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Abstract

Iron is essential for numerous biological processes, due to its inherent capacity to
transfer electrons. This chemical feature is a double-edged sword, as excess iron
catalyzes the formation of reactive oxygen species (ROS) that have potential to cause
cellular damage and induce ferroptosis — an iron-dependent form of cell death.
Dysregulated iron homeostasis, in favour of accumulation, is a central feature of highly
proliferative leukemias, as it enables the required energy metabolism and biosynthesis
for unrestrained proliferation. Iron deprivation through the use of iron chelators and the
induction of ferroptosis are two potential avenues of clinical antileukemic treatment. The
present study aimed to examine the effects of chronic states of iron deficiency and
excess in THP-1 cells, an in-vitro model of acute monocytic leukemia (AMoL).
Moreover, this study sought to examine the effects of these chronic iron states on THP-
1 cell resistance to erastin, a compound that induces ferroptosis in many cells, but is
largely ineffective in leukemic cell lines. THP-1 cells were cultured in various
concentrations of ferric citrate or deferoxamine (DFO), a clinical iron chelator, for 96
hours to simulate chronic states of iron excess and deficiency, respectively. Following
72 hours of treatment, cells were administered erastin for the final 24 hours of
treatment. Cell death, metabolic activity, and intracellular glutathione (GSH), a pivotal
antioxidant, were quantified. Moderate to high doses of DFO induced marked cell death,
as well as a notable reduction in metabolic activity and intracellular GSH. THP-1 cell
resistance to erastin was partially attenuated by ferric citrate treatment, evidenced by a
small but consistent iron-dose dependent increase in cell death. Similarly, intracellular
GSH showed a subtle, insignificant iron-dose dependent reduction in erastin-treated
cells. Metabolic activity in the surviving cells was unaffected. DFO is shown to act
synergistically with erastin in THP-1 cells, inducing a significant increase in cell death,
and in the surviving cells, a reduction in metabolic activity. Likewise, intracellular GSH
increases in the surviving cells of this cotreatment. Taken together, the present study
demonstrates the robustness of THP-1 cells in states of iron excess and their sensitivity
to iron deficiency. It also provides novel evidence of a synergy between DFO and

erastin, and of ferric citrate attenuating THP-1 cell resistance to erastin.
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1.0 Introduction
Cancers are diseases of proliferation, resulting from genetic mutations that

induce dysplastic cellular growth and replication (Visvader, 2011). Among them are
leukemias, a heterogenous group of blood cell malignancies. Cancer, as a broad
disease of many types, remains a leading cause of death globally and leukemias,
particularly acute leukemias (AL), are among the most common lethal cancers (Cancer,
2022). Iron is an indispensable micronutrient, integral to the function of numerous
proteins and enzymes in processes including DNA synthesis and repair, cellular
metabolism, and hematopoiesis (Abbaspour et al., 2014). The accumulation of iron,
through dysregulated iron homeostasis, is crucial to the proliferative potential of

leukemias and all cancers, more broadly (Basak & Kanwar, 2022).

1.1 Iron Necessity and Toxicity
Although abundant on earth, absorbable forms of iron can be a limiting nutrient in

many biological systems — iron readily interacts with oxygen to form iron oxides, which
are insoluble and biologically incompatible (Abbaspour et al., 2014). The necessity of
iron stems from its ability to take part in electron transfers — that is, its capacity to
undergo oxidation-reduction (redox) reactions. Iron, a transition metal, can exist in
oxidation states of -2 to +6 but is typically limited to ferrous (Fe?*), ferric (Fe®*), and
ferryl (Fe**) states in biological systems (Torti et al., 2018). Much of the functional iron in
the human body resides in heme, a metallobiomolecule that contains an intricate
coordination complex with Fe®* (Reedy & Gibney, 2004). Heme is a prosthetic group in
many proteins essential to electron transfer, reaction catalysis, and most notably,
oxygen transport — 85% of heme is found in hemoglobin, the oxygen transport protein
essential to respiration (Bartels & Baumann, 1998). Non-heme iron tends to combine
with inorganic sulfide, forming aptly named iron-sulfur (Fe-S) clusters. These are, like
heme, versatile prosthetic groups that are essential to various proteins whose function

relies on the transfer of electrons (Johnson et al., 2005).



One of the essential iron-dependent cellular processes is that of ribonucleotide
reductase (RNR) — the ubiquitous cytosolic enzyme that catalyzes the rate-limiting step
of DNA synthesis. RNR, through a diferric tyrosyl radical (Fe3*2-Y*) cofactor, reduces
ribonucleotides (including adenosine triphosphate [ATP]) to DNA-precursor
deoxyribonucleotides (such as deoxyadenosine triphosphate [dATP]) and thereby
enables progression from G1 to S phase in the cell cycle (Puig et al., 2017). Other
aspects of basic cellular metabolism are also largely iron-dependent. Cytochromes A, B,
C, and D are all redox-active hemoproteins (that is, proteins containing heme) essential
to aerobic respiration and overall mitochondrial function (Reedy & Gibney, 2004).
Complex IV of the electron transport chain (ETC) in eukaryotic mitochondria, also
known as Cytochrome C oxidase, contains two heme groups to help catalyze the
transfer of electrons from cytochrome C to molecular oxygen (Oz2), forming water (Michel
et al., 1998). Complex | of the ETC contains eight Fe-S clusters, and Complex Il and IlI
contain both heme groups and Fe-S clusters (Xu et al., 2013). Aconitase, responsible
for catalyzing the interconversion of Krebs cycle intermediates citrate and isocitrate,

contains an Fe-S cluster at its catalytic centre (Kim et al., 2023).

Protection from oxidative stress in the cell is, in part, provided by heme-
containing peroxidases like catalase, which reduces hydrogen peroxide (H202) to water
and Oz (Alfonso-Prieto et al., 2009). Some oxidoreductases, including nitric oxide
synthase (NOS), also employ heme groups as their source of reductive power
(Férstermann & Sessa, 2012). Central to processes including the metabolism of foreign
compounds and vitamin D3 synthesis is the vast cytochrome P450 enzyme family,

composed of numerous hemoproteins (Nebert & Russell, 2002).

The chemical properties of iron are as harmful as they are required. Iron can
participate in reactions that produce reactive oxygen species (ROS), molecules that, as
the name suggests, are unstable compounds that can take part in unwanted cellular
reactions by reason of their instability. One such avenue is the Fenton reaction (Figure
1), where Fe?* reacts with a peroxide (R-OOH) to produce a highly reactive hydroxyl

radical (HO"). Fe3* generated by the Fenton reaction can be recycled through the



Haber-Weiss reaction (Figure 1) upon reaction with superoxide (O2), a by-product of
normal cellular metabolism. This step regenerates Fe?* that can cycle back through the

Fenton reaction, producing more toxic HO" (Torti et al., 2018).

Fe?* + H,O, — Fe®** + HO- + HO® (Fenton Reaction)
(Haber-Weiss Reaction)

Fed* + O, — Fe?* + O,

O, + H,0, == 0, + HO + HO® (Net Haber-Weiss Reaction)

Figure 1. Fenton and Haber-Weiss reactions. In states of iron excess, these reactions
are a prominent source of elevated intracellular ROS, which have implications in DNA
damage, protein misfolding, inflammation, and cell death.

ROS are very important cell-signaling compounds and must be kept in tight
equilibrium to avoid their deleterious effects (Finkel, 2011; Forman et al., 2010).
Elevated ROS concentrations are conducive to tumorigenesis, most notably by virtue of
increased DNA damage and frequency of mutation, introducing genetic instability
(Kirtonia et al., 2020; Moloney & Cotter, 2018). Epidemiological studies support a
positive association between various biomarkers of increased body iron levels (e.g.
heightened serum transferrin saturation, elevated heme intake, frequency of blood
transfusions) and cancer incidence, likely as a result of iron’s pro-oxidative nature
(Fonseca-Nunes et al., 2014; Hjalgrim et al., 2007; Stevens et al., 1994; T. Wu et al.,
2004).

1.2.1 Overview of Cancer
Cancer is among the most maleficent threats to global health today. In Canada, it

is the leading cause of death: two in five Canadians are estimated to develop cancer in
their lifetime (Cancer Statistics at a Glance, n.d.). Cancer comprises over 200 distinct

diseases, all of which arise from genetic mutations that are largely spontaneous, as



opposed to inherited (Schar, 2001). ROS are by-products of endogenous metabolism
and inflammation that have the potential to inflict oxidative DNA damage (Kirtonia et al.,
2020). Environmental stresses like ultraviolet (UV) radiation (sunlight exposure), viral
infections, and disruptive compounds in tobacco products are similarly genotoxic
(Fontham et al., 2009; Montesano & Hall, 2001). Cells are estimated to endure on the
order of 104-10° spontaneous DNA damaging events every day (Yousefzadeh et al.,
2021). The spontaneity of tumorigenic DNA damage introduces mutational
heterogeneity between patients and within individual tumours that burdens scientists
and clinicians when developing and implementing effective diagnostic tools and
treatments for cancer (Salk et al., 2010). Yet, there do exist commonalities between
cancer subtypes that simplify the classification and pursuit of these diseases. Genetic
perturbations that promote tumorigenesis most often occur in proto-oncogenes, tumour
suppressor genes, and DNA repair genes. Proto-oncogenes, genes that encode
proteins central to cell proliferation and survival, become tumorigenic oncogenes upon
garnering gain-of-function mutations (Todd & Munger, 2006). The oncogenic growth-
signaling protein Ras, for example, activates diverse signalling cascades that are often
constitutively active when mutated (Prior et al., 2020). Tumour suppressor genes
encode proteins involved in regulating cell proliferation, including the infamous cell cycle
arrest protein p53. Known as the ‘guardian of the genome’, p53 is mutated in over half
of human cancers (Sherr, 2004). DNA repair genes encode proteins that, naturally,
respond to DNA damage. These include notable genes like Breast Cancer Susceptibility
Gene 1 and 2 (BRCA1/2), which encode key proteins in the DNA damage response
(Armstrong et al., 2019).

