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ABSTRACT

In this study, an in vitro model of L6 cells was first employed, followed by translation of iron
overload administration in mice. In both, a compromise of insulin sensitivity was observed, and
salubrinal could effectively attenuate this defect. More notably, I found that the insulin sensitizing
effects of salubrinal were not observed in autophagy-deficient cell lines. Collectively, these
observations suggested that autophagy produced protective effects against insulin resistance, and
that its precise regulation was the key factor in mediating metabolic disorders. This led to the
importance of targeting autophagy as the means to restore both ER stress and insulin sensitivity.
In insulin resistant models, a downregulation of adiponectin is closely related to impaired
autophagy. My study suggested that pre-treating L6 cells with the adiponectin receptor agonist
ALY 688 could prevent I0-induced insulin resistance and ER stress, which was consistent with the

significance of adiponectin in T2D patients in clinical settings.

Overall, the studies described above highlight the significance of autophagy in skeletal muscles in
iron overload- associated insulin resistance. 10 is coupled with impaired mitochondrial
dysfunctions, and my study has confirmed that these defects also lead to other organelles’
dysfunctions, including the endoplasmic reticulum. My findings indicated for the first time that
salubrinal elicited an elF2a-autophagy which effectively suppressed ER stress and exhibited
insulin sensitizing benefits. Additionally, the second study of my thesis unveiled a critical role of
adiponectin as the key mediator in autophagy regulation under impaired metabolic syndrome
conditions. Collectively, these findings implicated the potential benefits of using either salubrinal

or ALY 688 as pharmacological approaches in clinical studies regarding insulin resistance.
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CHAPTER 1: LITERATURE REVIEW

1.1 Metabolic syndrome

1.1.1 Definition

Metabolic syndrome (MetS) is a condition of metabolic comorbidities which accelerate
the progression of chronic diseases such as stroke, cardiovascular disease, and diabetes. These
comorbidities are characterized based on clinical interpretations of elevated blood pressure,
abdominal obesity, and aberrant cholesterol or triglyceride levels [1]. Each criterion represents a
risk factor for chronic diseases [2]. A combination of more than one factor, however, will
contribute to a higher risk of developing diabetes or heart diseases, the leading cause of death
worldwide [3]. The underlying causes of MetS are closely linked to overweight or obesity,
physical inactivity, aging and genetic factors [4]. Understanding and developing awareness for
MetS etiology can help relieve the epidemiological and economic burden for the healthcare
system.

Atherosclerotic cardiovascular disease is among the consequential complications of MetS.
Cardiovascular disease is predominantly caused by an imbalance of high triglycerides and low
High Density Lipoprotein Cholesterol (HDL-c) levels, leading to the buildup of plaque in the
arteries with consequent myocardial ischemia [5]. Hypertension, another MetS factor, contributes
to cardiac remodeling, including fibrosis, inflammation and ultimately heart failure [6]. In a
clinical setting, hyperinsulinemia is known to increase the incidence of heart diseases through

blood pressure elevation and enhanced renal sodium retention [7].

1.1.2 Iron overload in metabolic syndrome
Iron is an essential element for multiple cellular and metabolic processes. The body iron

level is normally controlled by efficient homeostatic mechanisms, yet defects in this regulatory



system can lead to various complications such as insulin resistance and cardiovascular diseases
[8]. When iron levels exceed the acceptable range, formation of NTBIs (non-transferrin bound
labile iron) will occur and is accompanied with damages in the peripheral tissues [9].
Furthermore, substantial studies have disclosed that increased serum ferritin levels are strongly
correlated with MetS. These include an increased prevalence of hypertension, elevated plasma
glucose and triglycerides and enhanced abdominal adiposity. For example, the presence of
MetS and hypertriglyceridemia increase the probability of having iron overload by up to 2.1
and 1.88 times, respectively [10]. Several studies also indicated that the prevalence of iron
overload was significantly higher in metabolic syndrome subjects than in control subjects,
suggesting the consequential relationships between iron-overloading conditions and metabolic

syndrome [11][ 12].

1.2 Diabetes

1.2.1 Definition

Diabetes is a chronic metabolic disease which refers to the dysregulation of serum
glucose levels. Type 1 diabetes (T1D), is associated with the inability to produce insulin due to
diminished pancreatic beta-cells function and Type 2 diabetes (T2D), referred to overt insulin
resistance in peripheral tissues such as liver, muscle and adipose [13]. T2D is a fast-growing
epidemic affecting over 425 million people globally, making up a total of 90-95% of diabetes
cases, according to the World Health Organization in 2020 [14]. Moreover, it is a hallmark
leading to prevalence of other medical conditions such as stroke, neurodegenerative and heart

disease, and cancers, among others [15-18]. Individuals with MetS are defined as having pre-



diabetes and their risks of developing full-blown T2D prevailed to up to 70%, if not intervened
[19].
1.2.2 Obesity as a cause of diabetes

Obesity is a commonly occurred medical condition in both young people and adults,
with approximately 25% observed in Canadian populations 18 and older [20]. It is defined as
the accumulation of aberrant and excessive fat, impairing health and social well-being. BMI
(Body Mass Index, calculated by weight over square of height) is used to define obesity where
an individual having a value of greater than 30 kg/m?2 is considered as obese [21]. Obesity is
primarily caused by overnutrition, sedentary lifestyles and physical inactivity [22]. An
imbalance in nutrient uptake and energy expenditure in obese patients will lead to excessive
storage of body fat, a hallmark of MetS [23]. Indeed, obesity poses major global health issues
as it is coupled with economic burden, decreased mental health and most importantly, increased
risks for other medical complications such as T2D, cardiovascular disease and cancer. The
increase in obesity prevalence is obvious, with its rates tripled worldwide, since 1975 [24]. In
particular, approximately 700 million people were diagnosed with obesity in 2017 and an
estimated 1 to 4 people would be living with this disease by 2045 [25]. The correlation of
obesity and diabetes is inevitable as T2D incidences is six-fold for individuals with obesity [26].
This trend suggests that obesity in general and T2D in particular will continue to grow in
severity, posing detrimental health concerns.

In the past, diabetes had been poorly understood, with treatment mainly involving
exercise. As humans gained more understanding, they began to incorporate monitored diets and
lifestyles into efforts to treat diabetes. For instance, doctors would suggest that patients eat

whole grains, low carb and easily digested food [27]. These ways of managing diabetes did not



prove to be completely effective, and people with this condition still experienced severe health
problems. The introduction of insulin in 1921 as a treatment completely changed this [28]. For
over 100 years, studies on the regulation of insulin secretion and signaling have been at the
forefront of the fields of cellular and molecular biology [29]. To this day, insulin remains the
most effective treatment for type 1 diabetes while other non-insulin drugs like metformin, which
helps reduce blood glucose, is the main treatment for type 2 diabetes [30]. Drugs, however, do
not always work for all individuals due to their side effects. Therefore, understanding the
pathophysiology of diabetes — specifically insulin resistance as one of the condition’s early

onset markers, is crucial.

1.3 Insulin resistance
1.3.1 Insulin action

Insulin is a peptide hormone produced by beta cells of the pancreatic islets and encoded
by the INS gene in humans [31]. Arguably the most studied hormone in history, research
involving insulin is embedded within most major cell biology discoveries, ranging from pro-
hormone production and trafficking, membrane biology, exocytosis [32], receptor tyrosine
kinases [33], Src homology 2 (SH2) domains [34], GLUT4 trafficking [35], to the regulation
of carbohydrate, lipid, and protein metabolism [36]. More recently, studies about mitochondrial
functions, mitophagy, autophagy or organelle- specific impairment have significantly improved
our understanding how these organelles or cellular processes communicate with each other to
regulate insulin sensitivity [37][38][39]. The first description of insulin resistance is dated back
to 1936, when Harold Himsworth started measuring insulin action in the body [40]. He detected
two types of diabetes being classified: type 1 is associated with disrupted insulin secretion,

while impaired insulin action defines the hallmark of type 2 diabetes. This major finding in the



history of insulin resistance was subsequently followed by the discovery of the insulin receptor
and the observation that insulin defects could be associated with insulin resistance in rodent and
human models in 1973 and 1976, respectively. Since then, an increasing number of studies have
focused on the insulin signaling pathway and its contributions to the etiology of insulin
resistance- associated diabetes [41].
1.3.2 Insulin signaling pathway

Insulin performs its functions upon binding to the insulin receptor (INSR), initiating a
complex cascade of downstream signaling events. Initially, phosphorylation of insulin receptor
substrates (IRS) is induced by the receptor to allow for their binding to the src-homology-2
(SH2) domain within the p85 regulatory subunit of phosphatidylinositol 3-kinase (PI3K). Upon
activation, PI3K phosphorylates phosphatidylinositol (4,5)-bisphosphate (PIP2) into
phosphatidylinositol (3,4,5)-trisphosphate (PIP3), which recruits PDK1 and AKT adjacent to
the cell membrane, upon build up. Here, PDK1 phosphorylates Akt at threonine 308 while
phosphorylation of Akt at serine 473 is induced by mTORC2. Following these signaling
pathways, Akt substrate AS160 is inhibited, and glucose transporters GLUT4 are translocated
and integrated into the plasma membrane, facilitating glucose uptake into target tissues. Growth
stimulation also takes place during the insulin signaling events via an alternative pathway Grb2-
SOS-Ras-RafMEK1/2 to phosphorylate ERK1/2 [42]. Insulin performs both positive and
negative feedback mechanisms. In the negative feedback, there is activation of S6K1 which

serves to phosphorylate and inhibit expression of IRS1 [43].



®
P ®
Insulin o° Glucose :.

Insulin receptor

db ==

GLUT4
translocation

GRB2 ,
SgS = e AKT "%
— —

Thr308/" \
=3

TSC2
Raf TsC1
X
MEK1/2
N

/

_
-P7OS6K

ERK1/2

Figure 1. Insulin signaling pathway (Adapted from [44])

1.3.3 Insulin resistance and progression to diabetes

Insulin resistance occurs when cells do not respond well to insulin, leading to elevated
blood glucose accumulation [31]. Insulin resistance is a characteristic of heart failure,
cardiovascular disease, and T2D [45]. Insulin resistance in skeletal muscle, which is responsible
for over three-fourths of insulin-initiated glucose disposal, is especially important [46]. Better
comprehension of how skeletal muscle generates resistance to insulin can allow researchers to
devise appropriate targets for interventions that are necessary to mitigate this problem. The

pathophysiology underlying insulin resistance progression to diabetes is not well established,



yet emerging studies regarding c-Jun N-terminal kinase 1 (JNK1) proposed this kinase to be
the main regulator driving glucose intolerance in diabetic states [47]. JNK is activated through
inflammation, endoplasmic reticulum stress, oxidative stress, and mitochondrial dysfunction,
while blockage of JNK has also been shown to prevent insulin resistance development to
diabetes [48]. This finding is indicative of the causal relationship between insulin resistance

and diabetes through other cellular stress events.

1.3.4 Iron overload, insulin resistance and diabetes

Among the leading etiological factors in the pathogenesis of insulin resistance are the
effects of iron overload (I0). Additionally, cellular nutrient stress, such as the effect of the
endoplasmic reticulum (ER), mitochondrial dynamics and energetics, and oxidative stress, are
also emerging areas of investigation [49][50][51]. The first evidence for a relation between iron
and human diabetes came from clinical observations of individuals with pathologic iron
overload [52]. Hemochromatosis is characterized by mutation in the iron regulator gene, which
subsequently leads to reduced expression of hepcidin and increased iron overload. Research
shows that there is up to 23 % chance of developing diabetes in haemochromatosis patients
[53]. Another condition that links iron overload and diabetes is thalassemia, which is
characterized by deficient production of the beta globin subunit of hemoglobin. Thalassemia
patients therefore require frequent blood transfusion which leads to iron overload. Prevalence
of diabetes is observed in up to 30% of thalassemia patients [54]. The molecular mechanisms
linking iron overload (I10) to T2D, however, are not fully understood. Cellular labile iron, which
contains chelatable redox-active Fe2+/Fe3+, has been implicated in iron-mediated cellular

toxicity by increasing oxidative stresses [55]. Excess accumulation of intracellular iron leads to



the generation of reactive oxygen species (ROS) and tissue damage, which is subsequently
followed by the redox imbalance in various organelles [56].

ROS production is also a well-known source of impaired autophagy, cardiomyopathy, and
insulin resistance [57]. Interventions to reduce iron have been proposed to enhance insulin
sensitivity and prevent the onset of type 2 diabetes. These include the use of chelators,
bloodletting, and iron restriction diet [58]. Dietary iron restriction and iron chelation
significantly enhanced insulin sensitivity, B-cell function and prevented diabetes development
in ob/ob mice [59]. In T2D, levels of serum ferritin and adiponectin are inversely correlated.
Mice subjected to high-iron diet also showed adiponectin transcription downregulation via
FOXO1-mediated repression with consequent glucose intolerance and insulin resistance [60].
Replenishment of adiponectin upon iron overload conditions effectively prevented the defects,

suggesting that adiponectin was a potential mediator in [0-associated metabolic disorders [61].

