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Abstract  

Ferroptosis is a regulated form of cell death that is characterized by excessive lipid 

peroxidation. Arachidonic acid (AA), a polyunsaturated fatty acid (PUFA), can be 

incorporated into cell membrane phospholipids, thereby increasing their susceptibility to 

oxidative damage and ultimately ferroptosis. In this study, AA was found to enhance 

susceptibility to ferroptosis in both rat L6 cells and human iPSC-derived skeletal muscle 

cells. In the presence of AA, cells responded to iron overload (IO) with elevated oxidative 

stress, total cellular lipid peroxidation and mitochondrial lipid peroxidation, culminating in 

more ferroptotic cell death. These effects were significantly attenuated by ALY688, an 

adiponectin receptor agonist. We observed that ALY688 activated Nrf2 signaling in both 

L6 and iPSC-derived skeletal muscle cells and that the cytoprotective effect of ALY688 

was abolished by ML385, an Nrf2 inhibitor. Together, these findings identified that AA 

increased skeletal muscle cell susceptibility to detrimental effects of iron and established 

that ALY688 mitigated the combined effects of AA and IO via an Nrf2-dependent 

mechanism. 
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Chapter 1: Literature review 

1.1 Metabolic syndrome and Metabolic Hyperferritinemia  

Metabolic syndrome (MetS) is a cluster of metabolic abnormalities that increase 

the risk of cardiovascular disease, type 2 diabetes, and their related complications. 

While definitions may vary slightly among organizations, the core components 

consistently include abdominal obesity, dyslipidemia, hypertension, and impaired 

glucose metabolism. [1-4]. The National Cholesterol Education Program Adult 

Treatment Panel III (NCEP ATP III) defines metabolic syndrome as the presence of at 

least three out of five criteria: (1) abdominal obesity, defined as a waist circumference 

>102 cm (40 in) in men or >88 cm (35 in) in women; (2) elevated triglycerides (≥150 

mg/dL); (3) reduced HDL cholesterol (<40 mg/dL in men or <50 mg/dL in women); (4) 

hypertension (blood pressure ≥130/85 mmHg); and (5) elevated fasting glucose (≥100 

mg/dL) or the use of glucose-lowering therapy (Figure 1) [1, 5]. Later, the American 

Heart Association/National Heart, Lung, and Blood Institute (AHA/NHLBI) updated the 

ATP III criteria by lowering the fasting glucose threshold to 100 mg/dL, allowing ethnic-

specific waist circumference adjustments (e.g., ≥90 cm for Asian men), and recognizing 

medication-treated lipid and blood pressure abnormalities as qualifying factors for 

diagnosis. [3]. Furthermore, the International Diabetes Federation (IDF) introduced a 

definition particularly relevant to European populations, which requires central obesity 

as a mandatory criterion, defined by waist circumference thresholds of ≥94 cm for men 

and ≥80 cm for women, along with at least two additional components from elevated 

triglycerides, low HDL cholesterol, elevated blood pressure, or elevated fasting glucose  
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[4]. This differs from U.S.-based definitions (e.g., NCEP ATP III and AHA/NHLBI), which 

do not require central obesity as a prerequisite for diagnosis. The prevalence of 

metabolic syndrome among Canadian adults varies depending on the diagnostic 

criteria. According to the NCEP ATP III definition, the estimated prevalence is 

approximately 14.9%, whereas the IDF criteria yield a higher estimate of 22.3% [6, 7]. 

Although the prevalence in Canada is lower than that in the United States, where 

estimates range from 32.3% to 34.4% [7], the health impact remains substantial. The 

increased risks associated with metabolic syndrome have significant clinical 

implications, as chronic diseases related to MetS account for 43% of all deaths in 

Canada and contribute to 17% of the total healthcare costs [6]. Cardiovascular disease 

and type 2 diabetes are among the most well-established complications of metabolic 

syndrome; however, iron overload has recently emerged as an important and newly 

recognized complication. 
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Figure 1: Diagnostic criteria of metabolic syndrome based on The National 
Cholesterol Education Program Adult Treatment Panel III (NCEP ATP III) 

This diagram illustrates the NCEP ATP III diagnostic criteria for the metabolic 

syndrome. According to this classification, a diagnosis of metabolic syndrome is made 

when at least three out of the following five criteria are present: (1) abdominal obesity, 

defined as a waist circumference >102 cm (40 in) in men or >88 cm (35 in) in women; 

(2) elevated triglycerides (≥150 mg/dL); (3) reduced HDL cholesterol (<40 mg/dL in men 

or <50 mg/dL in women); (4) hypertension (blood pressure ≥130/85 mmHg); and (5) 

elevated fasting glucose (≥100 mg/dL) or the use of glucose-lowering therapy 

 

Ferritin, the primary iron storage protein, is a key biomarker for assessing iron 

levels in the body. Studies have identified hyperferritinemia, elevated ferritin levels, in 

chronic inflammatory conditions such as type 2 diabetes, obesity, and fatty liver disease 

[8-11]. The relationship between metabolic dysfunction and iron accumulation in 

metabolic syndrome appears to be bidirectional: excess iron can contribute to insulin 

resistance through oxidative stress mechanisms, whereas metabolic dysfunction can 
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promote iron accumulation [12, 13]. Mendler and colleagues first noticed a link between 

liver iron overload and insulin resistance. They observed that patients with mild-to-

moderate iron overload often had insulin resistance. This condition is known as insulin 

resistance-associated hepatic iron overload [14, 15].  As our understanding of this 

condition has grown, its terminology has evolved to reflect its broader metabolic context. 

It was widely recognized as dysmetabolic iron overload syndrome (DIOS), which 

includes insulin resistance and other metabolic abnormalities, such as obesity, 

dyslipidemia, hypertension, and fatty liver disease [16]. However, DIOS primarily 

focuses on histologically confirmed hepatic iron overload, often requiring invasive 

procedures such as liver biopsy. This limitation reduces its effectiveness in the early 

detection of diseases and may result in the oversight of patients with subclinical or early 

stage disease [13, 17]. In 2023, a multidisciplinary global panel of experts introduced 

the term metabolic hyperferritinemia (MHF) in a consensus statement aimed at 

improving diagnosis and clinical management of this condition. The proposed diagnostic 

criteria for MHF include hyperferritinemia, defined as serum ferritin >300 ng/mL in men 

and >200 ng/mL in women, along with evidence of fatty liver, type 2 diabetes, obesity, or 

at least two other features of metabolic dysfunction associated with insulin resistance. 

Importantly, patients must not have any history of or current hematological diseases 

[13].  MHF can be further classified into three stages, as outlined in Table 1, to guide 

disease monitoring and management. 
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Stage Ferritin (ng/mL) 
Hepatic Iron 
(MRI R2* s⁻¹) 

Organ damage 
related to iron 

1. MHF 
200–550 (F), 300–550 

(M) 
<70 Usually absent 

2. Dysmetabolic 
iron accumulation 

550–1000 70–140 Rare 

3. DIOS >1000 >140 Present 

 

Table 1: Staging of metabolic hyperferritinemia (MHF)  

This table illustrates the staging of metabolic hyperferritinemia (MHF) based on 

the plasma ferritin levels. It also includes the corresponding measurements of hepatic 

iron content assessed using magnetic resonance imaging (MRI). Additionally, the graph 

highlights the progression to organ damage, which may involve the liver, pancreas, 

heart, and other tissues commonly affected by iron overload and metabolic dysfunction. 

 

The pathophysiology of metabolic hyperferritinaemia (MHF) has been found to be 

closely associated with hepcidin resistance [13]. This mechanism distinguishes MHF 

from hematological conditions such as hereditary hemochromatosis, despite both being 

linked to iron overload in the context of the metabolic syndrome [18, 19]. Hepcidin, a 25-

amino acid peptide hormone, plays a central role in regulating systemic iron metabolism 

in humans. It maintains iron homeostasis by controlling absorption, recycling, and 

storage, thereby preventing iron deficiency and toxicity [20]. In MHF, hepcidin resistance 

arises from metabolic stressors such as hyperinsulinemia and lipotoxicity, which impair 

the hepcidin–ferroportin signaling pathway. This disruption affects intestinal iron 

absorption and iron release from hepatic macrophages (Kupffer cells), leading to 

dysregulated iron accumulation [13, 21] (Figure 2). 
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Figure 2: Pathophysiology of metabolic hyperferritinemia 

This diagram illustrates how alterations in hepatic lipid metabolism, when 

combined with excessive iron and lipid intake, lead to iron accumulation in various 

tissues, including liver. This accumulation exacerbates insulin resistance and may 

contribute to the progression of type 2 diabetes. Image adapted from Valenti, L., et al 

(2023) [13] 

 

The diagram also suggests that excess iron can circulate in the bloodstream and 

affect other organs, such as the skeletal muscle. In skeletal muscle, elevated iron levels 

disrupt glucose homeostasis and impair metabolic function, contributing to a decline in 

muscle performance and overall function [22-24]. Animal studies, particularly in mice, 

have demonstrated that iron overload can lead to muscle atrophy and a progressive 

loss of muscle mass [25].  This loss of muscle mass and strength is known as 

sarcopenia [24, 26]. Several studies have reported that individuals with both sarcopenia 

and metabolic syndrome frequently exhibit iron overload [23, 24, 26], suggesting a 
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potential association. These findings imply that conditions such as metabolic 

hyperferritinemia (MHF) and dysmetabolic iron overload syndrome (DIOS) may 

contribute to the development or progression of sarcopenia. 

 

1.2 Ferroptosis and skeletal muscle 

Iron is an indispensable element in human biology and participates in essential 

processes such as oxygen transport, DNA synthesis, and cellular respiration [27, 28]. Its 

unique redox properties allow it to function as both an electron carrier and cofactor in 

numerous enzymatic reactions. To maintain cellular homeostasis, iron is tightly 

regulated through specialized storage and transport systems  [29]. Disruption of iron 

homeostasis can lead to various pathological conditions. The classical disorder 

associated with iron overload is hereditary hemochromatosis, resulting from mutations 

in genes that regulate hepcidin production or its interaction with ferroportin. These 

mutations lead to inappropriate intestinal iron absorption and systemic iron 

accumulation [30, 31]. Excess iron is then deposited in multiple organs, potentially 

resulting in cirrhosis, diabetes, arthritis, and cardiomyopathy [32]. As discussed in the 

previous section, MHF represents another example of an iron overload-related disease, 

although it arises from a different pathophysiological mechanism [33, 34].  

Ferroptosis is a distinct form of regulated cell death characterized by iron and the 

accumulation of lipid peroxidation. This mechanism was first identified in 2012 by Dr. 