Excluding common tumorigenic mutations, there exist eight generally accepted
characteristics or “hallmarks” of cancer. These include sustained proliferative signalling,
resisting cell death, deregulating cellular energetics, enabling replicative immortality,
evasion of growth suppressors, activating invasion and metastasis, inducing
angiogenesis, and avoiding immune destruction (Hanahan & Weinberg, 2000, 2011).

Genome instability and mutation, as well as chronic inflammation, are denoted cancer-



enabling characteristics (Hanahan & Weinberg, 2011). While a cancer cell may not
possess all the aforementioned characteristics, they outline the transformation of a
normal cell into one with malignant properties — once a highly differentiated building
block within the host organism, evolved through genetic aberration into a seemingly

unrelated entity with one goal: to mercilessly proliferate.

1.2.2 Overview of Acute (Monocytic) Leukemia
Leukemias are cancers of the blood and bone marrow — conditions characterized

by the accumulation of genetically aberrant hematopoietic cells with the acquired
capacity to rapidly proliferate. Generally, leukemic subtypes are classified based on 1)
the rapidity of their proliferation, and 2) the branch of hematopoiesis they stem from.
Chronic leukemias (CLs) develop gradually and are, in large part, treatable diseases
(Hallek, 2017; Jabbour & Kantarjian, 2018). Acute leukemias (ALs) are much more
rapid, aggressive conditions with worse prognoses that involve the dysregulated
proliferation of immature (that is, undifferentiated) hematopoietic cells, referred to as
‘blasts’ (Rose-Inman & Kuehl, 2017). As their titles suggest, acute lymphocytic
leukemias (ALLs) involve cells of the lymphoid branch of hematopoiesis, while acute
myeloid leukemias (AMLs) involve cells of the myeloid branch (see Figure 2) (Rose-
Inman & Kuehl, 2017). ALs, according to the World Health Organization (WHO), are
classified by the presence of at least 20% blast cells in the bone marrow or peripheral
blood (Swerdlow et al., 2008). For reference, healthy bone marrow normally contains

approximately 1-5% blast cells (Masarova et al., 2021).

AML is a heterogenous collection of conditions that makes up nearly a quarter of
diagnosed leukemias, globally (Dong et al., 2020). Within these myeloid cell
malignancies is a condition known as acute monocytic leukemia (AMoL), a condition in
which at least 80% of the blast cell population are of monocytic lineage (Varotto et al.,
2022). These cells are precursors to macrophages and dendritic cells, both of which are
essential to innate immune function (See Figure 2). Monocytes circulate the blood and

spleen and respond to tissue injury or infection through cell surface-expressed pattern



recognition receptors (Ginhoux & Jung, 2014). Monocytes and macrophages are
members of the mononuclear phagocyte system (MPS), a crucial branch of innate
immunity responsible for engulfing (phagocytizing) pathogens and cellular debris, and
recycling nutrients (Hume, 2006). While AMLs occur in all ages, they are the most
common ALs in adults and prognosis worsens dramatically with age (Dong et al., 2020).
Due to the aggressive nature of these conditions, they require immediate treatment —
affected individuals will otherwise die within months or even weeks (Weber et al., 2021).
In the United States, AMLs have a mean 5-year survival rate of 32%, while the AMoL
subtype has a mean 5-year survival rate of 27% (SEER Cancer Statistics, 2023).
Patients with AML suffer from dysfunctional hematopoiesis and a subsequent decrease
in functional myeloid cells, including erythrocytes, which can temporarily heighten
systemic iron levels to a state of primary iron overload (Vinchi et al., 2020). Conversely,
experiencing chronic fatigue due to anemia, frequent bleeding and infection are
common symptoms of the disease (Weber et al., 2021). To combat insufficient blood
cell production, AML patients frequently require red blood cell transfusions, which often
result in secondary iron overload and a vicious cycle of excess iron administration that

often disproportionally favours malignant cells (Kaphan et al., 2020).
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Figure 2. A simplified schematic of hematopoiesis. The fundamental pathways of
hematopoietic stem cell (HSC) differentiation and prominent tissues of cell residence
are outlined. Leukemias occur as a result of tumorigenic mutations in cells of the
hematopoietic lineage and are, in part, classified based on their state of differentiation.
CMP, common myeloid progenitor; CLP, common lymphoid progenitor; MEP,
megakaryocyte-erythrocyte progenitor; NK Cell, natural killer cell. Created using
BioRender.

A common in-vitro model of AMoL and AL, more broadly, are Tohoku Hospital
Pediatrics 1 (THP-1) cells — transformed monocytic cells obtained from the blood of a
one-year old boy with acute monocytic leukemia (Tsuchiya et al., 1980). These cells are
hematopoietically immature and readily differentiate to adherent, macrophage-like cells
upon stimulation with phorbol 12-myristate 13-acetate (PMA) (Abrink et al., 1994).
According to one complete genomic analysis of THP-1 cells, which identified 119
aberrant regions on autosomal chromosomes, these cells have homozygous deletions
amassing to 4.6 million bases (4.6 Mb) (Adati et al., 2009). THP-1 cells have a 26-base



deletion in of the TP53 gene, responsible for encoding p53 (Sugimoto et al., 1992). As
was previously mentioned, over 50% of cancers are p53-mutants. In normal cells, p53 is
activated in response to DNA damage and initiates the transcriptional programs of cell
cycle arrest, senescence (dormancy), DNA repair and apoptosis (Marei et al., 2021).
The aforementioned genomic analysis discovered a short (kilobases) deletion in the
TP73 gene, responsible for encoding p73 (Adati et al., 2009). p73 is homologous to p53
and has overlapping roles, in part due to their structural similarity and its ability to bind
p53 promotor regions on DNA (Levrero et al., 2000). THP-1 cells also have
homozygous deletions of the CDKN2A and CDKNZ2B genes, which encode the cell
cycle arrest proteins p16 and p15, respectively (Adati et al., 2009; Foulkes et al., 1997;
Xia et al., 2021). Further, THP-1 cells are homozygous mutants of the PTEN gene,
another crucial tumour suppressor (Adati et al., 2009). PTEN is a lipid phosphatase that
hydrolyzes the 3-position phosphate of phosphatidylinositol-3,4,5-triphosphate (PIPs), in
opposition to oncogenic signalling protein phosphatidylinositol-3-kinase (PI3K), thereby
inhibiting the activation of protein kinase B (PKB) (Hopkins et al., 2014). When
(constitutively) active, the PIBK-PKB axis has potent antiapoptotic, proliferative function.
In combination, THP-1 cells have eliminated pivotal antiproliferative, apoptotic

machinery that allows for unrestrained growth and proliferation.

1.3 Iron Homeostasis
To understand how leukemic cells dysregulate cellular iron hemostasis to their

advantage, the processes of normal iron homeostasis are outlined in this section. While
humans typically ingest 10-20 mg of dietary iron every day, only 1-2 mg is absorbed.
Likewise, 1-2 mg is lost every day via epithelial desquamation, sweat or bleeding
(Abbaspour et al., 2014). On the apical surface of enterocytes in the small intestine,
dietary iron is absorbed via divalent metal transporter 1 (DMT1), a widely expressed
cellular membrane transporter of Fe?+, predominantly, as well as manganese (Mn?+)
(Ganz, 2013). The mechanism of dietary heme-iron absorption remains enigmatic,
although it is established that heme oxygenase 1 (HO-1) degrades absorbed heme,

liberating Fe?+ (Dutt et al., 2022). At the basal membrane of the enterocyte, Fe?* is re-



oxidized to Fe3+ and exported out of the cell through ferroportin (FPN), the ubiquitous
iron efflux transporter (Ganz, 2013). Once exported, two Fe3* ions are loaded onto
transferrin (TF), the vertebrate iron-carrier protein, for systemic circulation and delivery
(Kawabata, 2019).

TF-bound iron is absorbed upon binding transferrin receptor 1 (TFR1) or the
lesser expressed transferrin receptor 2 (TFR2) on the cell surface. Binding triggers
endocytosis of the TF-TFR complex and release of the two Fe3* ions, followed by their
reduction to Fe?* by metalloreductases like six-transmembrane epithelial antigen of
prostate 3 (STEAP3). Fe?* is transported out of the endosome by DMT1, thereby
entering the metabolically active labile iron pool (LIP) in the cytosol (Ganz, 2013;
Kawabata, 2019). Aside from DMT1, there are various mechanisms through which cells
influx non-transferrin-bound-iron (NTBI). Fe?*is transported into various cell types by
zinc-regulated and iron-regulated transporters 8 (ZIP8) and 14 (ZIP14), which
synonymously transport zinc (Zn?+) and cadmium (Cd?*) (Guerinot, 2000). A rather
unique mechanism is the (betas) integrin-mobilferrin (IMP) pathway — a route of Fe3+
transport across the plasma membrane of certain cell types, including enterocytes and

even leukemic cells (Conrad et al., 1994, 2000).

