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ABSTRACT 

Iron is an essential element for most forms of life, as its redox-cycling capabilities enable 

its participation in numerous physiological reactions. However, iron levels must be tightly 

regulated to avoid free iron toxicity via catalysis of reactive oxygen species (ROS), which 

activate pro-inflammatory pathways. Iron dysregulation and excessive ROS production 

(oxidative stress) have been linked to dysregulated immune response and persistent 

infections. Two well-known examples of pathology induced by these changes are sepsis 

and cystic fibrosis. At the present time, there are no specific approved treatments for 

immune dysregulation. Additionally, antibiotic-resistant infections are becoming more 

difficult to clear. Iron chelators are potentially capable of addressing both needs by 

restricting iron availability for ROS production and reducing bacterial growth through 

nutritional immunity. Thus, we sought to investigate the anti-inflammatory and anti-

bacterial effects of iron chelation by using DIBI, a highly specific, synthetic iron chelator. 

DIBI’s efficacy in vivo was assessed in three murine models of sepsis (endotoxemia, CASP, 

and CASP-I) and it was compared to the FDA-approved iron chelators deferiprone, 

deferoxamine, and desferasirox. We found that DIBI effectively alleviated sepsis-induced 

leukocyte-endothelial interactions and preserved capillary perfusion in the intestinal 

microvasculature. Moreover, when administered in combination with an antibiotic, 

imipenem, DIBI reduced bacterial growth and improved survival outcome. In vitro, DIBI 

had a dose-specific effect on the secretion of IL-6 and IL-8 by nasal epithelial cells with 

cystic fibrosis disease-causing mutations. The lower studied dose of DIBI (25 μM) had a 

pro-inflammatory effect, whereas the higher dose (200 μM) had an anti-inflammatory 

effect. Overall, these findings suggest a promising role for the therapeutic application of 

DIBI, as a novel approach for attenuating the dysregulated inflammatory response and 

potential adjuvant in anti-bacterial therapy. 
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CHAPTER 1: INTRODUCTION 

Iron is by mass the most abundant element on earth (1). Therefore, it is not surprising to 

find the element in so many organisms and its importance in health is well established. 

Impaired iron levels can lead to serious clinical syndromes and diseases: low iron levels 

can cause anemia, while high iron levels cause hemochromatosis and systemic toxicity. 

This thesis focused on the complex role that iron plays in inflammation and infection. In 

particular, iron catalyzes the production of reactive oxygen species (ROS), which is an 

important mediator in inflammation and contributor to the elimination of pathogens. 

However, excess iron and ROS availability leads to oxidative stress, harming the host 

tissues and organs. Also, pathogens including bacteria utilize iron too. Therefore, 

endogenous (within the organism) or exogenous (by iron chelator treatment) iron restriction 

can decrease infection severity. The goal of this research was to study the role of iron in 

experimental models of inflammation and infection through iron chelation.   

1.1 Physiological role of iron  

Iron is required by most forms of life for both health and survival. Iron’s most common 

oxidation forms are Fe2+ (Ferrous) and Fe3+ (Ferric).  On average, the human body contains 

3-4 g of iron (2). Iron levels are tightly regulated by dietary absorption and efficient 

recycling of iron from senescent red blood cells (RBC). Iron’s redox properties enable it to 

participate as co-factor in many biological reactions. Through the mitochondrial electron 

transport chain, iron-sulfur clusters play a critical role in generation of ATP. Iron is also 

utilized for synthesis of DNA, proteins, and receptors involved in intracellular signaling 

(3). Additionally, iron held in the center of a porphyrin ring forms the heme prosthetic 

group that is important in the function of many structural proteins and enzymes. Of these 

proteins, hemoglobin and myoglobin rely on this heme group to carry oxygen to tissues, 

organs and muscles. Moreover, the cytochrome P450 family of enzymes, located mainly in 

the mitochondria and the endoplasmic reticulum, conduct their metabolic function using 

heme as a co-factor.  
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Iron levels are maintained through absorption regulation without an active excretion 

pathway. Upon food digestion in the stomach, chyme passes into the small intestine for 

nutrient absorption at the duodenum and upper jejunum. Most of the dietary iron is found 

in ferric form and must first be converted to the ferrous form at the brush border (Figure 

1). This redox reaction is carried out by the ferrireductase duodenal cytochrome B 

(DCYTB), which is found at the apical membrane of the enterocytes. Ferrous iron is then 

absorbed through a co-transporter channel named divalent metal-ion transporter-1 (DMT-

1), also known as heme carrier protein-1, which is located on the apical side of enterocytes. 

DMT-1 is the first mammalian transmembrane iron transporter to be discovered (4). Once 

absorbed from the intestinal lumen, “free” labile iron binds to an iron-regulatory protein to 

form a stable complex. This is a protective step as unbound iron can generate toxic radicals 

and damages healthy tissues and organs. 

 

Once inside the enterocyte cytoplasm, iron can either be stored within iron stores called 

ferritin (in the case of high plasma iron) or leave the cell for absorption into systemic 

circulation. This absorbed iron is incorporated into ferritin with the help of 

metallochaperones of the poly(rC)-binding protein (PCBP): PCBP1 and PCBP2 (5). Iron 

stored in enterocytes is considered lost as these cells have a high turnover (3-4 days) and 

aged enterocytes will be sloughed off and excreted in stool. Typically, 1-2 mg of iron is 

lost through this process and thus requires that a similar amount of iron is acquired from 

the diet. Interestingly, it has been observed that there is a positive correlation of fecal and 

serum ferritin with dietary bioavailability in humans (6, 7). Ferrous iron, however, travels 

to the basolateral side of the enterocyte with the help of chaperone proteins for absorption 

into the bloodstream. Iron leaves the cell through ferroportin, also known as iron-regulated 

transporter 1. Ferroportin is integral to iron export as its inactivation and deficiency lead to 

intracellular iron accumulation and anemia (8). Once in the blood, ferrous iron undergoes 

redox reaction by copper-dependent ferroxidase called hephaestin to become ferric. Ferric 

iron then binds to the protein carrier, apo-transferrin, which then matures into transferrin 

and creates a non-labile and non-reactive complex. Cells from various organs can acquire 

iron from transferrin. The fate of iron from here depends on the metabolic needs (Figure 

2). 
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Figure 1. Cellular iron metabolism within enterocytes. 

Dietary iron arrives in the intestine as heme ferric iron (Fe2+) and non-heme ferrous iron 

(Fe3+). Heme iron can be directly absorbed into the enterocytes and iron is released with 

the help of Heme carrier protein 1 into the cytosol. Ferrous iron is reduced by DCYTB 

and is then taken up into the cell by DMT1. Once inside the cell, iron can be stored within 

ferritin or be transported to the basolateral side for absorption into systemic circulation. 

Once near the basolateral compartment, iron passes through ferroportin and is oxidized to 

ferrous form by haphaestin. Ferrous iron is transported through blood and the rest of the 

body by transferrin. Abbreviations: DCYTB= Duodenal cytochrome B; DMT1= Divalent 

metal ion transporter 1; Fe= iron. 
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Figure 2. Fate of iron after intestinal absorption. 

Once iron is bound to transferrin in the blood, it can be delivered to various organs for their 

iron needs. Most of the transferrin-bound iron is transported to bone marrow where the 

process of RBC maturation, erythropoiesis, takes place. Transferrin is internalized by 

RBCs after binding to Transferrin receptor 1 (TFR1). Upon iron removal from transferrin, 

it gets incorporated into the heme of hemoglobin of the newly synthesised RBC. Once 

RBCs have aged in circulation, they will enter the reticuloendothelial system to be 

phagocytosed by macrophages. The iron from heme is recycled and enters the circulation 

via ferroportin exporter. In addition to liver receiving iron for its use, the liver plays an 

important role in systemic iron regulation by producing hepcidin. Hepcidin 

blocks ferroportin exporter activity and induces its internalization to reduce 

iron absorption. Hepcidin release is inhibited with higher iron requirements such as 

by erythropoiesis. Its release is promoted by inflammatory mediators such as IL-

6, pathogenic molecules, reduced iron storage, and high plasma transferrin levels. 
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One of iron’s essential roles is the delivery of oxygen through the blood by hemoglobin 

and oxygen storage within muscles by myoglobin. Since RBCs have a heme complex, they 

have high iron requirement to perform hemoglobin production. During this process, iron is 

utilized for the maturation of erythrocyte progenitor cells in to mature RBCs, which enter 

the circulation. To ensure access to iron for their high iron needs, erythrocyte progenitor 

cells express 80 % of the transferrin receptors that are present in the body (9). Upon binding 

of transferrin to its receptor, it is taken into the RBCs via clathrin-mediated endocytosis 

(10). After the fusion/merging of a lysosome with this endosome and the acidification of 

the environment, the iron is released, and the transferrin proteins returns back into the 

circulation. This iron is reduced to Fe2+ by the six-transmembrane epithelial antigen of the 

prostate 3 (STEAP3) and enters the cytosol via DMT-1. This iron is utilized mainly in the 

mitochondria for heme synthesis. Once mature, these RBCs will leave the bone marrow 

and enter the blood stream to fulfil their role of oxygen carriage.  

 

Once these RBCs age, they are cleared from circulation and are eliminated by macrophages 

within the reticuloendothelial system (also known as mononuclear phagocyte system). 