Scott J. Dixon and colleagues demonstrated that ferroptosis is mechanistically distinct 

from other forms of programmed cell death [25, 35, 36]. Dixon's team showed that 
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ferroptosis is marked by reduced activity of glutathione peroxidase 4 (GPX4) and the 

accumulation of oxidized Fe²⁺, which catalyzes the formation of reactive oxygen species 

(ROS) via the Fenton reaction [36, 37]. These features distinguish ferroptosis from 

apoptosis, necrosis, and autophagy processes. There are three primary mechanisms 

contribute to ferroptosis [35, 36, 38, 39]. The first involves lipid peroxidation, primarily 

driven by the metabolism of polyunsaturated fatty acids (PUFAs) [40]. Under normal 

conditions, PUFAs contribute to the structural integrity of the cell membrane, particularly 

the phospholipid bilayer. However, excessive lipid intake or metabolic imbalance can 

lead to uncontrolled lipid peroxidation [41]. Among PUFAs, arachidonic acid (AA) is the 

major substrate for lipid peroxidation. AA is esterified into phosphatidylethanolamine 

(PE), which forms AA-PE, a key effector of cell membrane oxidative degradation [42, 

43]. When PUFAs are absorbed into the cell, they are first activated through 

esterification into PUFA-CoA by ACSL4 (acyl-CoA synthetase long-chain family member 

4). ACSL4 preferentially activates long-chain PUFAs, such as AA and adrenic acid 

(AdA), generating PUFA-CoA substrates that sensitize the membranes to ferroptotic 

damage. Subsequently, LPCAT3 (lysophosphatidylcholine acyltransferase 3) 

incorporates these activated PUFAs into phospholipids by converting 

lysophosphatidylethanolamine (lyso-PE) into PUFA-PE. These PUFA-containing 

phospholipids are highly susceptible to peroxidation, either enzymatically via 

lipoxygenases or non-enzymatically via iron-mediated Fenton reactions. Together, 

ACSL4 and LPCAT3 drive the lipid remodeling process that enriches membranes with 

oxidizable PUFA-PE species, thereby playing a central role in lipid peroxidation and 

determining cellular sensitivity to ferroptosis [24, 25, 38]. (Figure 3) 
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Abnormal iron homeostasis is a key mechanism contributing to ferroptosis. Iron 

homeostasis is maintained through four interconnected processes: uptake, storage, 

utilization, and efflux. Most cells acquire iron via two primary pathways: transferrin (TF)-

bound iron uptake and non-TF-bound iron (NTBI) uptake [44]. Under iron overload 

conditions, transferrin becomes saturated, leading to an increase in NTBI. This excess 

NTBI enters cells through transmembrane iron transporters, such as SLC11A2 (also 

known as DMT1) [45].  Once inside the cell, iron is primarily stored in ferritin and the 

labile iron pool (LIP) [46]. Approximately 70–80% of intracellular iron is stored in ferritin 

[42], which plays a critical role in preventing the oxidative damage. Ferritin is composed 

of two subunits: ferritin heavy chain 1 (FTH1) and ferritin light chain (FTL) [47]. FTH1 

catalyzes the oxidation of Fe²⁺ to Fe³⁺, whereas FTL contributes to iron nucleation and 

mineralization. These subunits assemble into a spherical shell capable of storing up to 

4,000 iron atoms [36, 39]. Ferritin is essential for minimizing iron-induced oxidative 

stress. The downregulation of ferritin impairs this protective capacity, rendering cells 

more vulnerable to oxidative damage and ferroptosis [48, 49]. LIP, consisting of readily 

available Fe²⁺, can be stored, exported, or utilized to meet metabolic needs [42]. Within 

the LIP, ferrous iron binds to iron chaperones, such as poly(rC)-binding proteins 

(PCBPs). Specifically, PCBP1 and PCBP2 regulate the metalation of iron-dependent 

enzymes and direct the trafficking of Fe²⁺ for storage or export [44, 50]. Notably, PCBP1 

has been shown to inhibit ferroptotic cell death in several studies [51, 52]. Iron from the 

LIP is primarily directed to the mitochondria, where it supports vital enzymatic functions, 

including redox reactions, energy metabolism, and DNA synthesis [53]. However, when 

iron accumulates excessively or ferritin is degraded, the resulting increase in free labile 
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iron promotes reactive oxygen species (ROS) generation via the Fenton reaction, which 

significantly contributes to ferroptosis [42, 54, 55]. (Figure 3) 

The final key mechanism of ferroptosis is related to the antioxidant defense 

system. Glutathione peroxidase 4 (GPX4) is a critical enzyme that inhibits the formation 

of lipid peroxides, thereby protecting cells from ferroptotic damage. GPX4 functions by 

converting glutathione (GSH) into oxidized glutathione (GSSG) while simultaneously 

reducing cytotoxic lipid hydroperoxides (L-OOH) to their corresponding non-toxic alcohols 

(L-OH) [24, 35, 56]. Glutathione synthesis depends on the availability of cystine, which is 

imported into the cell via System Xc⁻, an antiporter that exchanges extracellular cystine 

for intracellular glutamate [45]. Inhibition of the System Xc⁻ antiporter leads to glutathione 

depletion, impaired GPX4 activity, and ultimately ferroptotic cell death. This mechanism 

is of particular interest in cancer therapy, as some anti-cancer drugs are designed to 

inhibit System Xc⁻ and thereby induce ferroptosis selectively in tumor cells [46] (Figure 

3) 
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Figure 3: Brief summary of mechanisms regulating ferroptosis 

This diagram illustrates the molecular mechanisms regulating ferroptosis. Iron-

bound transferrin (Tf-Fe³⁺) is internalized via transferrin receptor-mediated endocytosis, 

where Fe³⁺ is reduced to Fe²⁺ by STEAP3 and transported into the cytosol by DMT1, 

contributing to the labile iron pool (LIP). Intracellular Fe²⁺ catalyzes the Fenton reaction, 

generating reactive oxygen species that initiate lipid peroxidation. Polyunsaturated fatty 

acids (PUFAs) are esterified by ACSL4 and LPCAT3 into membrane phospholipids (PE-

PUFAs), which are oxidized by lipoxygenases (LOX) into lipid hydroperoxides (PUFA-

OOH). The glutamate–cystine antiporter system Xc⁻ (comprising SLC7A11 and 

SLC3A2) imports cystine in exchange for glutamate. Cystine is reduced to cysteine and, 

along with glutamate and glycine, is used for glutathione (GSH) synthesis by GCL and 

GSS. GSH acts as a cofactor for glutathione peroxidase 4 (GPX4), which detoxifies lipid 

hydroperoxides to non-toxic lipid alcohols (PUFA-OH), thereby preventing lipid 
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peroxidation and subsequent ferroptosis. Inhibition of lipid peroxidation by Ferrostatin-1 

suppresses ferroptotic cell death. Image adapted from Lugano, G. (2025) BioRender. 

 

Skeletal muscle is the largest tissue compartment in individuals without obesity, 

accounting for approximately 30–40% of the total body weight in healthy adults [57]. 

Beyond its primary mechanical role of converting chemical energy into mechanical 

force, skeletal muscle also serves as a major iron storage site, with a total iron content 

comparable to that of the liver [58, 59]. Several studies have explored the association 

between ferroptosis and skeletal muscle disorders, particularly sarcopenia. 

Sarcopenia is a complex geriatric syndrome characterized by age-related, 

involuntary loss of skeletal muscle mass and strength, which can begin as early as the 

fourth decade of life. Sarcopenia is marked by a progressive, linear decline in both 

muscle mass and strength, with studies suggesting that up to 50% of muscle mass may 

be lost by the age of 80 [60]. Several diagnostic criteria for sarcopenia vary by region 

and organization. For example, the European Working Group on Sarcopenia in Older 

People (EWGSOP2) provides widely used guidelines in Western countries, whereas the 

Asian Working Group for Sarcopenia (AWGS) 2019 guidelines are commonly used in 

Asia [61, 62]. Despite regional variations, all definitions consistently include 

assessments of muscle strength and mass as core components [62]. Sarcopenia 

significantly impairs quality of life and is associated with increased morbidity and 

mortality [63].  

In this context, ferroptosis appears to play a key role, particularly in satellite cell 

dysfunction and the loss of muscle fibers. In animal models of sarcopenia, such as 
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senescence-accelerated mouse prone 8 (SAMP8), researchers have observed elevated 

iron levels and increased ferroptosis markers in the skeletal muscle compared to 

younger controls. These findings were accompanied by a reduction in muscle mass and 

fiber size [64]. Iron overload in skeletal muscles promotes a pro-oxidative environment 

that contributes to muscle dysfunction and atrophy, both of which are hallmarks of aging 

muscle. A decline in transferrin receptor 1 (Tfr1) expression impairs skeletal muscle 

regeneration, leading to an increased labile iron pool (LIP), activation of unsaturated 

fatty acid biosynthesis, and decreased levels of GPX4 and Nrf2 in aging mice [65, 66]. 

Additionally, elevated iron levels have been shown to inhibit myoblast differentiation 

[67]. In my laboratory (Sweeney Lab), we have previously investigated the role of 

ferroptosis in the skeletal muscle. In one of our initial studies, electrical stimulation of 

skeletal muscle increased nitric oxide production, which subsequently elevated reactive 

oxygen species (ROS) generation, a hallmark of ferroptosis [68].  

These findings provide compelling evidence of a direct link between ferroptosis 

and sarcopenic changes. Currently, treatment options for sarcopenia are primarily 

supportive, focusing on resistance exercise and protein supplementation [69]. However, 

specific pharmacological therapies targeting the underlying mechanisms of sarcopenia, 

including ferroptosis, remain under development. 

 

1.3 ALY688 as a potent adiponectin receptor agonist 

  Adiponectin is a hormone secreted by the adipose tissue. It was identified in 

1995 by Dr. Philipp E. Scherer [48]. Its structure varies depending on the species. 
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Human adiponectin is composed of 244 amino acid polypeptides and is formed into 

single-chain trimers, including a variable N-terminal domain, a collagen domain, and a 

C-terminal globular domain homologous to the immune complement C1q [70]. There 

are three forms of adiponectin oligomers that circulate in the plasma, separated by 

molecular weight: low molecular weight (LMW), medium (MMW), and high molecular 

weight (HMW). Finally, the monomer of adiponectin is a globular domain (gAd). Each 

form has a different property to attach to the adiponectin receptor and activate the 

cascade mechanism [52, 71]. Adiponectin exerts its biological effects through two 

primary membrane receptors, adiponectin receptor 1 and 2 (AdipoR1 and AdipoR2), 

which were discovered in 2003 by Dr. Toshimasa Yamauchi [72]. AdipoR1 demonstrates 

a high affinity for globular adiponectin and a low affinity for full-length adiponectin, with 

predominant expression in the skeletal muscle, while AdipoR2 shows an intermediate 

affinity for both globular and full-length HMW adiponectin forms and is primarily 

expressed in the liver and adipose tissue [73-75]. Both receptors also have adaptor 

proteins called Adaptor protein, Phospho-tyrosine interacting with pH domain Leucine 

zipper-1 (APPL-1) and APPL-2, corresponding to AdipoR1 and AdipoR2, respectively 

[76]. These adaptors can integrate signals from multiple pathways via localization to 

specific endosomal compartments and through multiple protein-protein interactions [77]. 

Upon adiponectin binding to AdipoR1 in skeletal muscle, an activation cascade of 

signals is initiated, leading to the activation of AMP-activated protein kinase (AMPK) via 

phosphorylation at Thr172 [78].  Previous studies have shown that adiponectin 

enhances insulin signaling pathway activation, including increased phosphorylation of 

key insulin signaling molecules such as insulin receptor substrate-1 (IRS1) and protein 



15 
 

kinase B (Akt) [79]. It also helps mitochondrial biogenesis, which reduces the production 

of reactive oxygen species [80].  Based on the knowledge of these mechanisms, many 

researchers have found a link between adiponectin and therapies for diseases, 

including cardiovascular disease, insulin resistance, and skeletal muscle diseases [49-

53].  For example, Duchenne Muscular Dystrophy (DMD) is an X-linked genetic disorder 

that results in weakness due to muscle degeneration [81].  Adiponectin deficiency 

exacerbates dystrophic features in DMD, whereas local administration of adiponectin 

gene therapy lowers oxidative stress markers (e.g., TNF-α and IL-17A) and upregulates 

myogenic regulators, such as myosin heavy chain. From these mechanisms, muscle 

architecture is preserved during the early stages of the disease [82, 83].  The 

relationship between sarcopenia and adiponectin is complicated and paradoxical 

compared to other muscle diseases. Meta-analyses of cross-sectional studies 

comparing serum adiponectin levels between patients with sarcopenia and controls 

have revealed that sarcopenic participants had significantly higher levels of adiponectin 

[84]. However, this paradox may stem from two interrelated mechanisms. First, 

adiponectin resistance, driven by chronic inflammation through cytokines such as TNF-α 

and IL-6, leads to the downregulation of AdipoR1 and AdipoR2 receptors, thereby 

impairing adiponectin-mediated anabolic signaling  [85]. Second, compensatory 

secretion occurs as part of adipose-muscle crosstalk during aging, in which adiponectin 

levels increase to mitigate insulin resistance and intramuscular lipid accumulation. 

However, this increase is often inadequate to restore proper metabolic function, 

contributing to the persistence of metabolic dysfunction [84].  
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ALY688 is a small synthetic peptide analog of adiponectin (ALY688; H-DAsn-Ile-

Pro-Nva-Leu-Tyr-DSer-Phe-Ala-DSer-NH2) [86]. It has been shown to activate 

adiponectin-specific signaling downstream of both AdipoR1 and AdipoR2 receptors [86, 

87]. This peptide has a better affinity for AdipoR1/2 and is more resistant to proteolytic 

degradation than gAd  [54]. ALY688 also has a better safety profile than other 

adiponectin agonists, such as AdipoRon, which has failed toxicology tests in animal 

models [88, 89].  ALY688 also attenuates inflammation in various inflammatory 

disorders, such as dry eye and liver diseases  [86, 90].. Furthermore, in the DMD 

model, ALY688 attenuates fibrosis and atrophy of skeletal muscle in mice and slows the 

progression of DMD complications, including cognitive impairment and diaphragm 

atrophy [50, 87, 90]. A meta-analysis showed increased adiponectin levels in patients 

with sarcopenia [84]. These findings support the concept that endogenous adiponectin 

signaling is impaired in sarcopenia, creating a therapeutic opportunity for receptor 

agonists that can bypass the resistance mechanisms. 

