal muscle cells. We show that mitochondrial 

iron accumulation led to an upregulation of mitochondrial fission and ROS, and 

subsequently insulin resistance. To regulate mitochondrial iron, a cell line overexpressing 

MitoNEET was created. Regulation of mitochondrial iron content by MitoNEET 

overexpression inhibited the upregulation of mitochondrial fission, ROS, and insulin 

resistance caused by IO. 
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3.3 Materials and methods 

Cell culture and treatment 

Cell culture methods are described previously [38]. For iron overload (IO), L6 cells 

were treated with 250µM ferrous ammonium sulfate (FAS) diluted in AMEM containing 

0.5% FBS and 1% antibiotic/antimycotic for 4 hr or 24 hr. Mitochondrial antioxidant, Skq1 

(20nM), or fission inhibitor, Mdivi-1 (3µM) was added 30 minutes prior to treatment. 

 

Generation of L6 MitoNEET overexpressing and Akt biosensor and cells 

MitoNEET overexpressing, empty vector (EV) control, and Akt biosensor cells 

were generated as previously described [56,87]. 

 

Western blot 

L6 cells were seeded and grown to 90% confluency in 6-well plates. Following 

treatment (250µM FAS, 24 hr), cells were lysed on ice using lysis buffer containing 

protease and phosphatase inhibitors. Where indicated, 100nM insulin was added 10 

minutes prior to treatment endpoint. Samples were denatured at 95°C for 5 minutes, 

resolved using SDS-PAGE, and transferred to PVDF membrane. Membranes were 

blocked with 3% BSA or 5% milk for 1 hr. Membranes were incubated at 4°C overnight in 

primary antibodies. Membranes were washed 3 times in TBST, then incubated in the 

appropriate secondary antibody. Enhanced chemiluminescent signal was detected using 

X ray film and quantified using ImageJ. Antibodies information are as follows. Fis1 (1:100) 

was from Santa Cruz Biotechnology. PGC1α (1:1000) was from Novus Biologicals. P62 

(1:1000) was from Biorad. Mitochondrial ferritin (1:1000), mfn1 (1:1000), and Parkin 



44 
 

(1:1000) was from Abcam. mitoNEET (1:1000), p-Akt S473 (1:1000), p-Akt T308 

(1:1000), total Akt (1:1000), p-Drp1 S616 (1:500), p-Drp1 S637 (1:500), total Drp1 

(1:1000), mitochondrial fission factor (1:1000), mfn2 (1:500), Opa1 (1:1000), LC3 

(1:1000), and GAPDH (1:1000) were from Cell Signaling Technology.  

 

Mitochondrial iron quantification 

MitoFerroFluor, MFF (a kind gift from Dr John J. Lemasters), was used to monitor 

mitochondrial iron content. MFF selectively accumulates in mitochondria where it 

presents a fluorescent signal that is quenched by iron. L6 cells were seeded at 70% 

confluency in 4-well chambered polymer coverslips and allowed to grow overnight. 

Following treatment (250µM FAS, 4 hr), cells were washed 3 times, then incubated with 

2µM MFF and nuclear stain for 30 minutes in serum free AMEM at 37°C protected from 

light. Following 3 more washes, cells were imaged using a Nikon A1 confocal microscope 

with an incubator (37 °C, 5% CO2). Mean MFF intensity was quantified using ImageJ. 

 

Mitochondrial reactive oxygen species quantification 

MitoSOX is a fluorescent probe that is targeted to mitochondria and increases in 

signal upon oxidation by ROS. L6 cells were seeded at 70% confluency in 4-well 

chambered polymer coverslips and allowed to grow overnight. Following treatment 

(250µM FAS, 4 hr), cells were incubated with 5µM MitoSOX red and nuclear stain for 30 

minutes in serum free AMEM at 37°C. Following 3 washes, cells were imaged using a 

Nikon A1 confocal microscope with an incubator (37 °C, 5% CO2). Mean MitoSOX 

intensity was quantified using ImageJ. 