Macrophages residing in the liver, spleen, and bone marrow engulf the senescent RBCs. 

Within the phagolysosome, hydrolytic enzymes break down the hemoglobin into globin 

chains, iron, and a porphyrin ring (from heme which is converted to bilirubin). To minimize 

iron loss, 90 % of this iron is recycled internally (10), the majority of which is released 

back into the systemic pool (iron bound to transferrin) via ferroportin channel. 

Ceruloplasmin, a homologue of hephaestin, conducts iron oxidation reaction for the iron to 

bind onto transferrin. Alternatively, some of the recycled iron is stored in ferritin and 

hemosiderin iron stores, the latter being poorly available for utilization and formed only 

during excess local or systemic iron levels.   

 

The liver is an important organ in iron homeostasis. Iron is delivered to the liver via the 

hepatic vessel where hepatocytes absorb transferrin-bound iron through their transferrin 

receptors (11). Similar to RBCs, the iron is released within endolysosome and transferrin 

is recycled back into circulation while ferritin and hemosiderin act as storage reservoirs. If 

needed, iron can go back into the circulation through the ferroportin mechanism. In addition 
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to these cellular metabolisms of iron through storage, the liver plays an important role in 

systemic regulation of iron. Hepatocytes predominantly produce the peptide hormone 

hepcidin, coined the master iron regulator, due to its ability to inhibit iron absorption (11). 

Hepcidin induces the internalization and degradation of ferroportin. Thus, hepcidin 

prevents iron efflux and ultimately decreases plasma iron concentrations.  

 

Hepcidin impacts iron absorption in all cells expressing ferroportin, including 

macrophages, enterocytes, and hepatocytes (12–14). Upon hepcidin release, iron 

absorption is at a halt, resulting in iron retention within cellular iron stores and tissue (2). 

Hepcidin release is inhibited when there is a demand for iron such as during erythropoietic 

activity in the bone marrow. In contrast, hepcidin production is stimulated when there is an 

acute increase in transferrin saturation (supplements), increase in transferrin-bound 

iron/high plasma iron levels, presence of inflammatory mediators such as interleukin (IL-) 

6 and tumor necrosis factor alpha (TNF-α), or microbial components (15).  

 

Any disruptions to the above described homeostasis pathways can result in diseases. The 

main regulator of hepcidin is the human factors engineering (HFE) gene. Disruption of the 

HFE gene can lead to a downstream dysfunctional HFE protein. Hereditary 

hemochromatosis is the most common autosomal recessive disorder in the Caucasian 

population. The genetic mutation, commonly a C282Y polymorphism in the HFE gene, 

causes excessive iron absorption and release into the body (16). Because of the lack of an 

effective excretory mechanism, patients with hemochromatosis accumulate iron. This iron 

overload is toxic and can lead to organ dysfunction and death if not treated (17). Systemic 

iron levels are changed during inflammation and these levels are associated with 

inflammatory disorders. To understand this association, first the basic mechanisms of 

inflammation will be reviewed.   
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1.2 Role of iron in inflammation  

1.2.1 Basic mechanisms of inflammation 

Inflammation has evolved as a mechanism to protect organisms from harmful stimuli, 

minimize damage and initiate healing. The typical clinical signs of an ongoing 

inflammatory response are heat, redness, swelling, pain and loss of function which are 

based on activation of distinct pathophysiological processes. The immune system uses 

physical, chemical, and cellular components to orchestrate a highly regulated response 

between the immune, vascular, neurological, and coagulation system to restore 

homeostasis. The goal is to eliminate the threat and initiate the healing response by having 

the appropriate magnitude of response; an inadequate response can be ineffective, while an 

excessive response can be detrimental to the host (18).  

 

The immune response is carried out by two consecutive systems: the innate and adaptive 

systems. The innate system generates an early generic cellular response (within minutes to 

hours). This response is critical, not only because it enables an early intervention for 

defence, but also because it initiates adaptive immunity. The adaptive immune system 

produces antigen-driven and specific humoral and cellular responses. These responses 

normally last only a few days. However, in the case of chronic inflammation and auto-

immune diseases, the unresolved adaptive immune response can last for months. Adaptive 

immunity develops the tools and memory for protection against future attacks. It is integral 

that innate, adaptive, and non-immune cells communicate together to coordinate an 

effective and regulated response (19).  

 

The inflammatory response can be triggered by sterile events or an infection. Sterile danger 

signals such as host damaged cell components (extra-nuclear DNA), heat shock proteins, 

metabolites, uric acid, and ATP are referred to as damage associated molecular patterns 

(DAMPs). DAMPs can drive the pathology in numerous inflammatory syndromes and 

diseases including autoimmune disease, ischemia, and systemic inflammatory response 

syndrome. If the inflammatory components are infectious in origin such as 

lipopolysaccharides (LPS) or peptidoglycans (bacteria), capsid proteins (virus), zymosans 
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(fungi), or glycophosphatidylinositols (protozoans), then they are referred to as pathogen 

associated molecular patters (PAMPs). During an infection, these PAMPs are found in 

areas that are generally sterile such as the blood stream, urinary tract, brain, and within 

enterocytes (20).  

 

The resident and structural cells, such as airway epithelial cells, tissue-resident 

macrophages, and endothelial cells, are the first cells to detect those threats. These cells 

express innate immune receptors called pattern recognition receptors (PRR), that once 

activated are able to trigger a generic response towards the harmful stimuli. PRRs are 

present on the cell surface and within immune and structural cells (21). Upon binding of 

ligand to PRR, signaling cascades are rapidly activated which lead to initiation of the 

inflammatory response. The most extensively studied of the PRRs are the toll-like receptors 

(TLRs). There are 13 different mammalian TLRs discovered with 10 members (TLRs 1-

10) expressed in humans (22). Upon binding of DAMPs and PAMPS to their respective 

receptors, the receptors dimerize and cytosolic adaptors (such as MYD88 and TRIF) are 

recruited to conduct downstream signaling. This activates nuclear factors which translocate 

into the nucleus to (up/down-) regulate the expression of inflammatory mediators. The 

classical nuclear factor in inflammatory signal transduction is nuclear factor kappa B (NF-

κB). NF-κB activation induces the transcription of pro-inflammatory cytokines, 

chemokines, and other antimicrobial peptides. The signaling cascade can give rise to 

important players of the immune system. Such players include cytokine and pro-

inflammatory mediators. These pathways can be activated experimentally as a model of 

inflammation through the administration of  PAMPs such as LPS. Typically, this induces 

the expression of acute phase proteins and their gene expression which includes pro-

inflammatory mediators such as IL-6, IL-1β, TNF-α, IFN-γ.  

 

As a result of the intracellular signaling cascade, TNF-α and IL-1 are released by both 

immune and non-immune cells. These two inflammatory mediators induce fever, further 

cytokine production, and leukocyte chemotaxis. Upon activation of mast cells and 

basophils in inflammation, through antigen crosslinking complexes (IgE and Fc receptor), 

they release large amounts of histamine and bradykinin which increase vascular 
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permeability and result in vasodilation. Activated endothelium and macrophages release 

nitric oxide (NO), further inducing vasodilation. This increase in vessel permeability and 

blood perfusion (resulting in redness and heat), enables the influx of plasma proteins, 

antimicrobials, immunoglobulins, complement factors, and other inflammatory mediators 

into site of injury. Fluid leakage into tissue causes the edema and swelling. Neurological 

mediators that rush into the injured site contribute to the pain that is associated with 

inflammation (23). Activated endothelial cells increase their surface adhesion molecule 

expression for leukocyte adherence and extravasation (Figure 3). Cells, including 

macrophages and endothelial cells, will release IL-8 for neutrophils to migrate to the 

inflammation site. 

 

Neutrophils are the most abundant type of leukocyte in the blood, and they are the first cells 

to arrive at the site of inflammation through chemotaxis. Since their main function is to 

defend the immune system, they have multiple mechanisms to eliminate sources of danger: 

phagocytosis of potentially harmful agents, releasing potent granular components, and 

creating neutrophil extracellular traps (NETs). Within the phagosome, they can produce 

reactive species as part of their antimicrobial defence (which will be expanded upon later).  

 

The adaptive immune response is initiated when antigen presenting cells (macrophages, 

dendritic cells, or B cells) present the engulfed DAMPs and PAMPs on their cell surface 

MHC molecules to T cells. Upon interaction of the T cell receptor and the antigen, T cells 

proliferate and differentiate into various T cell subsets.  One of their important functions is 

to activate B cells so they can initiate antibody development. Antibodies will bind to the 

specific antigen and induce antimicrobial effects: they can activate the complement system, 

neutralize the PAMPs by surrounding it, and opsonize PAMPs for phagocytosis. These 

antibodies can orchestrate an antigen-specific response and provide a faster response upon 

secondary exposure to the same antigen.  

 

The immune responses, both innate and adaptive, enable the shift from the initial pro-

inflammatory phase to an anti-inflammatory, pro-healing and resolution phase. The pro-

inflammatory mediators are replaced with the recruitment of anti-inflammatory and  
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Figure 3. Leukocyte extravasation. 

A simplified schematic representing leukocyte extravasation, migration of leukocytes from 

systemic circulation towards the site of inflammation (injury or infection site). Upon 

inflammatory stimulus, the free-flowing leukocytes become primed and slow down. 