 

1.4 Nrf 2 and its protective effect against ferroptosis 

Nuclear factor erythroid 2–related factor 2 (Nrf2) is a transcription factor 

composed of seven functional domains, known as Neh domains (Nrf2-ECH homology 

domains). Each domain plays a distinct role in the regulation of Nrf2 activity and 

function. The Neh1, Neh4, and Neh5 domains bind to antioxidant response elements 

(AREs) through different mechanisms. Neh1 contains CNC/bZIP (Cap ‘n’ Collar/basic 

leucine zipper) motifs that allow Nrf2 to form heterodimers with small 

musculoaponeurotic fibrosarcoma (sMAF) proteins, enabling its binding to AREs [91, 
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92]. Neh4 and Neh5, on the other hand, interact with CREB-binding protein (CBP) to 

enhance transcriptional activation by facilitating ARE binding [93]. The Neh2 and Neh6 

domains are central to the regulation and degradation of Nrf2. The Neh2 domain binds 

to the DC domain of Kelch-like ECH-associated protein 1 (Keap1), promoting the 

ubiquitination and subsequent proteasomal degradation of Nrf2 under basal conditions. 

The Neh6 domain also contributes to degradation through a Keap1-independent 

pathway by interacting with β-TrCP, a component of the SCF E3 ubiquitin ligase 

complex [94, 95]. Lastly, the Neh3 domain binds to chromodomain helicase DNA-

binding protein 6 (CHD6), a key factor involved in the oxidative DNA damage response, 

further extending Nrf2’s role beyond antioxidant defense [96]. 

Nrf2 regulation primarily depends on its interaction with Keap1. Under normal 

conditions, Keap1 maintains low levels of Nrf2 by binding two molecules to the Neh2 

domain of Nrf2 [95]. This complex subsequently recruits Cullin3 (Cul3) and Ring-Box 1 

(Rbx1) to form a functional E3 ubiquitin ligase complex (Keap1-Cul3-Rbx1), which 

facilitates the ubiquitination and proteasomal degradation of Nrf2 [97]. During oxidative 

stress, Keap1 undergoes structural modification due to the oxidation of its reactive 

cysteine residues [98, 99] or through competitive binding with proteins such as p62 

[100]. These modifications impair Keap1’s ability to form the E3 ubiquitin ligase 

complex, resulting in Nrf2 stabilization [101]. Stabilized Nrf2 then translocates to the 

nucleus, where it forms heterodimers with small MAF proteins (sMAFs) and binds to the 

antioxidant response element (ARE), promoting the transcription of various antioxidant 

genes  [101, 102]. 
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Figure 4: Nrf2 regulation under constitutive conditions and oxidative stress. 

Schematic representation of Nrf2 regulation under constitutive and oxidative 

stress conditions. Under constitutive (basal) conditions (left panel), Nrf2 is bound by 

Keap1, which functions as a substrate adaptor for the Cul3-RBX1 E3 ubiquitin ligase 

complex, leading to Nrf2 ubiquitination and subsequent proteasomal degradation in the 

cytoplasm. In contrast, under oxidative stress (right panel), reactive oxygen species 

(ROS) or electrophiles modify cysteine residues on Keap1, inhibiting its ability to 

promote Nrf2 ubiquitination. Consequently, Nrf2 is stabilized and translocates into the 

nucleus, where it heterodimerizes with small Maf (sMaf) proteins and binds to 

antioxidant response elements (AREs) in the promoters of target genes, inducing the 

expression of antioxidant and cytoprotective proteins. Image retrieved from Ona, S. 

(2025) BioRender.  
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Sarcopenia is associated with age-related decline in Nrf2 expression. Studies in 

wild-type (WT) and Nrf2 knockout (KO) mice have demonstrated that Nrf2 deficiency 

accelerates frailty, reduces grip strength, and diminishes treadmill endurance by 20–24 

months of age [103, 104]. In cancer-induced muscle wasting, Nrf2 dysregulation occurs 

through interleukin-1β (IL-1β)-mediated phosphorylation of p62 protein. Tumor-bearing 

Nrf2 KO mice show exacerbated muscle atrophy, whereas p62 activation restores 

extracellular superoxide dismutase (EcSOD) expression and mitigates oxidative 

damage [105]. Recent evidence has revealed direct molecular interactions between 

adiponectin and the Nrf2 pathway, particularly via adiponectin receptor 1 (AdipoR1), 

which plays a key role in activating Nrf2. One study demonstrated that globular 

adiponectin, the active form of adiponectin, activates Nrf2 via the p21/p62/Nrf2 signaling 

axis. Knocking down p62 or p21 significantly reduced Nrf2 activation by globular 

adiponectin [106]. Another study involving hepatocarcinoma cells offered insight into the 

rationale for administering chemotherapy prior to radiation therapy, a sequence that 

previously lacked a mechanistic explanation. The study found that radiation therapy 

induced AdipoR1 expression, which subsequently activated Nrf2. This activation leads 

to the upregulation of system Xc⁻-related genes, including SLC7A11 and GSH, both of 

which are essential for cellular antioxidant defense [107]. 
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Chapter 2: “The adiponectin receptor agonist ALY688 protects against iron-

induced ferroptosis via Nrf2 activation in skeletal muscle” 

2.1 Abstract 

Ferroptosis is a form of regulated cell death marked by lipid peroxidation and is 

increasingly relevant in muscle degeneration. Arachidonic acid (AA), a polyunsaturated 

fatty acid, enhances susceptibility to iron overload (IO)-induced ferroptosis. This study 

investigated the protective role of ALY688, an adiponectin receptor agonist, in skeletal 

muscle cells under ferroptotic stress. In L6 cells, AA and IO co-treatment led to a 2-fold 

increase in oxidative stress (p<0.001), accompanied by significant elevations in total 

and mitochondrial lipid peroxidation (p<0.0001). Similar effects were observed in iPSC-

derived myogenic progenitors (iPSC-MPs). ALY688 significantly reduced ROS and lipid 

peroxidation in both cell types (p<0.01) and protected against ferroptotic cell death 

(p<0.01, p<0.0001). Notably, ALY688 activated the Nrf2 antioxidant pathway, as 

evidenced by upregulation of downstream genes, including those in the GPX4 system 

(p<0.05). The cytoprotective effect of ALY688 was abolished by ML385, an Nrf2 inhibitor 

(p<0.001), confirming Nrf2 dependency. These findings reveal that AA sensitizes 

skeletal muscle cells to ferroptosis and that ALY688 mitigates this process via Nrf2 

activation, suggesting its therapeutic potential in oxidative stress–related muscle 

degeneration. 
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2.2 Introduction 

Metabolic syndrome (MetS) is a clinical condition diagnosed when an individual 

meets at least three of five criteria including (1) abdominal obesity, defined as a waist 

circumference >102 cm (40 in) in men or >88 cm (35 in) in women; (2) elevated 

triglycerides (≥150 mg/dL); (3) reduced HDL cholesterol (<40 mg/dL in men or <50 

mg/dL in women); (4) hypertension (blood pressure ≥130/85 mmHg); and (5) elevated 

fasting glucose (≥100 mg/dL) [1, 5]. MetS presents significant health challenges, 

ranging from individual complications to broader public health impacts. In Canada, the 

prevalence of MetS is estimated to be approximately 14.9% [7]. The complications 

associated with MetS are well established and include an increased risk of developing 

cardiovascular disease and type 2 diabetes [1].  

However, emerging evidence suggests a link between metabolic syndrome (MetS) 

and iron metabolism. The term metabolic hyperferritinemia (MHF) has been introduced 

to describe a condition in which individuals with iron overload develop insulin resistance, 

and conversely, patients with metabolic disorders frequently exhibit elevated ferritin 

levels [14, 21]. Excess iron tends to accumulate in various organs, particularly the liver 

and heart, leading to progressive organ damage. In the advanced stages of MHF, where 

organ dysfunction is evident, the condition is referred to as dysmetabolic iron overload 

syndrome (DIOS) [15, 16]. Skeletal muscle accounts for approximately 30–40% of the 

total body weight in healthy adults [57]. In a mouse model, iron overload was found to 

lead to muscle atrophy and progressive loss of muscle mass [25].  Moreover, several 

clinical studies have reported that individuals with both sarcopenia and metabolic 

syndrome often exhibit iron overload [23, 24, 26], suggesting a potential association 
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between the two. These findings imply that conditions such as MHF and DIOS may 

contribute to the development or progression of sarcopenia. 

 Sarcopenia is characterized by a progressive loss of muscle mass and 

strength [60]. Recent studies have identified a potential link between ferroptosis, a form 

of regulated cell death driven by iron overload and lipid peroxidation, and sarcopenia 

development. In my laboratory (Sweeney Lab), we have previously investigated the role 

of ferroptosis in the skeletal muscle. In our laboratory (Sweeney Lab), we have 

previously explored the role of ferroptosis in the skeletal muscle. One of our initial 

studies demonstrated that electrical stimulation of skeletal muscle increased nitric oxide 

production, which in turn led to elevated reactive oxygen species (ROS) generation, a 

hallmark of ferroptotic stress [68]. Furthermore, in animal models of sarcopenia, such as 

senescence-accelerated mouse prone 8 (SAMP8), researchers observed elevated iron 

levels and increased expression of ferroptosis markers in the skeletal muscle compared 

to age-matched younger controls. These molecular changes are accompanied by a 

measurable reduction in muscle mass and fiber size [64]. These findings provide 

compelling evidence of a direct link between ferroptosis and sarcopenic changes. 

Currently, treatment options for sarcopenia are primarily supportive, focusing on 

resistance exercise and protein supplementation [69]. However, targeted 

pharmacological therapies aimed at molecular mechanisms such as ferroptosis are still 

under investigation.  

ALY688 is a small synthetic peptide analog of adiponectin (ALY688; H-DAsn-Ile-

Pro-Nva-Leu-Tyr-DSer-Phe-Ala-DSer-NH2) [86]. This peptide has a better affinity for 

AdipoR1/2 and is more resistant to proteolytic degradation than natural adiponectin or 
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other synthesis adiponectin agonist [54]. ALY688 has been shown to attenuate fibrosis 

and muscle atrophy in skeletal muscle and to slow the progression of Duchenne 

muscular dystrophy (DMD) and related complications, including cognitive impairment 

and diaphragm atrophy, in mouse models [50, 87, 90]. It is also known to activate 

signaling pathways such as AMPK, PGC-1α, and other antioxidant-related mechanisms 

[108].  

Nuclear factor erythroid 2–related factor 2 (Nrf2) is a transcription factor that 

regulates genes involved in the antioxidant defense system. Recent study involving 

hepatocarcinoma cells offered insight into the rationale for administering chemotherapy 

prior to radiation therapy, a sequence that previously lacked a mechanistic explanation. 

The study found that radiation therapy induced AdipoR1 expression, which 

subsequently activated Nrf2. This activation leads to the upregulation of system Xc⁻-

related genes, including SLC7A11 and GSH, both of which are essential for cellular 

antioxidant defense [107]. These findings support a mechanistic link between ALY688, 

Nrf2 activation, and protection against ferroptosis, offering a potential explanation for its 

cytoprotective effects in skeletal muscle. 

This study aimed to investigate the protective effects of ALY688 against 

ferroptosis in skeletal muscle cells. Existing literature indicates that the activation of 

adiponectin receptors stimulates Nrf2, which subsequently inhibits ferroptosis by 

upregulating system Xc⁻-related genes [55, 107]. In this study, ALY688 was used to 

activate adiponectin receptors, thereby promoting Nrf2 signaling and protecting skeletal 

muscle cells from ferroptotic cell death.  
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I hypothesized that alterations in lipid composition in skeletal muscle cells increase 

their susceptibility to ferroptosis in the presence of iron overload and that ALY688 can 

protect cells from ferroptosis through Nrf2 activation. 