In the cell, excess iron is stored in ferritin (FT), the ubiquitous iron-storage
protein, which can inertly store upwards of 5000 Fe3* atoms in a nanocage structure
(Brown et al., 2020; Jian et al., 2016). Fe3* can then be accessed through a ferritin-
specific autophagy, aptly named ferritinophagy (Plays et al., 2021). Intracellular iron
homeostasis is controlled by iron-responsive element-binding proteins 1 (IRP1) and 2
(IRP2), which bind iron-response elements (IREs) on untranslated regions of mRNA to
regulate the translation of iron import proteins (e.g. TFR1, DMT1), storage proteins (FT),
and export proteins (FPN). In response to a reduction in available iron, IRP1 and 2
undergo conformational changes that promote binding to IREs, heightening TFR1
translation and decreasing FT and FPN production. Similarly, excess intracellular iron
structurally alters IRP1 and 2, preventing them from binding and exerting an effect on

IREs (Cardona & Montgomery, 2023). Free oxygen and ROS, too, are regulators of IRP



binding capacity. As is summarized in Figure 3, iron homeostasis is created by a
constellation of tightly regulated mechanisms. Many of these processes are hijacked by

genetically aberrant leukemic cells for their proliferative advantage.
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Figure 3. Summary of cellular iron homeostasis, with a focus on relevant influx and
efflux mechanisms. Regulation of protein translation by iron-responsive element-binding
proteins 1 and 2 (IRP1/2) is not shown. LIP, labile iron pool; FPN, ferroportin; IMP,
mobilferrin; ZIP8/14, zinc-regulated and iron-regulated transporters 8 and 14; DMT1,
divalent metal transporter 1; CD91, cluster of differentiation 91; CD163, cluster of
differentiation 163; HO-1, heme-oxygenase 1; STEAP1/3, six-transmembrane epithelial
antigen of prostate 1 and 3; TF, transferrin; TFR1/2, transferrin receptor 1 and 2.
Created using BioRender.

1.4 Iron Dysregulation and Leukemia
Dysregulated iron homeostasis is associated with the incidence of leukemia

(Hagag et al., 2018; Kennedy et al., 2014) and like all cancers, this is largely believed to
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result from Fenton chemistry, the subsequent production of ROS, and their damaging
effects on DNA (Torti et al., 2018; C. Zhang & Zhang, 2015). Notably, hematopoiesis
relies on the presence of iron and the subsequent production of ROS, which act as
signal messengers in the regulation of HSCs and the bone marrow microenvironment
(Ludin et al., 2014). However, dysregulated iron redox balance promotes the
transformation of HSCs and other hematopoietic cells by increasing the frequency of
DNA damage and erroneous repair (Hole et al., 2013; Rassool et al., 2007). Generally
speaking, normal cells upregulate the influx of iron in hypoxic conditions via hypoxia-
inducible transcription factors (HIFs) (Semenza, 2001) and in response to injury
(Wessling-Resnick, 2010). All cancer cells, though, have a greater demand for iron to
heighten biosynthesis and support proliferation. Due to their origins in hematopoiesis,
as well as their high concentration in the blood, leukemic cells particularly favour the
accumulation of iron by increasing iron influx and storage, while decreasing iron efflux
(Wang et al., 2019).

TFR1 is overexpressed in all leukemic cells, with a greater prevalence in AMLs
than in ALLs (Liu et al., 2014; Pande et al., 2016). Similarly, the expression of TFR2 is
heightened in AMLs (Kawabata et al., 2001). Influx of NTBI via DMT1, STEAP-family
reductases, ZIP8 and ZIP14, and betas-integrin-associated IMP are all subject to
potential dysregulation in leukemic cells (Alluri et al., 2021; M. E. Conrad et al., 1994;
Guo et al., 2021; Moreaux et al., 2012). Clusters of differentiation 163 (CD163) and 91
(CD91) are scavenger receptors involved in the uptake of heme-bound iron, expressed
on monocytes and macrophages (Brown et al., 2020; Lizier et al., 2016). CD163 is
considered a specific marker of AMoL (Garcia et al., 2008). In favour of iron
accumulation, both subunits of FT, ferritin light-chain (FTL) and heavy-chain (FTH) are
often subject to overexpression in AML (Bertoli et al., 2019; Zolea et al., 2015).
Likewise, FPN is often downregulated in leukemic cells, potentially as a result of
autocrine hepcidin signaling (Wang et al., 2019). In concert, the aforementioned
homeostatic changes promote a systematic overaccumulation of iron, and act as a

driving force in the proliferative success of leukemic cells.
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1.5 Iron Excess and Ferroptosis
Upon exposure to excessively elevated iron levels, a cell faces considerable

oxidative stress that, without sufficient antioxidant protection, may ultimately result in
cell death. This avenue, known as ferroptosis, is a recently discovered iron-dependent
mode of cell death that is morphologically, biochemically, and genetically different from
all other forms of cell death and recycling — including apoptosis, necrosis, necroptosis,
and autophagy (Dixon & Stockwell, 2019; Li et al., 2020; Xie et al., 2016; W. S. Yang &
Stockwell, 2016). Ferroptosis occurs through the peroxidation of membrane lipids and a
subsequent accumulation of lipid ROS, resulting in membrane stiffening and nanopore
formation, loss of ionic homeostasis, and eventual membrane failure (Hirata et al.,
2023). The accumulation of iron and the iron-catalyzed formation of ROS, primarily via
Fenton chemistry, are prerequisites of this process (Dixon & Stockwell, 2019). The initial
discovery of the ferroptotic mechanism arose from experiments with erastin, a
compound previously known to induce non-apoptotic cell death in Ras-mutant cancer
cells (Dixon et al., 2012). The primary action of erastin is the inhibition of system xc-, a
cystine/glutamate antiporter that imports cystine (dimeric oxidized cysteine) into the cell
in exchange for glutamate (Bridges et al., 2012). System xc is at the forefront of
acquiring cysteine, which, in the form of cystine, is fairly abundant (approximately 50
MM) in circulation (Combs & Denicola, 2019). Cysteine is a limiting substrate in the
synthesis of glutathione (GSH), a primary mediator of cellular redox balance (Sun et al.,
2018). GSH is the required co-factor of glutathione peroxidase 4 (GPX4), a
selenoprotein (selenium-containing protein) that reduces (toxic) lipid peroxides to
(harmless) lipid alcohols, subsequently oxidizing GSH to glutathione disulfide (GSSG)
(Conrad & Friedmann Angeli, 2015). Thus, erastin induces ferroptosis by depleting cells
of cysteine, hampering the synthesis of GSH and inhibiting the function of GPX4, which
consequently leads to an artificial increase in membrane lipid ROS and the induction of
ferroptosis (Figure 4) (Zhao et al., 2020).

Dixon & Stockwell (2019) describe three fundamental characteristics of
ferroptosis: first, the peroxidation of polyunsaturated fatty acid (PUFA)-containing

phospholipids (PLs) that are incorporated in a cellular or subcellular membrane. This
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can occur through reactions with iron and soluble ROS, or the action of lipoxygenases
(LOXs), which catalyze the formation of lipid peroxides for processes including
membrane signalling and lipid mediation (Mashima & Okuyama, 2015; Shah et al.,
2018). While lipid peroxidation can occur in any of the cell’s lipid membranes, the
membrane of the endoplasmic reticulum (ER), the plasma membrane, and the
mitochondrial membrane are central to the ferroptotic mechanism (von Krusenstiern et
al., 2023). Furthermore, the deletion of genes responsible for activation or incorporation
of activated PUFAs into membrane PLs prevents ferroptosis (Doll et al., 2016; Kagan et
al., 2016). In other words, there must be a sufficient PUFA-PL density in the membrane
for ferroptosis to occur. Second, the presence of redox-active iron (free or as enzymatic
co-factor) is required for ferroptotic cell death. Iron chelating compounds like
deferoxamine (DFO) can rescue cells from ferroptotic death by interfering with iron-
catalyzed lipid peroxidation (Stockwell et al., 2017). Similarly, the downregulation of
TFR-mediated iron import can prevent ferroptosis (Gao et al., 2015), as does the
inhibition of ferritinophagy, presumably by reducing the amount of available free iron
(Hou et al., 2016). The third characteristic is an insufficient prevention and repair of lipid
peroxides. The present understanding of intrinsic defense against the accumulation of
lipid peroxides and ROS comprises a handful of antioxidant pathways and in many
cells, the most critical of these is the aforementioned GSH-GPX4 axis (Kinowaki et al.,
2018; Seiler et al., 2008). Functioning independently in parallel to GPX4, ferroptosis
suppressor protein 1 (FSP1) is a novel oxidoreductase that, like GPX4, prevents the
peroxidation of plasma membrane lipids (Figure 4) (Bersuker et al., 2019). FSP1
reduces oxidized ubiquinone (coenzyme Q1o; CoQ) and Vitamin K, both of which (in
their reduced forms) trap lipid peroxyl radicals (R-OO"), which are precursors to lipid
peroxides (Bersuker et al., 2019). FSP1 requires reducing power from reduced
nicotinamide adenine dinucleotide (phosphate) (NAD(P)H) and is anchored to the
plasma membrane through myristoylation (Doll et al., 2019). This link to the plasma
membrane appears to be crucial to the effectiveness of FSP1 in suppressing

ferroptosis.
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Excluding the aforementioned lipid repair mechanisms, the regulation of
ferroptosis is intricately linked to previously described mechanisms of iron influx, efflux,
and storage (Dixon & Olzmann, 2024). While the removal of redox-active iron from the
cell and its immediate environment can be protective against ferroptosis, iron
deprivation can be equally, if not more devastating in leukemic cells. As will be
described, depriving leukemic cells of iron through the use of iron-chelating compounds

is a compelling, alternative avenue of research and antileukemic treatment.
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Figure 4. Summary of ferroptosis. Central to the induction of ferroptosis is Fenton
reaction-generated ROS, which contributes to the peroxidation of membrane lipids.
Catalase catalyzes the conversion of H202 to H20, reducing the iron-catalyzed
formation of HO". Ferroptosis suppressor protein 1 (FSP1) and glutathione peroxidase 4
(GPX4) are the frontline lipid peroxide repair mechanisms. Erastin exhausts cellular
glutathione (GSH) synthesis by inhibiting the uptake of cystine via system xc". Oxidized
glutathione (GSSG) is reduced back to GSH by glutathione reductase (GR). LIP, labile
iron pool; NAD(P)H, reduced nicotinamide adenine dinucleotide (phosphate); NAD(P)+,
oxidized nicotinamide adenine dinucleotide (phosphate); CoQ, ubiquinone. Created
using BioRender.
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1.6 Iron Chelation Therapy
The heightened requirement for iron in leukemic cells renders them more

sensitive to iron deprivation than their non-transformed counterparts (Wang et al.,
2019). This makes for a potential therapeutic avenue: depriving these cells of iron
through the use of iron chelators — compounds (natural or synthetic) that bind iron
atoms with strong affinity, rendering them inert (Hatcher et al., 2009). Unlike other iron
sources, chelator-iron complexes can be excreted (Wang et al., 2019). This feature
makes iron chelation therapy (ICT) a bimodal treatment, being antileukemic and
reducing the burden of iron overload that often accompanies leukemic disease (Weber
et al., 2021). Most chelators contain oxygen, nitrogen, or sulfur atoms that donate
electrons to form coordination bonds with a central iron atom (Hatcher et al., 2009).
Hexadentate iron chelators have six donor atoms — that is, six atoms with a lone
electron pair — that interact in a 1:1 ratio with all six coordination sites of an iron atom
(Ma et al., 2012). Conversely, tridentate and bidentate chelators interact with three and
two coordination sites, respectively (Ibrahim & O’Sullivan, 2020). At low concentrations,
tri- and bidentate chelators may leave coordination sites unbound, allowing for some

iron reactivity even in a partially coordinated state (Bogdan et al., 2016).