Leukocytes tether to selectins on endothelial cells which causes them to tumble slowly 

across the endothelium (Rolling). Next, tight binding is initiated as integrins on the 

leukocytes bind to ICAM-1 expressed on endothelium (Firm adhesion). Leukocytes 

continue to flatten and strengthen their adhesion through integrin clusters and tyrosine 

phosphorylation signalling. As a final step on the lumen side, the leukocytes cross into the 

interstitial space/basement membrane either paracellular or transcellularly 

(Transmigration). The leukocyte then migrates to the site of inflammation via chemotaxis, 

chemical gradient composed of inflammatory chemokines and proteins such as IL-8, C5a, 

or pathogen associated molecular patterns (PAMPs). 
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pro-resolving mediators such as prostaglandins, IL-10, and glucocorticoids as the sources 

of inflammation are eliminated. This shift is an integral step in the resolution of 

inflammation as failure to switch to an anti-inflammatory state can lead to chronic 

inflammation. This highlights the importance of an adequate inflammatory response as an 

insufficient and non-effective response can lead to recurrent infections, prolonged oxidative 

stress, fibrosis, and development of auto-immune disorders. On the other hand, 

hyperactivation of the immune system can lead to consequential damage of healthy host 

tissues. As iron plays a pivotal role in immune defence, its role in the inflammatory process 

will be explored further.  

1.2.2 Iron and inflammation  

As discussed earlier, iron’s redox properties make it a co-factor in many physiological 

processes. By transferring electrons, it can catalyze product and bond formation. One 

important set of reactions are the Fenton and Haber-Weiss reactions. During this reaction, 

iron catalyzes hydroxyl radical (OH•) formation from hydrogen peroxide (H2O2) and 

superoxide anion (O2
−). Hydroxyl and superoxide radicals are highly reactive as they have 

an unpaired electron in their outermost shell. Hydroxyl and superoxide, collectively 

referred to as ROS, can break carbohydrate bonds, cause lipid peroxidation, oxidize 

proteins, and damage nucleic acid (DNA and RNA). They lead to the generation of 

additional radicals and oxidants. A superoxide anion generates reactive nitrogen species 

(RNS) as it reacts with NO. Nitric oxide synthase (NOS) catalyzes this reaction to generate 

peroxynitrite (ONOO−), a potent oxidant. ROS and RNS are considered dangerous as they 

can create even more reactive hydroxyl radicals. Since they do not discriminate against the 

host, they can damage healthy bystander tissues and organs if their levels increase. As free, 

labile iron serves as a catalyst, it is important to regulate iron levels tightly. And therefore, 

ROS and RNS levels can be reduced by iron restriction. 

 

In homeostasis, low levels of these ROS are produced as byproducts of aerobic respiration. 

The iron-sulfur clusters in mitochondria and aids the electron transport chain (ETC) and 

ATP production. Due to the rapid redox reactions, sometimes the reduction step does not 

go to completion, so the oxidative phosphorylation step produces radicals (superoxide 
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anion).  If their levels increase, these ROS can damage the mitochondrial DNA, matrix, 

and potentially leak into the cytosol (24). ROS are also produced within peroxisomes and 

the multi-enzyme microsomal monooxygenase system as part of metabolism and drug 

detoxification (25,26). 

ROS is one of the most effective weapons utilized by the innate arm  

ROS play a role in the regulation of inflammation and defence mechanisms independent of 

pathogen-activation. Within the immune system, ROS are produced in the phagocytic cells 

as they perform an oxidative burst, sometimes called a respiratory burst. Once PAMPs are 

internalized, nicotinamide adenine dinucleotide phosphate (NADPH) oxidase translocates 

from the cytosol to the phagosome to produce ROS (27). RNS are also produced within the 

phagosome by inducible NOS (iNOS). ROS, as messengers, initiate the inflammatory 

response and subsequent downstream events such as cell differentiation and up regulation 

of phagocytic activity. ROS production is critical as low ROS levels have been shown to 

reduce the phagocytic activity and oxidative bursts of immune cells (28). Immune and non-

immune cells generate ROS as means of communication and signaling since ROS can act 

as messengers. Their small size enables them to work locally and at peripheral targets 

allowing them to act as first and secondary messengers in immune signaling, apoptosis, or 

cell differentiation (29).  

 

Additionally, ROS induce calcium influx within a variety of immune cells, via local 

TRPM2 activation. This induces the nuclear translocation of redox-sensitive transcription 

factors including NF-κB and results in transcription of their inflammatory genes (30). This 

TRPM2-mediated calcium influx and ROS generation is associated with NLRP3 

inflammasome assembly, where the inflammasome is a pro-inflammatory complex made 

of cytosolic proteins in response to stress and infectious triggers (31). Furthermore, ROS 

regulate the life cycle and behavioral profile of macrophages. NADPH oxidase is essential 

for monocyte differentiation to macrophages (32). ROS is also essential for the polarization 

of macrophages which are generally classified as having an M1 or M2 phenotype. M1 

macrophages are classically activated by IFN-γ and TLR ligands and are pro-inflammatory. 

They produce large amount of ROS and RNS through oxidative burst, engulf and present 

antigens, and activate T cells as part of their powerful antimicrobial response (33). M2 
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macrophages, alternatively activated by IL-4 and IL-13, are anti-inflammatory and aid in 

tissue repair and remodeling. Higher ROS levels have been shown to promote an M2 

polarization, while RS scavengers can inhibit this polarization (34, 35). Though the 

complex mechanism(s) are not well understood, it is evident that ROS plays an instrumental 

role in polarization of macrophages, and thus aids in potentiating an appropriate cellular 

response.  

 

Since ROS do not discriminate against the host, compensatory antioxidant mechanisms are 

in place to protect against their damage and balance the levels of ROS. There are a series 

of enzymatic and non-enzymatic antioxidants spread all over the body. For example, 

catalase and peroxisomes break down hydrogen peroxide, glutathione neutralizes (reduces) 

reactive species, and superoxide dismutase catalyzes the metabolism of superoxide (36, 

37). When the levels of ROS overwhelm the antioxidant system, the benefit of eliminating 

pathogens is outweighed by their damage, which leads to oxidative stress. Iron catalyzes 

ROS formation, thus modulating iron absorption is one way to stop the vicious cycle and 

positive feedback loop of ROS production. To lower oxidative stress, hepcidin is released 

and subsequently, iron absorption is inhibited. During inflammation, inflammatory 

mediators stimulate hepcidin release and in few hours, systemic iron levels are reduced. 

This is referred to as the hypoferremic response. This is a protective mechanism that has 

evolved to limit iron’s bioavailability to pathogens in the face of inflammation and 

infection. A prolonged hypoferremic response, typical of chronic inflammation, lowers iron 

levels in the circulation and leads to iron deficiency known as anemia of inflammation (AI). 

AI, sometimes referred to as anemia of chronic disease, is the second most prevalent form 

of anemia and the most common in hospitalized, and chronically ill patients (38). As 

explained, the source of this deficiency lies in the inhibition of ferroprotein function. This 

long-term iron restriction has consequences such as reducing erythropoiesis (10). 

 

Depending on the magnitude and duration of inflammation, we can see patterns and 

changes of iron storage. These changes to iron levels and their storage pattern are 

implicated in several chronic pathologies where oxidative stress contributes to host tissue 

and organ damage. This change is also observed in inflammatory pathologies such as auto-
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immune diseases (e.g. rheumatoid arthritis), neurodegenerative diseases (e.g. Alzheimer’s), 

ischemia, interstitial cystitis, and infections (e.g. sepsis and cystic fibrosis) (39–45). 

Changes to iron levels can be harmful or beneficial depending on the health status of the 

person. In infection, however, lower levels of iron are preferred as microbes utilize iron for 

their reproduction and growth. Given this dual role of iron in the host’s inflammatory 

response, the role of iron in infection will be discussed next. 

1.3 Role of iron in infection  

The biological requirement for iron is conserved amongst all forms of life including 

bacteria and fungi. Traditionally, these microorganisms were viewed in the lens of being 

solely in a parasitic relationship with the host. However, technological advancements have 

provided us with a better understanding of our co-existence with the microbial community, 

referred to as the microbiota. For example, the development of next generation sequencing 

of 16S rRNA has helped identify the presence of 2,000 bacterial genomes per cm2 surface 

in the lower respiratory tract, previously-thought to be a sterile anatomical site (46, 47).  

 

The symbiotic relationship between host and microbial species can be either commensal, 

mutualistic, or parasitic. In a commensal relationship, the microorganism benefits while the 

host is not affected whereas in a mutualistic relationship, both the host and the 

microorganism benefit. In a healthy individual, the microbiota consists of both commensal 

and mutualistic relationships between the microorganisms. Antimicrobial byproducts such 

as pseudomonic acid A (also known as Mupirocin) from Pseudomonas aeruginosa, an 

opportunistic pathogen in the skin microbiota, protect us from Staphylococcal and 

Streptococcal infections (48). Additionally, P. aeruginosa co-exists with fungal species 

while suppressing their growth on our skin (49,50). The intestinal microbiota, including 

E.coli species, protects us from virulent pathogens by inhibiting colonization, producing 

antimicrobial peptides, and competing for nutrients (51). Furthermore, they produce 

nutrients such as vitamin K and short-chain fatty acids (52). The third kind of relationship, 

parasitism, is traditionally viewed as an infection, where the microorganisms benefits at the 

cost of harming the host. Usually this involves the more virulent pathogens and initiates 

inflammation. However, the diversity and size of the microbiota, location of colonization, 
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previous exposure, environment, age and immune status of the host are all important 

players in creating this dynamic relationship (53). 