To test this hypothesis, I addressed the following research aims. 

Aim 1: Does arachidonic acid (AA) increase susceptibility to iron-induced ferroptosis 

in skeletal muscle cells? 

Aim 2: Does ALY688 attenuate iron-induced ferroptosis in the presence of AA? 

Aim 3: Is ALY688’s effect mediated via Nrf2 signaling? 

 

2.3 Materials and methods 

Cell culture and maintenance of L6 skeletal muscle cells 

The L6 rat skeletal muscle cell line was grown in alpha‐minimum essential 

medium (AMEM) (Wisent, #310-010 CL) supplemented with 10% fetal bovine serum 

(FBS) (Thermo, # A3160702) and 1% antibiotic/antimycotic (Gibco, #15240062) at 37°C 

with 95% air and 5% CO2. For arachidonic acid treatment, L6 cells were treated with 

arachidonic acid diluted in AMEM containing 2% FBS and 2% bovine serum albumin 

(BSA). For iron overload, L6 cells were treated with iron diluted in AMEM containing 

0.5% FBS. 

The iPSCs line pgpc14 [109] was seeded on Matrigel-coated plates at a density 

of 31,000 cells/cm2, differentiated into myogenic progenitors (MPs), passaged, and 

expanded following the manufacturer’s protocol (STEMCELL Technologies, #100-0151). 
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For passage #5 or higher, iPSC-MPs were seeded on Matrigel-coated surfaces at a 

density of 5,000-10,000 cells/cm2 in skeletal muscle growth media (Lonza, #CC-3245). 

Upon reaching 80% confluence, approximately every 3 days, iPSC-MPs were detached 

with TrypLE express (Thermo, #12605010) diluted 1:1 with PBS. All experiments were 

performed using cells below passage 20. Where indicated, iPSC-MPs (below passage 

5) were differentiated into myotubes using the MyoCult™ Differentiation Kit (STEMCELL 

Technologies, #05965). Serum-free low-glucose DMEM was used for all treatments in 

iPSC-MPs or myotubes. 

 

Expanding Escherichia coli cells with pREP-8xARE-GFP-SV40-BFP plasmid 

L6 Nrf2 reporter cells were generated using the pREP-8xARE-GFP-SV40-BFP 

plasmid (Addgene #134910). Prior to transfection, wild-type L6 (WT) cells were cultured 

in a T75 flask until they reached approximately 90% confluency. The plasmid was 

transformed into Escherichia coli (E. coli) and stored in a Luria Broth (LB) agar stab. To 

amplify the bacteria, the preserved E. coli was streaked onto LB agar plates. LB agar 

was prepared by mixing 25 g of LB powder (Invitrogen, #12795027), 12.5 g of agarose 

powder (BioShop, #AGA001.100), and 500 mL of distilled water. The mixture was 

autoclaved before pouring it into the plates. After cooling, ampicillin (BioShop, 

#AMP201.100) was added to the media. Using aseptic technique, the E. coli containing 

the plasmid was spread onto the plates and incubated at 37°C for 24 hours. A single 

colony was selected and inoculated into LB liquid culture to allow sufficient bacterial 

growth for plasmid DNA purification. Liquid LB medium was prepared using 25 g of LB 

powder (Invitrogen, #12795027) dissolved in 1 L of distilled water. The selected E. coli 
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colony was transferred into the medium and incubated at 37°C for 24 h with shaking at 

250 RPM. 

 

Plasmid purification 

Transformed E. coli culture (12 mL) was centrifuged at 4,000 × g for 10 min. After 

discarding the supernatant, the resulting bacterial pellet was resuspended in lysis and 

wash buffers provided by the PureLink™ HiPure Plasmid Miniprep Kit (Invitrogen, 

#K2100-02). Subsequent plasmid purification steps were performed according to the 

manufacturer’s protocol. DNA concentrations were quantified using a plate reader, and 

the purified plasmids were stored at − 80°C for future use. 

 

Making L6-Nrf2 reporter cell 

Prior to transfection, wild-type L6 (WT) cells were cultured in a 6-well plate until 

they reached approximately 90% confluency. Two distinct mixtures were prepared 

before being added to the L6 WT cells: a lipofectamine mixture and a plasmid mixture. 

Various ratios of these mixtures were tested to determine the most effective transfection 

condition. The DNA-to-Lipofectamine ratios tested were 1:0.75, 1:1, and 1:1.5. Each 

lipofectamine mixture was prepared using Lipofectamine™ 3000 (Invitrogen, 

#L3000001) and Opti-MEM™ (Gibco, #31985062) as follows: 1:0.75 ratio: 7.5 µL 

Lipofectamine 3000 + 42.5 µL Opti-MEM, 1:1 ratio: 10 µL Lipofectamine 3000 + 40 µL 

Opti-MEM, and 1:1.5 ratio: 15 µL Lipofectamine 3000 + 35 µL Opti-MEM. The plasmid 

mixture remained consistent across all conditions and consisted of 6.5 µL purified 
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plasmid DNA, 20 µL P3000™ Enhancer Reagent (Invitrogen, #L3000001), and 23.45 µL 

Opti-MEM. Equal volumes of Lipofectamine and plasmid mixtures were gently combined 

and incubated at room temperature for 15 min to allow complex formation. L6 WT cells 

were then treated with 50 µL of the combined transfection complex in 1,000 µL of 10% 

AMEM containing 10% FBS. Cells were incubated at 37°C in an atmosphere of 95% air 

and 5% CO₂ for 24 h. On Day 2, transfected cells were selected using puromycin 

(Gibco, #A1113803) at a concentration of 1 µg/mL. A second round of puromycin 

selection was performed seven days later to ensure stable transfection. 

 

Chemicals 

The chemicals used included iron (II) sulfate heptahydrate (FeSO4) (Bioshop, 

#FER005.250), arachidonic acid (Sigma-Aldrich, #10931-1G), and ferrostatin-1 (Sigma-

Aldrich, #SML0543-5G) 

 

CellROX™ Deep Red Reagent kit, for oxidative stress detection 

The CellROX™ Deep Red Reagent kit (Invitrogen, # C10422) was used to 

measure reactive oxygen species (ROS) inside the cells. This reagent is non-

fluorescent in its reduced state. ROS can oxidize and emit fluorescence at 665 nm, 

which can be detected using fluorescent imaging. L6 WT cells were treated with 80µM 

arachidonic acid (AA) for 24h, followed by pre-treatment with ALY688 for 30 min and 

then 100µM FeSO4 for 24h (IO). Imaging was performed using a Nikon A1 confocal 
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microscope in a 5% CO2 live-cell chamber. The results were quantified using the 

ImageJ software. 

Image-iT® Lipid peroxidation assay 

The Image-iT® Lipid Peroxidation Kit (Invitrogen, #C10445) was used to 

measure total lipid peroxidation in L6 WT cells treated with 80µM arachidonic acid (AA) 

for 24h, followed by pre-treatment with 1µM Ferostatin-1 or ALY688 for 30 min and then 

100µM or 250µM FeSO4 for 24h. The assay is based on the oxidation of lipids in cells, 

which oxidizes fluorescence to shift from red to green. Therefore, the appearance of 

green fluorescence indicates lipid peroxidation. After completing the treatments, L6 WT 

cells were stained with Image-iT® lipid peroxidation kit mixed with alpha‐minimum 

essential medium without Phenol Red medium (AMEM) (Wisent, # 310-021 CL) and 

incubated for 30 min at 37°C. The measurements were done on Imaging was performed 

using a Nikon A1 confocal microscope in a 5% CO2 live-cell chamber. The results were 

quantified using the ImageJ software. 

 

Mitochondria lipid peroxidation probe 

MitoCLox is a mitochondria-targeted fluorescence probe (Lumiprobe, #3549-

500ug) that specifically binds to cardiolipin, a mitochondria-specific phospholipid. When 

it reacts with cardiolipin, the probe is oxidized, which increases the fluorescence 

emission at 520 nm and decreases the fluorescence at 590 nm (the signal shifts from 

red to green). This probe was used for L6 WT cells treated with 80µM arachidonic acid 

(AA) for 24h, followed by pre-treatment with 1µM Ferostatin-1 or ALY688 for 30 min and 
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then 100µM FeSO4 for 24h (IO). The measurements were performed using a Nikon A1 

confocal microscope in a 5% CO2 live-cell chamber. The results were quantified using 

the ImageJ software. 

 

Western blotting 

L6 WT cells were grown to approximately 70% confluency in 6-well plates. Then, 

they were treated with 80µM arachidonic acid (AA) for 24h, followed by FeSO4 for 24h 

(IO) 100µM. All samples were washed with PBS (Gibco, #10010049) and incubated with 

lysis buffer for 20 min. The stock lysis components consisted of 50mM Tris, 0.1% SDS, 

and 30% glycerol, which were complemented with Pierce™ protease and phosphatase 

inhibitor mini tablets (Thermo Scientific, #A32959) [consisting of Aprotinin, Bestatin, E-

64, Leupeptin, Sodium fluoride, sodium orthovanadate, sodium pyrophosphate, and β-

glycerophosphate], 10% β-mercaptoethanol, and bromothymol blue was added to the 

stock lysis buffer with the protease inhibitor cocktail. Each sample was vortexed for 1 

min for further lysis. The cells were centrifuged at 10,000 RPM for 10 min at 4°C before 

denaturation at 95°C for 5 min. The lysates were run on 10% SDS-PAGE gels at 90 V 

for 2 h. The gels were transferred to a polyvinylidene difluoride (PVDF) membrane 

(BioRad, #162-0177) at 120 V for 1.5 h. The PVDF membrane was blocked with 3% 

bovine serum albumin (BSA) (Bioshop, #ALB001.1) for 1 h. The membrane was 

incubated overnight at 4°C with primary antibodies including glutathione peroxidase 4 

(GPX4)(Abcam, #AB125066), dihydroorotate dehydrogenase (DHODH) (Cell Signaling, 

#5114S), ferroptosis suppressor protein 1 (FSP1) (Santa Cruz; #sc-377120 hrp), and 

glyceraldehyde 3‐phosphate dehydrogenase (GAPDH) (Cell Signaling, #2118). GPX4 is 
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the main protective factor against ferroptosis. However, DHODH and FSP1 are 

representative of parallel pathways that counteract ferroptosis. After primary antibody 

incubation, the PVDF membrane was washed three times with wash buffer before 

incubation with secondary antibody at 1:5000 dilution (anti‐rabbit immunoglobulin G 

horseradish peroxidase‐conjugated antibody) (Cell Signaling, #7074S) at room 

temperature for 1 h. The cells were then washed three times with washing buffer. 

Finally, the membranes were washed with Clarity Western ECL Substrate solution 

(BioRad, #1705061). The film was visualized using X‐ray film (Diamed, #DIAFILM810-

LITE) development  Western blot bands were quantified using ImageJ software and 

normalized to GAPDH. 

 

Lactate dehydrogenase (LDH) assay 

An LDH assay (G-Biosciences, #786-210) was used to determine the cytolysis and 

cellular cytotoxicity of L6 cells. After the treatments, 50µL of culture media was added to 

a new 96-well plate with 50µL of LDH reaction mix from the kit. The plate was incubated 

for 30 min at room temperature and covered with aluminum foil. The samples were 

measured using a plate reader at wavelengths 490 nm and 680 nm. The quantification 

used by subtraction the of 680 nm from the 490 nm value, and then normalized by 

calculating the fold change compared to the control. 
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ReadyProbes™ Cell Viability Imaging Kit, Blue/Green 

Readyprobe (Invitrogen, #R37609) is a fluorescence-based assay that works by 

detecting percentage of live cells. This kit comprises NucBlue® Live reagent (Hoechst’ 

#33342) and NucGreen® Dead reagent. NucGreen® Dead reagent can infiltrate dead 

cells, which have decreased cell membrane integrity. Both reagents can be detected 

using fluorescence microscopy. L6 WT in 96 well plate were treated with 80µM 

arachidonic acid (AA) for 24h, followed by pre-treatment with 1µM Ferostatin-1 or 

ALY688 for 30 min and then 100µM or 250µM FeSO4 for 24h. One drop of each 

reagent was applied to alpha‐minimum essential medium (AMEM) 1mL. The cells were 

then incubated at 37°C for 30 min. Cells were imaged using an EVOS fluorescent 

microscope. The results were quantified using ImageJ software, and the percentage of 

dead cells was calculated by dividing the number of nonviable cells (green) by the total 

number of cells (blue). 