1.4 Adiponectin
1.4.1 Adipose tissues and obesity

Studies highlighting the pathophysiology linking obesity and its progression to diabetes
have been at the forefront in the field of cellular and molecular biology, with emphasis on
adipocytes and their corresponding secretory molecules [62]. Accumulation of visceral adipose
tissues, a characteristic of obese states, is tightly associated with insulin resistance,
hyperglycemia, hypertension, and pro-inflammatory conditions, all of which contribute to T2D.
Adipose tissues are connective tissues comprising mainly of fat cells called adipocytes. Their
main roles are to serve as sites for energy storage, thermal insulation, and regulation of certain
immune and endocrine secretory pathways [63]. In obese states, adipose tissues are coupled

with secretion of adipokines that play main roles in the regulation and management of obesity.



These include production of leptins, TNF-a (Tumor Necrosis Factor Alpha), Monocyte
Chemoattractant Proteinl (MCP-1) and Interleukin-6 (IL-6), and most importantly,
adiponectin. Studies on the role of adipose tissues in diabetes began in 1994 with the successful
positional cloning of the obese (ob) gene in mouse, encoding leptin, and the recognition that
mutations in the ob gene leads to morbid obesity in human [64]. Leptin binds to and activates
its cognate leptin receptor (LEP-R) in the hypothalamus, facilitating food intake and body mass.
Leptin resistance is observed in patients of obesity and T2D, marking the importance in studies
revolving adipocytes in general and their secretory molecules in particular [65]. The discovery
of leptin and its functional role in facilitating obesity was subsequently followed by studies on
other adipocytes- derived secretory molecules that play detrimental effects in obese patients.
These include the pro- inflammatory cytokine TNFa, and its role in suppressing insulin action
in liver and skeletal muscles in 1993 [66]. Contributions of other inflammatory mediators such
as MCP-1, IL-6 and Vaspin (visceral adipose tissue-derived serpin; serpinA12) in inducing

diabetes were also reported in animals and human models [67][68][69].

1.4.2 Effects of adiponectin

Adiponectin, a hormone secreted into the bloodstream by adipocytes, is the most
abundantly produced adipokine in the circulation [70]. During obesity, an increase in adipose
tissues is accompanied with elevated production of proinflammatory factor called hypoxia
inducible factor la (HIFla). This increase of HIFla in turn induced downregulation of
adiponectin, leading to inflammation, as observed in diabetes patients [71]. Numerous studies
have indicated that the levels of serum adiponectin are inversely correlated with abdominal
adiposity, a characteristic of obesity [72]. Obesity is accompanied by an increased risk of

cardiovascular disease (CVD). Indeed, high levels of circulating adiponectin is known to exert



cardioprotective effects in clinical settings [73]. High adiponectin level is also implicated in
reduced risks of myocardial infarction and coronary heart disease incidents in patients with T2D
[74]. Additionally, pharmacological, and genetic approaches to elevate plasma adiponectin
results in ameliorated obesity- induced endothelial dysfunctions and hypertension and
preventive atherosclerotic disease [75][76]. Evidently, clinical studies indicated that higher
plasma adiponectin is linked with T2D risks in many populations, and it is also employed as an

effective diagnostic marker of T2D [77][78].

The identification of adiponectin was dated in 1995, as a protein of 224 amino acids
long and located on the 3q27 chromosome. The protein is comprised of three spherical domains
including an N-terminal sequence, a collagen like fibrous domain, and a globular domain with
a C-terminal end [79]. Adiponectin undergoes oligomerization, resulting in three isoforms:
trimer, hexamer, and high molecular weight (HMW) multimer. The combination of these
isoforms is referred to as full length adiponectin (fAd), which can also be cleaved by proteolysis
to form globular adiponectin (gAd) [80]. Of these three adiponectin isoforms, the HMW
oligomer is the main adipokine facilitating insulin sensitivity and cardioprotective effects. As
such, disruptions of HMW adiponectin were recorded in adipose tissues of obese individuals

[81][82].

1.4.3 Adiponectin signaling

1.4.3.1 Adiponectin receptors and adaptors

The main adiponectin receptors identified are AdipoR1 and AdipoR2 which are integral
membrane proteins with seven transmembrane domains belonging to the PAQR (Progesterone

and Adiponectin Q Receptor) family [83]. AdipoR1 has high affinity binding for gAd and is
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expressed mainly in skeletal muscle. On the other hand, AdipoR2 is abundantly expressed in
liver with stronger affinity binding for fAd [84]. Adiponectin’s protective effects require both
forms of receptors. AdipoR1 induces phosphorylation and activation of the 5'-AMP-activated
protein kinase (AMPK) pathway, leading to elevated glucose uptake, fatty-acid oxidation, and
mitochondrial functions [85]. Meanwhile, AdipoR2 exerts its effects via promoting PPARa
activity, resulting in improved lipid metabolism in primary cultured hepatocytes [86]. Studies
have shown that overexpression of both receptors led to enhancement of AMPK and PPAR«
activities and abrogation of diabetic conditions in db/db mice. Simultaneous knockout of
AdipoR1 and AdipoR2, on the other hand, resulted in impaired glucose and lipid metabolism,

with consequent insulin resistance, a hallmark of T2D [87].

Two types of adiponectin receptor adaptors have been studied including APPLI1
(Adaptor protein, Phospho-tyrosine interacting with pH domain Leucine zipper 1) and APPL2.
APPLI1, upon binding to AdipoR1, exerts its effects in elevating glucose uptake, metabolism,
and insulin sensitivity through activation of AMPK and p38 MAPK (Mitogen Activated Protein
Kinase). Overexpression of APPL1 enhanced phosphorylation levels of AMPK and p38 MAPK
in C2C12 myocytes and GLUT4 (glucose transporter 4) membrane translocation in L6 cells
[88]. APPL2 is inversely correlated with APPL1 in inducing adiponectin signaling pathway. It
forms a dimer with
APPLI1, resulting in the APPL1-APPL2 structures which compete for interaction with the
AdipoR1-APPL1 complex. APPL2 overexpression, as such, resulted in disrupted adiponectin
signaling in C2C12 myotubes, while its deletion by RNAi (RNA interference) significantly

ameliorated adiponectin-induced glucose uptake [89].
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1.4.3.2 Adiponectin signaling pathway

PPARa and AMPK are the major signaling pathways activated by adiponectin. PPAR«
is a nuclear receptor protein that is responsible for regulating cellular homeostasis through
enhancing insulin sensitivity, glucose, and lipid metabolism [90]. In clinical trials, use of
synthetic PPAR a agonists has proved to lower triglycerides and effectively treat atherogenic
dyslipidemia [91]. Adiponectin stimulates activation of PPARa and its target genes such as
ACO (Acetyl CoA oxidase), CPT1 (carnitine palmitoyl transferase 1), and UCP (uncoupling
protein). Upregulation of these genes induces fatty acid catabolism and mitochondrial fatty acid

B-oxidation [92].

Another mechanism through which adiponectin exerts its effects is via the AMPK
signaling pathway. AMPK is a sensor molecule crucial for maintaining energy homeostasis.
When energy is depleted, ATP levels decrease, leading to activation of AMPK. Upon activation,
AMPK prevents the catabolism of ATP while promoting its production to create energy source.
A cascade of downstream effectors is initiated upon binding of adiponectin to AdipoR1. AMPK
phosphorylation at T172 is induced via promoting APPL1-dependent LKB1 (liver kinase B1)
translocation from the nucleus to the cytosol [93]. Upon activation, phosphorylated AMPK
suppresses acetyl-CoA carboxylase (ACC) activity to increase rates of myocardial fatty acid
oxidation (FAO) and promote ATP production [94]. AMPK also induces expression of p38
MAPK, which subsequently enhances GLUT4 translocation and glucose uptake [95].
Production of nitric oxide through endothelial nitric-oxide synthase (eNOS) in endothelial cells
is another downstream effector of AMPK activation, resulting decreased inflammation and

promoted vasodilation at vessels [96]. Adiponectin- depleted mice exhibited downregulation of
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AMPK phosphorylation and insulin resistance, which is indicative of adiponectin’s role in

conferring metabolic enhancement [97].
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Figure 2. Adiponectin signaling pathway (Adapted from [98])

1.4.4 Adiponectin as a therapeutic target

Adiponectin exerts multifaceted effects in diabetic states, including managing glucose
levels, lipid metabolism and insulin sensitivity through its anti-inflammatory and antioxidant
benefits [99]. Adiponectin stimulation is known to diminish key pro-inflammatory molecules
including TNF-a-stimulated expression of vascular cell adhesion molecule-1 (VCAM-1), E-

selectin, intracellular adhesion molecule-1 and IL-8 in human aortic endothelial cells [100,101].
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Expression levels of human monocyte- derived macrophages were promoted through induction
of interleukin-10 (IL-10) by adiponectin, which is indicative of its effective prevention against
vascular inflammation [102]. In human neutrophils, adiponectin significantly downregulated
production of reactive oxygen species, key derivatives of inflammation, through regulation of
NADPH oxidase [103]. Due to its clear correlation with certain metabolic conditions, targeting

adiponectin as a prospective therapeutic treatment is of potential benefits.

Adiponectin’s anti-diabetic effects are well established. High plasma adiponectin is
closely associated with decreased risks of both T1D and T2D. Adiponectin facilitated glucose
clearance and insulin sensitivity in high- fat diet mice via activation of AMPK [104,105]. In
parallel with inducing AMPK phosphorylation, it inhibits the enzyme phosphoenolpyruvate
carboxylase leading to prevention of gluconeogenesis [106]. In addition, adiponectin promoted
insulin sensitivity through upregulating hepatic IRS-2 expression via an IL-6 dependent
pathway [107]. Adiponectin-KO mice have shown to develop impaired glucose transport,
insulin resistance, inflammation, and subsequent diabetes [108-111], while adiponectin
replenishment could reverse insulin resistance and metabolic syndrome in models of T2D
[112,113]. These observations further demonstrated the beneficial effects of adiponectin as an

anti-diabetic factor.

Low levels of plasma adiponectin are closely related with diabetes [114]. This gave rise
to an increasing interest of replacing the body’s loss of adiponectin with its mimetic compounds.
Studies suggested that the use of adiponectin mimetics has proved to exert similar effects to
adiponectin including insulin-sensitizing, enhanced glucose oxidation, glucose uptake and fatty

acid catabolism, via the AMPK-dependent pathway [115-117]. In particular, a peptide-based
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adiponectin mimetic compound that was proposed to confer anti-diabetic effects is ALY 688,
developed by Allysta Pharmaceuticals. By binding to both AdipoR1 and AdipoR2, ALY 688
initiates the adiponectin signaling pathway [118]. This peptide also provides great potency and
specificity over small molecule mimetics. Using adiponectin-mimetic compound in general and

ALY 688 in particular is therefore of great potential benefit in diabetes studies.

1.5 Endoplasmic reticulum (ER) stress
1.5.1 Description of ER stress

Endoplasmic reticulum (ER) is structurally and functionally highly dynamic and
adaptive, consisting of membrane sheets and tubules. The ER structure is regulated by
scaffolding proteins. Disturbances of the structural apparatus is reported to contribute to the
onset of insulin resistance and obesity. From the functional perspective, the ER is an undeniably
important organelle that is responsible for protein synthesis, modification, and transport. As
such, disturbances in the ER, both structurally and functionally would contribute to metabolic
disorders in general and insulin resistance in particular [119].

ER stress, characterized by accumulated protein aggregates, is initiated upon
compromised protein folding and ER functions [120]. Drivers of ER stress consist of nutrient
starvation, hypoxia, calcium imbalance and sustained oxidative stress, among others [121-124].
Three cellular quality control mechanisms that ensured successful folding of the polypeptide
chain upon ER stress have been well established including: endoplasmic reticulum-associated
degradation (ERAD), the unfolded protein response (UPR) and autophagy. ERAD is a
protective mechanism that can initiate the elimination of misfolded proteins through to prevent
ER stress [125]. The complex series of signaling that lead ERAD from the ER into the

cytoplasm includes: (1) unfolded/misfolded proteins are recognized by lectins and chaperones;
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(2) ERAD substrates experience active retro translocation across the lipid bilayer through
adaptor-dislocon complexes like SEL1L and HRD1; and (3) the VCP, or p97 moves substrates
out of the ER membrane while simultaneously “breaking up their tertiary structure” and into
the cytosol. ERAD, ER stress, and metabolism are also linked by the ER-localized protein
SDF2L1, the suppression of which in the liver can similarly lead to ER stress, steatosis, and

insulin resistance [126,127].