45 
 

Mitochondrial network visualization and analysis  

L6 cells were seeded at 60% confluency in 4-well chambered polymer coverslips 

and allowed to grow overnight. Following treatment (250µM FAS, 24 hr), cells were 

washed 3 times, then incubated with 100nM Mitotracker green and nuclear stain for 30 

minutes in serum free AMEM at 37°C protected from light. Following 3 more washes, cells 

were imaged using a Nikon A1 confocal microscope with an incubator (37 °C, 5% CO2). 

Mitochondrial branch length and networking were quantified as described in the literature 

to assess fission in 2D [58]. For 3D images, z-stacks were captured with a step size of 

0.2µm and rendered using surfaces tool on IMARIS. 

 

Statistics 

Data are presented as mean ± SEM. One-way analysis of variance followed by 

Tukey’s multiple comparison test or student’s t-test was used in GraphPad Prism. 

Statistical significance was determined to be p<0.05.  
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3.4 Results 

MitoNEET prevents mitochondrial iron accumulation and insulin resistance 

following IO  

An L6 cell line stably overexpressing the MitoNEET (MitoN) protein was generated 

to selectively modulate mitochondrial iron content in an in vitro model of IO. Stable 

overexpression of MitoN was validated by western blot where the MitoN cell line 

expressed a significantly higher level of MitoN protein compared to the empty vector (EV) 

control cell line (Fig 1A). The transfected MitoN proteins (arrow) migrated slower than the 

endogenous MitoN due to presence of a FLAG tag (~1kDa). To measure the amount of 

mitochondrial iron accumulation upon IO, the relative protein levels of mitochondrial 

ferritin was quantified by western blot. Mitochondrial ferritin is an iron storage protein that 

is translationally upregulated by iron and can therefore be used as an indicator of 

mitochondrial iron accumulation. IO was found to significantly increase mitochondrial iron 

accumulation, which was prevented by MitoN overexpression (Fig 1B). These findings 

were further corroborated using MitoFerroFluor (MFF) staining, a fluorescent sensor of 

iron. MFF accumulates in mitochondria and is retained independent of membrane 

potential by forming covalent bonds with mitochondrial proteins [57]. MFF fluorescence is 

quenched by iron, but not other biological cations such as calcium [57]. As such, 

mitochondrial iron accumulation can be examined by quantification of MFF fluorescence 

intensity. IO was found to quench MFF fluorescence by more than 50% in EV cells, while 

MFF fluorescence remained unchanged in MitoN cells, indicating MitoN overexpression 

can prevent mitochondrial iron accumulation (Fig 1C, D). Insulin signaling was assessed 

by insulin stimulated phosphorylation of Akt at S473 and T308. IO was found to 
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significantly blunt insulin stimulated phosphorylation of Akt at both S473 and T308 in EV 

cells, indicative of insulin resistance (Fig 1E). MitoN overexpression prevented the 

deleterious effects of IO on insulin signaling (Fig 1E). These findings were further 

corroborated by measuring Akt activity using an Akt biosensor cell line containing a GFP-

tagged FOXO1 (Fig 1F). Complete activation of Akt activity is mediated by 

phosphorylation at both S473 and T308 which then phosphorylates the FOXO1 

transcription factor causing its nuclear export into the cytosol. Nuclear GFP intensity can 

be quantified in real-time as an indicator of Akt activity following insulin stimulation. When 

insulin signaling is preserved, insulin stimulation causes a rapid decrease in nuclear GFP 

intensity as seen in both EV and MitoN insulin control (Fig 1F, G). IO was found to inhibit 