 

GSH/GSSG-Glo™ Assay 

The GSH/GSSG-Glo™ Assay Kit (Promega #V6911) was used to measure intracellular 

glutathione (GSH) and oxidized glutathione (GSSG) levels in L6 cells. After treatment, 

the cell media were removed. Subsequently, 50 μL of the prepared cell lysate was 

mixed with either Total or Oxidized Glutathione Reagent for 5 min on a shaker. 

Subsequently, 50 μL of Luciferin Generation Reagent was added to the wells and 

incubated at room temperature for 15 min. Finally, the plate was read using a plate 

reader for luminescence.  
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Statistical analysis 

Data are presented as mean ±SEM. The statistical significance between the treatment 

groups was calculated using a paired t-test when comparing two groups. For 

comparisons of more than two groups and one-Way ANOVA were used. A p-value < 

0.05 was considered statistically significant and plotted using GraphPad Prism 10. 
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2.4 Results 

ALY688 Attenuates Oxidative Stress Induced by Arachidonic Acid and Iron in 

L6WT Cells 

 Polyunsaturated fatty acids (PUFAs) are well-established contributors to 

ferroptosis, promoting oxidative stress and lipid peroxidation [38]. To investigate this 

process in L6 skeletal muscle cells, the cells were treated with 80 µM AA for 24 h, 

followed by 100 µM FeSO4 (IO) for an additional 24 h. In the ALY688 treatment group, 

ALY688 300nM was administered as a 30-minute pre-treatment prior to iron exposure. 

After treatment, CellROX™ Deep Red Reagent was used to monitor oxidative stress in 

live cells. This dye is cell-permeable and remains non-fluorescent in its reduced state. 

Upon oxidation by reactive oxygen species (ROS), such as hydroxyl radicals and 

superoxide anions, the probe undergoes a structural transformation that produces 

intense near-infrared fluorescence, with excitation/emission maxima of 644/665 nm 

[110].  

   

Figure 5: ALY688 Attenuates Oxidative Stress Induced by Arachidonic Acid and 

Iron in L6WT Cells 
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Oxidative stress in L6 cells was measured using CellROX™ Deep Red Reagent. 

Representative images of wild-type L6 (L6WT) cells stained with DAPI (blue) and 

CellROX (purple) are shown in (a). L6WT cells were treated with 80µM arachidonic acid 

(AA) for 24h, followed by pre-treatment with ALY688 300 nM for 30 min and then 

exposed to 100µM FeSO4 for 24h (IO) (b). Data are presented as mean ± SEM. 

*p<0.05, ***p<0.001 (n=3). (one-way ANOVA with multiple comparisons) 

 

The results showed that treatment with either iron overload (IO) or arachidonic 

acid (AA) alone did not significantly increase oxidative stress compared to that in the 

control group. However, the combination of AA and IO significantly increased oxidative 

stress. Pre-treatment with ALY688 effectively reduced oxidative stress induced by the 

combined AA and IO treatment, suggesting its protective effect (Figure 5 a, b). Based on 

these findings, I decided to further investigate the specific type of oxidative stress 

associated with ferroptosis, particularly lipid peroxidation. 

ALY688 Attenuates Lipid Peroxidation Induced by Arachidonic Acid and Iron in L6 

Cells. 

 After confirming that the IO combination increased oxidative stress, Image-iT™ 

Lipid Peroxidation probes were used to assess total lipid peroxidation in the cells. These 

probes function by detecting shifts in fluorescence emission between the reduced and 

oxidized states of the probe. In the reduced state, the probe emitted red fluorescence 

with a peak at approximately 590 nm (excitation/emission: 581/591 nm). Upon oxidation 

by lipid hydroperoxides, reactive intermediates produced during lipid peroxidation, the 

probe undergoes a fluorescence shift to ~510 nm, resulting in green fluorescence [111]. 

Before testing, L6 wild-type (L6WT) cells were treated under the same conditions as 
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those in the previous oxidative stress experiment. However, the concentration of FeSO₄ 

was increased to 250 µM to determine whether a higher iron concentration alone could 

induce lipid peroxidation. In addition, Ferrostatin-1 (Fer-1), a synthetic small molecule 

known as a potent and selective inhibitor of ferroptosis [112], was included as a positive 

control in this experiment. The goal was to compare the effects of ALY688 and 

ferrostatin-1 in reducing lipid peroxidation. If ALY688 shows a similar reduction in lipid 

peroxidation, it may suggest that ALY688 protects against ferroptosis. After obtaining 

the images, the mean fluorescence intensity of the green (oxidized probe indicating lipid 

peroxidation) and red channels (reduced) was quantified. 

 

Figure 6 : ALY688 Attenuates Lipid Peroxidation Induced by Arachidonic Acid and 
Iron in L6 Cells. 

Lipid peroxidation in L6 cells was assessed using the Image-iT™ Lipid 

Peroxidation Probe, and fluorescence signals were detected using confocal 

fluorescence microscopy. Representative image of Image-iT™ lipid peroxidation probe 

staining of wild-type L6 (L6WT) cells (a). L6WT cells were treated with 80 µM 

arachidonic acid (AA) for 24 h, followed by a 30-minute pre-treatment with either 1 µM 

Ferrostatin-1 (Fer-1) or ALY688, and then exposed to 100 µM FeSO₄ (IO100µM) for an 

additional 24 h. (IO) (b). The intensity of lipid peroxidation was quantified and expressed 

as the ratio of oxidized (green) to reduced (red) fluorescence. Data are presented as 
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mean ± SEM. *p<0.05, **p<0.01, ****p<0.0001 (n=4). (one-way ANOVA with multiple 

comparisons) 

The results showed that individual treatments with 100 µM FeSO₄ (IO100), or 

arachidonic acid (AA) did not significantly increase lipid peroxidation compared to that in 

the control. However, the combination of IO and AA significantly increased lipid 

peroxidation at both iron concentrations (Figure 6 b). Based on these findings, 100 µM 

FeSO₄ was used as the minimum effective concentration that induced lipid peroxidation, 

which may also imply ferroptosis involvement. Pre-treatment with ALY688 or Ferrostatin-

1 (Fer-1) effectively prevented the increase in lipid peroxidation, consistent with the 

results observed for oxidative stress (Figure 6 a, b). This suggests that lipid peroxidation 

is a major contributor to oxidative stress under AA + iron treatment conditions and that 

ALY688 exhibits protective properties similar to those of ferrostatin-1 against lipid 

peroxidation. 

 

Does the AA combined with iron treatment induce mitochondria lipid 

peroxidation? 

Mitochondria were chosen for further examination of lipid peroxidation because 

they are the primary source of reactive oxygen species (ROS), which are byproducts of 

the electron transport chain during cellular respiration [113]. In addition, the inner 

mitochondrial membrane is rich in polyunsaturated fatty acids (PUFAs), particularly 

cardiolipin, which renders it highly susceptible to oxidative damage. Disruption of 

mitochondrial function by cytosolic ROS or iron-dependent Fenton reactions can initiate 

widespread lipid peroxidation, ultimately leading to ferroptosis [114]. To detect 
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mitochondrial lipid peroxidation, mitoCLox was used, which is a specialized probe 

structurally similar to the general lipid peroxidation probe but modified to target 

mitochondria. It contains triphenylphosphonium (TPP), a well-established mitochondrial-

targeting moiety. The positive charge of TPP promotes probe accumulation in the 

negatively charged mitochondrial matrix, driven by the mitochondrial membrane 

potential (MMP) [115]. The detection method was consistent with that of the Image-iT™ 

Lipid Peroxidation probe. MitoCLox emits red fluorescence in its reduced state (peak 

~590 nm) and shifts to green fluorescence (~510 nm) upon oxidation, indicating lipid 

peroxidation. After image acquisition, the mean fluorescence intensity of the green 

(oxidized) and red (reduced) channels was quantified. 
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Figure 7: ALY688 Attenuates Mitochondrial Lipid Peroxidation Induced by 

Arachidonic Acid and Iron in L6WT Cells 

Mitochondrial lipid peroxidation in wild-type L6 (L6WT) cells was assessed using 

MitoCLox, and fluorescence signals were detected using confocal fluorescence 

microscopy. Representative images of MitoCLox staining in L6WT cells are shown in 

(a). L6WT cells were treated with 80 µM arachidonic acid (AA) for 24 h, followed by a 

30-minute pre-treatment with either 1 µM Ferrostatin-1 (Fer-1) or ALY688, and then 

exposed to 100 µM FeSO₄ (IO) for an additional 24 h. MitoCLox fluorescence intensity 

was quantified and expressed as the ratio of oxidized (green) to reduced (red) 

fluorescence (b). Values are presented as the mean ± SEM. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001 (n=3). (one-way ANOVA with multiple comparisons) 
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The results (Figure 7 a, b) were consistent with the total lipid peroxidation data 

obtained. Treatment with iron (IO) or arachidonic acid (AA) alone did not significantly 

increase mitochondrial lipid peroxidation compared to the control. However, the 

combination of AA and IO significantly increased mitochondrial lipid peroxidation levels. 

Importantly, ALY688 effectively prevented this increase, consistent with its protective 

effect observed in the total lipid peroxidation assay. These findings suggest that ALY688 

limits lipid peroxidation within the mitochondria of L6 cells, thereby contributing to the 

reduction of overall cellular lipid peroxidation. 

 

Combination treatment of AA and Iron altered anti-lipid peroxidation system. 

 As mentioned in the Introduction, disruption of the cellular antioxidant system is a 

key mechanism that contributes to ferroptosis and cell death. Among these systems, 

GPX4 plays a central role in the regulation of ferroptosis. GPX4 neutralizes lipid 

hydroperoxides by converting them into non-toxic lipid alcohols, thereby preventing lipid 

peroxidation-induced damage [81]. For GPX4 to function properly, it depends on the 

System Xc⁻/GSH/GPX4 axis [116]. Cystine is imported into the cell via System Xc⁻, 

where it is reduced to cysteine, a precursor for glutathione (GSH) synthesis. GSH 

donates electrons to GPX4, enabling the reduction of lipid hydroperoxides to lipid 

alcohols [117]. Although GPX4 represents the primary defense against ferroptosis, two 

additional GPX4-independent pathways, dihydroorotate dehydrogenase (DHODH) and 

Ferroptosis Suppressor Protein 1 (FSP1), have been identified as complementary 

mechanisms for lipid peroxide detoxification. DHODH is a mitochondrial inner 

membrane enzyme that is primarily involved in pyrimidine biosynthesis [118]. In the 
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context of ferroptosis, it plays a protective role by reducing ubiquinone (CoQ) to 

ubiquinol (CoQH₂). Ubiquinol donates electrons to detoxify lipid peroxyl radicals within 

the mitochondria, thereby interrupting lipid peroxidation chain reactions [119, 120]. In 

cancer cells, supplementation with dihydroorotate (a DHODH substrate) attenuates 

ferroptosis, whereas orotate (a DHODH product) exacerbates it, particularly in GPX4-

deficient cells. These findings suggest that DHODH serves as a critical mitochondrial 

backup system when GPX4 activity becomes impaired [119]. FSP1 (Ferroptosis 

Suppressor Protein 1), previously known as AIFM2 (Apoptosis-Inducing Factor 

Mitochondria-Associated 2), was the first GPX4-independent ferroptosis suppressor to 

be identified [121]. It operates through the FSP1–CoQ10–NAD(P)H pathway [122], in 

which FSP1 reduces coenzyme Q10 (CoQ10) to ubiquinol (CoQH₂) using NADH as an 

electron donor. Ubiquinol functions as a lipid-soluble antioxidant, detoxifying lipid 

peroxides in both plasma and mitochondrial membranes, thereby halting the 

propagation of lipid peroxidation [119, 123]. 
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Figure 8: Combination treatment of AA and Iron altered anti-lipid peroxidation 
system. 

L6 cells were treated with 80µM arachidonic acid (AA) for 24h followed by 24h of 

FeSO4 (IO 50-250µM). Western blot analysis of GPx4 (n=5), DHODH(n=4) and 

FSP1(n=3) are shown (a-c). Values are presented as mean ± SEM; *p<0.05, **p<0.01. 