1.5.2 ER stress and the unfolded protein response (UPR)

Concurrent with ERAD, the unfolded protein response (UPR) is activated to cope with
the effects of ER stress. This activation encompasses a signaling cascade with downstream
targets functioning to alleviate ER stress by increasing the ER’s folding capacity, reducing the
protein folding load and activating ERAD. The UPR is mediated through three ER membrane
sensors: protein kinase-like ER kinase (PERK), inositol-requiring enzyme-1 (IRE1) and
activating transcription factor 6 (ATF6). These signaling cascades ultimately regulate ER
chaperones, folding enzymes, antioxidants, lipid synthesis, protein degradation and
translational attenuation [128]. The UPR was first discovered in 1986 by Munro and team. He
found that GRP78 (Binding immunoglobulin protein) was the promoter of the UPR, the
activation of which would generate three transmembrane sensors [129]. First, dissociation of
GRP78 from PERK induces its serine/threonine kinase activity through dimerization and
autophosphorylation [130]. Phosphorylated PERK then stimulates the activation of eukaryotic
translation initiation factor 2 (elF2a), which inhibits general translation to reduce the protein
folding load [131]. Meanwhile, translation of activating transcription factor 4 (ATF4) is also
activated, bringing about the expression of UPR target genes: chaperones and folding enzymes

[132]. Activation of IRE1, the second arm of the UPR, promotes its RNase activity cleaving X-
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box binding protein 1 (XBP1) mRNA. This enables the translation of an active transcription
factor that acts on several UPR target genes [133]. Activation of IRE1 also leads to
phosphorylation and activation of JNK via TNF receptor-associated protein factor 2 (TRAF2),

as well as apoptosis signal-regulating kinase 1

(ASK1) [134]. Together, these help to degrade mRNA and reduce the protein folding load of the
ER. The final arm of the UPR, ATF6, is activated by translocation to Golgi where it is cleaved by
site-1 protease (S1P) and site-2 protease (S2P) to form a 50kDa active transcription factor [135].
This then translocates to the nucleus to active UPR target genes such as chaperones and those

involved in lipid synthesis [136].

1.5.3 ER stress and the UPR in insulin resistance and diabetes

Some pioneering studies have illuminated this relationship between endoplasmic
reticulum and insulin resistance. For example, it was found that overexpression of oxygen-
regulated protein 150 (ORP150), a molecular chaperone that protects cells from ER stress,
markedly improved insulin resistance and ameliorated glucose tolerance in obese mice [137].
To this end, mice that were deficient in X-box—binding protein—1 (XBP-1), a transcription factor
modulating the ER stress response, were more prone to developing insulin resistance compared
to wild type ones. Significantly, the UPR is specifically crucial in regulating protein aggregates
formed in patients with Alzheimer’s and Parkinson disease, conditions that are closely related

with T2D [138].
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1.6 Autophagy
1.6.1 Autophagy definition and function

To alleviate ER stress and restore optimal homeostasis, another endogenous cellular
response is via induction of autophagy. Autophagy or self-eating is an evolutionarily conserved
mechanism for bulk degradation of protein aggregates or organelles by transporting them to
lysosomes [139]. Autophagy is both crucial in proteostasis and connected to ER function and
stress, as autolysosomes can help regulate energy levels and eliminate “protein waste”
potentially associated with human metabolic derangements [140]. It is also implicated in a
broad range of diseases and is essential for cellular homeostasis [141-144].
1.6.2 Autophagy process

The concept of autophagy was initially established in the 1990s by Christian de Duve
following his study of lysosomes in yeasts [145]. The morphology and key genes involved in
autophagy were then characterized by Dr. Yoshinori Oshumi [146]. This work of autophagy
mechanisms led to his 2016 Nobel Prize win in Physiology or Medicine. With the advancement
of microscopy techniques, classification of autophagy was established including
Macroautophagy, Microautophagy and Chaperone Mediated Autophagy (CMA), depending on
delivery
methodologies [147]. Among these types, macroautophagy remains the most prominently
studied. In particular, macroautophagy initiates with the formation of double lipid layers
membranes called phagophores from the ER [148,149]. These structures then get separated
from their sources and elongated until they are enclosed to become a ring-like structure called
an autophagosomes. In the stage of phagophore elongation, autophagosomes recognize the

target by adaptor proteins, and the term of autophagy is named differently depending on targets
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such as mitophagy for mitochondria, lipophagy for lipid, or ERphagy for ER [150]. Once
autophagosomes are loaded, they fuse with lysosomes, becoming autophago-lysosomes,
transient single membraned structures that degrade targets with lysosomal proteolytic enzymes
[151]. Once degraded, products or amino acids are released and used as cellular building blocks.
Since these important findings, the significance of autophagy has been implicated in many
studies. For instance, it is an important factor in anti-aging as a decrease in autophagic activity

is indicative of aging in diverse organisms [152].
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Figure 3. Process of autophagy
1.6.3 Autophagy in insulin action and diabetes
Autophagy is an important regulator in insulin resistance and T2D. Its mechanisms are
not fully elucidated, yet impairment in the autophagic pathway constitutes development of T2D.
B cell-specific deletion of Atg7 in mice led to decreased insulin secretion, abated B cell mass

and amplified cell death [153]. Autophagy-knockout mice also exhibited disrupted glucose

19



tolerance and impaired insulin sensitivity [154]. Loss of autophagy diminishes mitochondrial
functions via the PINK1/PARKIN pathway with resultant insulin resistance [155]. Induction of
anti-inflammatory response is another mechanism through which autophagy mediates oxidative
stress and insulin sensitivity [156]. Conversely, upregulation of autophagy through Atg5
genetic overexpression prevented mice from obesity and insulin resistance [157].
Correspondingly, liver targeted overexpression of Atg7 was proposed to alleviate obesity-
associated ER stress and insulin resistance [158]. Gain of function of autophagy by
pharmacological activation of rapamycin or carbamazepine exerts similar effects as observed
in genetic approaches [159,160]. However, it should be noted that too much of autophagy can
also place detrimental consequences in regulating metabolic diseases, specifically T2D through
apoptosis. Collectively, these observations suggested that autophagy confers protective effects
against obesity, insulin resistance and T2D and its precise regulation is the key factor in

mediating metabolic disorders.
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CHAPTER 2: STUDY 1
“Salubrinal promotes phospho-el F2alpha-dependent activation of UPR leading to autophagy-

mediated attenuation of iron-induced insulin resistance”

2.1 Abstract

Identification of new mechanisms mediating insulin sensitivity is important to allow validation
of corresponding therapeutic targets. In this study, I first used a cellular model of skeletal
muscle cell iron overload and found endoplasmic reticulum (ER) stress and insulin resistance
occurred after iron treatment. Insulin sensitivity was assessed using cells engineered to express
an Akt biosensor, based on nuclear Foxo localization, as well as western blotting for insulin
signaling proteins. Use of salubrinal to elevate elF2a phosphorylation and promote the
unfolded protein response (UPR) attenuated iron-induced insulin resistance. Salubrinal induced
autophagy flux and its beneficial effects on insulin sensitivity were not observed in autophagy-
deficient cells generated by overexpressing a dominant-negative Atg5 mutant or via knockout
of ATG7. This indicated the beneficial effect of salubrinal-induced UPR activation was
autophagy-dependent. I translated these observations to an animal model of systemic iron
overload-induced skeletal muscle insulin resistance. Administration of salubrinal as pre-
treatment enhanced elF2o. phosphorylation and induced autophagy in skeletal muscle. This
attenuated insulin resistance upon systemic iron administration. Together, my results show that
salubrinal elicited an elF2a-autophagy axis leading to improved skeletal muscle insulin

sensitivity both in vitro and in mice.
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2.2 Introduction

Iron is an essential element that is involved in many biological processes and sustaining
balanced iron levels are essential for preventing the onset of a number of diseases [161].
Existing studies on iron deficiency and iron overload have bolstered our understanding of the
importance of iron homeostasis and its regulation [162]. From a clinical perspective, iron
overload is also pathologically important in primary hemochromatosis and secondary iron-
loading anemias including thalassemia and myelodysplastic syndromes [163-165].
Furthermore, iron overload is the culprit underlying some forms of cancer, inflammation,

neurodegenerative diseases and, most significantly, cardiometabolic diseases [166-169].

Insulin resistance remains the most notable and consequential metabolic dysfunction
[170]. Under this condition, cells and tissues do not respond well to insulin [171], with
associated consequences of type 2 diabetes and heart failure [172-174]. The molecular
mechanisms underlying insulin resistance are widespread, with autophagy and endoplasmic
reticulum (ER) stress both known to be important [175-177]. Autophagy is a well conserved
process of ‘self eating’ involving degradation of cellular components such as damaged
organelles and protein aggregates, thus playing important roles in maintaining cellular
homeostasis [178]. Previous studies have established the significance of autophagy in
regulating insulin signaling as well as metabolism in skeletal muscles [179]. By utilizing
skeletal muscle cells, we previously showed that chronic iron overload leads to a profound
autophagy defect via mTORCI-UVRAG inhibition that led to inhibition of autophagosome-

lysosome reformation (ALR), with consequent insulin resistance [175].
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In the endoplasmic reticulum, proteins are synthesized, modified, and transported to
destined compartments. Perturbations in these processes can manifest as protein aggregation
[180]. To survive a series of cellular stressors such as nutrient deficiency, Ca?* imbalance, toxin
and sustained oxidative stress [181-184] the unfolded protein response (UPR) will be engaged
[185]. This can involve the activation of three transmembrane proteins: inositol-requiring
protein 1 (IRE1), protein kinase RNA-like ER kinase (PERK) and activating transcription factor
6 (ATF6) [186]. These sensors aid in improving cellular homeostasis by expanding the ER
protein-folding capacity, decreasing global mRNA translation, and increasing ER-associated
degradation (ERAD), among others [187]. Upon activation, PERK will phosphorylate the
downstream eukaryotic translation initiation factor (elF2a) at Ser51, which enhances
translation of a subset of mRNAs, including that encoding the activating transcription factor 4
(ATF4) [188-190]. This enhances cellular homeostasis by inhibiting translation, facilitating
amino acid synthesis, inducing antioxidative stress response genes and increasing expression of
autophagy genes. However, connections between iron, ER stress, UPR induction and autophagy

in the regulation of insulin resistance are not clearly understood.

In this study, I hypothesized that ER stress upon iron overload leads to insulin resistance
in skeletal muscle cells and that strategies to promote its downstream including UPR and
autophagy are beneficial. In order to test my central hypothesis, three main questions were
investigated. These include effects of iron on ER stress, insulin sensitivity and whether
alleviating ER stress helps attenuate iron overload- induced insulin resistance. After
establishing this model, the mechanisms were tested by using salubrinal- an inhibitor of elF2a

phosphatase and ALY688- an adiponectin receptor agonist as the main pharmacological
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approaches to induce UPR/autophagy activation and clarify the relationship between iron

overload and insulin sensitivity through ER stress.

2.3 Materials and methods

Cell culture and maintenance of L6 skeletal muscle cells

L6 rat skeletal muscle cell line was grown in alpha-minimum essential medium (AMEM)
(Wisent; #210-010) supplemented with 10% fetal bovine serum (FBS) (Wisent; #080-150) and
1% antibiotic/antimycotic (Gibco; #15240062) at 37°C with 95% air and 5% CO,. Cells were
maintained in 75 cm? flasks and passed at 70% confluency. 3 mL of trypsin was first added to
detach the cells from the flasks following by neutralization with 7 mL of 10% FBS AMEM.
Cells were then centrifuged at 2000 RPM for 5 mins. 5 mL of 10% FBS AMEM was added in
the cells for resuspension, with 10% of total cell and media mix being used for further plating
in the new flask. For iron treatment, iron (II) sulfate heptahydrate (Sigma-Aldrich; #215422)
was prepared by dissolving in sterile distilled water with the stock concentration of 100 mM.
AtgSK130R mutant cell line. A stable L6 Atg5K130R (Atg5K) dominant negative mutant cell
line was generated as a cellular model of autophagy inhibition, as previously described [176].
This point mutation prevents conjugation to ATG12 and blocks LC3II incorporation and

elongation of the autophagosome membrane.

Western blotting
L6 cells were seeded on 6- well plates until having 80-90% confluency. Cells were subjected to

treatments of FeSO4 250 uM for 24-h followed by insulin 100 nM (Lilly; Humulin-R U-100) for
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10 min. Control cells were starved in AMEM 0% FBS for 24-h. For salubrinal treatment, the
drug (Sigma Aldrich; SML0951) was firstly made by dissolving salubrinal powder in DMSO

to make the stock concentration of 0.04M. Cells were then treated with salubrinal for 24-h at

the working concentration of 30uM. For salubrinal- iron groups, cells were pretreated with

salubrinal 30uM for 30 min prior to iron treatment 24-h. Samples were washed with PBS

(Wisent; 311-010-CL) and prepared using lysis buffer. Cells were also syringed to ensure
further lysis, followed by collection and centrifugation at 10,000 RPM for 5 min at 4°C before
being denatured at 95°C for 5 min. Cell lysates were run on 8% SDS-PAGE gels conducted at
90 V for 2 h. The gels were transferred to a polyvinylidene difluoride (PVDF) membrane at 120
V for 1.5 h. Membranes were submerged in 3% bovine serum albumin (BSA) blocking buffer
for 1 h, followed by overnight incubation in 1:1000 dilution of primary antibodies: phospho-
Akt s473 (Cell Signaling; #9271) and phospho-ERK (Cell Signaling; #9106L) at 4°C.
Membranes were then washed with TBS-T three times before 1-h of secondary antibody
incubation at room temperature. The secondary antibodies used was an anti-rabbit
immunoglobulin G horseradish peroxidase-conjugated antibody

(Cell Signaling; #7074) and anti-mouse antibody (Cell Signaling; #7076) at 1:5000 dilution.
Membranes were then quickly washed with Clarity Western ECL Substrate solution (BioRad;
#1705061) and visualized using X-ray film development techniques. Western blot band
intensity was quantified using ImageJ software, normalized to glyceraldehyde 3-phosphate

dehydrogenase (GAPDH) (Cell Signaling; #2118) or total Akt (Cell Signaling; #9272).