Akt activity in EV cells which is shown as a sustained higher intensity of nuclear GFP 

following insulin stimulation over time (Fig 1F). MitoN overexpression preserved Akt 

activity following IO (Fig 1F, G), similar to the conclusions found by western blot analysis 

of p-Akt. 
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Figure 1. MitoNEET prevents mitochondrial iron accumulation and insulin resistance 
following IO. (A) Validation of MitoNEET overexpression (transfected MitoNEET indicated 
by arrow) in L6 cells by western blot analysis. Representative blot with loading control is 
shown, n=6. (B) Western blot analysis of mitochondrial ferritin, indictor of mitochondrial 
iron content, in L6 EV and MitoN cells treated with (IO) or without (control) iron for 24 
hours. Representative blot and loading control are shown, n=5. (C, D) Measurement of 
mitochondrial iron by MFF staining in L6 EV and MitoN cells treated with (IO) or without 
(control) iron for 4 hours. MFF fluorescent images representative of n=3 is shown, scale 
bar = 20µm. Western blot of (E) p-Akt S473 (n=5) and (F) T308 (n=7) in L6 EV and MitoN 
cells treated with (IO) or without (control) iron for 24 hours. Representative blots with 
loading control are shown. (H) L6 EV or MitoN Akt biosensor cells treated with (IO) or 
without (control) iron for 24 hours. (I) Representative fluorescent images are shown, n=3. 
Scale bar = 20µm. *Indicates significant difference compared to EV control, p<0.05. 
**Indicates significant difference compared to EV control, p<0.01. #Indicaites significant 
difference compared to EV IO, p<0.05. ##Indicates significant difference compared to EV 
IO, p<0.01. 
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MitoNEET prevents IO-induced mitochondrial fragmentation  

Because mitochondrial fission has been associated with insulin resistance, mitochondrial 

fission was examined in this cellular model of IO. Phosphorylation of Drp1 at S616 

promotes mitochondrial fission, while phosphorylation at S637 inhibits it. Western blot 

analysis was used to determine the effect of IO on mitochondrial fission by quantifying p-

Drp1 S616:S637 ratio, an indicator of mitochondrial fission. It was found that IO caused 

a significant increase in phosphorylation S616:S637 ratio in EV control cells, but not in 

the MitoN cells (Fig. 2A) indicating IO upregulated Drp1-dependent mitochondrial fission. 

To further assess the effects of IO on mitochondrial fission, the expression level of 

different Drp1 receptors was examined by western blot. Fis1 and mitochondrial fission 

factor are two known receptors localized to the outer mitochondrial membrane that recruit  

Drp1 to mediate mitochondrial fission. IO significantly increased the expression levels of 

Fis1 in EV cells, while the level of Fis1 remained unaffected in MitoN cells (Fig. 2B).  

Mitochondrial fission factor remained largely unaffected by IO in both EV and MitoN cells  

(Fig. 2C). Mitochondrial fusion proteins Opa1, Mfn1, and Mfn2 were largely unaffected 

(Fig. 2E-G). However, there was a decrease in Mfn1 upon IO in the MitoN but not EV 

cells (Fig. 2F). PGC1α, a critical mediator of mitochondrial biogenesis, was unaffected by 

IO, but MitoN itself enhanced the expression level (Fig. 2H). Mitochondrial fission was 

visually assessed by staining mitochondria with the fluorescent dye, Mitotracker green. 

Quantitative analysis of mitochondrial networks showed that IO decreased mitochondrial 

length and networking and increased sphericity (indicative of increased mitochondrial 