(one-way ANOVA with multiple comparisons) 

 The results showed that Individual treatment with either arachidonic acid (AA) or 

iron (FeSO₄, IO) did not significantly alter the expression levels of GPX4, DHODH, or 

FSP1 compared to the control. However, the combination of 100 µM IO with AA led to a 

significant decrease in GPX4 expression (Figure 8 a), suggesting the suppression of 

this key ferroptosis-regulating enzyme under co-treatment conditions. In contrast, the 

expression levels of DHODH (Figure 8 b) and FSP1 (Figure 8 c) remained unchanged, 

even under AA + IO co-treatment, indicating that these parallel anti-ferroptotic pathways 

were not significantly affected by this stress condition. Based on these findings, the data 

suggest that the GPX4 pathway is selectively impaired during AA- and iron-induced 

ferroptosis, whereas DHODH and FSP1 appear to remain stable. Therefore, 



42 
 

subsequent investigations will focus on cellular lipid peroxidation and further elucidation 

of the GPX4-dependent axis in this model. 

ALY688 Attenuates Mitochondrial Lipid Peroxidation Induced by Arachidonic Acid 

and Iron in L6WT Cells  

 Induced pluripotent stem cells (iPSCs) are adult somatic cells that have been 

reprogrammed to regain pluripotency, similar to embryonic stem cells. This 

groundbreaking technology was first developed by Shinya Yamanaka and colleagues in 

2006 [124]. Since then, iPSCs have been widely adapted for various applications, 

including drug development and patient-specific therapy. 

In this study, induced pluripotent stem cell-derived myogenic progenitors (iPSC-

MPs) were used to model the effects of iron and arachidonic acid (AA) treatment in 

human cells. This approach mimics the conditions that may contribute to metabolic 

hyperferritinemia (MHF). Myogenic progenitors, also known as myoblasts, represent the 

same developmental stage as L6 cells, which are a commonly used rat myoblast cell 

line. This parallel allows for cross-species comparisons and enhances the relevance of 

the findings in the context of human disease. In this study, mitochondrial lipid 

peroxidation was investigated in iPSC-MPs, similar to the assays performed in L6 cells, 

to evaluate whether ALY688 provides a protective effect against mitochondrial lipid 

peroxidation in iPSC-MPs. 
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Figure 9: ALY688 attenuates mitochondria lipid peroxidation caused by AA and 

iron treatment in iPSC-MPs cells. 

iPSC-derived myogenic progenitors (iPSC-MPs) were differentiated into 

myotubes within 7 days. Cells were then treated with 200 µM arachidonic acid (AA) for 

24 h, followed by a 30-minute pre-treatment with 500 nM ALY688, and subsequently 

exposed to 0, or 250 µM FeSO4 (IO) for an additional 24 h. Representative images of 

mitochondrial lipid peroxidation detected by mitoCLox staining (a). MitoCLox 

fluorescence intensity was quantified and expressed as the ratio of oxidized (green) to 

reduced (red) fluorescence (b). Values are presented as mean ± SEM. **p<0.01, 

****p<0.0001 (n= 3,4). (one-way ANOVA with multiple comparisons) 

 

   The concentrations of arachidonic acid (AA) and iron (FeSO₄) used in iPSC-MPs 

were higher than those used in L6 cells. However, the combined effect of AA and iron on 

the induction of mitochondrial lipid peroxidation was consistent with the observations in 

L6 cells. This data (Figure 9 b) showed a significant increase in mitochondrial lipid 

peroxidation when iPSC-MPs were treated with AA and 250 µM FeSO₄, and this effect 
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was attenuated by ALY688. These findings suggest that ALY688 may exert a protective 

effect in human cells, similar to its effect in L6 cells. 

 

Arachidonic acid increases susceptibility to iron induced ferroptosis in L6 cells 

which is prevented by ALY688 

  To confirm that increased lipid peroxidation and oxidative stress contribute to cell 

death, potentially implicating ferroptosis, cell death was measured using two 

complementary methods: the lactate dehydrogenase (LDH) assay and the 

ReadyProbes™ Cell Viability Imaging Kit. The LDH assay is based on a series of 

enzymatic reactions. In the first step, LDH catalyzes the oxidation of lactate to pyruvate 

while concurrently reducing NAD⁺ to NADH. The resulting NADH then drives a second 

reaction, in which it reduces a tetrazolium salt to a colored formazan product in the 

presence of an electron-coupling reagent such as phenazine methosulfate (PMS). The 

reaction was quantified using a plate reader at an absorbance of 490 nm. The second 

method, the ReadyProbes™ Cell Viability Imaging Kit, includes two fluorescent dyes: 

NucBlue® Live Reagent and NucGreen® Dead Reagent. NucBlue stains the nuclei of 

all cells, regardless of viability, and serves as a reference for the total cell population. In 

contrast, NucGreen selectively stained dead cells because it can only penetrate 

compromised cell membranes. Cell viability was calculated by determining the 

percentage of NucGreen-positive cells (dead cells) relative to the total number of 

NucBlue-stained cells, and then multiplying by 100 to obtain the percentage of dead 

cells. To determine viability, this value was subtracted from 100. To validate that the 

observed cell death involved ferroptosis, Ferrostatin-1 (Fer-1) was included as a 
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positive control. Ferrrostatin-1 is a selective ferroptosis inhibitor that exerts protective 

effects by scavenging lipid peroxyl radicals, thereby preventing lipid peroxidation–

induced cell death. 
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Figure 10: Arachidonic acid increases susceptibility to iron induced ferroptosis in 
L6 cells which is prevented by ALY688 

The fold change in LDH release was measured in L6 cells treated with 80 μM 

arachidonic acid (AA) for 24 h, followed by 100 μM FeSO₄ (IO) for an additional 24 h. 

Where indicated, cells were pretreated with Ferrostatin-1 (Fer-1) or ALY688 (300 nM) for 

30 min prior to iron exposure. **p<0.01, ***p<0.001, ****p<0.0001 (n=4) (a,b). 

Representative images of L6 cells stained with the ReadyProbes™ Cell Viability 

Imaging Kit under the same treatment conditions as those used in the LDH assay. 

NucBlue® stains the nuclei of all cells (blue), whereas NucGreen® selectively stains 

dead cells (green) with compromised membranes, as shown in the representative 

images (c,d). Cell viability was quantified by calculating the percentage of NucGreen-

positive cells (dead cells) relative to the total number of NucBlue-stained cells, and then 

multiplying by 100 to obtain the percentage of cell death. Viability was calculated by 

subtracting this value from 100%; **p<0.01,  ****p<0.0001 (n=4) (e,f). Values are 

presented as the mean ± SEM. (one-way ANOVA with multiple comparisons) 

 

  The results (Figure 10 a, b) showed that treatment with either arachidonic acid 

(AA) or iron (FeSO₄) alone did not significantly increase LDH release. However, the 

combination of AA and iron significantly increased LDH release, indicating enhanced 

susceptibility to cell death. Treatment with Ferrostatin-1 (Fer-1), a known ferroptosis 

inhibitor used as a positive control, significantly reduced LDH release, supporting the 

involvement of ferroptotic cell death in this model (Figure 10 a). Notably, ALY688 

significantly reduced LDH release under the same conditions (Figure 10 b). To better 

visualize cell death, Live/Dead staining was performed using the ReadyProbes ™ Cell 

Viability Imaging Kit (Figure 10 c, d). This analysis yielded results consistent with the 

LDH assay, showing increased cell death in the AA + iron group, which was attenuated 
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by both ferrostain-1(Figure 10 c,e) and ALY688 (Figure 10 d,f) treatment. Together, 

these results suggest that ALY688 protects against ferroptosis, similar to ferrostatin-1. 

 

Arachidonic acid increases susceptibility to iron induced ferroptosis in iPSC-MPs 

which is prevented by ALY688 

The results were validated using iPSC-derived myogenic progenitor cells by 

performing both the LDH assay and ReadyProbes™ Cell Viability staining. This was 

performed to validate and extend the findings observed in L6 cells and to determine 

whether the same effects occurred in a human cell model.  
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 Figure 11: Arachidonic acid increases susceptibility to iron induced ferroptosis 
in iPSC-MPs which is prevented by ALY688 

iPSC-derived myogenic progenitors (iPSC-MPs) were differentiated into 

myotubes within 7 days. Cells were then treated with 200 µM arachidonic acid (AA) for 

24 h, followed by a 30-minute pre-treatment with 500 nM ALY688 or Ferrosatin-1 (Fer-1) 

1µM, and subsequently exposed to 0 or 250 µM FeSO4 (IO) for an additional 24 h. LDH 

release was measured in iPSC-MPs after treatment (a,b). The ReadyProbes™ Cell 

Viability Imaging Kit was used to evaluate cell viability. This was quantified by 

calculating the percentage of NucGreen-positive cells (dead cells) relative to the total 

number of NucBlue-stained cells, and then multiplying by 100 to obtain the percent cell 

death. Cell viability was calculated by subtracting this value from 100% (c,d). Values are 

presented as the mean ± SEM. **p<0.01 (n= 5) (one-way ANOVA with multiple 

comparisons) 

 

The results showed that LDH release (Figure 11 a) was significantly increased in 

the AA + IO treatment group, indicating enhanced apoptosis. Pre-treatment with 

Ferrostatin-1 (Fer-1) effectively inhibited this increase, suggesting that cell death was 

ferroptosis-related, consistent with the findings in the L6 animal cell model. These 

results were further supported by cell viability analysis using the ReadyProbes™ Cell 

Viability Imaging Kit, where the AA + IO combination significantly decreased cell viability, 

whereas ferrostatin-1 pre-treatment significantly increased viability under the same 

conditions (Figure 11 c). Similarly, as shown in Figure 3.1.5b, ALY688 also 

demonstrated a protective effect in AA + IO–treated cells by reducing LDH release 

compared with the AA + IO group alone. This finding was confirmed by the 

ReadyProbes™ assay (Figure 11 d), which showed a significant increase in cell viability 

after ALY688 treatment. 
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Therefore, treatment with iron in combination with arachidonic acid (AA) 

increases lipid peroxidation and induces ferroptotic cell death in HCC cells. However, 

while ALY688 demonstrates a protective effect against ferroptosis, its underlying 

mechanism of action remains unclear and requires further investigation. 

Inhibition of Nrf2 diminishes the protective effect of ALY688 against ferroptosis. 

  ML385 is a small molecule that specifically inhibits the transcription factor, Nrf2. It 

binds to the Neh1 domain of Nrf2, which belongs to the Cap 'N' Collar Basic Leucine 

Zipper (CNC-bZIP) family of transcription factors. This interaction disrupts the formation 

of the Nrf2–MAFG protein complex and impairs its ability to bind DNA regulatory 

elements, thereby inhibiting the transcription of Nrf2-dependent genes [125-127]. To 

evaluate whether the protective effect of ALY688 against ferroptosis was Nrf2-

dependent, ML385 was used as a functional inhibitor. ML385 (5 µM) was administered 

as a 30-minute pre-treatment prior to ALY688 exposure, followed by AA and iron (IO) 

treatment, as described in the previous section.  

 

Figure 12: Inhibition of Nrf2 diminishes the protective effect of ALY688 against 
ferroptosis. 

Representative images of L6 wild-type (L6WT) cells stained using the 

ReadyProbes™ Cell Viability Imaging Kit (a). L6WT cells were treated with 80 µM 
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arachidonic acid (AA) for 24 h, followed by a 30-minute pre-treatment with either 1 µM 

Ferrostatin-1 (Fer-1) or 300 nM ALY688. Subsequently, the cells were exposed to 5 µM 

ML385 ( Nrf2 inhibitor) for 30 min. Finally, the cells were treated with 100 µM FeSO₄ 

(IO) for an additional 24 h (b). Values are presented as the mean ± SEM.  **p<0.01, 

***p<0.001,  ****p<0.0001 (n=5) (one-way ANOVA with multiple comparisons) 

 

The results showed that treatment with iron overload (IO) and arachidonic acid 

(AA) significantly reduced cell viability, whereas ALY688 markedly increased viability, 

consistent with the findings of previous experiments. ML385 treatment alone did not 

significantly decrease the viability of the cells. However, when ML385 was administered 

prior to ALY688, a significant reduction in cell viability was observed. This finding 

suggests that the protective effect of ALY688 against ferroptosis is likely mediated 

through Nrf2 activation (Figure 3.3.1 a and b). 