To examine the role of iron and salubrinal in activating UPR, L6 cells were seeded on 6 well

plates until having 80-90% confluency. 4 groups of treatment were performed for the salubrinal
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experiment including control, salubrinal, iron, salubrinal iron. For control samples, cells were

starved in AMEM media 0% FBS for 24 h. For iron- treated samples, cells were subjected to
treatments of FeSO4 250 uM for 24 h. For salubrinal-iron groups, cells were treated with
salubrinal

30 pM for 30 min prior to iron treatment 24-h. Western blot analysis was performed according to

protocol aforementioned. 2 primary antibodies were used in this assay including p- elF2a (Cell

Signaling; #9721) and ATF4 (Cell Signaling; #11815).

To assess the effects of iron and salubrinal treatments on autophagic flux, L6 skeletal muscle
cells were seeded on 6 well plates until having 80-90% confluency. 4 groups of treatment were
performed including control, salubrinal, iron, salubrinal iron. For iron- treated samples, cells

were subjected to treatments of FeSO4 250 pM in AMEM supplemented with 0.5 % FBS for

16 h. For salubrinal-iron groups, cells were pretreated with salubrinal 30 uM for 30 min prior

to iron treatment 16-h. Western blot analysis was performed according to protocol
aforementioned. 2 primary antibodies were used in this assay including LC3B (Cell Signaling;

#2775) and SQSTM1/p62 (Cell Signaling; #5114).

Stable L6 AtgSK130R (Atg5K) dominant negative mutant and ATG7- knock out cell lines were
used as molecular models to assess the role of autophagy in beneficial effects of salubrinal.
Empty vector (EV) cells containing no foreign DNA were used as control with ATG5K cells
and wild-type L6 cells were used as control with ATG7- knock out cell lines. Cells were seeded
on 6 well plates until having 80-90% confluency. 4 treatment groups were determined including

insulin, iron insulin, salubrinal insulin and salubrinal iron insulin. Cells were subjected to
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treatments of FeSO4 250 uM in AMEM 0% FBS for 24-h followed by insulin 100 nM for 10

min. For salubrinal groups, cells were pre-treated with salubrinal 30 pM for 30 min prior to

iron treatment. Western blot analysis was performed according to protocol aforementioned with
2 primary antibodies being used were phospho-Akt s473 (Cell Signaling; #9271) and phospho-

ERK (Cell Signaling; #9106L).

Transforming Escherichia coli DH5a cells with SB100X and FoxO1 biosensor plasmids

50ng circular DNA of FoxO1 (AddGene; #106278) and SB100X (AddGene; #34879) plasmids
were thawed, added to competent E.coli DH5a cells and gently mixed. The tube with DNA and
competent cells was placed in 42°C water bath for 1 min and transferred onto ice for 2 min to
reduce damage to cells. 800 pL. of Luria-Bertani (LB) broth (Invitrogen; #12795027) was
prepared and added to the tube, then incubated for 1-h at 37°C with 250 RPM shaking. Resulting
bacterial cultures were spread on LB agar plates containing ampicillin and chloramphenicol
(Sigma) for FoxOl and SB100X plasmids, respectively. Plates were incubated inverted
overnight at 37°C. A colony was then selected after 12-h to be propagated further in LB broth

with antibiotics for overnight shaking at 250 RPM and 37°C.

Plasmid purification

125 mL of transformed bacterial culture was centrifuged for 20 min at 4,000 x g. Pellets were
resuspended using the buffers provided by the Invitrogen PureLink Fast Low-Endotoxin Midi
Plasmid Purification Kit (Invitrogen; #A35892). All purification steps were performed
according to the protocol provided in the kit to elute plasmid products. DNA concentrations

were determined, and the purified plasmids were stored at -80°C for future use.
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Sleeping Beauty transfection of FoxOlI and biosensor plasmids into L6 skeletal muscle cells
Prior to transfection, low passage WT-L6 cells were cultured in a T75 flask to 90% confluency.
2 transfection mixtures were prepared. An integrase/DNA/OptiMEM mix was first created by

adding FoxO1 Biosensor and SB100X plasmids at a 10:1 ratio respectively to OptiMEM

(Thermo Fisher; #31985062) for a total volume of 150 pL. The first mixture was then combined
with the second tube containing 3.6 YL of Lipofectamine 2000 (Invitrogen; #11668019) and

146.4 pL of OptiMEM. The mixture was then vortexed for 2 sec, spun down on tabletop

centrifuge and incubated for 15 min at room temperature. On the other hand, L6 cells were

trypsinized at room temperature for 15 min for the cells to detach from the bottom. The cells

were then neutralized by adding AMEM media containing 10% FBS and antibiotics. 900 yL of

cell and media mixture was seeded into 1-3 wells of a 6-well plate per plasmid. 100 pL of DNA
and lipofectamine mix was then added in each well. Plate was gently shook to mix followed by
incubation at 37°C for 24-h. On day 2 of transfection, cells were split into a T25 flask and
selected for successful transfection with 2 pg/puL of puromycin (Thermo Fisher Scientific;
#A113803) the next day. After 24-h, AMEM media with 10% FBS was changed to the flask to

maintain cell proliferation. Cells were subjected to a second time of puromycin selection 7 days

later.

Real-time imaging of insulin signaling using fluorescent microscopy

L6 cells transfected with FoxO1 biosensor were seeded onto a 96-well plate for treatment. When

cells reached 50-60% confluency, they were subjected to 6 groups of treatment including
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control, insulin, iron, iron insulin, salubrinal iron and salubrinal iron insulin. For the iron

treatment wells, cells were treated with FeSOs4 250 pM overnight. For the salubrinal iron

treatment groups, cells were subjected to salubrinal 30 uM for 30 min prior to overnight iron

treatment. All treatments were performed using AMEM 0% FBS media. After incubation time,
cells in all treatment groups were washed and starved in 0% FBS AMEM for 90 min, then
treated with 100 nM insulin and imaged on EVOS FL Auto 2 for green fluorescence over a span
of 30 min to observe fluorescent translocation. Nuclear fluorescence signal was traced from the
nucleus to the cytosol in all treatments with number of cells being 10 for each treatment. Data

quantitation was performed using Celleste software.

Insulin sensitivity measured by glucose uptake assay

A stable L6 cell line overexpressing GLUT4 with a myc epitope was used to examine insulin
stimulated glucose uptake in L6 myoblasts. Glucose uptake assay was carried out based on the
detection of 2-deoxyglucose-6-phosphate (2DG6P). L6-GLUT4myc cells (a kind gift from Dr
Amira Klip, The Hospital for Sick Children, Toronto) were seeded on 96-well plate at 10,000
cells/ well before treatment. Cells were then treated with different conditions including control,
iron, salubrinal, salubrinal iron (all stimulated with and without insulin 100nM). Treatment was
performed as aforementioned. After 24 h treatment, insulin (100 nM) was stimulated for 15
min. 2DG (2-deoxyglucose) was added and incubated for 30 min, followed by addition of stop
buffer and neutralization buffer according to the protocol from the Glucose Uptake-Glo Assay
kit by

Promega. Finally, 2DG6P detection reagent was added and luminescence was recorded with 0.3—

1 second integration using VarioSkan LUX.
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ThT staining assay
L6 skeletal muscle cells were seeded at 70% confluency on a p-slide 4-well chambered polymer
coverslip (Ibidi), and the growth medium was then replaced with 0% FBS AMEM (Phenol-red

free), iron treatment (250 uM) for 4 h. After treatment, Tht solution (Sigma- Aldrich; #T3516,

2.5 yM) was prepared in phenol-red free DMEM media 0% FBS and cells were stained for 30
min. After staining time, cells were imaged with HCS NuclearMask™ Blue Stain (Thermo
Fisher; # H10325, 1:2000). Imaging was performed at 20x objective (Nikon Al confocal
microscope) in a 5% CO; live-cell chamber. Results were quantified using ImageJ software

with at least 40 cells/ treatment/ field of views.

GRP-78 mCherry reporter

Cells stably expressing a GRP78 promoter driver mCherry reporter, which was generated
previously [191], were seeded on 4-well chamber and subjected to iron treatment (250 uM) for

24 h. Imaging was performed at 20x objective (Nikon Al confocal microscope) and 1 h

intervals up to 24 h in a 5% CO: live-cell chamber.

Gene expression analysis

Total RNA was extracted with RNEasy Mini Kit (Qiagen, Toronto, Canada) and then converted to
cDNA using the RevertAid RT Kit (Thermo Scientific; #K1691). qPCR was performed with

Sso Advanced SYBR Green Master Mix (Bio-Rad; #1725270) starting with an initial activation

at 95°C for 15 min, followed by 40 cycles of 94°C for 15 sec, 55°C for 30 sec and 70°C for 30
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sec on a Bio-Rad CFX384 Touch Real-Time PCR Detection System. Relative gene expression

levels were normalized to 18S rRNA. Primers used in this study are summarized in Table 1.

Name Kind Sequences (5'-3")
Forward | CCTGAAGACGGAGAGAAGAAGAG
ATGS Reverse | CGGGAAGCAAGGGTGTCAT
Forward | CCTGTTTGCTTGGGATAGTGG
ATG10 Reverse | ACTTCCCCATCAATCTCCAC
Forward | CATTCTTACCTGGCGTTGAG
ATGL2 Reverse | CACTTCAAACCCTGTAATCC
Forward | CACATCTTTACCCAGCATCAC
ATGI6 Reverse | CAGGACAGAGGGTGCTTTC
Forward | TGTTAGGCTTGCTCTTTTGG
Le3 Reverse | GCAGAGGAAATGACCACAGAT
Forward | AAACAGAGTAGCAGCACAGACTGC
S-XBPI Reverse | GGATCTCTAAGACTAGAGGCTTGGTG

Table 1. List of Primers used

Mouse model of iron overload-induced insulin resistance

Animals were fed ad libitum on regular chow diet and kept in temperature and humidity control
rooms with a daily 12:12-h light-dark cycle. 20 8-weeks-old C57/BL6J male mice were
categorized into four groups including control, iron, salubrinal and salubrinal iron. Iron dextran
(Sigma Aldrich; #D8517) was delivered intravenously at 15 mg/kg in iron group mice while
PBS was used as control. Intraperitoneal injection was performed in salubrinal groups (1mg/kg)
on day 1, day 2 and day 3. For salubrinal iron groups, salubrinal was also injected at Img/kg
on day 1, day 2 and day 3. On day 3, iron dextran was delivered intravenously at 15 mg/kg after
30 min of salubrinal injection. For phosphorylation of insulin signaling analysis, all mice were

injected via tail vein with insulin (4 units per kg) 5 min before sacrifice. Skeletal muscles were
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collected and lysed in tissue lysis buffer as described in table 2. BCA assay was performed to

determine protein concentration and lysates were loaded on the gels with a concentration of 30

Mg per well to run western blotting.

Lysis Buffer 1ml

30mM Hepes, pH 7.4 60ul/0.5M stock
2.5mM EGTA 10u1/0.25M stock
3mM EDTA 12u1/0.25M stock
70mM KCl 70ul/1M stock
20mM B-glycerolphosphate 10ul/2M stock
20mM NaF 40u1/0.5M stock
ImM Na3VO4 1ul/1M stock
200uM PMSF 1ul/0.2M stock
1uM Pepstatin A 1ul/1TmM stock
10uM Et64 1ul/10mM stock
1uM Leupeptin 1ul/1TmM stock
0.1% NP40 5ul/20% stock
0.01mM Okadaic acid 1ul/0.1mM stock
ddH20 788ul

Table 2. Components of lysis buffer for skeletal muscle tissues

Measuring protein concentration using BCA assay

Cell lysates were collected using the same protocol as western blotting assay, in a working lysis
buffer lacking bromophenol blue. 10 pL of crude lysates were aliquoted into 96- well plate and
treated with 10 puL of the working BCA reagent (Thermo Fisher; #23225). A series of dilutions
of Bovine Serum Albumin (BSA) were prepared from the kit and assayed alongside the
unknowns to generate a protein standard curve. Samples were incubated for 30 min and the
absorbance was measured at 562 nm using VarioSkan LUX. Results were then used to

determine respective protein concentrations based on the standard curve generated.
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Statistical analysis

One-way ANOVA test with turkey’s multiple comparisons was carried out on GraphPad Prism to

determine statistical significance in which p values < 0.05 were considered significant.
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2.4 Results

Iron elevates ER stress and UPR induction in L6 skeletal muscle cells

To investigate the effects of iron on ER stress, I first employed the Tht assay to detect protein
aggregates, an established marker of ER Stress. In this experiment, L6 skeletal muscle cells

were treated with or without 250 uM FeSOs for 4 h, and Thioflavin T used as a probe to monitor

misfolded protein accumulation. My results show fluorescence was significantly enhanced,
indicative of protein aggregates, in iron treated L6 skeletal muscle cells (Fig 4A). Next, |
examined the effects of iron overload on the unfolded protein response (UPR). To do so I
generated L6 skeletal muscle cells stably expressing a GRP78 promoter-driven mCherry
reporter. Time lapse imaging indicated a rapid increase in response to iron compared with
control cells, which was apparent after 4 h and maintained up to 24 h treatment (Fig 4B). To
verify the effectiveness of salubrinal, I then used western blotting (Fig 4C&D) to demonstrate
that it induces a significant increase in phosphorylation of p- el[F2a and ATF4 level. This
confirms salubrinal caused an increase in UPR activation, specifically via the elF2a-ATF4

pathway. There was no significant effect of iron alone on p- elF2a and ATF4 level, although

an apparent small increase of p- e[F2a was observed (Fig 4C&D).
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Figure 4. Effect of iron overload and salubrinal on ER stress and UPR activation A.