DFO, a hexadentate chelator produced by certain bacteria (Streptomyces
pilosus) was the first clinical iron chelator used for the treatment of iron overload and the
first to be trialed as a cancer therapy (Estrov et al., 1987; Propper et al., 1977). It has a
very short half-life in circulation (5-10 minutes) and is hydrophilic, rendering it largely
incapable of crossing the plasma membrane (Ibrahim & O’Sullivan, 2020). Being a
hexadentate with high affinity, DFO readily coordinates with all six binding regions of the
iron atom (Figure 5). DFO is highly antiproliferative in leukemic cells by indirectly
blocking the synthesis of deoxyribonucleotides through the loss of normal RNR function
(Furukawa et al., 1992). Subsequent cell cycle arrest at G1/S phase occurs through a
downregulation of p21CIPVWAF1 "3 protein with antiapoptotic function that positively
regulates progression to S phase of the cell cycle (Fu & Richardson, 2007). Moreover,
the heme prosthetic group of catalase can no longer be synthesized when iron is

deficient, thereby reducing a first-line of cellular antioxidant defense (Yoo et al., 2009).
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Aside from inhibiting iron-dependent proteins, iron deprivation is shown to activate
diverse cellular apoptotic cell death programs (Koc et al., 2005; Liu & Zhu, 2022; Xue et
al., 2021; Yang et al., 2021; Yang et al., 2018). Aside from DFO, deferiprone (DFP), a
tridentate chelator, and deferasirox (DFX), a bidentate chelator, are common alternative
clinical iron chelators (Saliba et al., 2015). Unlike DFO, these compounds are lipophilic
and readily diffuse across the plasma membrane. They, too, have potent antileukemic
activity, potentially through similar action to DFO (Shapira et al., 2019; Tataranni et al.,
2015).

By sequestering the available iron, iron chelators are removing a fundamental
substrate of oxidative stress. This does not simply reduce the formation of ROS,
however. Even low doses of DFO, DFP, and DFX significantly increase ROS generation
in leukemic cells (Liu & Zhu, 2022; Shapira et al., 2019; Tataranni et al., 2015).
Mitochondrial function, particularly in the realm of oxidative phosphorylation via the
ETC, relies on iron chemistry — complexes I, Il, lll, and IV of the ETC rely on Fe-S
clusters and heme groups (Xu et al., 2013). Iron deprivation creates an inability to
properly transfer electrons and pump protons across the inner mitochondrial membrane,
which causes only a partial reduction of oxygen and subsequent formation of
mitochondrial ROS (mROS), like Oz~ and H202, instead of a complete reduction to H20
(Lenaz, 2012). Interestingly, DFO is shown to cause differentiation of THP-1 cells to
functional macrophages, accompanied by a reduction in intracellular GSH (Seo et al.,
2006). When supplemented with a N-acetyl-cysteine, a precursor to GSH, THP-1 cells
no longer underwent DFO-induced differentiation, supporting the notion that ROS

modulate cellular differentiation.

Iron chelators, then, exert diverse effects beyond simply reducing cellular iron.
ICT is far from perfect, having various adverse side effects and a lack of specificity.
These compounds and treatments require further investigation and amelioration for

addressing leukemias and cancers, more broadly.
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Figure 5. (A) Deferoxamine (DFO). (B) DFO-iron hexadentate coordination complex.

1.7 Summary of Objectives
Iron is an essential micronutrient to many biological processes and subsequently,

iron deficiency is damaging to normal cellular functioning. Contrary to its necessity,
however, iron possesses an inherent toxicity in excess. The pathological relationship of
iron chemistry and leukemia is well-documented, but much of its intricacy remains
speculative. While therapies for patients with AMoL and other subtypes of AML have
improved, as have their survival rates, the burden and lethality of these diseases remain
a serious concern in many lives today. A more advanced understanding of the
relationship between iron and different AMLs, particularly in regard to therapeutic

targets, is important.

To support unrestrained proliferation, leukemic cells favour the accumulation of
iron. Depriving leukemic cells of iron using iron chelators like DFO, DFP, or DFX is a
promising therapeutic tool that requires further optimization. Indeed, targeting a synergy
between a clinical iron chelator that induces an increase in ROS and other anti-leukemic
agents may prove to be the most effective method of anti-leukemic iron chelation
therapy. Probing for a synergistic relationship between an iron chelator like DFO and a

so-called ‘ferroptosis inducer’ like erastin appears contradictory but considering the
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potential lethality of DFO in leukemic cells and the GSH-depriving effects of erastin, it is

worth investigating as a novel combination therapy.

Targeting the induction of ferroptosis in these iron-accumulated cells is a logical
therapeutic avenue in many cancers — it appears, however, that leukemic cells are
highly resistant to states of iron excess (Gharagozloo et al., 2008; Kraml et al., 2005;
Zheng et al., 2017). Conversely, in-vitro studies of iron excess and leukemic cells are
typically limited by very acute treatment periods, often less than 24 hours. Examining
the effects of chronically elevated iron levels past 24 hours in leukemic cells would
provide a more accurate depiction of the tumour microenvironment (TME). An effective
antioxidant system is vital to survival in these iron-rich conditions, too, mitigating an
otherwise inevitable ferroptotic cell death. The GSH-GPX4 axis is a logical avenue of
investigation in iron-resistant leukemic cells. Interestingly, THP-1 cells are among
numerous leukemic cells lines with marked resistance to erastin (Kumada et al., 2024;
Ye et al., 2019; Yu et al., 2015). The aforementioned in-vitro studies did not administer
erastin in elevated iron environments, however. Treating cells with erastin in the
presence of excess iron may confer a greater effectiveness of erastin and be of better

biological significance than simply treating cells with erastin in normal culture media.

The present study seeks to further examine the relationship of iron and THP-1
cells. The objective is to model the effects of iron, from states of iron deprivation to
states of iron excess, and potential synergies with erastin. Specifically, this study
examines the effects of ferric citrate, a soluble source of Fe3+, and DFO on THP-1 cell
death, metabolic activity, and antioxidant response through intracellular GSH levels.
Cell death is quantified using trypan blue, a dye that permeates into cells with
compromised membrane integrity, a hallmark of cell death (Strober, 2015). Metabolic
activity is quantified using an established method based upon resazurin, a compound
that reacts with reduced nicotinamide adenine dinucleotide (NADH) and reduced
nicotinamide adenine dinucleotide phosphate (NADPH), both of which are essential
reducing agents and intermediates of cellular metabolism (Prabst et al., 2017; Singh et

al., 2008). A schematic of the resazurin assay is provided (Appendix A). Intracellular
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GSH levels are quantified using an established method based on 5,5’-dithiobis-2-
nitrobenzoic acid (DTNB) (Rahman et al., 2007). A schematic of the DTNB assay is
provided (Appendix B). It is hypothesized that in chronic conditions of iron excess, THP-
1 cell viability and metabolic activity will be unaffected. It is further hypothesized that
intracellular GSH levels will decrease as doses of iron increase, indicating an iron dose-
dependent antioxidant response. DFO is expected to decrease viability, metabolic
activity, and GSH content in THP-1 cells. While it is expected that THP-1 cells will be
unaffected by erastin treatment alone, it is hypothesized that iron and DFO treatments

will increase the effectiveness of erastin as an antileukemic treatment.

2.0 Methods
2.1 Cell Line and Chemicals

THP-1 cells were obtained from the American Type Culture Collection (ATCC).
Fetal bovine serum (FBS), glucose, phosphate buffered saline (PBS), AAS iron
standard, DFO, resazurin, DTNB, and reduced glutathione (GSH) were all sourced from
Sigma-Aldrich. Roswell Park Memorial Institute medium (RPMI 1640, no glutamine),
Glutamax, penicillin-streptomycin, sodium pyruvate, beta-mercaptoethanol,
dimethylsulfoxide (DMSO), and trypan blue were all sourced from ThermoFisher
Scientific. MOPS buffer and ethylenediaminetetraacetic acid (EDTA) were sourced from
BioBasic. Sodium hydroxide (NaOH) and hydrochloric acid (HCI) were sourced from
Fisher Scientific. Potassium phosphate (K2HPO4) and sodium phosphate (NazHPQa4)
were sourced from EMD. Erastin was sourced from Stem Cell Technologies and
MedChemExpress. Citric acid monohydrate was sourced from ACP. Nitric acid (HNO3)
was sourced from Anachemia. Triton X-100 was sourced from PhytoTech Labs. All

reagents were ACS grade or equivalent, unless otherwise specified.