fission) in EV cells, but not in MitoN cells (Fig 2I, J).   
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Figure 2. MitoNEET prevents IO-induced mitochondrial fragmentation. The relative level 
of mitochondrial fission was assessed in L6 EV and MitoN cells treated with (IO) or without 
(control) iron by western blot analysis of mitochondrial fission related proteins (A) p-Drp1, 
n=4; (B) Fis1, n=5; and (C) mitochondrial fission factor, n=5. (D) Representative blots 
along with loading control are shown for each fission related protein. Relative levels of 
mitochondrial fusion were assessed in L6 EV and MitoN cells treated with (IO) or without 
(control) iron for 24 hours by western blot analysis of mitochondrial fusion related proteins 
(E) Opa1, n=4; (F) Mfn1, n=5; and (G) Mfn2, n=4. Representative blots along with loading 
control are shown for each fusion related protein above graphs. (H) PGC1α in L6 EV and 
MitoN cells treated with (IO) or without (control) iron for 24 hours was quantified by 
western blot analysis, n=3. (I) Mitochondrial fission was visualized in 2D and 3D using 
Mitotracker green in L6 EV and MitoN cells treated with (IO) or without (control) iron for 
24 hours. For 2D images, scalebar = 20µm. For 3D images, scalebar = 5µm. (J) 
Quantification of mitochondrial length and networking for images from I, n=4. *Indicates 
significant difference compared to EV control, p<0.05. **Indicates significant difference 
compared to EV control, p<0.01. #Indicates significant difference compared to EV IO, 
p<0.05. ##Indicates significant difference compared to EV IO, p<0.01. 
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IO-induced insulin resistance is mediated by mitochondrial ROS and fission  

Mitochondrial fission is closely related to oxidative stress. To determine whether 

oxidative stress was pertinent to this study, mitochondrial ROS was quantified using 

MitoSOX staining. Upon IO, L6 EV cells exhibited an increase in mitochondrial ROS, 

however this was not observed in MitoN cells (Fig. 3A, B). This increase in mitochondrial  

ROS was found to be linked to IO-induced mitochondrial fission. In the absence of 

Skq1, IO decreased mitochondrial length and networking and increased sphericity 

suggestive of increased fission (Fig. 3C - E). Although the use of Skq1, a mitochondrial 

antioxidant, showed signs of increased fission, the deleterious effects of IO were averted, 

indicating mitochondrial ROS and fission are linked (Fig. 3C – E). Having characterized 

an increase in both mitochondrial fission and ROS upon IO, the relationship to insulin 

resistance was subsequently explored. To determine if mitochondrial ROS and fission 

played a causal role in the onset of IO-induced insulin resistance, insulin signaling was 

measured using L6 Akt biosensor cells in the presence of the mitochondrial antioxidant, 

Skq1, or mitochondrial fission inhibitor, Mdivi-1. Pretreatment with both Skq1 (Fig. 3F, G) 

and Mdivi-1 (Fig. 3H, I) restored insulin-stimulated nuclear FOXO1 export to levels similar 

to that of control indicating both mitochondrial ROS and fission directly contribute to the 

development of IO-induced insulin resistance. 

 



52 
 

 

Figure 3. IO-induced insulin resistance is mediated by mitochondrial ROS and fission. 

(A, B) Assessment of mitochondrial ROS by mitoSOX staining in L6 EV and MitoN cells 

treated with (IO) or without (control) iron for 4 h. mitoSOX fluorescent images 

representative of n=3 is shown, scale bar = 20µm. (C, D) Visualization and analysis of 

mitochondrial network of L6 EV cells treated with (IO) or without (control) iron for 24 

hours. Where indicated, cells were treated with 20nM Skq1 for 30 minutes prior to iron 

treatment. (E) Representative images in 3D are shown. Scale bar indicates 20µm in 

figure C and 10µm in figure E. (F, G) Assessment of insulin signaling using an Akt 

biosensor in L6 EV cells. Quantification of nuclear FOXO1 export along with 

representative images are shown, n=3. Where indicated, cells were pretreated with 20nM 

Skq1 for 30 minutes. Scalebar = 10µm. (H, I) Assessment of insulin signaling using an 

Akt biosensor in L6 EV cells. Quantification of nuclear FOXO1 export along with 

representative images are shown, n=3. Where indicated, cells were pretreated with 3µM 

Mdivi-1 for 30 minutes. Scalebar = 10µm *Indicates significant difference compared to 

EV control, p<0.05. **Indicates significant difference compared to EV control, p<0.01. 

#Indicates significant difference compared to EV IO, p<0.05.   
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MitoNEET downregulates mitophagy upon IO 

Impaired mitophagy has been observed in models of diabetes [88].  Additionally, 

increased mitophagy through overexpression of mitophagy-related proteins in animal 

models has demonstrated some therapeutic potential against insulin resistance [40]. The 

role of mitoNEET in mitophagy under conditions of IO was examined. 