 

During infection, iron plays a dual role: on one hand it is required by the host to produce 

ROS, and on the other hand it is utilized by the microorganisms for survival and 

pathogenicity. This creates competition within leukocytes and microorganism populations, 

as well between them, for iron. Upon activation of leukocytes by PAMPs, leukocytes 

employ various antimicrobial mechanisms including iron-dependent ROS production (e.g. 

hydrogen peroxide and hypochlorous acid (39) through oxidative bursts to degrade 

invading pathogens thus limiting their spread. When oxidative burst mechanisms are 

impaired, such as in chronic granulomatous disease, patients suffer from ineffective 

pathogen clearance, resulting in recurring bacterial and fungal infections (55). Additionally, 

this ROS impairment decreases the cross-presentation of antigens to CD8+ T cells, a step 

that is critical in regulating the adaptive immune response (56).  

 

Pro-inflammatory mediators such as IL-6 induce the release of hepcidin antimicrobial 

hormone which promotes intracellular iron retention. This response, known as 

hypoferremia, is a well-known example of nutritional immunity, which occurs as an 

attempt to starve the bacteria (57). To facilitate this response, innate immune proteins 

lactoferrin and lipocalin 2 (siderocalin), bind to iron with high affinity and interfere with 

pathogenic iron uptake at the infection site (58,59). This also contributes to selective 

pressure amongst different microbial species to develop more competitive iron acquisition 

mechanisms.   

 

Microorganisms, particularly bacteria, have developed complex and diverse acquisitions 

mechanisms to gain an advantage in the battle for iron. Presence of iron allows bacterial 

proliferation while iron scarcity inhibits their growth (60–62). Iron deficiency induces a 

stress response on bacteria which triggers the activation of mechanisms including 

siderophore release (endogenous and exogenous microbial iron chelators), and iron uptake 

systems from heme, ferrous and host iron-binding proteins. Gram negative bacteria, 

including E. coli within the gut microbiota, release enterobactin which chelates ferric iron 
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(63). The highly adaptive P. aeruginosa releases extracellular siderophore pyoverdine 

(high iron affinity) and pyochelin (energy efficient) into the environment (64). It can also 

uptake xenosiderophores such as enterobactin via two different receptors, PfeA and PirA 

(65). Yersinia pestis, the causative agent in the Black Death plague, utilizes its potent iron 

chelator yersiniabactin to “steal” iron from host lactoferrin resulting in reduced iron 

availability for innate defence within the host (66). Neisseria meningitidis, the bacteria 

responsible for meningitis and meningococcemia competes for iron with host-iron binding 

proteins hemoglobin, transferrin, and lactoferrin (67,68). Altogether, this evidence 

highlights iron’s requirement for bacterial physiology and pathogenicity. Two well-known 

examples of oxidative stress contributing to pathophysiology of medical conditions are 

sepsis and cystic fibrosis (CF).   

1.3.1. Sepsis  

Sepsis is a life-threatening clinical syndrome where dysregulated host response leads to 

organ dysfunction during infection (69). The dysregulation of the systemic immune 

response, ranging from hyperactivation to immunosuppression, is emphasized as the cause 

of its pathophysiology. Sepsis has a high hospital mortality of >10 % and even as high as 

>40 % during its more severe form, septic shock (69). Given the challenges around 

diagnosis and treatment of sepsis, the impact of this syndrome is under-documented. A 

recent analysis estimated that there were 48.9 millions of cases globally with a mortality 

rate of 19.7 % in 2017 (70). Sepsis remains as the main cause of death in surgical intensive 

care units of hospitals (71). The global financial burden of sepsis on the healthcare system 

is high; in the US alone, sepsis-induced healthcare costs reach >$24 billion annually (72). 

This includes the long-term care and rehabilitation services that are needed for the chronic 

consequences present after leaving the hospital. Although everyone is susceptible to sepsis, 

factors such as comorbidities (i.e. hypertension, auto-immune diseases, and chronic renal 

failure), age, sex, socio-demographic index, and immune status increase the risk of 

acquiring sepsis (70, 73–75).  

 

The most common sites of infection in sepsis are the lower respiratory tract, bloodstream, 

abdomen, and urinary tract (76, 77). Sepsis can present itself as a heterogenous set of 
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symptoms as it depends on the unique interaction between the pathogen and, most 

importantly, the host’s response. Given the rapid progression of this life-threatening 

condition, timely diagnosis and treatment are key. As a way to screen for sepsis, a new tool 

the named sequential (sepsis-related) organ failure assessment (SOFA) score was 

developed. Although not entirely sepsis-specific, the score is a more comprehensive set of 

tests that can predict the likelihood of organ failure, sepsis, or septic shock development 

(78,79). It includes consideration of respiratory, coagulation, cardiovascular, central 

nervous system, and renal factors. The criteria for sepsis include suspected or documented 

infection, and a rapid increase in 2 or more SOFA points. Unfortunately, these tests can be 

time consuming and given the rapid progression of sepsis, faster testing tools are more 

effective at improving outcome. That is why the quick SOFA (qSOFA) tool was developed 

which can be used for screening at bed side. It includes altered mental status, systolic blood 

pressure of <100 mm Hg, and respiratory rate >22 breaths per min. 

 

The complex pathophysiology of sepsis can be characterized by phases of hyperactivated, 

pro-inflammatory state (often in the beginning of the disease) and an immunocompromised 

state (often in late sepsis). It is important to note the co-existence of both pro- and anti-

inflammatory mediators during this immune dysregulation. The hyperactivation state 

begins with the innate immune response; immune (macrophages, monocytes, neutrophils 

cells) and non-immune cells (endothelial and airway epithelial cells) detect the presence of 

PAMPs (such as endotoxin) and DAMPs (damaged cellular particles) by PRR. This triggers 

the release of pro-inflammatory mediators including cytokines (IL-1β, IL-6, TNF-α), 

histamine, caspases, and chemokines. These mediators will recruit leukocytes to the site of 

inflammation, upregulate endothelial adhesion molecules, and activate the 

immunovascular, coagulation, and complement systems. Since the immune response is 

dysregulated, there is an excess of these mediators, leading to a cytokine storm (80). ROS 

can increase this inflammation by further activating NF-κB  pathways, creating more 

DAMPs through oxidative damage, thus sustaining the positive feedback loop of 

inflammation (81). 
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Coagulatory pathways are activated in parallel with inflammatory pathways (82). Platelets 

form blood clots to stop bleeding and minimize damage. In sepsis, this system is also 

dysregulated where hypercoagubility is present, potentially escalating to fatal disseminated 

intravascular coagulation (DIC). This is caused by multiple factors in the clotting process. 

There is an increase in platelet tissue factor (also known as factor III) release from 

endothelial cells and leukocytes, which initiates thrombin formation (83,84). Tissue factors 

are essential in this inflammation-induced thrombin formation, the downstream platelet 

activation and fibrin clot formation which can create local (micro-) hypoxia. In sepsis, the 

anti-coagulatory cascade is impaired as anti-coagulants protein C, protein S, and 

thrombomodulin are downregulated (82). Interestingly, proteins C and S are also shown to 

have anti-inflammatory properties by limiting leukocyte adhesion and inhibition of TNF-

α, IL-1β, and IL-6 (85). Additionally, the breakdown of fibrin clot, known as fibrinolysis, 

is also reduced (86). Together, these changes lead to microvascular thrombosis.  

 

ROS and other reactive species released by leukocytes and non-immune cells modulate the 

vasculature system by promoting vasodilation and hypotension. Furthermore, leukocytes 

release inflammatory mediators such as TNF-α, IFN-γ, and IL-1β which promote NO 

synthesis by inducible nitric oxide synthase (iNOS). In regulated inflammation, this is an 

adaptive response to increase blood flow to the site of inflammation and facilitate leukocyte 

recruitment. However, in sepsis iNOS is hyperactivated, through degradation of 

cytoplasmic IKB and subsequent P65 translocation to the nucleus, leading to excess NO 

production, resulting in hypotension and vasodilation (87, 88).  

 

This vasodilation compromises the structural integrity, impacting barrier function, and 

permeability of the endothelial cells. Together with the oxidative stress, the glycocalyx 

protective layer is damaged, which affects the cellular junctions (alteration to cadherin and 

tight junctions) (89). Fluid leakage into the interstitial space and tissue edema can have 

major systemic consequences. Within the gastrointestinal system, the mucosal lining is 

critical as the intestine is home to millions of microbes including gut microbiota. If this 

barrier is disrupted, microorganisms can translocate, activate the immune system, and even 

enter the bloodstream (causing a “second hit” of sepsis). Additionally, there can be damages 



 
 

19 

induced by digestive enzymes that leave the lumen. Within the respiratory system, this can 

impact the alveolar-endothelial barrier, leading to fluid leakage into the alveoli, reduced 

alveoli oxygen saturation, and the induction of acute respiratory distress syndrome 

(ARDS). ARDS is associated with hospital mortality of patients with sepsis, independently 

from the overall severity of the illness (90). Many other organs are susceptible to barrier 

disruptions such as the brain (septic encephalopathy), and the kidneys (acute kidney injury). 