2.2 Cell Culturing and Passaging
THP-1 cells were lifted from liquid nitrogen cryopreservation at -80°C, rapidly

thawed in a 37°C-water bath and transferred to a 15 mL conical centrifuge tube. To
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remove cryopreservation agent (10% DMSO), cells were washed in pre-warmed 37°C
RPMI 1640 media, containing 10% FBS, Glutamax (2 mM), glucose (4.5 g/L), sodium
pyruvate (1 mM), 1% penicillin-streptomycin (100 U/mL), and beta-mercaptoethanol (50
KM). Cells were cultured in complete RPMI media, in vented 25 cm? culture flasks (T-
25, Corning). When the cells were determined to have fully recovered from
cryopreservation, complete RPMI media without beta-mercaptoethanol was used.
Flasks were kept in a humidified incubator maintained at 37°C and 5% CO:. Cells were
passaged every 48-72 hours. During a passage, cells were transferred to a conical
tube, from which a representative sample was taken for a cell count performed with
trypan blue (0.4% in PBS) and a hemocytometer. After determining the approximate cell
density of the flask, the cells were diluted with fresh complete RPMI media to a density
of 250,000 cells/mL and the excess cells and media were discarded. The passaged

cells were transferred back to a T-25 culture flask and returned to the incubator.

2.3 Experimental Treatments
At an initial density of 250,000 cells/mL, THP-1 cells were treated with varying

concentrations of ferric citrate (100 mM citrate, 5 mM AAS iron standard in 2% HNOs,
and 20 mM MOPS; pH 7.4) or DFO (5 mM in PBS). Ferric citrate stock solution was
prepared by adding 2.79 mL AAS iron standard to 1.0 mL citrate, dropwise. The solution
was a yellow-green colour at this stage. This was followed by the dropwise addition of
1.0 mL MOPS buffer, after which 3.70 mL 1.0M NaOH was added, dropwise, until the
solution’s colour changed to a golden yellow. If the colour change occurred prior to the
complete addition of 3.70 mL NaOH, the remaining NaOH was diluted in 1.5 mL Milli-Q
water and added, dropwise. If the colour change had not yet occurred, NaOH was
added, dropwise, until the colour change occurred. The remaining volume (1.5 mL -
volume of additional NaOH) of Milli-Q water was then added, dropwise. Iron control cells
were treated with a citrate-only (blank) solution (100 mM citrate, 20 mM MOPS, 2%
HNO:s), prepared using the same protocol described above. The AAS iron standard in
2% HNOs was replaced with 2% HNOs, and the colour changes do not occur as a

result. Crucially, preparation of the ferric citrate stock solution and the citrate blank
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solution is done with constant, vigorous stirring and pH was monitored and adjusted to a
range of 7.2-7.5. DFO control cells are treated with PBS.

Cells were treated with ferric citrate at concentrations of 10 uM, 20 uM, 40 uM,
100 pM, 150 pM, or 200 pM, while DFO treatments were at concentrations of 10 uM, 20
MM, 40 pM, or 100 pM. Following 48 hours (+ 2 hours) of treatment, media was
refreshed, and treatments were re-applied. Iron and DFO treatments both spanned 96
hours (+ 2 hours). Upon determining the treatment conditions of greatest interest for
erastin cotreatments, THP-1 cells were treated with ferric citrate (20 uM, 100 uM, or 200
KuM) or DFO (20 uM) for 96 hours (+ 2 hours), with appropriate controls. After 48 hours
(= 2 hours), the media was refreshed, treatments were re-applied, and each treatment
condition was split into two wells. Following 72 hours (+ 2 hours) of treatment, half of the
samples received erastin (20 mM in DMSO) at a final concentration of 40 uM. That is,
each treatment condition had an erastin-treated counterpart. During experiments, a

separate culture of THP-1 cells was maintained and routinely passaged.

2.4 Trypan Blue Exclusion Assay
Cell death was monitored during routine passages and during experimental

treatments. From each cell treatment condition, a 20 L representative sample was
transferred to a microfuge tube with 20 pL of trypan blue solution (0.4% in PBS) and
pipetted up and down to mix. From the microfuge tube, 10 pL of the 1:1 mixture was
loaded on a hemocytometer. Using phase-contrast microscopy, the number of live
(clear) and dead (blue) cells (i.e. the live:dead ratio) were counted in four 1 mm?
counting grids. The average live cell count of the four grids was multiplied by the dilution

factor and grid volume to obtain a total sample cell density in cells/mL.

2.5 Resazurin Metabolic Assay
A resazurin metabolic assay was performed as an indirect measure of THP-1 cell

metabolic activity. Samples were centrifuged at 270 x g for five minutes and

resuspended in fresh media. In triplicate, 80 pL of each sample was transferred to an
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opaque 96-well microplate, followed by the addition of 20 uL of resazurin solution
(resazurin powder in PBS, 0.15 mg/mL). Plates were covered with aluminum foil to
prevent any light reactions and incubated at 37°C for three hours. Fluorescence of the
reaction product (resorufin) was measured at 560 nm in a Perkin Elmer Victor X5 2030
microplate reader. Background fluorescence was subtracted from each value, which
was then normalized to cell number. Each technical replicate of the samples treated
with ferric citrate contained approximately 125,000 cells, as was determined to be
optimal in a preliminary dose-response experiment (Appendix C). As a result of DFO
lethality at higher doses and in combination with erastin (40 uM, 100 pM, 20 uM + 40
MM erastin), each technical replicate of DFO-treated samples contained approximately
3,600 cells.

2.6 Intracellular GSH Assay
DTNB was utilized to assess intracellular GSH concentration in THP-1 cells. After

washing in PBS, samples were centrifuged at 450 x g and resuspended in ice-cold lysis
buffer (50 mM Kz2HPO4, 1.0 mM EDTA, 0.1% v/v Triton X-100; pH 6.5), in which they
incubated for 15 minutes on ice. Following cell lysis, samples were centrifuged at
10,000G, at 4°C, for 15 minutes to clear the crude lysate. At this stage, the supernatant
(cleared cell lysate) contains small cytosolic peptides, including GSH. The cleared cell
lysate was either used immediately or stored at -80°C until used. GSH standards were
prepared by dissolving L-GSH in acidic reaction buffer (100 mM Na2HPOg4, 1.0 mM
EDTA; pH 6.5) to 1250 uM and serially diluting to 39.1 uM. In duplicate, 50 pL of GSH
standards and cleared cell lysates were transferred to a clear 96-well microplate,
followed by 40 L of basic reaction buffer (100 mM NazHPO4, 1.0 mM EDTA; pH 8.0)
and 10 pL of DTNB (4 mg/mL in basic reaction buffer) in each well. Plates were
incubated for 15 minutes at 37°C, and absorbance was measured at 405 nm using a
Perkin Elmer Victor X5 2030 microplate reader. The GSH concentration of each sample
was calculated using a GSH standard curve (Figure 6) and was normalized to protein

content using the Pierce BCA Protein Assay.
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Figure 6. Standard curve of reduced glutathione (GSH) concentrations, used to quantify
intracellular GSH from DTNB assay absorbance values. Absorbance was measured at
405 nm in a Perkin Elmer Victor X5 2030 microplate reader. Background absorbance
was subtracted.

2.7 Protein Content Determination
A Pierce BCA Protein Assay Kit was used to determine the protein content of cell

samples. A standard curve was prepared with 2 mg/mL bovine serum albumin (BSA)
diluted in PBS. Protein aliquots, suspended in PBS, were stored at -20°C. In duplicate,
10 pL of BSA standards and cell protein samples were transferred to a clear 96-well
microplate, followed by 200 uL of the Pierce BCA Protein Assay Kit working reagent in
each well. The microplate was then incubated at 37°C for 30 minutes. Following
incubation, the absorbance of each standard and sample was read at 560 nm using a
Perkin Elmer Victor X5 2030 microplate reader. The protein content of each sample was
quantified using a BSA standard curve (Figure 7) and used to normalize intracellular

GSH, determined by the intracellular GSH assay.
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Figure 7. Standard curve of bovine serum albumin (BSA), used to normalize
intracellular GSH values determined via the DTNB assay. Absorbance was read at 560
nm using a Perkin Elmer Victor X5 2030 microplate reader. Background absorbance
was subtracted.

2.8 Data Analysis
Shapiro-Wilk and Kolmogorov-Smirnov tests were conducted to test for normality

of technical replicates and biological replicates. Quantile-quantile (QQ) plots are
provided (Appendix D). For experiments with technical replicates within biological
replicates, a Nested One-Way ANOVA and Tukey Multiple Comparisons Test were
conducted. For assays without technical replicates (i.e. the trypan blue exclusion
assay), a One-Way ANOVA and Tukey Multiple Comparisons Test were conducted. All

analyses were conducted using GraphPad Prism (Version 10.0).
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3.0 Results
3.1.1 Effects of Chronic Iron and DFO on THP-1 Cell Metabolic Activity

To evaluate the effects of chronic exposure to iron excess and deficiency on
metabolic activity, THP-1 cells were treated with varying doses of ferric citrate and DFO
for 96 hours (Figure 8). THP-1 cells treated with either 10 uM, 20 pM, 40 pM, 100 uM,
150 pM, or 200 uM ferric citrate displayed no significant change in resorufin
fluorescence, indicating no change in metabolic activity. These results show that THP-1
cell energetics were unaffected by chronic exposures to excess iron. Cells treated with
10 uM and 20 uM DFO experienced no significant change in metabolic activity,
although there is notable variance in these conditions and the DFO control. Larger
doses of DFO, however, induced significant reductions in THP-1 cell metabolic activity.
40 uM DFO induced a 60.7% reduction in metabolic activity, relative to control cells (+/-
34.4%, p = 0.0082), while 100 uM DFO induced a mean 91.2% reduction in metabolic
activity, relative to control cells (+/- 4.7%, p < 0.0001). Thus, THP-1 cells are

metabolically sensitive to chronic iron chelator treatments (40 uM and 100 uM DFO).
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Figure 8. Mean metabolic activity of THP-1 cells after 96-hour treatments with ferric
citrate (Fe) or DFO, determined by the resazurin metabolic assay (n = 3-6). Resorufin
fluorescence was measured at 560 nm in a Perkin Elmer Victor X5 2030 microplate
reader. Background fluorescence was subtracted from each value, which were then
normalized to cell number. Fe-treated cells are shown in green, DFO-treated cells are
shown in blue. Dots depict biological replicates. Error bars depict standard deviation. p
=0.0332 (*), p =0.0021 (**), p = 0.0002 (***), p < 0.0001 (****).