The effect of IO on mitophagy was assessed by western blot of autophagy and 

mitophagy markers in mitochondrial fractions in L6 EV and MitoN cells. Upon short 

duration of IO (4 h), there was an increase in LC3-II in EV but decreased in MitoN (Fig. 

4A). The levels of p62 were unchanged in all groups following 4 h IO (Fig. 4B). Together, 

this indicated that 4 h IO increased autophagosome formation in EV but decreased in 

MitoN. A decreased autophagosome formation upon IO in MitoN cells may indicate 

mitophagy initiation is impaired. Parkin is a protein that is translocated from the cytosol 

to the mitochondria during the initiation stage of mitophagy. Following 4hr IO, both EV 

and MitoN cells showed  a decrease in levels of Parkin, though this did not reach 

statistical significance (Fig. 4C).   

The effects of longer duration of IO (24 h) were assessed. Upon 24 h IO, LC3-II 

and p62 was increased in both L6 EV and MitoN cells (Fig. 4D,E). The levels of LC3-II 

and p62 in IO-treated MitoN cells were also higher than the IO-treated EV cells. Together, 

this indicates that’s 24hr IO causes autophagosome accumulation suggestive of 

mitophagy impairment, which is augmented by MitoN. Levels of Parkin in both EV and 

MitoN were decreased upon 24hr IO which further illustrates the impairment in mitophagy 

upon IO (Fig 4F).   
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Receptor-mediated mitophagy was assessed by qPCR of BNIP3, BNIP3L, and 

FUNDC1. Upon 24 h IO, BNIP3 and BNIP3L increased in both EV and MitoN, however 

this did not reach statistical significance (Fig. 4G, H). In EV, IO also induced a >80-fold 

increase in FUNDC1 but remained largely unchanged in MitoN (Fig. 4I).  
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Figure 4. MitoNEET downregulates mitophagy upon IO. Assessment of mitophagy in L6 
EV and MitoN cells treated with (IO) or without (control) iron for 4 h by western blot of (A) 
LC3-II (n=3), (B) P62 (n=5), and (C) Parkin (n=4) in mitochondrial fractions. 
Representative blots along with loading control are shown above graphs. Assessment of 
mitophagy in L6 EV and MitoN cells treated with (IO) or without (control) iron for 24 hours 
by western blot of (E) LC3-II, (F) P62, and (G) Parkin in mitochondrial fractions. 
Representative blots along with loading control are shown above graphs, n=3. (G-I) 
Evaluation of receptor-mediated mitophagy in L6 EV and MitoN cells treated with (IO) or 
without (control) iron for 24 h. Quantification of (G) BNIP, (H) BNIP3L, and (I) FUNDC1 
gene expression are shown, n=3. *Indicates significant difference compared to EV 
control, p<0.05. **Indicates significant difference compared to EV control, p<0.01. 
#Indicates significant difference compared to EV IO, p<0.05. ##Indicates significant 
difference compared to EV IO, p<0.01. 
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3.5 Discussion  

The prevalence of diabetes worldwide was 8.8% in 2015 and is projected to 

increase to 10.4% by 2040 [89]. A quarter of the global population is estimated to suffer 

from metabolic syndrome, a group of risk factors, that increases the risk of developing 

heart disease, stroke, and T2D [24,90]. One of the earliest hallmarks of metabolic 

syndrome is the presence of insulin resistance [24].  Furthermore, insulin resistance has 

been observed in humans up to 10 years prior to the diagnosis of T2D and the treatment 

of insulin resistance is regarded as an effective strategy in delaying progression to T2D 

[59]. Therefore, therapies aimed at insulin resistance are important in the prevention of 

T2D.  