Representative confocal images and quantification of Tht assay measuring protein aggregates
in L6 skeletal muscle cells after iron injections (FeSOa, 250 uM, 4 h) compared to control. B.
Representative confocal images and quantification of L6 GRP78- mCherry reporter and
quantification of mean red fluorescence for 24 h iron treatment compared to control. C.
Representative Western blot images and quantification of phospho- elF2a over GAPDH after
iron treatment (250 uM, 24 h), with and without salubrinal treatment (30 pM , 30 min). Values
are mean*s.e.m (n=3) **P < 0.005 ***P < 0.0005 (one-way ANOVA with multiple
comparisons). D. Representative Western blot images and quantification of ATF4 over GAPDH
with after iron treatment (250 M, 24 h), with and without salubrinal pre-treatment (30 uM, 30

min). Values are mean = s.e.m (n=3) *P < 0.05 #P < 0.0001 (one-way ANOVA with multiple

comparisons).

Iron impairs insulin sensitivity in L6 skeletal muscle cells; an effect prevented upon salubrinal
treatment

Kinetics of insulin sensitivity was analyzed by generating L6 cell clones overexpressing an Akt
biosensor combined with real-time analysis of fluorescence. This biosensor is based upon
measure of phosphorylated FoxO1 translocation from the nucleus to cytosol. My representative
images (Fig 5A) visually reflected the difference in nuclear fluorescence intensity over a
timespan of 20 min. Quantification indicated that insulin stimulated Akt activity was

significantly reduced in cells treated with insulin compared to control cells (Figs 5B&C). Both
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temporal analysis (Fig 5B) and quantitation after 20 min (Fig 5C) showed that iron caused
insulin-resistance and that salubrinal pre-treatment attenuated this effect of iron. Insulin
sensitivity was also assessed by western blot analysis and results show that there was a
significant decrease in insulin-stimulated phosphorylation of Akt s473 (Fig 5D) as well as ERK
(Fig SE) upon iron treatment. Upon salubrinal pre-treatment, improved insulin stimulated Akt
s473 and ERK was observed, confirming the ability of salubrinal in rescuing insulin sensitivity
upon iron overload.

Insulin resistance in skeletal muscle is manifested by decreased insulin-stimulated glucose uptake
and to test the functional significance of my previous observations I next examined glucose uptake.
A significant reduction in insulin-stimulated glucose uptake was found upon iron pre-treatment
for 24-h (Fig 5F). Salubrinal pre-treatment elicited a significantly elevated insulin response in
the presence of iron. Together, these results demonstrate the detrimental consequence of iron
overload on skeletal muscle cell insulin sensitivity and the beneficial effect of salubrinal in

attenuating insulin resistance.
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Figure 5. Effect of iron and salubrinal on insulin sensitivity

A. Representative microscope images of biosensor cells recorded at timepoints t=0 and t=20 (min)

with insulin stimulation (100 nM, 10 min) after iron treatment (250 pM, 24 h) with and without
salubrinal pre-treatment (30 uM, 30 min) All experiments were repeated three times. Scale bar =
100 pym. B. Percentage change of green nuclear fluorescent signal in biosensor cells (n=10)
recorded for a time course of 20 min with insulin stimulation (100 nM, 10 min) after iron treatment
(250 uM, 24 h) with and without salubrinal pre-treatment (30 uM, 30 min). Percentage change was

recorded as mean values. C. Percentage response (%) of green fluorescent signal in biosensor cells

(n=10) recorded for a time course of 20 min with insulin stimulation (100 nM) after iron treatment

(250 pM, 24 h) with and without salubrinal pre-treatment (30 pM, 30 min). Values are

mean+s.em *P < 0.05 #P < 0.0001 (one-way ANOVA with multiple comparisons). D.

Representative Western blot images and quantification of phospho-Akt (s473) over total Akt with
insulin stimulation (100 nM, 10 min) after iron treatment (250 uM, 24 h) with and without
salubrinal pre-treatment (30 uM, 30 min). Values are mean=+s.e.m (n=3) *P < 0.05 (one-way

ANOVA with multiple comparisons). E. Representative Western blot images and quantification

of phospho-ERK over GAPDH with insulin stimulation (100 nM, 10 min) after iron treatment (250
MM, 24 h) with and without salubrinal pre-treatment (30 uM, 30 min). Values are mean +s.e.m
(n=3) *P < 0.05 (one-way ANOVA with multiple comparisons). F. Glucose uptake of L6 skeletal

muscle cells with insulin stimulation (100 nM, 20 min) after iron treatment (250 uM, 24 h) with
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and without salubrinal pre-treatment (30 pM, 30 min). Values are mean +s.e.m. *P < (0.05 (one-

way ANOVA with multiple comparisons).

Autophagy initiation and flux is upregulated in L6 skeletal muscle cells upon salubrinal
treatment

I then used qPCR to examine changes in level of autophagy-related gene 5 (ATGS), autophagy
related gene 10 (ATG10), autophagy-related gene 12 (ATG12), autophagy-related gene 16
(ATG16) and unc-51 like autophagy activating kinase 1 (ULK1). Heat map of scaled data (Fig 6A)
shows that salubrinal alone most strongly increased the expression of ATGS, ATG12 and ATG10
compared to basal, while iron plus salubrinal had highest effect on ATG16 and ULK1 mRNA
expression level. The effect of iron and salubrinal on autophagic flux was also investigated by
measuring LC3 and p62 by western blot (Fig 6B&C). Data shows that both iron and salubrinal
significantly increased formation of autophagosomes, as indicated by increased LC3-II detection
(Fig 6B). However, a significant increase in p62 was observed only upon iron treatment, indicating
a block of autophagic flux (Fig 6C). This iron-induced accumulation of p62 was significantly

downregulated upon pre-treatment with salubrinal.
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Figure 6. Effect of iron and salubrinal on autophagy
A. Relative gene expressions— autophagy-related gene 5 (ATGS), autophagy-related gene 10
(ATG10), autophagy-related gene 12 (ATG12), autophagy-related gene 16 (ATG16) and unc-51

like autophagy activating kinase 1 (ULKI1)- normalized to 18S rRNA expression with iron
treatment (250 pM, 24 h), with and without salubrinal pre-treatment (30 pM, 30 min). B.
Representative Western blot images and quantification of LC3B-II over GAPDH in L6 skeletal

muscle cells after iron treatment (250 pM, 16 h), with and without salubrinal pre-treatment (30

MM, 30 min). Values are mean=+s.e.m (n=3) *P < 0.05 ***P < 0.0005 (one-way ANOVA with
multiple comparisons). C. Representative Western blot images and quantification of p62 over

GAPDH in L6 skeletal muscle cells after iron treatment (250 uM, 16 h), with and without

salubrinal pre-treatment (30 yM, 30 min). Values are mean = s.e.m (n=3) *P < 0.05 **P < 0.005

(one-way ANOVA with multiple comparisons).

Salubrinal promotes UPR activation thus alleviating 10-induced insulin resistance in mice

Mice with or without subcutaneous salubrinal pre-treatment and with or without systemic iron
administration were injected with insulin (4 units per kg), 5 min before sacrifice as depicted in Fig
7A. Results showed that iron reduced insulin-stimulated phosphorylation of Akt s473 and ERK
(Fig 7B-D), while salubrinal pre-treatment attenuated this development of insulin resistance,
recapitulating the results of studies in L6 skeletal muscle cells reported above. Results also showed
that there was an increase in both phosphorylation of elF2a. and ATF4 levels (Fig 7E-G) upon

salubrinal or iron treatment.
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Figure 7
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Figure 7. In vivo model of mice skeletal muscles with IO

A. Schematic diagram of salubrinal-iron injections’ experimental plan. B. Representative Western
blot images of phospho-Akt (S473) and phospho-ERK over GAPDH in skeletal muscles after iron
injection followed by i.p. insulin injection with and without salubrinal injection. C. Quantification
of phospho-Akt (S473) over GAPDH in skeletal muscles after iron injection followed by i.p.
insulin injection with and without salubrinal injection. Values are mean+s.e.m (n=5) ***P <
0.0005 #P < 0.0001 (one-way ANOVA with multiple comparisons). D. Quantification of phosphor
ERK over GAPDH in skeletal muscles after iron injection followed by i.p. insulin injection with
and without salubrinal injection. Values are mean+s.e.m (n=5) ***P < 0.0005 #P < 0.0001
(oneway ANOVA with multiple comparisons). E. Representative Western blot images of phospho-
elF2a and ATF4 over GAPDH in skeletal muscles after iron injection followed by i.p. insulin
injection with and without salubrinal injection. F. Quantification of phospho- elF2a over GAPDH
in skeletal muscles after iron injection followed by i.p. insulin injection with and without salubrinal
injection. Values are mean+s.e.m (n=5) **P < 0.005 ***P < 0.0005 (one-way ANOVA with
multiple comparisons). G. Quantification of ATF4 over GAPDH in skeletal muscles after iron
injection followed by i.p. insulin injection with and without salubrinal injection. Values are
mean + s.e.m (n=5) **P < 0.005 #P < 0.0001 (one-way ANOVA with multiple comparisons).
Autophagy plays a key role in mediating the beneficial effect of salubrinal on insulin

sensitivity

To test whether autophagy is critical for the beneficial effect of salubrinal in alleviating insulin

sensitivity, the loss of function approach was used by generating two autophagy- deficient
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cellular models: overexpression of a dominant-negative ATG5K130R mutant and knockout of

ATGT.

Analysis of insulin sensitivity by western blotting (Fig 8) demonstrated that iron-impaired insulin
sensitivity could be attenuated by salubrinal in cells transfected with empty vector but not in
autophagy-deficient ATG5K130R overexpressing cells (Fig 8 A&B). Similarly, knockout of
ATG?7 effectively blocked the capacity of salubrinal to rescue insulin sensitivity (Fig 8 C&D).
Taken together, my results suggest that induction of autophagy flux by salubrinal is essential to
alleviate 10-induced ER stress and insulin resistance in L6 skeletal muscle cells.

Figure 8. Role of autophagy in beneficial effect of salubrinal

A. Representative Western blot images and quantification of phospho-Akt (S473) over total Akt
in EV and ATGS cells with insulin stimulation (100 nM, 10 min) after iron treatment (250 pM, 24
h) with and without salubrinal pretreatment (30 uM, 30 min). Values are mean £+ s.e.m (n=3) *P <
0.05 ***P < 0.0005 (one-way ANOVA with multiple comparisons). B. Representative Western
blot images and quantification of phospho-ERK over GAPDH in EV and ATGS cells with insulin
stimulation (100 nM, 10 min) after iron treatment (250 uM, 24 h) with and without salubrinal
pretreatment (30 uM, 30 min). Values are mean +s.e.m (n=3) *P < 0.05 (one-way ANOVA with
multiple comparisons). C. Representative Western blot images and quantification of phospho-Akt
(S473) over total Akt in L6 and ATG7 cells with insulin stimulation (100 nM, 10 min) after iron
treatment (250 uM, 24 h) with and without salubrinal pretreatment (30 uM, 30 min). Values are
mean £ s.e.m (n=3) *P < 0.05 (one-way ANOVA with multiple comparisons). D. Representative

Western blot images and quantification of phospho-ERK over GAPDH in L6 and ATG?7 cells with
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insulin stimulation (100 nM, 10 min) after iron treatment (250 uM, 24 h) with and without
salubrinal pretreatment (30 uM, 30 min). Values are mean + s.e.m (n=3) *P < 0.05 **P < 0.005

(one-way ANOVA with multiple comparisons).
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Figure 9. Schematic diagram of ER- stress induced iron overload leading to insulin resistance
Iron-overload causes ER stress in L6 skeletal muscle cells and the subsequent UPR activation.
Iron-overload also causes impaired autophagic flux through impaired autophagosome lysosome
reformation (ALR). This ALR defect leads to insulin resistance in L6 skeletal muscle cells.

Salubrinal, an elF2a phosphatase inhibitor, induces UPR activation, specifically the elF2a and

48



ATF4 pathway, resulting in improved autophagic flux and insulin sensitivity, both in the presence
and absence of iron.
2.5 Discussion

Iron homeostasis imbalance is still a somewhat underappreciated contributor to various
diseases, including cancer, inflammation, neurodegenerative diseases, and most notably
cardiometabolic dysfunction [192]. Indeed, a dysmetabolic iron overload syndrome (DIOS) has
been defined since elevated iron levels are observed in 15% of metabolic syndrome patients and in
half of those with non-alcoholic fatty liver disease (NAFLD) [193,194]. Nevertheless, the precise
mechanisms linking iron overload with such adverse metabolic outcomes remain to be fully

understood.