3.1.2 Effects of Erastin on THP-1 Cell Metabolic Activity: Synergy with DFO
To examine the effects of erastin on THP-1 cells and probe for potential

synergies with excess iron and DFO, cells treated with ferric citrate and DFO were
administered 40 uM erastin after 72 hours of ferric citrate or DFO treatment elapsed
(Figure 9). THP-1 cells treated solely with 40 uM erastin (i.e. control cells treated with
erastin after 72 hours) displayed no significant change in resorufin fluorescence, relative
to control cells. Cells co-treated with 40 uM erastin and ferric citrate (20 uM, 100 pM,
200 uM) displayed no significant change in resorufin fluorescence relative to control
cells. This result indicates that the cells detected by the resazurin assay — that is, the
cells that have not died as a result of their treatment conditions — are metabolically
resistant to a large dose (40 uM) of erastin in iron-rich environments. THP-1 cells co-
treated with 40 uM erastin and 20 uM DFO displayed a mean 53.2% reduction in
metabolic output relative to control cells (+/- 11.4%, p = 0.0029), and a mean 60.5%
reduction in metabolic output relative to cells treated solely with 20 uM DFO (p <
0.0001). Thus, in the cells that survived the cotreatment, 20 uM DFO synergized with 40
MM erastin to induce a significantly greater reduction in metabolic output than either

treatment induced individually.
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Figure 9. Mean metabolic activity of THP-1 cells after 96-hour treatments with ferric
citrate (Fe) or DFO, with or without a 24-hour 40 uM erastin-treatment (E), determined
by the resazurin metabolic assay (n = 3-6). Background fluorescence was subtracted
from each value, which were then normalized to cell number. Fe-treated samples are
depicted in green, DFO-treated samples are depicted in blue, erastin-treated samples
are depicted by diagonal line pattern. Dots depict biological replicates. Error bars depict
standard deviation. p = 0.0332 (*), p = 0.0021 (**), p = 0.0002 (***), p < 0.0001 (****).

3.2.1 Chronic Iron, DFO, and Erastin Cotreatment: THP-1 Cell Death
The lethality of chronic exposure to iron excess and deficiency, as well as erastin

(co)treatment, was examined in THP-1 cells (Figure 10). As shown in Figure 10, THP-1
cell control samples had a mean viability of 94.2% (+/- 5.4%), that is, a mean death rate
of 5.8%. Samples treated with 20 uM, 100 pM, and 200 uM ferric citrate showed
negligible reduction in viability. Samples treated solely with 40 uM erastin had a mean
viability of 79.3% (+/- 7.6%), indicating an average 3.6-fold increase in cell death
relative to the control samples (p = 0.016). Samples co-treated with 20 uM ferric citrate
and 40 uM erastin had a mean viability of 74.1% (+/- 11.5%, p = 0.0096), indicating an
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average 5.6-fold increase in cell death resulting from erastin cotreatment, relative to
samples treated solely with 20 uM ferric citrate (p = 0.013). Samples co-treated with 100
MM ferric citrate and 40 uM erastin had a mean viability of 66.9% (+/- 7.3%, p <
0.00010), indicating an average 4.4-fold increase in cell death resulting from erastin
cotreatment, relative to samples treated solely with 100 uM ferric citrate (p = 0.0012).
Samples co-treated with 200 uM ferric citrate and 40 uM erastin had a mean viability of
47.9% (+/- 8.0%, p < 0.0001), indicating an average 6.1-fold increase in cell death as a
result of erastin cotreatment, relative to samples treated solely with 200 uM ferric citrate
(p <0.0001). Thus, erastin lethality in THP-1 cells is augmented by treatment with ferric
citrate. This synergizing effect is most prominent in states of iron excess, as is shown in

treatments with 200 pM ferric citrate.

THP-1 cell samples treated with 20 uM DFO had a mean viability of 49.3%,
indicating an average 8.7-fold increase in cell death, relative to the control samples (+/-
15.9%, p <0.0001). Samples treated with 20 uM DFO and 40 uM erastin had a mean
viability of 15.5% (+/- 3.5%, p < 0.0001), indicating an average 5.1-fold increase in cell
death relative to samples treated solely with 40 uM erastin (p < 0.0001) and an average
14.6-fold increase in cell death relative to control samples (p < 0.0001). 40 uM DFO and
100 uM DFO were similarly impactful, inducing average sample viabilities of 15.9% (+/-
0.8%, p < 0.0001) and 11.9% (+/- 3.4%, p < 0.0001), respectively. Thus, cotreatment of
DFO and erastin synergistically induces mass THP-1 cell death, and larger doses of
DFO (40 pM, 100 uM) are similarly lethal.
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Figure 10. Mean sample viability of THP-1 cells after 96-hour treatments with ferric
citrate (Fe) or DFO, with or without a 24-hour 40 uM erastin-treatment (E), determined
by the trypan blue exclusion assay (n = 3-11). Fe-treated samples and control samples
are depicted in green, DFO-treated samples are depicted in blue, erastin-treated
samples are depicted by diagonal line pattern. Dots depict biological replicates. Error
bars depict standard deviation. p = 0.0332 (*), p = 0.0021 (**), p = 0.0002 (***), p <
0.0001 (****).

3.2.2 THP-1 Cell Morphology Differs in Iron-Erastin and DFO-Erastin Cotreatments
THP-1 cell morphology was observed as a qualitative measure of the impacts of

erastin cotreatments (Figure 11). Cells co-treated with 20 uM ferric citrate and 40 uM
erastin showed little morphological changes (Figure 11B). Relative to control cells
(Figure 11A), there was a greater quantity of dark cells and blebbing cells, suggesting
an increase in sample disturbance and cell death. Cells co-treated with 200 uM ferric
citrate and 40 uM erastin (Figure 11C) exhibited a marked increase in dark and
blebbing cells, relative to control cells and to cells co-treated with 20 uM ferric citrate
and 40 uM erastin. Cells treated with 20 uM DFO and 40 uM erastin (Figure 11D)
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appeared the most disturbed of all co-treated samples, exhibiting a significant amount of
cellular debris surrounding the cells. These cells were mostly dark and highly granular,
indicating poor viability and marked cell death. There was far less blebbing than was
observed in samples co-treated with 200 uM ferric citrate and 40 uM erastin, possibly

suggesting an alternate form of cell death.

Figure 11. Photomicrographs of THP-1 cells after 96-hour treatments, taken using a
Dino-Eye Eyepiece Camera and a Nikon Eclipse TS100 phase-contrast microscope.
Cell blebbing and debris are pointed out. Scale bar represents 20 um. (A) Control. (B)
20 uM ferric citrate and 40 uM erastin. (C) 200 uM ferric citrate and 40 uM erastin. (D)
20 uM DFO and 40 uM erastin.

3.3 Chronic Iron, DFO, and Erastin Cotreatment: THP-1 Cell GSH Response
To examine the importance of GSH and the GSH-GPX4 axis in THP-1 cells,

intracellular GSH was measured after 96-hour treatments with ferric citrate and DFO,

and erastin (co)treatments (Figure 12). THP-1 cells treated solely with 40 uM erastin
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(i.e. control cells treated with erastin after 72 hours) displayed small reductions in
intracellular GSH. Following treatment with erastin, iron control cells displayed a mean
13.4% reduction in GSH content (+/- 0.9%, non-significant), while DFO control cells
experienced a mean 15.6% reduction in GSH content (+/- 7.3%, non-significant).
Although statistically insignificant, we observed that THP-1 cells co-treated with ferric
citrate and 40 uM erastin displayed a subtle, yet consistent iron-dose dependent
reduction in intracellular GSH. Most notably, THP-1 cells treated with 200 uM ferric
citrate and 40 uM erastin showed a mean 23.2% reduction in GSH content, relative to
control cells (+/- 1.4%, non-significant), and a mean 17.9% reduction in GSH content
relative to cells treated solely with 200 uM ferric citrate (non-significant). THP-1 cells
treated with 20 uM DFO displayed a mean 17.1% reduction in GSH content, relative to
control cells (+/- 6.8%, non-significant). Cells treated with 20 uM DFO and 40 uM
erastin displayed a mean 19.0% increase in GSH content, relative to control cells (+/-
6.4%, non-significant), a mean 54.7% increase in GSH content relative to cells treated
solely with 20 uM DFO (p = 0.0068), and a mean 54.9% increase in GSH content
relative to cells treated solely with 40 uM erastin (p = 0.012).
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Figure 12. Mean intracellular GSH of THP-1 cells after 96-hour treatments with ferric
citrate (Fe) or DFO, with or without a 24-hour 40 uM erastin-treatment (E), determined
by the DTNB assay (n = 3-4). Fe-treated samples and control samples are depicted in
green, DFO-treated samples are depicted in blue, erastin-treated samples are depicted
by diagonal line pattern. Dots depict biological replicates. Error bars depict standard
deviation. p = 0.0332 (*), p = 0.0021 (**), p = 0.0002 (***), p < 0.0001 (****).