Together, vasodilation, edema, and capillary leakage cause blood shunting and reduced 

oxygen delivery to some tissues and organs.   

 

Given that oxygen delivery is critical, hemodynamic factors such as mean arterial pressure 

and cardiac output are targeted for improving systemic oxygenation. Although both of these 

values are reduced in sepsis-induced cardiomyopathy, their improvement may fail to 

restore tissue and organ oxygen levels (91). Turns out this reduced cardiovascular 

performance is attributed to mitochondrial dysfunction in the myocardial cells (92). This 

inability to consume oxygen and generate ATP is referred to as cytopathic hypoxia (93), 

and can lead to organ failure. In sepsis, mitochondrial dysfunction is one of the driving 

forces of oxidative stress and anaerobic metabolism leading to organ failure (94,95). 

 

Mitochondria conduct the ETC in the inner mitochondrial membrane as part of oxidative 

phosphorylation to yield ATP through a series of redox reactions. Oxygen is the final 

electron acceptor, as monitored by its consumption, which is why more than 90 % of body’s 

oxygen consumption is within this organelle (94). In inflammation, oxygen demand is 

higher as leukocytes increase their oxygen demand linearly as they release ROS to combat 

the infection (96). Superoxide and NO are able to interrupt the ETC process by inhibiting 

complexes, thus reducing ATP generation (97). In a study conducted by Brealey et al., 

skeletal muscle biopsies from critically-ill patients with sepsis revealed lower ATP 

concentration in non-surviving patients (98). This lack of ATP and oxygen forces the cells 

to switch to anaerobic metabolism to maintain their energy supply, resulting in metabolic 

acidosis.  
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Taken together, the hypoperfusion, capillary leakage, dysregulation in coagulation, and 

mitochondrial malfunctions, lead to organ failure. Oxidative stress is an underlying player 

in most of these factors. Thus, studies have shown exhausted antioxidant capacity to be 

associated with organ failure, which correlates with the acute physiology and chronic health 

evaluation II (APACHE II) score (99). If two or more organs are experiencing progressive 

dysfunction in sepsis, it will be referred to as multiple organ dysfunction syndrome 

(MODS). When assessing for MODS, microcirculatory measurements of arterioles, 

capillaries, and venules, have shown to be more indicative of organ failure occurrence and 

outcome than macrocirculatory parameters. Altered microcirculation and redistribution of 

blood serves as a prognostic parameter for survival in patients with sepsis, where patients 

with altered microcirculation have higher mortality rates as assessed by microscopy and 

tissue oxygenation (100,101). 

 

The compensatory anti-inflammatory response that follows the early hyperactivated 

immune state does not often restore immunological balance. Immune dysregulation is still 

observed as leukocytes have a pathologically attenuated response to PAMPs through 

reduced cytokine production as well as a lower response to chemotaxis (“immune 

paralysis”). In the adaptive branch of immunity, the CD8+ and CD4+ T cells populations 

in patients with sepsis decline as a result of their impaired function and increased apoptosis 

(102). This leaves the patients vulnerable to secondary infections and long-term 

consequences. Lymphopenia has been postulated to serve as a biomarker since its levels in 

sepsis can serve as a prognostic factor in 28-day and 1-year mortality (103). 

   

Iron regulation plays a key role in susceptibility to infections as patients with 

hemochromatosis have higher risks of infection (104). Given the iron dysregulation in 

sepsis, hemochromatosis can impact the survival and outcome significantly. Higher non-

transferrin bound iron levels in chemotherapy patients were associated with a higher risk 

of Gram-negative infection and sepsis (105). In a study by Tacke et al., critically ill patients 

with sepsis had higher ferritin and hepcidin levels, and lower serum iron and transferrin 

levels (106). In another study, higher serum iron levels were associated with a step-wise 

increase in 90-day mortality (107). Experimentally, HFE knockout mice, which experience 
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dysregulated iron homeostasis, had twice as high mortality rate in a cecal ligation and 

puncture (CLP) model of abdominal sepsis when they were on a high iron diet (108). This 

can be compared to critically ill patients who have disruptions of iron homeostasis due to 

mmultiple blood transfusions (109). Regarding ROS production, which is iron-dependent, 

patients with sepsis have an increased level of ROS as indicated by lipid peroxidation (110) 

and lowered antioxidant status (111). In survivors, the antioxidant potential is higher than 

in non-surviving septic patients whose antioxidant levels never recovered (112, 113). Many 

different antioxidants levels are reduced in sepsis including vitamin C (114) and thus, there 

has been evidence to support antioxidant therapies (115).  

 

Current treatment consists of evidence-based treatment care bundles such as early goal 

directed therapy (EGDT), to bring various physiological parameters to the baseline levels 

in a time-sensitive manner. It is also important to identify high risk groups early on and to 

personalize the target goal. The most recent Surviving Sepsis Campaign guidelines in 2018 

created a 1-hour bundle that is to be achieved for patients suspected of having sepsis or 

septic shock (116). This includes broad spectrum antibiotic administration (ideally after 

obtaining culture and swabs), fluid resuscitation and use of vasopressors to address 

hypotension within one hour of their admission. As part of supportive therapy, other 

therapies such as corticosteroids, insulin, analgesics and antipyretics are administered if 

needed. Delivery of the EGDT or the sepsis resuscitation bundle within the first six hours 

reduced 28-day mortality in sepsis patients, an effect that diminished with improvement in 

general treatment protocols (117, 118). 

 

In order to develop and test potential treatments, various experimental models of sepsis are 

utilized. Mice are the most common animals studied due to their availability, access to 

genetically-modifiable mice and specific reagents, cost, and previous research knowledge 

obtained in their species (119). Rats are also utilized, and their advantages are similar to 

mice. Bigger animals such as pigs and sheep allow more frequent blood sample collection, 

remove some technical and instrumentations issues, and have closer physiological and 

biological readouts to humans. However, there are ethical, financial, and zootechnical 

issues that make them less likely to be used in studies (119). Despite the anatomical and 
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physiological disparities, murine models continue to be the most commonly used animal 

models of sepsis and are regarded as great pre-clinical and proof-of-concept models.  

 

The experimental sepsis models are inspired by the most common sites of infection (lower 

respiratory tract, bloodstream, abdomen, and urinary tract). In endotoxemia model, 

bacterial components such as LPS can be injected intravenously (IV) to induce systemic 

inflammation and study the acute hyper inflammatory response observed in sepsis (120). 

Its advantages are that it is easy to perform, it is reproducible, and the toxin amount can be 

controlled (120). Abdominal sepsis models are commonly used which include fecal slurry, 

CLP, CASP. In the fecal slurry model, a standardized amount of fecal matter in suspension 

is injected intra-peritoneally (121). Although this allows control over the amount of 

inflammatory trigger and is only moderately invasive, it does not mimic the heterogeneity 

observed in human sepsis pathophysiology and progression. To overcome this 

limitation, CLP and colon ascendens stent peritonitis (CASP) models can be utilized. In 

CLP, the cecum is ligated and punctured whereas in CASP, a stent is placed into the 

ascending colon to allow fecal matter leakage. Both of these models mimic the clinical 

progression of sepsis in humans; the experimental leakage of fecal matter into the 

abdominal cavity simulates events that occur following trauma, surgery, and peritonitis 

(122). Though the CLP model was regarded as the “gold standard model”, it poses the risk 

of the puncture being blocked (e.g., by coagulation or adhesion). This makes CASP model 

superior as the stent is sutured in place to allow continuous leakage. Pneumonia-induced 

sepsis is an extra-abdominal cause of sepsis, which can be experimentally replicated with 

intranasal or intratracheal administration of LPS or bacteria (123, 124). In urosepsis 

models, bacterial injection into the bladder can help shed a light on UTI-induced sepsis 

(125). When it comes to inoculation, the strain and the number of bacteria can affect the 

severity and rate of sepsis progression. Even more complex sepsis models exist where two-

hit insults are utilized such as abdominal infection followed by bacterial-instilled 

pneumonia to mimic the development of hospital acquired infections (after trauma or 

abdominal surgery) (126).  
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In addition to using the appropriate model(s), it is important to have standardized treatments 

and guidelines in place to improve the translation of experimental findings from the bench 

to the bedside. As such, at the Wiggers-Bernard Conference in Vienna, 2017, a series of 

recommendations and considerations were proposed as “best practices” for animal models 

of sepsis (127–129). These guidelines, minimum quality threshold in pre-clinical sepsis 

studies (MQTiPSS), include study design, humane modeling, types of infections, organ 

dysfunction, fluid resuscitation, and antimicrobial therapy endpoints. In an attempt to 

reduce the gap between murine and human sepsis treatment conditions, animal ICU models 

can be used to assess preclinical investigation in more relevant population (adult and aged 

mice and rats with chronic morbidities) to make the treatments more comparable and reflect 

clinical setting (119). Miniature size of equipment in ICU such as ventilators would serve 

to support the animal, in addition to the fluid resuscitation, antibiotics administration, 

vasopressor support, and hemodynamic monitoring. Though conducting every 

experimental sepsis study in miniature ICUs may not be feasible yet, it proposes a solution 

to narrowing the gap between murine and human sepsis studies.  