 

ALY688 exerts its protective effects in both L6 cells and iPSC-derived myogenic 

progenitors (iPSC-MPs) through Nrf2 activation.  

To generate Nrf2 reporter cells, both L6 cells and iPSC-derived myogenic 

progenitors (iPSC-MPs) were transfected with the plasmid pREP-8xARE-GFP-SV40-

BFP, obtained from Addgene (#134910). This plasmid contains two key reporter 

elements: blue fluorescent protein (BFP) and green fluorescent protein (GFP). The BFP 

cassette is driven by the SV40 promoter, ensuring that all successfully transfected cells 

express blue fluorescence, which serves as a marker of the transfection efficiency. In 

contrast, the GFP cassette is regulated by an 8xARE (antioxidant response element) 
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sequence, which is activated upon Nrf2 pathway induction (Figure 13 a). Therefore, 

green fluorescence specifically indicates Nrf2-mediated transcriptional activity in the 

cells. To validate the functionality of the reporter system, CDDO-Im (CDDO imidazolide), 

a synthetic oleanolic acid derivative known to activate Nrf2, was used. CDDO-Im 

disrupts the interaction between Nrf2 and its repressor, Keap1, by modifying the 

reactive cysteine residues on Keap1. This allows Nrf2 to escape degradation, 

translocate to the nucleus, and bind ARE sequences, promoting the transcription of 

antioxidant genes [128, 129]. CDDO-Im was used as a positive control to confirm the 

responsiveness of the reporter system and compare its effect with that of ALY688.  

 

 

Figure 13: ALY688 exerts its protective effects in both L6 cells and iPSC-derived 
myogenic progenitors (iPSC-MPs) through Nrf2 activation. 

Schematic representation of the pREP-8xARE-GFP-SV40-BFP plasmid used to 

generate Nrf2 reporter cells. Blue fluorescent protein (BFP) is driven by the SV40 
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promoter and serves as a marker of transfection. The GFP (green fluorescent protein) is 

regulated by eight copies of the antioxidant response element (ARE), allowing detection 

of Nrf2-mediated transcriptional activation (a). Representative image of L6 Nrf2 reporter 

cells treated with ALY688 (300 nM) for 24 h (b). Nrf2 activity was assessed by the ratio 

of green (GFP) to blue (BFP) fluorescence intensity (c). Values are presented as mean 

± SEM.  *p<0.05, n=3. Statistical differences were analyzed using paired t-test.  iPSC-

derived myogenic progenitors (iPSC-MPs) were transiently transfected with the same 

Nrf2 reporter plasmid, as shown in the representative images (e). iPSC Nrf2 reporter 

cells were then treated with increasing concentrations of ALY688 (0–1000 nM) or with 

the Nrf2 inducer CDDO-Im (50 or 100 nM) for 4 h. Nrf2 activity was quantified as the 

green-to-blue fluorescence intensity ratio (f). Values are presented as mean ± SEM.  

**p<0.01, n=5.  (one-way ANOVA with multiple comparisons) 

 

 The results showed that Nrf2 activity in L6 Nrf2 reporter cells was significantly 

increased following ALY688 treatment compared to that in the control group (Figure 13  

b, c). Similarly, in iPSC-derived Nrf2 reporter cells, ALY688 treatment also led to a 

marked increase in Nrf2 activity, comparable to that observed in the CDDO-Im–treated 

groups (50 nM and 100 nM) (Figure 13 d and f). These findings confirm that ALY688 

activates the Nrf2 pathway in both L6 cells and iPSC-derived myogenic progenitor cells. 

 

ALY688 increased GSH/GSSG ratio in the AA with iron treatment. 

Nrf2 target genes were associated with glutathione (GSH) synthesis and included 

SLC7A11, GSR, GSS, GCL, Txnrd1, and Txn1. SLC7A11 encodes a component of the 

sodium-independent cystine–glutamate antiporter, also known as system Xc − (xCT) 

[130]. This transporter facilitates the uptake of cystine in exchange for glutamate and 
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plays a critical role in maintaining intracellular GSH levels [131]. Glutathione reductase 

(GSR) reduces oxidized glutathione (GSSG) to its reduced form (GSH), preserving the 

cellular redox balance [132]. Glutathione synthetase (GSS) catalyzes the final step of 

GSH biosynthesis [133].  Glutamate-cysteine ligase (GCL), the rate-limiting enzyme in 

GSH biosynthesis, comprises two subunits: GCLC (catalytic subunit) provides core 

enzymatic activity, and GCLM (modifier subunit) enhances the catalytic efficiency (kcat) 

of GCLC [134]. According to previous studies, GCLC is more crucial than GCLM; 

germline deletion of GCLC is embryonically lethal in mice [135], and its silencing 

accelerates ferroptosis and promotes lung adenocarcinoma cell proliferation and 

invasion [136]. In contrast, GCLM knockout mice are viable and fertile under normal 

conditions  [137], but GCLM plays a supportive role in improving GCL activity [134]. 

The GSH/GSSG-Glo™ Assay is a luminescence-based kit used to detect and 

quantify reduced glutathione (GSH) and oxidized glutathione (GSSG) levels in cells and 

tissues. The assay operates using a luciferin derivative (Luciferin-NT), which is 

converted to luciferin in the presence of GSH. This luciferin is then used in a luciferase 

reaction to generate a measurable luminescent signal that is proportional to the GSH 

concentration. To measure GSSG, a specific reagent first blocks all GSH, allowing only 

GSSG to be enzymatically reduced and quantified using the same luciferase-based 

detection method. The results were used to calculate the GSH/GSSG ratio, which 

serves as a key indicator of cellular redox status. A higher ratio suggests a more 

reduced environment, reflecting enhanced antioxidant capacity, often mediated by Nrf2 

target gene activation, particularly in the GPX4-glutathione system. This was used to 

confirm that Nrf2-driven gene expression also translates into the functional upregulation 
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of downstream antioxidant systems, specifically through enhanced GSH biosynthesis 

and redox maintenance. 

 

Figure 14: ALY688 increased GSH/GSSG ratio in the AA with iron treatment. 

Quantification of GSH(reduced glutathione)/GSSG(oxidized glutathione) ratio of 

L6WT treated with 80µM arachidonic acid (AA) for 24h, followed by pre-treatment with 

1µM Ferostatin-1 or ALY688 for 30 min and then  100µM FeSO4 for 24h (IO) (a). Values 

are mean ± SEM ****p<0.0001, n=5. (one-way ANOVA with multiple comparisons) 

 

The results of the GSH/GSSG-Glo™ assay (Figure 15 a) showed that individual 

treatment with iron (IO) or arachidonic acid (AA) did not significantly increase the 

GSH/GSSG ratio compared to that of the control. However, when ALY688 was 

administered in combination with AA and IO, there was a significant increase in 

intracellular GSH levels compared to the AA + IO group. These findings suggest that 

ALY688 activates the Nrf2 pathway, leading to the upregulation of genes involved in 

glutathione biosynthesis and maintaining redox homeostasis. This contributes to the 

restoration of intracellular GSH levels and reinforces the cell’s antioxidant defense 

system, potentially enhancing resistance to ferroptotic stress. 
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2.5 Discussion 

Metabolic hyperferritinemia (MHF) refers to elevated systemic iron levels 

(hyperferritinemia) in conjunction with metabolic syndrome (MetS)  [13]. The 

accumulation of iron, especially when combined with metabolic dysfunctions such as 

dyslipidemia, may contribute to muscle mass loss and functional decline, leading to 

sarcopenia [22, 47, 66]. Previous studies have demonstrated that the combination of 

arachidonic acid (AA) and iron can synergistically promote ferroptosis. For example, in 

patients with cardiomyopathy and transfusion-induced iron overload, elevated AA levels 

are associated with increased oxidative stress [138]. Based on these findings, a model 

of ferroptotic cell death in skeletal muscle cells was used, in which the cells were 

treated with a combination of AA and iron. The concentrations of FeSO₄ and AA used in 

this study were previously validated by a former lab member, who demonstrated that 

this combination increases the sensitivity of lipid peroxidation in L6 cells [139, 140]. 

However, the underlying molecular mechanisms contributing to this increased 

susceptibility have not yet been fully characterized.  

My results revealed that treatment with either 100 µM AA or iron alone did not 

significantly increase reactive oxygen species (ROS) levels. Similarly, neither treatment 

alone altered cellular or mitochondrial lipid peroxidation on their own. However, the 

combination of AA and iron led to a significant increase in ROS levels, which was 

associated with elevated levels of both cellular and mitochondrial lipid peroxidation. 

These findings suggest that mitochondria may be a central target of oxidative damage 

in this ferroptosis model. To further investigate the mechanisms underlying increased 

ferroptosis sensitivity, western blot analysis was performed on key antioxidant enzymes 
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involved in ferroptosis resistance, including GPX4, FSP1, and DHODH. The quantified 

results demonstrated that the combination of AA and iron significantly decreased GPX4 

expression compared to the control, whereas the expression levels of other ferroptosis-

protective mechanisms, including DHODH and FSP1, remained unchanged, even with a 

high dosage of iron. These findings suggest that GPX4 plays a primary role in 

modulating the sensitivity to ferroptosis. The lack of upregulation of backup pathway 

enzymes implies that DHODH and FSP1 may only become functionally dominant when 

GPX4 is inhibited or depleted. This is consistent with previous studies showing that 

DHODH and FSP1 act as compensatory ferroptosis-suppressing mechanisms in the 

absence of GPX4 [119, 141].  

To verify the involvement of ferroptosis, ferrostatin-1, a synthetic small molecule 

known for scavenging lipid peroxyl radicals. Treatment with ferrostatin-1 significantly 

reduced both total cellular and mitochondrial lipid peroxidation in AA+ iron treatment, 

confirming its role as a potent ferroptosis inhibitor and suggesting that lipid peroxidation 

is the cause of ferroptosis in this co-treatment. Notably, this protective effect was also 

observed in iPSC-derived skeletal muscle cells, emphasizing the translational relevance 

of these findings to human cell models. Collectively, these results provide strong 

evidence that ferroptosis is a key mechanism of cell death under co-treatment with AA 

and iron. 

Adiponectin is a hormone secreted by adipose tissue and is well known for its 

protective effects against various pathological conditions across multiple organs [75]. Its 

downstream signaling pathways are involved in mitigating oxidative stress and 

mitochondrial dysfunction, primarily through the activation of AMPK, PGC-1α, and other 
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antioxidant-related mechanisms [108]. In skeletal muscle, previous studies have shown 

that adiponectin protects against ROS and cell death through the activation of 

sphingosine-1-phosphate (S1P) signaling [142]. Additionally, it can prevent 

mitochondrial depolarization, modulate autophagy, and suppress apoptosis [143].  

The development of adiponectin-based therapeutics faces several challenges, 

such as poor bioavailability, short half-life, and failure to meet drug safety criteria [88, 

89]. To overcome these limitations, a novel adiponectin-mimetic peptide, ALY688, has 

been developed, showing therapeutic efficacy in various diseases, including DMD and 

dry eye disease [50, 86, 90]. It can activate both AdipoR1 and AdipoR2 signaling 

pathways, exhibiting a higher affinity than endogenous adiponectin [54, 83, 86]. The 

findings of this study revealed that ALY688, especially when co-treated with iron and 

AA, significantly reduced ROS levels. Additionally, it decreased both total and 

mitochondrial lipid peroxidation, indicating that its protective mechanism involves the 

inhibition of ferroptosis. These results align with previous studies that have highlighted 

the protective role of adiponectin in the skeletal muscle, particularly through its 

regulation of lipid peroxidation [114, 144]. 

The pathophysiology of various skeletal muscle diseases, such as Duchenne 

muscular dystrophy (DMD), cachexia, and sarcopenia, is linked to ferroptosis [35, 83]. 

To verify that MHF also involves ferroptosis as its pathological mechanism, LDH release 

and ReadyProbes™ Live/Dead assays were employed to evaluate cell viability in L6 

cells and iPSC-MPs treated with AA and iron. The results demonstrated that this 

combination significantly enhanced ferroptotic cell death, as evidenced by increased 

LDH release and decreased cell viability. Notably, ferrostatin-1 effectively prevented cell 
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death, reinforcing the conclusion that ferroptosis is the primary mechanism responsible 

for cell death.  