4.0 Discussion
The present study sought to further examine the relationship of transformed

monocytic (THP-1) cells with iron. Specifically, | sought to investigate the effects of
chronic exposure to excess iron and DFO, and to probe for potential synergistic
cotreatment with erastin. THP-1 cell viability and metabolic activity were, as
hypothesized, unaffected by chronic exposure to excess iron. Unexpectedly,
intracellular GSH levels were also unaltered by chronic exposure to excess iron,
irrespective of dose. While cell death increased, surviving THP-1 cells were largely
unaffected by erastin treatment, validating previous research and our hypotheses
(Kumada et al., 2024; Ye et al., 2019; Yu et al., 2015). As was also hypothesized, THP-
1 cell death increased in an iron dose-dependent manner when co-treated with erastin.
Unexpectedly, the remaining viable cells co-treated with iron and erastin experienced no
change in metabolic activity. Erastin did, however, ubiquitously induce a consistent yet
small reduction in detectable intracellular GSH in control cells and iron-treated cells. As
was hypothesized, moderate to high doses of DFO were very toxic in THP-1 cells,
inducing significant cell death and reduced metabolic output. As was also expected,
cotreatment with DFO and erastin proved devitalizing in THP-1 cells, inducing
significant cell death and reduced metabolic output in those that survived their
treatment. Surprisingly, however, intracellular GSH levels were the highest in cells co-

treated with DFO and erastin.

4.1 THP-1 Cell Resistance to Excess Iron
The present study demonstrates that THP-1 cells are highly resistant to excess

iron, as are other leukemic cell lines (Gharagozloo et al., 2008; Kraml et al., 2005;
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Zheng et al., 2017). This marked resistance reflects the fact that, fundamentally, THP-1
cells are monocyte-macrophages. Aside from phagocytizing pathogens in response to
infection, these cells engulf senescent erythrocytes and take up excess iron to facilitate
iron recycling and avoid bacterial iron uptake (Hume, 2006). This physiological role
necessitates an intrinsic capacity to cope with and store large iron quantities. THP-1
cells are known to express the iron-influx proteins TFR1 and TFR2, DMT1, ZIP8 and
ZIP14 (Alluri et al., 2021; Egusa et al., 2023; Pandur et al., 2022; Qingmei et al., 2010;
Reddy et al., 2012). ZIP14 is negatively regulated by p53 (Zhao et al., 2017), implying
that THP-1 cells, which are p53 mutants, lack this downregulation. Being monocyte-
macrophages, these cells also likely take up iron through CD163 and CD91 (Garcia et
al., 2008; Maniecki et al., 2006), and possibly through the betas-integrin-IMP pathway,
as is seen in other leukemic cells (Conrad et al., 1994). Furthermore, iron-loading with
ferric citrate is shown to upregulate FT synthesis in THP-1 cells, indicating that they can

increase iron storage in instances of iron excess (Risko et al., 2015).

Other cell types, even transformed cells, succumb to ferroptotic cell death in
lower, shorter exposures to ferric citrate chelates (Wu et al., 2021). As such, THP-1
cells of the present study appeared to evade ferroptotic cell death in these chronic
exposures to excess ferric citrate. This implies that THP-1 cells upregulate mechanisms
crucial to the regulation of Fenton chemistry and repair of lipid peroxides in the plasma
membrane, mitochondrial membranes and membrane of the ER (von Krusenstiern et
al., 2023). Of these potential mechanisms, the GSH-GPX4 axis was hypothesized to be
central in THP-1 cell survival in these conditions. In the present study, it was found that
in states of chronic iron exposure, intracellular GSH levels were marginally reduced.
While only the reduced form of GSH was measured (as opposed to the total pool, GSH
+ GSSG), this suggests two plausible mechanisms: first, that THP-1 cells were
synthesizing GSH and regenerating GSH from GSSG (via glutathione reductase) at a
similar rate to its expenditure. In stressful conditions, p53 is known to negatively
regulate the expression of system xc’, reducing the uptake of cysteine, the limiting
amino acid of GSH synthesis (Jiang et al., 2015). THP-1 cells, then, lack this
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downregulation, facilitating sufficient system xc- expression for rapid GSH synthesis.
Second, this could suggest that THP-1 cells rely on alternative mechanisms to
sequester ROS and repair lipid peroxides, like FSP1. THP-1 cells are known to express
catalase, a ROS-scavenger that requires iron for its heme-containing active site
(Alfonso-Prieto et al., 2009; Hervé-Grépinet et al., 2008). Storing excess iron can further
combat the propensity for iron-catalyzed ROS formation (Hou et al., 2016), and in the
present study, THP-1 cells may have heightened FT production to retain more iron in a

redox-inactive form.

THP-1 cells have homozygous deletions of p15, p16, p73, and a 26-codon
deletion of p53 (Adati et al., 2009; Sugimoto et al., 1992). In combination, these
mutations permit unrestrained cell cycle progression, irrespective of DNA damage
signals (Foulkes et al., 1997; Levrero et al., 2000; Marei et al., 2021; Xia et al., 2021).
Additionally, THP-1 cells have homozygous PTEN deletions, allowing for dysregulated
PIBK-PKB activation (Adati et al., 2009). PKB activation has implications in cell death
through the inhibition of Bad, a protein that negatively regulates antiapoptotic proteins
B-cell lymphoma 2 (BCL-2) and B-cell lymphoma XL (BCL-XL) (Hopkins et al., 2014). In
the presence of excess iron, ROS production in THP-1 cells presumably increases,
increasing the likelihood of genetic aberration — without these cell cycle regulators,

THP-1 cells would fail to respond to DNA damage signals and continue to proliferate.

4.2 THP-1 Cell Resistance to Erastin: Attenuated by Excess Iron?
The present study validated that THP-1 cells are only mildly affected by a high

dose (40 uM) of erastin, as are various leukemic cell lines (Kumada et al., 2024; Ye et
al., 2019; Yu et al., 2015). In an effort to further examine this phenomenon in the
presence of excess iron and elucidate the role of the GSH-GPX4 axis in THP-1 cells,
erastin was administered to cells in varying concentrations of excess NTBIl. When co-
treated with erastin, THP-1 cell death increased in an iron dose-dependent manner.
Notably, THP-1 cell metabolic output was unaffected in any of the iron-erastin

cotreatments. This discrepancy between live:dead ratios and metabolic activity is likely
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a result of the resazurin assay only measuring viable, metabolically active cells. Cells
that died as a result of their treatment are largely excluded from the assay through
centrifugation and media resuspension, and those that remain are simply not detected.
This suggests the presence of cells with differing degrees of fitness within the cultured
samples. Indeed, the administration of erastin and excess iron poses a selective
pressure. Cultured cancer cells (i.e. in-vitro), as observed in-vivo, harbor mutational
heterogeneity that correlates to their relative success within the cell population (Bowling

et al., 2019; Esparza-Lépez et al., 2016).

Without examining the mode of death, | assume that the increased rate of cell
death in the iron-erastin co-treatments is the result of ferroptosis. Interestingly,
intracellular GSH levels were reduced by no more than 23% (200 uM ferric citrate and
40 uM erastin; Figure 12) by co-treatments of ferric citrate and erastin. This suggests
that alternative mechanisms of ROS sequestration and lipid peroxide repair, like
catalase and FSP1 activity, are employed in THP-1 cells. Alternatively, cancer cells are
known to acquire nutrients via pinocytosis and entosis — modes of endocytosis in which
extracellular proteins and necrotic cell debris are absorbed through an invagination of
the plasma membrane and degraded for usage in the cell (Pavlova et al., 2022). In a
recent study, multiple transformed cell types were shown to evade cysteine depletion-
induced ferroptosis by pinocytotically absorbing extracellular cysteine in the form of
albumin, an abundant, cysteine-rich protein in circulation (Armenta et al., 2022). One of
the principal proteins in FBS, and in most common cell culture media, is bovine serum
albumin (Lee et al., 2023). Considering the intrinsic phagocytic capability of monocyte-
macrophages, this makes for a compelling possibility: THP-1 cells of the present study
may have acquired cysteine for GSH biosynthesis from the culture media through the
pinocytotic absorption of BSA, contributing to their marked erastin resistance. In states
of iron excess, this potential mechanism for the uptake of cysteine may have fostered
cell competition within samples, a general phenomenon that occurs in-vivo and selects
for ‘super-fit’ cancer cells (Bowling et al., 2019). In the present study, THP-1 cells were

treated with erastin 24 hours after their mid-treatment (48-hour) media refresh, at which
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point the cell density was often 2- or 3-fold greater than their initial density. Nutrients
may have been very limited by that stage, especially with such high confluence. This
could have contributed to the possibility of natural selection occurring within samples.
As for the cells that died, elevated iron-catalyzed oxidative stress is presumed to be
responsible: more redox-active iron is cycled through Fenton-Haber-Weiss reactions,
producing more (lipid) ROS and subsequently, demanding a greater antioxidant
response (Yan et al., 2021). Erastin treatment renders GSH biosynthesis more arduous
and these cells likely struggled to maintain an adequate pace of lipid peroxide repair,

one of the hallmarks of ferroptosis (Dixon & Stockwell, 2019).

4.3.1 DFO Toxicity in THP-1 Cells
The present study validates previous findings of THP-1 cell sensitivity to DFO

and in comparison, demonstrates that chronic exposures extend the lethality of DFO
(Neumannova et al., 1995; Seo et al., 2006). Unsurprisingly, DFO-treated THP-1 cells of
the present study appeared highly distressed, as evidenced by a reduction in
confluence and cell size, increased surrounding cellular debris, cell blebbing, dark
granular appearance and increased adherence to culture plates. DFO can induce the
differentiation of THP-1 cells to functional macrophages, supporting the observation of
increased cell adherence in the present study (Seo et al., 2006). Empirically, THP-1
cells subjected to chronic treatment with 40 uM and 100 uM DFO experienced
devastating cell death and a significant reduction in metabolic activity. DFO induces cell
cycle arrest through LIP depletion and subsequent inability to synthesize
deoxyribonucleotides via RNR (Cooper et al., 1996; Furukawa et al., 1992), likely
contributing to the observed DFO toxicity. In acute doses, DFO can sequester excess
iron to rescue cells from the accumulation of ROS and subsequent induction of
ferroptosis, while longer treatments and larger doses of DFO can increase mROS
production by inducing ETC dysfunction (Zhang et al., 2019; Zhang et al., 2020).
Without sufficient cellular iron, ETC complexes |, Il, lll and IV are less, if at all, capable
of shuttling electrons (Xu et al., 2013). In an aerobic environment, this means that Oz

can no longer be fully reduced to H20, resulting in the production of partially reduced
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oxygen species like Oz~ and H202 (Lenaz, 2012). Fittingly, intracellular GSH levels
were decreased in THP-1 cells treated with 20 uM DFO, indicating an increased
demand and utilization for the antioxidant reduction of ROS. This suggests that the
toxicity observed in this study, both empirically and morphologically, is a result of

mitochondrial dysfunction and elevated mROS production.