Of particular relevance for this study is the impact of iron overload on skeletal muscle. Iron
overload can lead to skeletal muscle atrophy, sarcopenia, reduced power and performance, and has
been implicated in muscular dystrophy [195-198]. It has been proposed that in addition to direct
metabolic effects, iron overload in skeletal muscle may also impact its endocrine function [199].
Collectively, this means that excess iron on skeletal muscle can impact a wide array of
pathophysiological outcomes. Previous study has shown that iron overload induced insulin
resistance both in mice and cultured skeletal muscle cells [75]. This involved a decrease in Akt
mediated repression of TSC2, resulting in a potent repression of RHEB and mTORCI1, with
consequent loss of autophagosome lysosome reformation (ALR). This identified mTOR-UVRAG
dependent lysosomal pool regeneration as a determinant of skeletal muscle insulin sensitivity and
demonstrated an important role for autophagic flux in improving insulin sensitivity. Other studies

have documented the association of autophagy and insulin sensitivity, with strategies to promote
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autophagy flux conferring improved responsiveness [191][200-205]. Thus, inhibition of autophagy

is an important means via which iron attenuates insulin sensitivity.

Several previous studies using models from yeast to mammalian cells and tissues have
shown, as I did here, that iron could cause endoplasmic reticulum stress [206, 207]. For example,
in mouse hippocampal neuronal cells iron induced ER stress leading to mitochondrial
fragmentation and neuronal cell death [208]. Lipocalin-2 mediated iron accumulation in pulmonary
arterial smooth muscle cells and hypoxia-induced iron accumulation in oligodendrocytes both led
to ER stress [209,210]. Induction of ER stress led to insulin resistance in L6 and C2C12 skeletal
muscle cells [211,212], murine preadipocytes [213], hepatocytes [214], and was associated with
reduced insulin sensitivity in db/db mice [215]. Upregulation of tribbles 3 (TRB3) and inhibition
of the skeletal muscle-enriched inositol polyphosphate phosphatase (SKIP) with suppression of
insulin receptors’ transportation to the cell surface are potential mechanistic pathway linking ER
stress and insulin resistance [216-218]. Strategies to counteract cellular ER stress, either
endogenous homeostatic mechanisms or therapeutic interventions, are clearly of widespread

potential benefit.

To alleviate ER stress and restore optimal homeostasis, an endogenous cellular response is
activation of the UPR which can lead to corrective mechanisms including suppressing protein
translation, inducing the production of molecular chaperones involved in protein folding and
degrading misfolded proteins via routes such as induction of autophagy. A study in 3T3-LlI
adipocytes suggested that induction of autophagy by UPR was important for maintenance of insulin

sensitivity [219]. One of the three main branches of the UPR involves the eukaryotic translation
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initiation factor 2 alpha (elF2a) [220, 221]. In this study I found that iron induced UPR activation,
as observed by an increase in the expression of the GRP78 promoter-dependent fluorescent
reporter. My results were corroborated with western blot analysis showing an increase in
phosphorylation of elF2a and increased ATF4. However, although UPR was induced in response
to iron, I found that the normal increase in autophagy flux in response to UPR activation was
prevented by iron. Thus, via ALR attenuation, iron effectively suppressed a critical endogenous

corrective cellular response which is designed to restore insulin sensitivity.

Exercise has been proposed as a potential means of promoting autophagy to alleviate ER
stress and increase insulin sensitivity [222]. Effects of exercise are variable, and I contend a more
direct and controlled route would be advantageous. eIF2a can be activated using salubrinal, a small
molecule protein phosphatase 1C inhibitor which maintains elF2a phosphorylation. Via enhancing
PERK/ elF2a/ATF4 signaling, salubrinal has been suggested as a potential therapeutic approach
for hypoxia-induced retinal microangiopathy, neuroprotection and in cerebral ischemia [223-227].
In my study I found in the L6 cell model that salubrinal stimulated eIF2a-mediated induction of
autophagy and that this attenuated the extent of insulin resistance caused by iron. Furthermore,
administration of salubrinal to mice before systemic injection of iron could attenuate development
of insulin resistance in skeletal muscle. These data validate, using a pharmacological approach, the
potential of therapeutically targeting eIF2a to promote improved insulin sensitivity. It should also
be noted that elF2a%* mice, which exhibit defective elF2a. phosphorylation [228] would offer
another powerful tool to further validate the role of UPR and autophagy in the context of insulin

resistance.
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In summary, I have established that skeletal muscle cells treated with iron or skeletal
muscle of mice with iron overload develop ER stress and insulin resistance. By virtue of also
suppressing autophagy, iron prevents the ability of endogenous UPR to enhance autophagic flux
and restore cellular homeostasis. I found that directly promoting elF2a-dependent activation of
UPR and autophagy with salubrinal prior to iron exposure could attenuate development of insulin
resistance. New knowledge from this study identifies the potential use of salubrinal to improve

insulin sensitivity in metabolic syndrome patients with iron overload.
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CHAPTER 3: STUDY 2

“ALY688 improves insulin sensitivity following iron overload via activation of autophagic

ﬂux)’
3.1 Abstract

Iron overload (IO) is a common contributing factor to complications in MetS including insulin
resistance. Since skeletal muscle is responsible for over three-quarters of whole-body insulin
initiated glucose disposal, it is important to understand how skeletal muscle’s resistance to insulin
develops. Among the contributors to insulin resistance are oxidative stress and impaired
autophagy, both of which are closely linked to endoplasmic reticulum (ER) stress. This project
probed insulin sensitivity in skeletal muscle cells when subjected to high doses of iron and with a
mechanistic focus on ER stress and the unfolded protein response. I found that the adiponectin
receptor agonist ALY688 could prevent insulin resistance in L6 skeletal muscle cells following
iron overload. This conclusion was based on western blot of pAkt s473 and pERK showing that
24-hour pre-treatment of ALY 688 attenuated iron-induced inhibition of insulin signaling. An Akt
biosensor system tracing the nuclear fluorescent signal of Foxol was also used to analyze the
kinetics of insulin sensitivity in real-time, where FoxO1 translocation was observed in cells treated
with ALY 688 but not iron. Iron overload caused ER stress, a corresponding activation of UPR, but
with inhibition of autophagic flux. Autophagic flux was significantly upregulated upon pre-
treatment with ALY 688. Indeed, the beneficial effects of ALY688 were autophagy-dependent
since the ability to protect against iron-induced insulin resistance was not observed in autophagy
deficient cell lines. My results show that iron overload induced ER stress and impaired autophagic

flux, leading to insulin resistance. These were attenuated when an adiponectin mimetic was used
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to induce autophagy. My work suggests the strong need for autophagy inducing therapeutics,
which would promote insulin sensitivity and provide more favorable clinical outcomes.
3.2 Introduction

Iron is an essential element that is involved in various biological processes [229,230].
Maintaining balanced iron levels helps to prevent the onset of certain diseases, since too much or
too little iron can have detrimental effects on the body. From the pathological perspective, iron
overload contributes to leukemia, cirrhosis, heart failure, or endocrine dysfunction [231-234]. Most
importantly, iron overload is a risk factor for insulin resistance, which may lead to diabetic
conditions, as shown in cases of patients diagnosed with hemochromatosis and thalassemia [235-
236].

Insulin resistance occurs when cells do not respond effectively to insulin. It is linked to a
variety of diseases and serious health conditions, including type 2 diabetes and heart failure.
Despite its importance, the molecular mechanisms of insulin resistance are not fully understood.
Among the contributors to insulin resistance are impaired autophagy and oxidative stress, both of
which are closely linked to endoplasmic reticulum (ER) stress.

ER stress is a cellular condition that stems from changes in the function of ER, which leads to the
unfolded protein response (UPR) as an adaptive mechanism to maintain cell viability and function.
Once initiated, the UPR will lead to the activation of three transmembrane proteins that help
improve cellular homeostasis by elevating the ER protein-folding capacity, reducing global protein
translation, and promoting ER-associated degradation (ERAD). Upon activation, protein kinase
RNA-like ER kinase (PERK) will generate a cascade of signal transduction that phosphorylates
eukaryotic translation initiation factor (eIF2a), while its downstream initiates transcription factor

4 (ATF4). These transcription factors help the ER maintain its homeostasis states by inhibiting
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global translation levels on the one hand, and activating autophagic responses on the other [128],
[131-133]. Working in parallel with the PERK sensor is inositol requiring enzyme 1 (IRE1). By
employing the unique mRNA splicing mechanisms, this transmembrane protein helps alleviate ER
stress. Upon induction, IRE1 excises the intron regions of X-box binding protein 1 (XBP1),
resulting in the formation of its spliced form called s-XBP1. This transcription factor improves
cellular homeostasis by mediating lipid biosynthetic enzymes and ER-associated degradation
constituents. In addition, it enhances the formation of an elaborate ER that is characteristic of active
secretory cells [133]. When ER stress persists, however, autophagy becomes the final means to

restore cellular balance.

Adiponectin, an adipocyte- derived hormone, is well known to exert insulin sensitizing
effects in diabetic patients [237]. These include facilitating glucose levels, lipid metabolism and
insulin sensitivity through its anti-inflammatory and antioxidant benefits [105-107]. Adiponectin
promoted insulin sensitivity through upregulating hepatic IRS-2 expression via an IL-6 dependent
pathway [107]. Adiponectin-KO mice have shown to develop impaired glucose transport, insulin
resistance, inflammation, and subsequent diabetes [108-111], while adiponectin replenishment
could reverse insulin resistance and metabolic syndrome in models of T2D [112-114]. In addition,
previous studies have emphasized the role of adiponectin in stimulating autophagic flux via
activation of AMPK pathway that leads to phosphorylation of ULK1 (Ser 555), an initiating factor
of autophagy [238-241]. The interplay between iron, ER stress, and autophagy in regulating
adiponectin’ s insulin sensitizing effects are not fully studied. Due to its correlation with certain
metabolic conditions, targeting adiponectin as a prospective therapeutic treatment is of potential

benefits.
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In this project, I established a cellular model of iron overload in skeletal muscle cells. I
combined this together with pre-treatment with or without the adiponectin receptor agonist
ALY688. Here, it was hypothesized that ALY 688 acts on both the autophagic and unfolded protein
response activation pathways to prevent iron overload- induced insulin resistance. An autophagy
deficient cell line model based upon the Atg7 gene knock out was also generated to validate the
functional significance of autophagy in adiponectin action and prevention of insulin resistance

upon iron overload.
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3.3 Materials and methods

Cell culture and maintenance of L6 skeletal muscle cells

L6 rat skeletal muscle cell line was grown in alpha-minimum essential medium (AMEM) (Wisent;
#210-010) supplemented with 10% fetal bovine serum (FBS) (Wisent; #080-150) and 1%
antibiotic/antimycotic (Gibco; #15240062) at 37°C with 95% air and 5% CO,. Cells were
maintained in 75 cm? flasks and passed at 70% confluency. For iron treatment, iron (II) sulfate
heptahydrate (Sigma-Aldrich; #215422) was prepared by dissolving in sterile distilled water with
the stock concentration of 100 mM. ALY688 was from Allysta Pharmaceuticals, with stock

concentration being 100 uM. The working concentration for ALY 688 is 300nM and the drug is

diluted in AMEM supplemented with 0.5% FBS. A cellular model of autophagy inhibition was

established by using CRISPR to delete Atg7 in skeletal muscle cells, as previously described.

Western blotting

L6 cells were seeded on 6- well plates until having 80-90% confluency. Cells were subjected to
treatments of FeSO4 250 uM for 24-h followed by insulin 100 nM (Lilly; Humulin-R U-100) for
10 min. Iron-treatment cells were treated with FeSO4 in AMEM 0.5% FBS for 24-h, while control
groups were grown in AMEM 0.5% FBS after reaching 70% confluency. For ALY688 groups,
cells were pretreated with the drug at the working concentration of 300 nM in AMEM 0.5% FBS
for 24-h, followed by with and without another 24-h of iron treatment. After treatment time,
proteins were extracted according to protocol mentioned in section 2.3. To analyze insulin

signaling markers, 2 primary antibodies were used: phospho-Akt ser473 (Cell Signaling; #9271)
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and phospho-ERK thr202/tyr204 (Cell Signaling; #9106L) with the dilutions of 1:1000. The
secondary antibody used was an anti-rabbit immunoglobulin G horseradish peroxidase-conjugated
antibody (Cell Signaling; #7074) for phospho-Akt s473 and anti-mouse antibody (Cell Signaling;
#7076) for phospho- ERK at 1:5000 dilution. Western blot band intensity was quantified using
Image] software, normalized to total Akt (Cell Signaling; #9272) or glyceraldehyde 3-phosphate

dehydrogenase (GAPDH) (Cell Signaling; #2118).

To examine the role of iron and ALY688 in activating UPR, western blotting was performed
according to protocol aforementioned (section 2.3). 2 primary antibodies were used in this assay
including p-elF2a (Cell Signaling; #9721) and IREl-alpha (Ser724) (Novus Biologicals;

#NB1002323) with dilutions as described in section 2.3.