Furthermore, cell death assays, including LDH release and Live/Dead 

ReadyProbes™ staining, indicated that ALY688 pre-treatment markedly reduced cell 

death under AA and iron co-treatment conditions. Notably, this protective effect closely 

mirrored the effect of ferrostatin-1, suggesting that ALY688 possesses anti-ferroptotic 

properties in skeletal muscle. These findings align with reports from other tissues, such 

as the brain, liver, and breast, where adiponectin signaling has been shown to 

modulates ferroptosis [107, 145, 146]. 

The downstream signaling pathways activated by ALY688 are similar to those of 

native adiponectin and other adiponectin agonists, including the induction of autophagy 

and enhancement of insulin signaling, such as increased Akt and IRS-1 phosphorylation 

in response to insulin stimulation [147, 148]. This study is the first to demonstrate that 

ALY688 regulates ferroptosis via Nrf2 activation in skeletal muscle. Nrf2 is a well-

established transcription factor that upregulates genes involved in the GPX4 antioxidant 

system, including SLC7A11, GCLC, and GSS, all of which are critical for glutathione 

biosynthesis and lipid peroxide detoxification [149].  

Several studies have confirmed that Nrf2 activation modulates ferroptosis-related 

signaling in various pathological contexts. For example, in ischemic stroke, Nrf2 

activation mitigates reperfusion injury via the Nrf2/SLC7A11/GPX4 pathway [150], 

whereas in myocardial ischemia-reperfusion injury, Nrf2 upregulates both SLC7A11 and 

GPX4, reducing ferroptosis-associated damage [151]. The connection between 

adiponectin and Nrf2 signaling has been well documented in various disease models. In 
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a cardiac hypertrophy model, adiponectin activates Nrf2, leading to cardioprotective 

effects in the heart. Similarly, in a mouse model of diabetic cardiomyopathy, activation of 

the AMPK/Nrf2 axis resulted in a reduction in ferroptosis, highlighting the role of this 

pathway in protecting against oxidative damage [152]. Furthermore, the resistance of 

hepatocarcinoma cells to radiation is associated with the upregulation of AdipoR1 

following radiation exposure. This upregulation subsequently activates Nrf2 and boosts 

the expression of genes involved in the GPX4 antioxidant system, further highlighting 

the protective role of this pathway in oxidative stress [107]. Moreover, dimethyl fumarate 

(Tecfidera), an FDA-approved treatment for multiple sclerosis, has been found to protect 

against ferroptosis in hepatic and cerebral tissues through an Nrf2-dependent 

mechanism [153, 154]. These findings indicate that adiponectin–Nrf2 signaling is 

important for reducing oxidative damage and controlling genes related to ferroptosis.  

The current findings highlight the skeletal muscle as another tissue in which Nrf2 

signaling plays a crucial role in mitigating ferroptotic cell death. This is particularly 

significant, given that reduced Nrf2 activity has been associated with aging and 

impaired muscle function [103]. In this study, Nrf2 reporter cells were generated using 

L6 cells and iPSC-MP. The reporter plasmid used contained an antioxidant response 

element (ARE) upstream of the green fluorescent protein (GFP). When Nrf2 is 

activated, it binds to the ARE sequence, triggering GFP expression, which serves as a 

fluorescent readout of the Nrf2 activity. The results showed that ALY688 treatment 

significantly increased Nrf2 activity compared to the control conditions in both cell types.  

ML385 is a small-molecule inhibitor of Nrf2 that blocks its ability to bind to 

antioxidant response elements (ARE), thereby suppressing the transcription of Nrf2 
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target genes [125]. In this study, treatment with ML385 in combination with ALY688 led 

to a significant reduction in cell viability, indicating that the cytoprotective effects of 

ALY688 depend on Nrf2 activation. This observation is consistent with the existing 

literature, where ML385 use in various cancer cell models induced reactive oxygen 

species (ROS) and increased sensitivity to cell death [125, 127, 155].  In contrast, 

CDDO-Im, a synthetic triterpenoid and potent Nrf2 activator, has been shown to 

upregulate Nrf2 target genes and cytoprotective proteins across multiple organs, 

including the liver, kidney, lung, heart, intestine, and brain, in preclinical models [128].  

In this study, iPSC-derived myogenic progenitor (iPSC-MP) reporter cells treated 

with ALY688 showed GFP expression comparable to that of CDDO-Im, confirming that 

ALY688 is a potent inducer of Nrf2 activity in human skeletal muscle cells.  

Furthermore, Nrf2 activation by ALY688 restored intracellular GSH levels which 

associated with the GPX4 antioxidant system, reinforcing its role in resistance to 

ferroptosis. Taken together, these findings suggest that ALY688 promotes Nrf2 signaling 

to protect cells against oxidative stress and ferroptosis. Thus, pharmacological 

strategies aimed at enhancing Nrf2 activity, such as ALY688, may hold strong 

therapeutic potential for preventing or delaying age-associated muscle degeneration, 

including sarcopenia. 

In conclusion, this study explored the potential of the adiponectin receptor 

agonist ALY688 to protect skeletal muscle cells from ferroptosis and the underlying 

mechanisms involved. Using iPSC-derived and L6 skeletal muscle cells, we 

demonstrated that AA increased susceptibility to IO-induced oxidative stress, lipid 

peroxidation, and ferroptosis. The use of ALY688 conferred protection against the 
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induction of these changes following treatment with AA and IO. Furthermore, ALY688 

might activates the Nrf2 signaling pathway to upregulate antioxidant genes that confer 

anti-ferroptotic properties. Inhibition of Nrf2 activity abolished ALY688’s protective 

effects. Therefore, ALY688 protects against AA- and IO-induced ferroptosis in skeletal 

muscle cells via Nrf2 signaling. 

 

Figure 15: Summarized the mechanism involved in this study. 

Schematic illustration of ALY688-mediated protection against ferroptosis via Nrf2 

signaling pathway activation. Polyunsaturated fatty acids (PUFAs) and iron overload 

(I/O) enhance lipid peroxidation, which drives ferroptosis and subsequent cell death. 

ALY688 activates AdipoR1/2 receptors, leading to disruption of the Keap1–Nrf2 complex 

and allowing Nrf2 nuclear translocation. In the nucleus, Nrf2 binds to antioxidant 

response elements (AREs) and induces the transcription of antioxidant genes, including 

GPX4, GSH, GSS, GSC, Txnrd1, Txn1, and SLC7A11. These antioxidant proteins 

mitigate lipid peroxidation and suppress ferroptosis, thereby promoting cell survival. 
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Chapter 3: Final Remarks and Future Plans 

This study investigated ferroptotic cell death induced by a combination of iron 

and arachidonic acid and the protective role of the adiponectin receptor agonist ALY688, 

mediated through Nrf2 activation. This experimental model is designed to mimic 

metabolic hyperferritinemia (MHF), a condition that often originates from metabolic 

disorders and progresses to iron overload (IO). By replicating the key features of MHF 

at the cellular level, this study contributes to a deeper understanding of the molecular 

mechanisms underlying ferroptosis in skeletal muscle and highlights the potential of 

Nrf2-targeted therapies, such as ALY688, for ameliorating oxidative stress and 

preventing cell death in iron-associated metabolic diseases. 

In this study, we investigated the role of lipid peroxidation induced by 

polyunsaturated fatty acids (PUFAs) in altering ferroptosis susceptibility. However, there 

remains a significant opportunity for further exploration. It is well established that 

phosphatidylethanolamine (PE) lipid peroxides are key effectors of oxidative stress and 

major contributors to ferroptosis [42, 43]. To gain deeper insights into lipid-driven 

ferroptotic mechanisms, lipidomic analyses should be employed in future studies. This 

approach would allow for the identification of specific lipid molecular species altered 

during AA and iron co-treatment and further determine how these profiles are modified 

by ALY688. In addition, proteomic analysis could be valuable as a broad screening tool 

to detect upregulated or downregulated proteins in response to ferroptotic stress and 

ALY688 intervention. This could reveal previously unrecognized signaling pathways or 

regulatory networks involved in iron-induced lipid peroxidation, offering new mechanistic 

insights and identifying potential therapeutic targets. Together, these omics approaches 
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will expand our understanding of the molecular landscape of ferroptosis and the 

mechanisms by which ALY688 modulates oxidative stress responses at both lipid and 

protein levels. 

Nrf2 activity has been shown to increase following ALY688 treatment. To further 

explore the relationship between Nrf2 and ferroptosis, additional experiments could 

incorporate CDDO-Im, a well-established Nrf2 activator, to evaluate its effects on 

protective enzymes, such as GPX4. Previous studies have demonstrated that Nrf2 

silencing significantly reduces GPX4 expression in the mouse liver, supporting the role 

of Nrf2 in regulating the key components of the ferroptosis defense system [156].  In this 

study, ALY688 treatment significantly increased the GSH/GSSG ratio, indicating an 

enhanced cellular antioxidant capacity, likely driven by increased glutathione synthesis. 

However, to validate this effect, a direct comparison with CDDO-Im is warranted to 

determine Nrf2-mediated antioxidant gene expression. This gene expression analyses 

should reveal that ALY688 upregulated key genes in the GSH/GPX4 axis, a well-

established pathway for protection against ferroptosis.  

The Nrf2-activating properties of ALY688 observed in this study should be further 

validated in vivo studies. Previous research in mice has shown that Nrf2 activation 

protects against high-fat diet–induced obesity, emphasizing its role in metabolic 

regulation and oxidative stress defense [157, 158]. Additionally, Nrf2 knockout mice 

exhibit a 30% reduction in muscle performance and a 68% increase in reactive oxygen 

species (ROS) compared to wild-type controls, demonstrating the critical role of Nrf2 in 

skeletal muscle function [159]. However, in vivo studies exploring the interaction 

between Nrf2 and adiponectin signaling in skeletal muscle, particularly in the context of 
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ferroptosis, are lacking. Future studies should investigate the pharmacodynamics of 

ALY688, focusing on drug diffusion, tissue-specific targeting, and optimal dosage in 

skeletal muscles. One experimental approach would be to administer ALY688 to mice 

and compare Nrf2-regulated protein expression in skeletal muscle tissue between the 

treated and control groups. In addition, muscle strength and function can be assessed 

using aging or metabolic syndrome mouse models, which are expected to exhibit 

features of metabolic hyperferritinemia (MHF). Measuring ferritin levels in these animals 

would help confirm the presence of MHF, allowing for a comparison of muscle 

performance between the ALY688-treated and untreated groups. Such a study would 

offer valuable insights into the pharmacological effects of ALY688 in a more complex 

physiological system, thereby improving our understanding of its potential therapeutic 

value in age-related muscle degeneration and iron-related metabolic disorders. 

 This study also holds translational potential for clinical research, offering a 

foundation for understanding ferroptosis and MHF in humans. Indeed, I will be 

responsible for a new project which is currently ongoing in Thailand in collaboration with 

Dr. Sweeney’s lab. As part of the clinical investigation, patients with sarcopenia (and 

age-matched controls) are being enrolled and assessed for a range of blood 

biomarkers, including the metabolic syndrome panel (fasting blood glucose, HbA1c, 

HDL, triglycerides, and LDL), ferritin levels, and adiponectin levels. In addition, plasma 

samples collected from these patients are being analyzed to identify novel biological 

markers that may be associated with iron regulation and muscle regeneration. Previous 

studies have reported changes in PF4 and C1R levels in exosomes of patients with 

sarcopenia, although these markers are more strongly linked to the inflammatory 
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response [160]. The goal of this study will be to identify potential biomarkers that have a 

strong correlation between MHF and sarcopenia, which may provide additional insight 

into the pathogenesis of sarcopenia. 

In summary, the study presented in this thesis provides valuable insights into the 

mechanisms of ferroptotic cell death induced by iron and arachidonic acid and the 

protective role of ALY688 through Nrf2 activation. The experimental model mimicking 

metabolic hyperferritinemia (MHF) has enhanced our understanding of ferroptosis in 

skeletal muscle and highlighted the potential of Nrf2-targeted therapy for iron-

associated metabolic diseases. But the further the further investigation into the 

pathophysiology of this diseases have to be done more in vitro and in vivo. This 

comprehensive approach, which combines basic science with clinical investigations, 

may lead to new therapeutic strategies for age-related muscle degeneration and iron-

related metabolic disorders, ultimately improving patient outcomes. 
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