 

There is no FDA approved treatment for the immune dysregulation in sepsis available yet. 

Earlier interventions, i.e. effective treatment concepts of the early hyperactivation immune 

state, are always preferred as to attenuate cumulative damage and worsened outcome due 

to the prolonged course of the disease. Having a pharmacological approach that targets both 

the immune dysfunction (pathologically increased ROS production) as well as the infection 

(iron-dependent bacterial growth) is the goal. Given the dual role that iron plays in both 

pathways, studying iron chelation offers an exciting and promising potential for sepsis 

therapy.  

 

1.3.2. Cystic Fibrosis 

CF is an autosomal recessive genetic disease affecting the cystic fibrosis transmembrane 

conductance regulator (CFTR) channel. CF is the most fatal genetic disease amongst the 

Caucasian population. According to the Canadian Cystic Fibrosis Registry, one in every 

3,600 children are born with CF and more than 4,300 patients are receiving treatments 
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nationwide. The CF population in Canada has increased by 37.5 % in the last 2 decades 

(130). This is attributed to the improvements in quality of life and the increased median age 

of survival (over 50 years).  

 

CFTR is the only cAMP-activated channel within the ATP binding cassette (ABC) 

superfamily of transporters and it is expressed on the apical membrane of epithelial cells. 

It is responsible for transporting various anions, largely chloride ion. There are six major 

classes of CFTR mutations which result in either a partial or total loss of function of this 

channel (131). Of these mutations, deletion of the amino acid phenylalanine at the 508th 

position (ΔF508) from the second class, is the most common mutation in patients with CF 

(131). The severity of the disease varies from one person to another, though its hallmarks, 

chronic inflammation and recurrent infections, are present in all the patients. Given the 

physiological importance of CFTR in epithelial cells of exocrine tissues, its defect causes 

a multi-system disorder. Examples include gastrointestinal enzymatic deficiency which 

interferes with fat and protein digestion (132). This can result in malnutrition, element 

deficiencies, and weight loss. CF patients can also develop CF-related diabetes due to 

impaired insulin secretion by the pancreas (133). Nevertheless, the current leading cause of 

death is lung disease, where progressive damage reduces its function (134). 

 

The pathophysiology of CF begins with the impaired CFTR channel, which is responsible 

for trans-epithelial transport of chloride (to the apical side) as well as other anions including 

glutathione, bicarbonate, and thiocyanate. This channel is important in regulating ion and 

water absorption across the epithelium and thus it interacts closely with the epithelial 

sodium channel (ENaC; 132). In normal airways, CFTR and ENaC coordinate to balance 

fluid secretion and absorption. In CF, the loss of CFTR activity is linked to hyperactivity 

of ENaC, resulting in a higher absorption of sodium from the airways (135). Since water 

follows sodium, the airway surface liquid (ASL) diminishes and the airway becomes 

dehydrated.  

 

CFTR mutation also leads to mucous hypersecretion, narrowing the airway which is 

referred to as mucous plugging (136). Ciliary dysfunction is also present as cilia mobility 
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is restricted by the thick mucus layer. Given the thickness and viscosity of the CF mucous 

layer of ASL, antimicrobial secretions such as lactoferrin, lysozyme, surfactant proteins A 

and D into the airways become compromised. Altogether, these defects impair the 

elimination of inhaled pathogens and foreign substances from the upper respiratory tract, 

known as mucociliary clearance (MCC; 38). This creates the ideal niche for pathogens and 

opportunistic bacteria to colonize and create biofilms.  

 

While infections exacerbate the clinical symptoms, baseline dysregulation of inflammatory 

processes have been shown to contribute to CF pathology. It is hard to assess the 

inflammatory and infection aspects of CF independently, but there is evidence to link CFTR 

mutations to constitutive activation of pro-inflammatory signaling pathways, even in the 

absence of infection (137). In addition to NF-κB, other important intracellular signaling 

proteins are also induced including AP-1, P38 and MAP kinases (138). These pathways 

activate NADPH oxidase and contribute to ROS accumulation. In CF, there are higher 

concentrations of pro-inflammatory mediators such as IL-1β and TNF-α, while there are 

reduced levels of anti-inflammatory mediators such as IL-10 (139).   

 

Neutrophil-driven inflammation contributes significantly to the pathology and lung damage 

observed in CF. Upon the activation of pro-inflammatory signaling cascades such as NF-

κB  pathway, IL-8 (a neutrophil chemokine) is released. This causes neutrophil recruitment 

to the site of inflammation. These neutrophils employ their potent innate defence 

mechanisms such as ROS production, antimicrobial protease release, and even initiate 

neutrophilic extracellular traps (NETs) which releases their DNA (140). The MAPK 

signaling cascade of neutrophils can be further activated, releasing more IL-8 and feeding 

the vicious cycle of neutrophil-induced damage. Infections further induce IL-8 release and 

neutrophil recruitment to the site of inflammation. Despite the accumulation of neutrophils, 

pathogen clearance efficacy is decreased as a CFTR defect reduces their phagocytic ability 

(141). Long term presence of neutrophils, such as in chronic diseases like CF, leads to lung 

injury and bronchiectasis (142–144).  
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Bicarbonate is an important buffer for maintaining physiological pH through the CFTR 

channel for trans-epithelial transport. Reduced levels of bicarbonate in CFTR-expressing 

tissues causes acidification (145). This lower pH prevents activation of important pH-

sensitive proteins including SPLUNC1, an inhibitor of ENaC (146), which also possesses 

antimicrobial and antibiofilm properties (147–150). This acidic environment also reduces 

the antimicrobial activity of β-defensin and LL-37 cathelicidin against P. aeruginosa and 

S. aureus, compromising the innate immunity (151).  

 

During an infection, there is a heightened, yet ineffective, innate response which leads to 

infection persistence (152). CFTR deficiency reduces PAMP recognition which is a critical 

step in initiating the inflammatory response. These cells have reduced TLR-4 expression 

which impedes the expression of anti-microbial and anti-inflammatory mediators in 

response to toxins such as LPS (153). As TLR-4 signaling is needed for resolution of 

pulmonary inflammation in lung injury, its downregulation in CF promotes 

immunosuppression and fibrosis (154). CFTR mutation reduces TLR-mediated immunity 

which interferes with the startup of appropriate signaling cascades through MYD88 and 

TRIFF pathways (155–157). This interferes with recognition and response to the pathogens.  

 

Given the compromised innate immunity of CF patients, bacteria colonize the airways. 

These bacteria are mostly commensal pathogens such as P. aeruginosa, S. aureus, and 

Burkholderia cenocepacia, which have evolved mechanisms to evade the immune system 

(158). P. aeruginosa can shift to biofilm colonization, disguise itself in alginate coats to 

scavenge hypochlorite, and prevent its phagocytosis (159). Impaired clearance leads to 

recurrent infections and chronic inflammation causing airway remodeling, bronchiectasis, 

and emphysema (160, 161). 

 

Oxidative stress and iron dysregulation contribute to the pathogenesis of CF, similar to 

sepsis (36). In healthy tissues, antioxidants would neutralize the ROS present. A CFTR 

defect directly affects the oxidative status as it is responsible for transporting glutathione 

and thiocyanate antioxidants. Although ROS is utilized for its antimicrobial effects, its level 

as studied by oxidation markers, does not decrease despite infection resolution in the lungs 
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of CF patients (36). The bronchial ciliated and type II alveolar epithelial cells further 

increase the oxidative stress by producing ROS through their apical NADPH oxidases: 

DUOX1 and DUOX 2 (162). Together, the epithelial dysfunction and higher pro-

inflammatory signaling leads to excessive polymorphonuclear cells activation and 

subsequently ROS release within the airways (163). This supports the pathologic impact 

(such as chronic airway damage) of ROS in CF instead of its usual immunoregulatory role. 

It has been shown that increased iron and iron-related proteins levels are present in 

bronchoalveolar lavage fluid, macrophages, and explanted lungs of CF children patients 

(164). Further contributing to the increase of P. aeruginosa growth and biofilm formation 

in the airways, bronchial epithelial cells with ΔF508-CFTR mutations have increased iron 

release from their apical membrane. Interestingly, iron chelation was able to reduce this 

biofilm formation (165).   

 

Despite the advancements in treatments and care for CF patients, there is no definitive cure 

yet. Patients with CF take a cocktail of medications on a daily basis to address the systemic 

effects of a CFTR defect. The main types of drugs taken to directly target the CFTR 

function are potentiators, which increase the function of CFTR channels, and correctors, 

which enhance the trafficking of the CFTR protein to the apical membrane. The most recent 

FDA-approved treatment for CF patients of 12 years and older, is a triple therapy of 

Elexacaftor-Tezacaftor-Ivacaftor (166). This CFTR-modulator therapy is approved for 

patients with at least one copy of the ΔF508 mutation, which includes 90 % of patients with 

CF. Additional drugs to address the symptoms of CF are anti-inflammatory drugs 

(corticosteroids), antibiotics (azithromycin), antioxidants (N-acetyl cysteine), anti-

proteases, and hyperosmolar agents (167). With the rise of multi-drug resistant bacteria in 

CF airways and given that biofilms further reduce this antibiotic susceptibility, there is 

pressure to find alternative ways to treat the infection. Iron removal can increase antibiotic 

activity and thus be used as an adjuvant. Additionally, iron chelation has potential for being 

a therapeutic agent in CF as it can reduce inflammation by modulating oxidative stress. 