Here, mitochondrial iron was shown to play an important role in causing insulin 

resistance in L6 skeletal muscle cells, which could be regulated by MitoNEET 

overexpression. Using an in vitro model of IO, a significant amount of iron accumulated 

in mitochondria demonstrated by MFF staining and mitochondrial ferritin. This 

accumulation of mitochondrial iron was associated with increased mitochondrial ROS 

demonstrated using MitoSOX and increased mitochondrial fission via the Fis1 pathway 

as shown by western blot and visual analysis of mitochondria. Mitochondrial ROS and 

fission were causally linked to the development of IO-induced insulin resistance which 

was shown by western blot and Akt biosensor cells. Finally, it was demonstrated that IO 

downregulated Parkin-dependent mitophagy, but upregulated receptor-mediated 

mitophagy. Moreover, FUNDC1-dependent mitophagy could potentially be 

downregulated by mitoNEET during IO conditions. 
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There are several underlying causes of insulin resistance that have been 

established [91]. However, the important role of IO in mediating insulin resistance remains 

understated and incompletely understood in the literature [16]. Dysregulation of iron has 

been strongly correlated with metabolic syndrome and insulin resistance. For example, 

elevated serum ferritin, a marker of excess body iron stores, was correlated with an 

elevated risk of diabetes [92]. Similarly, increased ferritin levels were also correlated with 

high triglyceride and glucose levels [92]. Increased transferrin saturation % is another 

index of body iron stores which has been associated with insulin resistance and T2D [93]. 

For instance, 50% transferrin saturation or higher increased risk of developing T2D nearly 

two-fold [93]. My data further supports the idea that IO plays an important role in mediating 

insulin resistance. Moreover, I demonstrated the therapeutic potential of regulating 

mitochondrial iron via mitoNEET overexpression in the context of insulin resistance. As a 

result, targeting mitochondrial iron could be a potential therapeutic strategy in the 

treatment on insulin resistance and T2D. 

Disrupted mitochondrial dynamics, specifically a shift towards fission, has been 

causally associated with insulin resistance [30]. The data presented here showed fission 

was upregulated by IO using visual analysis of fluorescent stained mitochondria and 

western blot analysis of fission related proteins. Two distinct pathways of fission have 

been identified, both of which require Drp1, but the receptor proteins involved and 

mitochondria fate differ [94]. Mitochondria that undergo fission via the Fis1 pathway 

subsequently undergo degradation, whereas mitochondria that proceed through the 

mitochondrial fission factor pathway ultimately undergo biogenesis [94]. Fis1-dependent 

fission is often proceeded by mitochondria with decreased membrane potential, and 
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elevated ROS suggesting signs of dysfunction [94]. In this study, IO was found to 

upregulate Fis1-dependent fission without altering mitochondrial fission factor-dependent 

fission. The elevated Fis1 indicated IO may have caused some form of mitochondrial 

dysfunction prior to the fission event. 

Oxidative stress and mitochondrial dynamics are intricately linked, and both play a 

key role in the development of insulin resistance [60]. It has been widely accepted that 

fission events lead to increased ROS and vice versa, however, the effect of ROS on 

mitochondrial dynamics has been less characterized [17]. Using MitoSOX, it was shown 

that IO upregulated mitochondrial ROS and was prevented by MitoNEET. Further 

examination into the role of mitochondrial ROS using the mitochondrial antioxidant, Skq1, 

illustrated that IO-induced fission was dependent on mitochondrial ROS where Skq1 

prevented the fission promoting effect of IO. The pharmacological inhibition of fission has 

been shown to have some therapeutic effect in a model of obesity-induced insulin 

resistance [93]. In this study, the use of fission inhibitor, Mdivi-1, or mitochondrial ROS 

inhibitor, Skq1, prevented IO-induced insulin resistance. Taken together, this indicates a 

IO causes insulin resistance through a mitochondrial ROS/fission-dependent manner. 