To assess the effects of iron and ALY 688 treatments on autophagic flux, L6 skeletal muscle cells
were seeded on 6 well plates until reaching 80-90% confluency. 4 groups of treatment were
performed including control, iron, ALY 688 and ALY 688 iron. For iron- treated samples, cells were

subjected to treatments of FeSO4 250 yM in AMEM supplemented with 0.5 % FBS for 16 h, while

control cells were treated in AMEM 0.5% FBS alone. For ALY 688 groups, cells were pretreated
with ALY 688 300 nM for 24 h prior to with and without iron treatment 16-h. Western blot analysis
was performed according to section 2.3. 2 primary antibodies were used in this assay including

LC3B (Cell Signaling; #2775) and SQSTM1/p62 (Cell Signaling; #5114).

ATGT7 knock out cell lines were used as molecular models to assess the role of autophagy in

beneficial effects of ALY688. Wild-type L6 cells were used as controls. Cells were seeded on 6
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well plates until having 80-90% confluency. 4 treatment groups were determined including insulin,

iron insulin, ALY 688 insulin and ALY 688 iron insulin. Cells were subjected to treatments of

FeSO4 250 uM in AMEM 0% FBS for 24-h. For ALY688 groups, cells were pre-treated with

ALY688 300 nM for 24 h prior to with and without 24 h iron treatment. All samples were
stimulated with insulin 100 nM for 10 min after treatment time. Western blot analysis was

performed according to protocol aforementioned with 2 primary antibodies being used were

phospho-Akt s473 and phospho-ERK.

Real-time imaging of insulin signaling using an Akt biosensor

L6 cells transfected to stably overexpress an Akt biosensor were generated according to section
2.3 were seeded onto a 96-well plate for treatment. When cells reached 50-60% confluency, they
were subjected to 5 groups of treatment including control, insulin, iron insulin, ALY 688 insulin

and ALY 688 iron insulin. For the iron treatment samples, cells were treated with FeSO4 250 yM

overnight. For the ALY 688 treatment groups, cells were pretreated with ALY 688 300 nM for 24
h prior to with or without overnight iron treatment. All treatments were performed using AMEM

0% FBS media. After incubation time, cells in all treatment groups were washed and starved in 0%
FBS AMEM for 90 min, then treated with 100 nM insulin and imaged on EVOS FL Auto 2 for
green fluorescence over a span of 30 min to observe fluorescent translocation. Nuclear
fluorescence signal was traced from the nucleus to the cytosol in all treatments with number of
cells being 10 for each time point and treatment. Automated data quantitation was performed using

Celleste software.
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Insulin sensitivity measured by glucose uptake assay

L6-GLUT4myc cells were seeded on 96-well plate at 10,000 cells/ well before treatment. Cells
were then treated with the following conditions: control, iron, ALY688, ALY688 iron (all
stimulated with and without insulin 100nM). Treatment was performed according to protocol in
chapter 2.3). After 24 h treatment, 2DG6P detection reagent was added and luminescence was

recorded using Varioskan LUX.

ThT staining assay
L6 skeletal muscle cells were seeded at 70% confluency on a p-slide 4-well chambered polymer
coverslip, and the growth medium was then replaced with 0% FBS AMEM (Phenol-red free) for

control groups, and with FeSOa treatment (250 uM) for 4 h for iron groups. ALY 688 was pretreated

for 24 h followed by with and without iron 4 h treatment. After treatment, Tht solution was
prepared in phenol-red free DMEM media 0% FBS and cells were stained for 30 min. After
staining time, cells were imaged, and analysis was performed as previously described in chapter

2.3.

Gene expression analysis

Total RNA was extracted with RNEasy Mini Kit and then converted to cDNA using the RevertAid
RT Kit. qPCR was performed according to previously mentioned protocol (chapter 2.3). Relative
gene expression levels were normalized to 18S rRNA. Primers used in this study are summarized

in Table 1.

60



Statistical analysis
One-way ANOVA test with turkey’s multiple comparisons was carried out on GraphPad Prism to

determine statistical significance in which p values < 0.05 were considered significant.

3.4 Results

ALY688 pre-treatment prevented iron-induced ER stress in L6 skeletal muscle cells

Iron overload is an important contributor to impaired insulin sensitivity, yet its effects on ER stress
is not clearly elucidated in skeletal muscle cells. To investigate this, Tht assay which stains for
protein aggregates, a hallmark of ER stress, was employed. In this experiment, skeletal muscle
cells were treated with and without FeSO4 250uM for 4 hours. Thioflavin T dye as a probe was
used to monitor misfolded protein accumulation in cells. Cells imaged after 4h- treatment (Fig 10)
showed that fluorescence was observed in iron overload conditions, indicating the elevation of ER
stress in L6 cells upon iron overload. However, protein aggregation was not enhanced by iron upon

pre-treatment with ALY 688, indicative of its ability to prevent ER stress upon iron overload.
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Figure 10: Effect of iron overload and ALY 688 on ER stress
Representative confocal images and quantification of Tht assay measuring protein
aggregates in skeletal muscle cells after iron treatment (FeSO4, 250 uM, 4 h), with and without
ALY 688 pre-treatment (300nM, 24 h) compared to control. Values are mean £+ s.e.m (n=3) *P <

0.05 **P < 0.005 (one-way ANOVA with multiple comparisons).
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UPR activation was induced upon iron overload and ALY688 treatment

To validate the role of ALY688 in mitigating ER stress upon iron overload, analysis of western
blotting was carried out. My results demonstrated that ALY 688 induced a significant upregulation
in phosphorylation of eIF2a and IRE1 (Fig 11 A & B), confirming the activation of UPR pathway.
In addition, the downstream target of IRE1, spliced-xbpl was assessed by quantitating mRNA
expression levels. In accordance with my western blotting analysis, qPCR results demonstrated a
significant upregulation in response to ALY 688 pre-treatment (Fig 11C), both in the presence and
absence of iron overload, further confirming induction of the UPR. This result suggested ALY 688

exerted its beneficial effects in ER stress response in both branches of the UPR.

63



Figure 11
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Figure 11. Effect of iron overload and ALY688 on UPR activation A. Representative Western
blot images and quantification of phospho- elF2a over GAPDH after iron treatment (250 uM, 24
h), with and without ALY 688 treatment (300nM, 24 h). Values are mean = s.e.m (n=3) *P < (0.05
(one-way ANOVA with multiple comparisons). B. Representative Western blot images and
quantification of p-IRE1 over GAPDH with after iron treatment (250 uM, 24 h), with and without
ALY688 pre-treatment (300nM, 24 h). Values are mean+s.em (n=3) *P < 0.05 (one-way
ANOVA with multiple comparisons). C. Relative gene expression of spliced X-box binding
protein 1 (sXBP1) normalized to 18S rRNA expression upon iron treatment (250 uM, 24 h) with
and without ALY 688 pre-treatment (300nM, 24 h). Values are mean =+ s.e.m (n=3) *P < 0.05 (one-
way ANOVA with multiple comparisons).

ALY688 pre-treatment prevented iron overload- induced insulin resistance in L6 skeletal
muscle cells

ALY688, an inducer of autophagy, was used as the treatment to clarify the relationship between
iron overload and insulin resistance through the unfolded protein response pathway. Insulin
sensitivity was first assessed by western blot analysis. Results showed that a significant decrease
in phosphorylation of ERK and Akt s473 upon iron treatment, demonstrating that insulin response
in L6 cells was significantly impaired upon iron overload (Fig 12 A & B), recapitulating the
observations from chapter 2 of my thesis. The insulin-sensitizing effect of ALY688 was then
examined both in the presence and absence of 24-h iron treatment. Upon ALY 688 treatment, L6
cells’ insulin response in both phosphorylation of ERK and Akt at serine 473 was elevated,

suggesting that ALY688 could prevent insulin sensitivity upon iron overload.

Insulin kinetics was then analyzed by employing the sleeping beauty transposase system to

generate Akt biosensor expressing L6 cells. Representative images of cells visually reflected the
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difference in the nuclear fluorescent intensity over a span of 20 mins (Fig 12C). Results suggested
that Akt activity was significantly activated in cells treated with insulin compared to the control
cells. Iron-insulin treated cells also reflected a significant decrease in FoxO1 phosphorylation
compared to that of insulin treatment alone, indicating that iron treatment induced insulin
resistance in L6 skeletal muscle cells. Upon pre-treatment with ALY688, however, insulin
resistance was prevented as seen by a corresponding increase in Akt activity in comparison with
iron-insulin treatment. This observation was in accordance with my western blotting analysis (Fig
12D & E). To corroborate my results, glucose uptake was observed. GLUT4- myc cells were
treated with the same conditions as in my western blot assay including control, iron, ALY 688 and
ALY688 with iron (cells were stimulated with and without insulin 100nM). In control conditions,
there was a marked increase in glucose uptake in response to insulin stimulation, which meant the
assay was reliable. Consequently, a significant reduction in glucose uptake was observed in 24h
iron overload- treated cells. In accordance with salubrinal treatment, ALY 688 induced an apparent
elevation in glucose uptake, indicative of its capacity in promoting L6 cells’ insulin response, both
in the presence and absence of iron treatment (Fig 12F). Together, these results confirmed the
detrimental effects of iron overload on skeletal muscle cells’ insulin response and the beneficial

role of ALY 688 in attenuating insulin resistance.
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Figure 12. Effect of iron overload and ALY 688 on insulin sensitivity A. Representative Western
blot images and quantification of phospho-Akt (S473) over total Akt with insulin stimulation (100
nM, 10 min) after iron treatment (250 uM, 24 h) with and without aly688 pre-treatment (300nM,
24 h). Values are mean £ s.e.m (n=3) #P < 0.0001 (one-way ANOVA with multiple comparisons).
B. Representative Western blot images and quantification of phospho-ERK over GAPDH with
insulin stimulation (100 nM, 10 min) after iron treatment (250 uM, 24 h) with and without ALY 688
pre-treatment (300nM, 24 h). Values are mean + s.e.m (n=3) #P < 0.0001 (one-way ANOVA with
multiple comparisons). C. Representative microscope images of biosensor cells recorded at
timepoints t=0 and t=20 (min) with insulin stimulation (100 nM, 10 min) after iron treatment (250
uM, 24 h) with and without ALY 688 pre-treatment (300 nM, 24 h) All experiments were repeated
three times. D. Percentage response (%) of green fluorescent signal in biosensor cells (n=10)
recorded for a time course of 20 min with insulin stimulation (100 nM) after iron treatment (250
uM, 24 h) with and without ALY 688 pre-treatment (300 nM, 24 h). Values are mean +s.e.m #P <
0.0001 (one-way ANOVA with multiple comparisons). E. Percentage change of green nuclear
fluorescent signal in biosensor cells (n=10) recorded for a time course of 20 min with insulin
stimulation (100 nM, 10 min) after iron treatment (250 uM, 24 h) with and without ALY 688 pre-
treatment (300 nM, 24 h). Percentage change was recorded as mean values. F. Glucose uptake of
L6 cells with insulin stimulation (100 nM, 20 min) after iron treatment (250 uM, 24 h) with and
without ALY 688 pre-treatment (300nM, 24 h). Values are mean +s.e.m. *P < 0.05 **P < 0.005

*#xP < (0.0005 #P < 0.0001 (one-way ANOVA with multiple comparisons).
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Initiation of autophagy is upregulated in L6 skeletal muscle cells upon iron and ALY688
treatment

Next, various well-established assays were employed to examine different stages of autophagy.
The importance of autophagy as a mechanism through which ALY 688 could enhance 10 induced-
insulin resistance was first accessed, by performing qPCR against autophagy-related gene 5
(ATGS), autophagy-related gene 10 (ATG10), autophagy-related gene 12 (ATG12), autophagy
related gene 16 (ATG16) and unc-51 like autophagy activating kinase 1 (ULK1). qPCR data
showed that ALY 688 alone significantly increased the expression of ATGS, ATG12, ATG16 and
ULKI1 compared to basal, and this effect was also observed in combination with iron overload,

indicating upregulation of initiation of autophagy (Fig 13).
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Figure 13. Effect of iron and ALY 688 on autophagy

Relative gene expressions— autophagy-related gene 5 (ATGS), autophagy-related gene 10
(ATG10), autophagy-related gene 12 (ATG12), autophagy-related gene 16 (ATG16) and unc-51
like autophagy activating kinase 1 (ULK1)- normalized to 18S rRNA expression (250 uM, 24 h)
with and without ALY 688 pre-treatment (300nM, 24 h). Values are mean =+ s.e.m (n=3) *P < 0.05

**P < 0.005 (significance compared to basal) (one-way ANOVA with multiple comparisons).

ALY688 induced autophagosome formation and enhanced autophagic flux

The independent effects of iron and ALY 688 on cells’ autophagic flux were also investigated by
measuring the contents of LC3 and p62 proteins. An increase in LC3-II contents was exhibited in
both iron and ALY 688 iron- treated cells, signifying formation of autophagosomes, which was in
alignment with my qPCR results (Fig 14 A&B). When assessing p62 levels, a significant
accumulation of p62 was observed in response to iron treatment, indicating a blockage of
autophagic flux. Meanwhile, levels of p62 were consequentially downregulated upon pre-treatment
with ALY 688 (Fig 14 C), suggesting that ALY 688 induced autophagic activity upon iron overload
in L6 skeletal muscle cells. This observation suggests the importance of autophagy in mediating

insulin response upon iron overload.
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Figure 14
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Figure 14. Effect of iron and ALY 688 on autophagy

Representative Western blot images and quantification of LC3B-II and p62 over GAPDH in L6
cells after iron treatment (250 uM, 16 h), with and without ALY 688 pre-treatment (300nM, 24 h).
Values are mean+s.e.m (n=3) **P < 0.005 ***P < 0.0005 (one-way ANOVA with multiple

comparisons).