 
 

28 

1.4. Iron chelators  

There is a growing body of evidence showing iron dysregulation and ROS overproduction 

during immune system-driven pathologies. Since iron is critical in catalyzing ROS 

production and its levels are important in survival and immune defence, modulating its 

levels may provide therapeutic potential.  

 

Iron chelators have been introduced clinically to treat patients with iron overload 

conditions. This includes hemochromatosis, where hepcidin function is impaired, and in 

thalassemia, where a defect in hemoglobin production reduces erythropoiesis and thus 

frequent blood transfusions are needed. There are currently three FDA-approved iron 

chelators: desferasirox (DFX), deferoxamine (DFO), and deferiprone (DFP). They each 

have their own biological and chemical properties (Table 1).  

 

Desferasirox (Exjade®) is a tridentate iron chelator and was the first oral medication 

approved for chronic iron overload induced by long term blood transfusion. Two molecules 

of DFX bind to a single molecule of Fe3+ to create an intracellular complex (168). It is 

predominantly excreted via feces (84 %); it is also eliminated via the kidney (8 %). It has 

a long half-life of 8-16 hours which provides the advantage of less frequent dosing, 

resulting in increased patient compliance with treatments (169). Unfortunately, due to its 

significant risk and side effects, it is listed as the second-ranked drug on the “most frequent 

suspected drugs reported in patients’ deaths” list (170,171). These risks include GI 

hemorrhage, kidney and liver failure.  

 

Deferoxamine (Desferal®) is a siderophore that has the ability to bind both extracellular 

aluminum and iron. A single molecule of DFO binds to a Fe3+ iron and forms a stable 

complex. Due to its low lipophilicity, it cannot be administered orally and is instead 

administered intramuscularly (if patients are not in shock) and slowly intravascularly (if 

patients are in shock or experiencing cardiovascular collapse) (172). It has a bi-phasic half-

life: of 1-hour rapid phase followed by 6 hours slow phase and it is eliminated renally (173). 

DFO is a derived from Streptomyces pilosus bacteria and thus is associated with the risk of 

supplying the iron to the bacteria during an infection. The most common adverse reactions  
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Table 1. Comparison of the different iron chelators included in this study.  

 Desferasirox 

(DFX) 

Deferiprone 

(DFP) 

Deferoxamine 

(DFO) 

DIBI  

(Under Study) 

Route of 

administration 

Oral Oral Subcutaneous 

or intravenous  

 

 

Intravenous 

Plasma half life 8-16 hours < 2 hours 30 minutes < 2 hours 

Iron binding 

ratio 

2 DFX: 1 Fe 

(tridentate) 

3 DFP: 1 Fe 

(bidentate) 

1 DFO: 1 Fe 

(hexadentate) 

1 DIBI: 3 Fe 

(copolymer with 

nine 

hydroxypyridinone) 

Plasma 

excretion  

 

Fecal Urine Urine, fecal Urine 

Iron III 

molecular 

complex 

Uncharged 

(extracellular 

complex in 
clinical studies; 

intracellular 

complex in 

laboratory 

studies) 

Uncharged 

(intracellular 

complex) 

Charged 

(extracellular 

complex) 

Charged  

(extracellular 

complex; capable 
of mobilizing 

intracellular iron) 

Advantage(s) in 

inflammation 
and infection 

context 

*More efficient 

at iron binding 
than DFP or 

DFO 

*Synthetic 

*Deprives iron 
from an 

intracellular 

pathogen 

Most 

extensively 
studied 

*Strong iron 

chelation; holds 
iron in a non-redox 

active state 

*broad spectrum 

antimicrobial 

*Synthetic origin 
*Toxicity profile 

Disadvantage(s) 

in inflammation 
and infection 

context 

*Long half-life 

thus 
challenging to 

monitor for 

guiding therapy 

*Holds iron in 

a redox-active 
state 

*Neutropenia 

and 
agranulocytosis 

*Holds iron in a 

redox-active 

state 

Siderophore 

origin; 
promotes 

microbial 

growth 

Relatively limited 

studies  
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associated with DFO use are hypersensitivity reactions, GI events (diarrhea, nausea, ulcer, 

and disturbances), hearing loss, and eye problems (174). Deferiprone (Ferriprox®) is an 

orally-administered bidentate iron chelator. Three molecules of DFP are needed to chelate 

a single molecule of intracellular iron. It has a half-life of 2-3 hours and is excreted through 

urine. Although it can bind to other metals (zinc, copper, aluminum), it has a higher affinity 

for iron. Most common side effects are GI disruptions and long term uses leads to 

progressive hepatic fibrosis in patients with thalassemia (175). Neutropenia and 

agranulocytosis are also reported which increases the risk of infections (176). There are 

experimental studies that combine iron chelators to utilize multiple properties. For example, 

DFP and DFO are used together to mobilize intracellular and extracellular iron, respectively 

(177). Given the toxicity profile of these FDA-approved drugs, there is a need for novel 

iron chelators with less toxicity.  

 

DIBI is a synthetic and water-soluble iron chelator developed by Chelation Partners Inc. 

(Halifax, NS, Canada). DIBI has high affinity and selectivity for iron. It is made up of a 

polyvinylpyrrolidone (PVP) backbone with MAHMP chelating agents where one molecule 

of DIBI binds to three molecules of extracellular iron. This chelator is under study to better 

understand its biological and chemical properties as it is being prepared for clinical trial. 

DIBI has shown to hold iron in a non-redox active state. DIBI has been tested by using the 

Organization for Economic Cooperation and Development (OECD)-prescribed oral and 

systemic toxicity in rats which showed no observable adverse effects as assessed by 14-day 

repeated dosing of DIBI doses of 1,000 mg/kg/day (oral) and 500 mg/ kg/day (IV)  (178). 

To introduce iron chelation as a treatment in (hyper-)inflammation and infection, there are 

important criteria to consider: 1) the ideal chelator must not supply iron to pathogens, 2) its 

affinity for iron must be higher than leukocytes to effectively reduce ROS levels, and 3) it 

must hold iron in a redox-inactive state (non-accessible iron). A shorter half-life is also 

preferred as to control its levels in the body more closely. Although DIBI has shown some 

of these qualities, its therapeutic effect on systemic inflammation remains unexplored. 
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1.5. Hypotheses  

This research investigated the effect of iron chelation in inflammation and infection. Iron 

plays a pivotal role in innate immunity by catalyzing ROS production and it is required by 

bacteria for survival and growth. We hypothesized that iron chelation attenuates excess 

inflammation, by reducing leukocyte-endothelial interactions, reducing inflammatory 

mediator release, and limiting infection by restricting bacterial growth. 

 

1.6 Study objectives  

The aim of this research was to provide experimental evidence for the potential of iron 

chelation in modulating the inflammatory response and reducing infection. The first 

objective was to analyze the effects of iron chelation in inflammation. First, as a proof of 

principle, we wanted to study the impact of the novel, highly specific iron chelator, DIBI 

on intracellular iron levels in neutrophils by calcein acetoxymethyl ester assay. Neutrophils 

are the first cells to arrive at the site of inflammation and they utilize iron to generate ROS. 

Thus, they were the ideal cells to assess their response to iron chelation. Next, we wanted 

to study the impact of different iron chelators in clinical inflammation to assess potential 

anti-inflammatory properties. As an example for systemic inflammation, we used the 

endotoxemia model of sepsis (induced by LPS administration) to evaluate iron chelation 

efficacy at alleviating the immune (hyper-)activation. We studied leukocyte-endothelial 

interactions and changes to capillary perfusion using intravital microscopy, analyzed 

plasma inflammatory mediator levels, and evaluated histological damages in the intestine.  

 

The second objective was to study the impact of iron chelation in infection. We utilized the 

colon ascendens stent peritonitis (CASP) model, which closely mimics the clinical course 

of abdominal infection. A stent was placed into the ascending colon to allow fecal matter 

leakage into the sterile abdominal cavity. This model allowed us to assess the anti-bacterial 

effects of iron chelators, in addition to evaluating their anti-inflammatory properties. We 

analyzed leukocyte-endothelial interactions, capillary perfusion, plasma inflammatory 

mediator levels, bacterial burden, and histological changes in the intestine. Next, we 

introduced an additional surgical step to control the source of infection, thus establishing 
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the CASP-intervention (CASP-I) model. We assessed DIBI’s efficacy in combination with 

antibiotic treatment on mortality over 7 days. Intestinal damage and bacterial burden within 

the abdominal cavity were also measured. 