In conclusion, mitochondrial iron is implicated in the development of skeletal 

muscle insulin resistance. Furthermore, the beneficial effect of regulating mitochondria 

iron through MitoNEET overexpression was demonstrated to prevent the deleterious 

effects of IO, thus averting insulin resistance. Mechanistically, IO elevated Fis1-

dependent fission and mitochondrial ROS which directly cause insulin resistance. During 

IO, FUNDC1-dependent mitophagy was upregulated which may potentially contribute to 

the development of insulin resistance, though, further investigations are required. 
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4 Conclusions 

The studies presented above defined a critical role of mitochondria-specific iron 

and mitochondrial ROS in the development of insulin resistance in an in vitro model 

mimicking a cardiac and skeletal muscle setting. These findings build upon previous 

findings and the current literature that implicate excess iron in the development of insulin 

resistance. Furthermore, my thesis highlighted the therapeutic potential of the mitoNEET 

protein in its ability to regulate mitochondrial iron and avoid subsequent insulin resistance. 

I also demonstrated mitoNEET to play some role in altering mitochondrial dynamics and 

mitophagy under iron overload conditions. 

 

5 Future directions 

Translate findings to an in vivo model 

The in vitro findings from my thesis lays a solid foundation upon which to expand 

to an in vivo setting.  The use of an in vivo system will allow for a better understanding of 

the role of mitoNEET in a more physiologically relevant setting. Translating these in vitro 

findings to an in vivo setting, can be accomplished using a mouse model with an 

overexpression of mitoNEET in specific tissue such as cardiac or skeletal muscle [46]. 

For example, transgenic mice with an inducible and tissue-specific overexpression of 

mitoNEET has been described in the literature [46]. The overexpression of mitoNEET in 

a tissue specific manner was accomplished using a tetracycline on system in combination 

with the Cre/LoxP system. Alternatively, the role of mitoNEET can be investigated in vivo 

using a knockout approach. In the literature, a mouse model with cardiac-specific 

knockout of mitoNEET  has been generated using the Cre/LoxP system [95]. The 
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Cre/LoxP system is a tool that can be used to manipulate gene expression in a tissue-

specific manner. Similar method can be applied to alter expression of mitoNEET in 

skeletal muscle [96,97]. Translating these findings into a more physiologically relevant 

system will aid in the development of improved therapeutic strategies. 

 

Characterize the role of FUNDC1-dependent mitophagy  

The literature largely suggests impairment of mitophagy is linked with insulin 

resistance. Based on this, activation of mitophagy has been speculated to be therapeutic 

for insulin resistance [40]. However, these generalizations are based primarily on studies 

in adipose tissues [40]. In contrast to this idea, ablation of FUNDC1 in skeletal muscle 

resulted in mitophagy impairment which conferred protection against high-fat diet induced 

insulin resistance [44]. Furthermore, the exact role of FUNDC1-dependent mitophagy 

under conditions of IO has not been established and requires further investigations. 

To elucidate the precise role of FUNDC1 in IO-induced insulin resistance, L6 cells 

with FUNDC1 knockout will be generated. The insulin signaling can then be assessed by 

western blotting and Akt biosensor cells in the absence or presence of IO. Findings from 

this approach will shed light on whether FUNDC1 is protective or contributes to the 

development of IO-induced insulin resistance in skeletal muscle. 
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6 Statement of contributions 

Chapter 2  

Eddie Tam designed and carried out all experiments (with contributions from co-

authors), wrote initial draft, and made all revisions for publication. It has been published 

in Journal of Cellular Physiology as of June 2023 [98]. “This work is licensed under the 

Creative Commons Attribution 4.0 International License which permits unrestricted use, 

distribution, and reproduction in any medium, provided the original work is properly cited. 

To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/ or send a 

letter to Creative Commons, PO Box 1866, Mountain View, CA 94042, USA”. All data 

pertaining to Figure 1D-F were completed in partial fulfillment of “BCHM4000 – 

Biochemistry Research Project” at York University. 

 

Chapter 3  

Experiments were designed, carried out, and results interpreted by Eddie Tam with 

contributions from collaborative work as indicated. Experiments pertaining to figure 3F – 

I and figure 4G – I were carried out by Khang Nguyen.  
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