The insulin- sensitizing effects of ALY688 is autophagy- dependent

To validate whether autophagy is vital for the beneficial effect of ALY 688 in alleviating insulin
resistance, the loss of function approach was utilized to block the process. To do so, the autophagy
deficient of ATG7 knockout cell lines were generated. The wild-type L6 cell line was also used to
compare the ability of ALY688 in upregulating insulin sensitivity. Analysis of insulin signaling
markers demonstrated that iron overload impaired insulin response in the wild-type cells while
ALY688 prevented insulin resistance, in accordance with my established L6 skeletal muscle
model. However, this beneficial effect of ALY 688 was diminished in autophagy-deficient cells

(Fig 15 A & B). Taken together, my results show that targeting autophagy is crucial to alleviate
I0-induced ER stress in skeletal muscle cells, which in turn helps attenuate insulin sensitivity. This
study also suggests the potential benefit of using ALY688 as a therapeutic target in mediating

insulin resistance upon iron overload.
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Figure 15. Role of autophagy in beneficial effect of ALY688 A. Representative Western blot
images and quantification of phospho-Akt (S473) over total Akt in L6 and ATG?7 cells with insulin
stimulation (100 nM, 10 min) after iron treatment (250 uM, 24 h) with and without ALY 688 pre-
treatment (300nM, 24 h). Values are mean + s.e.m (n=3) *P < 0.05 ** P <(.005 (one-way ANOVA
with multiple comparisons). B. Representative Western blot images and quantification of phospho-
ERK over GAPDH in L6 and ATG7 cells with insulin stimulation (100 nM, 10 min) after iron
treatment (250 uM, 24 h) with and without ALY688 pre-treatment (300nM, 24 h). Values are

mean + s.e.m (n=3) *P <0.05 ** P <0.005 (one-way ANOVA with multiple comparisons).
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3.5 Discussion

Iron overload is closely associated with diabetic conditions. From the clinical perspective,
prevalence of diabetes is observed in up to 30% of primary hemochromatosis and thalassemia
patients [242-244]. Yet, the crosstalk between iron overload and insulin resistance is not fully
understood. In my study, I employed an in vitro model of L6 skeletal muscle cells of iron overload
to investigate a novel mechanism underlying 10- induced insulin resistance. I demonstrated that
IO compromised skeletal muscle cells’ insulin response by initiating ALR defects, which was
consistent with my previous works that showed improved autophagy could enhance insulin

sensitivity.

My study suggested that iron overload could elicit disrupted insulin signaling via
endoplasmic reticulum stress. Mitochondrial ROS production, lipid peroxidation, and ferroptosis
are among the means through which acute iron loading impaired ER functions [245-248]. Iron
enrichment was also found to affect IRE-1 clustering with consequent ER stress in both yeast and
human cells. In a mouse model of alcohol and high-fat diet-induced liver injury, prolonged iron
toxicity led to steatohepatitis, fibrosis, impaired autophagy with consequent ER stress, and
apoptosis [249]. Iron loading has been proven to cause defects in insulin secretion and progress to
type 2 diabetes. For example, in vivo models of mice lacking X-box—binding protein—1 (XBP-1),
a transcription factor that modulated the ER stress response exhibited glucose intolerance and
insulin resistance via reduction of Akt and IRS-1 phosphorylation [250]. Overexpression of
oxygen-regulated protein 150 (ORP150), a molecular chaperone that protected cells from ER
stress, significantly improved insulin resistance and ameliorated glucose tolerance in obese mice.

Upon initiation, ER stress signaled a cascade of adaptive responses called the UPR, to

maintain cellular homeostasis. Alterations of activating factor 6 (ATF6a) and spliced X-box
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binding protein 1 (sXBP1) and phosphorylation of eukaryotic initiation factor 2 (eIF2a) gave rise
to dysfunctional B-cells and insulin resistance in mice [251]. However, if prolonged chronically,
the protective mechanism of the UPR would confer counteracting effects and progress to the
development of various disorders, specifically insulin resistance and obesity. Therefore, I sought
to investigate the crosstalk between 10- induced ER stress, UPR and progression to impaired
insulin signaling. In this study, I found that iron induced the UPR response, albeit with autophagic
flux defects in parallel. This suggested that targeting autophagy had potential advantages in
ameliorating insulin signaling.

On another note, UPR activation via the PERK and IRE-1 pathway also induces autophagic
activity as a pro-survival pathway to cope with ER stress [252,253]. Adiponectin has been
demonstrated as an effective means of boosting autophagy to relieve ER stress and enhance insulin
sensitivity. In insulin resistant- associated conditions, elevation in interleukin 6 (IL-6), reduction
in leptin and alterations in adiponectin secretion are noted [254-256]. Decreased levels of
adiponectin give rise to induction of the mTOR signaling pathway, which in turn induces the
inhibition of IRS-1 with consequent disruption in insulin signaling [257]. A study in adipocytes
also proposed that the downregulation of adiponectin during ER stress-induced autophagy was
critical in developing insulin resistance in murine models [258]. Collectively, strategies to target
adiponectin increment have produced beneficial effects in counteracting ER stress- induced insulin
resistance. Several researches have indicated that intakes of fish oils and linoleic acid are among
the practical approaches to increase plasma adiponectin levels that help regulate insulin signaling
[259]. Pioneering studies using animal models have shown, as I did here, that replenishment of
adiponectin could significantly mitigate insulin resistance and hypertriglyceridemia [260-262].
These observations were also aligned with models of adiponectin-deficient and adiponectin
transgenic mice where adiponectin was shown to be an effective adipokine against obesity and
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insulin resistant [263]. In my study, inducing UPR activation and autophagy with adiponectin
mimic receptor agonist pre-treatment could alleviate insulin response. Autophagy has been known
to effectively clear misfolded proteins [264]. As such, in my autophagy-deficient cell lines, the
beneficial effects of ALY688 in boosting insulin response were absent, further confirming that
insulin-sensitizing capacity of adiponectin upon IO was autophagy dependent.

In summary, my study showed that iron overload elevated ER stress, impaired autophagy
and induced insulin resistance in skeletal muscle cells. I found that pre-treatment with adiponectin
receptor ALY 688 stimulated autophagic flux response in skeletal muscle cells, which exerted
insulin-sensitizing effects upon iron overload. Accordingly, my work further emphasized the
important role of autophagy in the cellular crosstalk between 10- induced ER stress and regulation
of insulin response in skeletal muscle cells. New insights from this study highlight the significance
of adiponectin in enhancing insulin sensitivity through promoting autophagy and preventing ER

stress by activating the unfolded protein response.

77



CHAPTER 4: CONCLUSIONS

4.1 Thesis summary

My thesis has confirmed the significance of iron homeostasis imbalance and its contributions to
insulin resistance. Acknowledgment of the causative relationship between 1O and insulin secretion
defects notwithstanding, it remains unclear exactly how iron elicit insulin resistance. It is
commonly believed that IO in skeletal muscle is underappreciated. The mechanisms underlying
iron overload- induced insulin resistance are widespread, yet my project has provided novel
findings in which iron overload not only impaired autophagy but also induced ER stress. This led
to the importance of targeting autophagy as the means to restore both ER stress and insulin
sensitivity. Salubrinal is a well-established pharmacological inhibitor of pelF2a phosphatase
enzymes [265,266]. Particularly significant to this study is the critical role of salubrinal in
improving insulin sensitivity upon iron overload through promoted UPR as well as enhanced
autophagic flux. In this study, an in vitro model of L6 cells was first employed, followed by
translation of iron overload administration in mice. In both, a compromise of insulin sensitivity was
observed, and it appeared that salubrinal could effectively attenuate this defect. More notably, I
found that the insulin sensitizing effects of salubrinal were not observed in autophagy-deficient cell
lines. Collectively, these observations suggested that autophagy produced protective effects against
insulin resistance, and that its precise regulation was the key factor in mediating metabolic
disorders. This conclusion led to the follow up of my thesis where I investigated the effects of
ALY 688 as an autophagy inducer to mitigate insulin resistance. 10-induced insulin resistance has
been elucidated to reduce adiponectin expression in adipocytes. In insulin resistant models, a
downregulation of adiponectin is closely related to impaired autophagy. My study suggested that

pre-treating L6 cells with the adiponectin receptor agonist ALY688 could prevent 10-induced
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insulin resistance and ER stress, which was consistent with the significance of adiponectin in T2D

patients in clinical settings. The crosstalk between adiponectin signaling and the UPR is elusive.

However, a recent study has demonstrated that phosphorylation of AMPK could directly induce
PERK and its signal transduction pathway in acute myeloid leukemia (AML) cells [267]. This
finding further corroborated my observation where the UPR was activated upon ALY 688 pre-
treatment. It is also important to note that ER stress can be stimulated via inducer such as ROS
production. Therefore, the antioxidative effect of ALY688 is of potential benefit to prevent ER
stress. Moreover, an animal model of iron overload administration followed by ALY 688 is another
powerful approach to recapitulate my findings in the L6 cellular model.

Overall, the studies described above highlight the significance of autophagy in skeletal
muscles in iron overload- associated insulin resistance. It is important to note that despite the
difference in magnitude of insulin resistance induced upon iron overload observed in the 2
chapters, the trend remains clear where 10 is associated with defective insulin response. IO is
coupled with impaired mitochondrial dysfunctions, and my study has confirmed that these defects
also lead to other organelles’ dysfunctions, including the endoplasmic reticulum. My findings
indicated for the first time that salubrinal elicited an eIF2a-autophagy which effectively suppressed
ER stress and exhibited insulin sensitizing benefits. Additionally, the second study of my thesis
unveiled a critical role of adiponectin as the key mediator in autophagy regulation under impaired
metabolic syndrome conditions. Collectively, these findings implicated the potential benefits of
using either salubrinal or ALY 688 as pharmacological approaches in clinical studies regarding

insulin resistance.
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4.2 Future works

The first chapter of my thesis has examined the mechanisms through which iron overload
induces insulin resistance including ER stress and impaired autophagy. More importantly, it was
established that salubrinal promoted phospho- elF2a-dependent activation of UPR leading to
autophagy-mediated attenuation of iron-induced insulin resistance. Further in vivo work can be
developed to confirm the effects of salubrinal in enhancing autophagy and insulin sensitivity. This
includes western blotting to look at some well-established autophagy markers such as LC3-II or
p62 in skeletal muscles. Glucose tolerance tests can be carried out to examine whether salubrinal
treatment exerts the insulin sensitizing effects in vivo. It is important to note that eIF2aS/A mice
with elF2a phosphorylation knock-in would offer another powerful tool to validate the role of
UPR and autophagy in improving insulin sensitivity following iron overload. This experimental
model is currently collaborated where four groups of mice will be analyzed. These include wild
type and elF2aS/A mice injected with and without iron. Following tissue collection, western
blotting of insulin signaling autophagic flux markers will be examined. The purpose is to see if the
cellular model of salubrinal- inducing pelF2a would be recapitulated in the animal model, which
in turn is beneficial for future clinical studies targeting pelF2a as gene therapy. Inducing
autophagic flux with ALY 688 has proven to be an effective means of ameliorating iron overload-
induced insulin resistance. However, further research should be developed to characterize the
mechanism through which ALY 688 potentially relieves ER stress and induces the UPR response.
It is established that ROS production is a strong source of ER stress induction. Given adiponectin’s
anti-oxidative effects, it will be interesting to look at whether ALY 688 can ameliorate ER stress

through ROS inhibition. This can be performed by imaging the cells upon stained with the ROS
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indicator dye CellROX® red. The overall proteomes and signal transduction pathway produced
following ALY 688 pre-treatment in the presence and absence of iron overload can be extensively
investigated by conducting proteomics analysis. Achieving this will further allow me to look at the
specific mechanisms behind ALY 688’s mitigation of ER stress. Developing a mouse model of
systemic iron overload administration with ALY 688 pre-treatment is also essential to recapitulate
ALY688’ s insulin sensitizing effects in vivo. Overall, understanding the pathophysiology of iron
overload in inducing insulin resistance at the molecular level will pave the way for development

of therapeutic strategies to improve human health.
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APPENDIX
Below are two manuscripts to which I have contributed data during the course of my MSc studies.
These were conducted as part of projects with two of Dr Sweeney’s collaborators: Dr Schertzer

(McMaster University) and Dr Abdul-Sater (York University).

I. Statins activate the NLRP3 inflammasome and inhibit glycolysis the Hippo pathway
to promote myopathy
Robin N, Barra NG, Li E, Foley KP, Patoli D, Duggan BM, Rebalka IA, Nguyen K, Sweeney
G, Hawke, TJ, Py B, Schertzer JD

In preparation for Cell Metabolism

II.  Copper-treated Fabric Attenuates Inflammation in Macrophages

Safoura Zangiabadi, Khalil P. Chamoun, Khang Nguyen, Gary Sweeney and Ali A. Abdul-Sater
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