While the observed mode of death can only be speculated, it is presumed that
most DFO-treated THP-1 cells underwent a form of apoptosis, because in other
leukemic and myelomic cell lines, DFO treatment induces apoptosis (Liu & Zhu, 2022;
Yang et al., 2021; Yang et al., 2018). These studies document an increase in ROS
production, reduced expression of antiapoptotic proteins BCL-2 and BCL-XL, as well as
heightened expression of pro-apoptotic protein Bax. As further evidence that apoptosis
is the probable mode of DFO-induced cell death, DFO is known to increase activation of
the mitogen-activated protein kinase (MAPK) apoptotic pathway and heighten
expression of caspases 3 and 9, proteases ubiquitously responsible for a cell’s intrinsic

induction of apoptosis (Kim et al., 2016; Xue et al., 2021).

4.3.2 Erastin-DFO Synergy
While DFO is known to have potent antileukemic potential on its own, published

findings have demonstrated synergistic DFO cotreatments with chemotherapy agents
(Leardi et al., 2001; Yalcintepe & Halis, 2016). Co-treating leukemic cells with DFO and
erastin, however, has not previously been explored. The present study demonstrates
that in THP-1 cells, a moderate dose of DFO (20 uM) synergizes with erastin (40 uM),
inflicting a 5-fold increase in cell death relative to cells treated solely with erastin.
Unexpectedly, GSH levels were notably elevated in this treatment condition, relative to
all other treatment conditions. Without measuring the relative levels of GSH and GSSG,
though, one cannot conclude that these cells simply were not utilizing GSH. Considering
the prevailing evidence that DFO and erastin heighten the presence of ROS and reduce
GSH levels on their own, it would seem counterintuitive for THP-1 cells to lessen their
expenditure of GSH (Liu & Zhu, 2022; Sato et al., 2018; Seo et al., 2006). Rather, it may
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be that in response to such a stressful cotreatment, GSH biosynthesis is swiftly
upregulated — as previously observed (Lu, 2009, 2013; Soeur et al., 2015). While the
cells were likely to be using GSH to sequester ROS, the total GSH pool (GSH + GSSG)
may have elevated in response to this treatment, resulting in the subsequent detection
of heightened intracellular GSH. Furthermore, the DTNB assay is mainly measuring the
contents of living cells since the dead cells, which are less dense, are largely eradicated
through the washing step of the assay protocol. As such, the remaining 15% of cells
that are viable are likely to have prevailed because they boosted their antioxidant

response.

Aside from blocking system xc, erastin diffuses across the plasma membrane
and interacts with voltage-dependent anion channels (VDACs) on the OMM (Maldonado
et al., 2013). VDACs are metabolite channels with a preference for anionic species,
most notably ATP, chloride (CI), glutamate, phosphate, and various ROS (Heslop et al.,
2021). Accounting for 10% of OMM proteins, VDACs are abundant and vital to
mitochondrial metabolite flux, membrane potential, and apoptosis (Mazure, 2017).
Tubulin, a cytoskeletal protein of greater abundance in transformed cells, acts as a
VDAC blocker and has implications in cancer metabolism by reducing the efflux of ATP
and the influx of adenosine diphosphate (ADP) (and P), facilitating a more glycolytic
metabolic balance (Maldonado, 2017). Pivotally, erastin competes with tubulin and
reverses tubulin VDAC blockage, thereby permitting the VDAC open conformation
(Maldonado et al., 2013). This results in a cascade of changes: VDAC conductance
increases, inducing anionic metabolite flow into the intermembrane space (IMS),
hyperpolarizing the mitochondrial membrane. Among various implications, this
eliminates the proton-motive force required for ATP synthesis and in combination, these
changes are very stressful on mitochondrial homeostasis (DeHart et al., 2018; Mazure,
2017; Y. Zhao et al., 2020).

VDAC:s are linked to apoptosis in a number of ways. Cytochrome C, released
from the mitochondria to induce the intrinsic apoptotic pathway, can flow through
VDACSs (Shimizu et al., 2001). Moreover, BCL-XL promotes the VDAC closed
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conformation to prevent apoptosis, while Bax and Bak directly enhance the activity of
VDACs (Mazure, 2017). Most notably, Bax are shown to interact with VDACs and form
a novel channel, approximately 4- and 10-fold larger than VDAC and Bax channels,
respectively (Shimizu et al., 2000). This process allows for expedited cytochrome C
release and induction of apoptosis. As was previously described, abundant research
supports the pro-apoptotic action of DFO in leukemic cells, evidenced by iron-deprived
mitochondrial dysfunction, heightened expression of Bax/Bak and effector caspases,
and lessened expression of BCL-2/XL. In combination, the aforementioned mechanisms
of DFO and erastin are decidedly lethal and effective at largely eradicating THP-1 cells.
The findings of the present study suggest that combining iron chelators like DFO with

erastin analogues pose as novel avenues for antileukemic research and therapy.

4.4 Limitations
There were several limitations to the present study. The resazurin metabolic

assay measures active metabolism, meaning that only cells that survived their treatment
were assessed. In the more lethal treatment conditions, then, this assay only measured
a small, robust subset of cells in these samples. Moreover, the lethality of 40 uM and
100 uM DFO, as well as the DFO-erastin cotreatment, resulted in very few remaining
viable cells by the end of their 96-hour treatment. Subsequently, as few as
approximately 3,600 DFO-treated cells were measured by the resazurin metabolic
assay. At such a low cell density, fluorescence measures can be close to their detection
limit and thus highly variable, as they often were in this study. Ideally, resorufin
fluorescence of a higher cell density would be measured for the DFO treatment
conditions. To further combat variability in fluorescence, it would be ideal to normalize
resorufin fluorescence to protein samples, as opposed to cell number. Resorufin
fluorescence could equally be measured using flow cytometry, for even greater
precision. The present study measured intracellular GSH and did not quantify its
oxidized counterpart, GSSG. In order to conclusively determine the GSH antioxidant
response to all the treatment conditions, measuring the GSH:GSSG ratio is imperative.

THP-1 cells reside in suspension, requiring centrifugation to refresh treatments and
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media, and to dilute samples to desired densities for measurement. In doing so, dead
and dying cells are largely eradicated from the sample, meaning that the measured
intracellular GSH levels were predominantly of the surviving, more robust cells. Lastly,
the erastin treatments were administered after 72 hours of unimpeded growth, at which
point the iron-treated cells and control cells were highly confluent. Overconfluence can
trigger cell death on its own, so the observed effects of erastin may have been amplified

by an over-crowding effect.

4.5 Future Directions
It would be of value to investigate mode of death in erastin cotreatments with

DFO and iron, as would the investigation of ROS production in response to these
treatments. Future studies can investigate the role of erastin-regulated VDACs in THP-1
cells, as well as the activity of apoptotic proteins like Bax, BCL-2, and cytochrome C.
Furthermore, it would be of interest to examine the potential for pinocytotic acquisition of
nutrients like cysteine and its link to THP-1 cell erastin resistance. Finally, it would be of

interest to examine alterative antiferroptotic mechanisms, beyond the GSH-GPX4 axis.

5.0 Conclusions
Results of the present study demonstrate that THP-1 cells are very robust in

chronic states of iron excess, while highly sensitive to iron deprivation through chronic
DFO treatment. This study validates previous reports of THP-1 cell resistance to erastin
and suggests that THP-1 cells are using alternate methods of cysteine acquisition (other
than system xc’) and lipid peroxide repair (other than GPX4), although our results
indicate that ferric citrate attenuates THP-1 cell erastin resistance. Most notably, this
study exhibits novel evidence of a synergistic lethality between DFO and erastin. This
result suggests a novel avenue of research and antileukemic combination therapy of an

iron chelator with a ferroptosis-inducing compound like erastin.
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Appendix

Appendix A: Resazurin Assay Schematic
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Figure 13. Mechanism of the resazurin metabolic assay.

Appendix B: DTNB Assay Schematic
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Figure 14. Mechanism of the DTNB assay.

Appendix C: Resazurin Assay Dose Response Curve

6x107 =

4x107 =

2x107 =

Resorufin Fluorescence (AFU)

O

0 1

O
4'/. ©
1

|
2 3

Incubation Time (Hours)

60

TNB
NO,

-
O'@

Colorimetric (412 nm)

500,000 Cells
250,000 Cells
125,000 Cells
62,500 Cells

31,250 Cells

?e e

15,625 Cells



Figure 15. Dose-response curve of resorufin fluorescence at varying cell densities and
incubation times. Aiming for a cell density and incubation time with a robust signal that
fell within a linear section of the curve, these results suggested the ideal assay
parameters with THP-1 cells were to measure 125,000 cells and to incubate for 3 hours.

Appendix D: Quantile-Quantile Plots of Normality
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Figure 16. QQ plot of normality for THP-1 cell resazurin metabolic assay data shown in
Figure 8. Fe, ferric citrate.
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Figure 17. QQ plot of normality for THP-1 cell resazurin metabolic assay data shown in
Figure 9. Fe, ferric citrate; E, 40 uM erastin.
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Figure 18. QQ plot of normality for trpan blue exclusion assay data shown in Figure 10.

Fe, ferric citrate; E, 40 uM erastin
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Figure 19. QQ plot of normality for DTNB assay data shown in Figure 12. Fe, ferric

citrate; E, 40 pM erastin.
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