 

The third objective was to assess the impact of iron chelation in infection (LPS challenge) 

with pre-existing inflammation. Thus, nasal epithelial cells with CF disease-causing 

mutations were selected due to their baseline cytokine production level. Changes to the 

inflammatory response were evaluated by measuring IL-6 and IL-8 levels. Additionally, 

the molecular mechanism following iron chelation in response to LPS challenge was 

evaluated by identifying nuclear factors involved in the signaling cascade such as phosphor 

(P)-STAT1, P-STAT3, and NF-κB-P65, using immunofluorescence. 
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CHAPTER 2: MATERIALS AND METHODS 

2.1 Cellular experiments 

2.1.1 Flow cytometry-based measurement of the labile intracellular iron pool 

2.1.1.1 Neutrophil isolation 

Wildtype male C57BL/6 mice (8-10 weeks old; 20-30 grams) were sacrificed via cervical 

dislocation. EasySep™ Buffer (Stemcell Technologies, Vancouver, BC, Canada), 

containing 2 % fetal bovine serum (FBS) and 1mM EDTA in Dulbecco’s phosphate-

buffered saline (PBS), was used to suspend the cells throughout the neutrophil isolation 

procedure. Cells were flushed and filtered from bone marrow (tibia and femur) using 26-

gauge needle. The cells were then centrifuged at 300xg for 10 minutes in preparation for 

neutrophil-isolation. For the neutrophil isolation, instructions were followed from the 

EasySep™ Mouse Neutrophil Enrichment Kit (Stemcell Technologies). Briefly, isolated 

cells were suspended in the Easy Sep Buffer (1x108 cells/mL), and were incubated in rat 

serum (50 µL/mL) and Enrichment Cocktail (combination of monoclonal antibodies in 0.1 

% bovine serum albumin; 50 µL/mL) for 15 minutes at 4 °C. The cells were then washed, 

resuspended, and were incubated in Biotin Selection Cocktail (combination of monoclonal 

antibodies in PBS; 50 µL/mL) for 15 minutes at 4°C. Next, Magnetic Particles (a 

suspension of magnetic particles in Tris-buffered saline; 150 µL/mL) were added and were 

incubated for 10 minutes 4 °C. The cell suspension was placed into EasySep™ magnet 

(Stemcell Technologies) for 3 minutes at room temperature. By inverting the magnet, single 

cell suspensions of neutrophils were yielded through negative selection. The neutrophils 

were 85 % pure and viable as sorted by fluorescence-activated cell sorting (FACS) 

according to manufacturer’s supplied information manual. The neutrophils were used 

immediately for experiments. 

2.1.1.2 Neutrophil culture and stimulation 

The freshly-isolated neutrophils were cultured on 6-well plates (250,000 cells in 2 mL 

medium/well). The medium consisted of RPMI supplemented with 5 % FBS, 1 % L-glut, 

1 % penicillin and streptomycin, and 0.5 % HEPES. The cells were stimulated with LPS 

(100 ng/mL), with or without DIBI (25 µM or 200 µM) in pre-warmed medium for 4 hours. 
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After this incubation time, the cells were harvested using TrypLE Express (Gibco) and were 

then centrifuged. After removing the supernatant, the cell pellets were ready for staining. 

2.1.1.3 CA-AM staining for labile iron pool and FACS analysis 

Calcein acetoxymethyl (CA-AM; Millipore Sigma) is hydrolyzed within viable cells’ 

cytoplasm to fluorescent calcein. This calcein is quenched in a stoichiometric fashion 

following binding to intracellular iron (179). Though calcein can also chelate magnesium 

and calcium, under physiological pH chelation of these elements are considered minimal. 

Thus, the fluorescence intensity measured within the neutrophils were assumed to be due 

to chelation and quenching of iron only. As calcein is light sensitive, it was prepared freshly 

each time and all the steps were conducted in the dark. Various doses of calcein (0.5, 0.37, 

0.30, 0.15 µM) were studied to find the optimum working stock in regard to fluorescent 

range and detection sensitivity. Working stock of 0.15 µM CA-AM was selected and made 

in pre-warmed serum-free RPMI. The treated cells were incubated in media and calcein for 

30 minutes in the dark. Negative control (non-stained) cells were included for each 

treatment group to control for baseline fluorescence. The cells were washed (with PBS) 

and centrifuged at 300xg for 10 minutes. The cells were resuspended in 0.5 mL of PBS and 

were now ready for FACS analysis.  

 

Fluorescence of CA-AM-labeled neutrophils was measured using a FACSCanto II flow 

cytometer (BD Biosciences, Mississauga, ON) equipped with BD CellQuest™ software. 

Appropriate unstained control cells were used. A minimum of 1×104 cells was collected for 

flow cytometric analysis. Cells were gated on the live cell population on FSC-H versus 

SSC-H plot and linked to relevant CA-AM histogram acquisition plots. The threshold was 

set to 5000 on FSC-H for all assays. FCS Express Version 7 was used to analyze the data 

(De Novo software, Los Angeles, CA, USA). 
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Figure 4. Experimental timeline for calcein acetoxymethyl (CA-AM) intracellular iron 

measurements. 

 

 

 

Table 2. Experimental groups for calcein acetoxymethyl (CA-AM) intracellular iron 

measurements.  

 

*All groups included a non-stained control 

 

 

 

  

Neutrophil 

Isolation
LPS or treatment

CA-AM 

assay

0 4hTime 5.5h-1.5h

Cell harvest 

4.5h

Cell harvest 

5h

FACS analysis
Bone marrow 

Cells isolation

-2h15m

Incubation

Model Groups Intervention 

CA-AM assay 

1- Control Media

2- DIBI 25 DIBI (25 μM)

3- DIBI 200 DIBI (200 μM)

4- LPS LPS (100 ng/mL)

5- LPS+DIBI 25 LPS (100 ng/mL) + DIBI (25 μM)

6- LPS+DIBI 200 LPS (100 ng/mL) + DIBI (200 μM)
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2.1.2 Modulation of inflammatory profile of cystic fibrosis with iron chelation 

2.1.2.1 CF and Calu-3 cell cultures 

CF nasal epithelial cell line (CF15), homozygous for the ∆508 mutation in the CFTR gene 

was generated as previously described (180).  For cell culture, the CF15 cells were grown 

in Dulbecco’s Modified Eagle’s Medium supplemented with 10 % FBS; 0.088 % 

transferrin, 0.088 % triiodo-L-thyronine, 0.0088 % epithelial growth factor; 1.76 % 

hydrocortisone; 0.044 % insulin, 0.088 % epinephrine; and 0.176 % adenine. The cells were 

grown until they reached confluence in T25 flasks (Corning, Corning, NY) at 37 ℃ in a 5 

% CO2 atmosphere. Calu-3 human airway epithelial cells were cultured until confluence 

and tight junction (TJ) formation using the above procedure at 5 % CO2 at 37 ℃ in Calu-

3 media (84.8 % MEM; 0.848 % Penicillin-Streptomycin (1 %); 12.7 % FBS; 0.848 % non-

essential amino acids; and 0.848 % (1%) sodium pyruvate). Cell culture medium and 

supplements were purchased from GIBCO (Burlington, ON, Canada) and Sigma Aldrich 

(St. Louis, MO). Upon confluency, the cells were detached with 0.1 % trypsin-EDTA and 

were seeded into transwells (24 mm diameter with 0.4 M diameter pores; Corning Life 

Sciences, Acton, Mass.) with both apical and basolateral compartments filled with 2 mL of 

the described culture media. After one-week, and the formation of CF15 tight monolayers, 

the apical medium was removed. The monolayers were then maintained under air-liquid 

interface conditions to achieve polarization and differentiation. Following the removal of 

the apical medium, the medium in the basolateral compartment was changed every two 

days until the cells achieved a dry apical surface and were deemed ready for stimulation.  

2.1.2.2 Cell stimulation 

Following cell polarization and TJ formation, cell transwells were designated as either 

control (medium), stimulation with bacterial toxin (LPS), co-treatment with DIBI (LPS + 

DIBI) or DIBI alone (DIBI). Stimulation with LPS (from Escherichia coli, serotype 

O26:B6; Sigma-Aldrich, Oakville, ON) was performed in fresh phenol-red free medium at 

concentrations of 100, 200, or 300 ng/mL for bidirectional stimulations of the CF15 cells. 

Once optimal LPS stimulation conditions were established (200 ng/mL dose for 24 hours), 

the experimental groups were tested: control (medium only), LPS (200 ng/mL), LPS + DIBI 
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(25, 50, 100 or 200 μM), DIBI only (25, 50, 100 or 200 μM). The appropriate stimulation 

medium was applied to both the apical and basolateral surfaces at volumes of 0.5 mL and 

2.5 mL, respectively. The cells were left to incubate for 24 hours in a 37 ℃ and 5 % CO2 

environment before cell harvesting. 

2.1.2.3 Cell harvesting 

Bovine serum albumin and Bradford Dye Reagent were purchased from BioRad (Hercules, 

CA). Following the incubation period, apical and basolateral cell media were collected for 

determination of cytokine production. Cell supernatant was aliquoted and stored at -80 ℃ 

for later analysis. The adherent monolayers of cells were harvested by washing the cells 

twice with ice-cold PBS, scraping, and centrifuging the cell materials at 13000xg for 20 

minutes. Cell pellets were then collected and lysed on ice for 45 minutes using a RIPA lysis 

buffer supplemented with a protease inhibitor solution as previously described (181).  

Lysates were centrifuged at 13000xg for 20 minutes to eliminate cell debris. The 

supernatant was collected and frozen at -80 ℃ for later analysis of protein concentration.  

2.1.2.4 Determination of Cytokine Secretions by ELISA 

According to the manufacturer’s instructions, commercially available enzyme-linked 

immunosorbent assay (ELISA) kits were used to measure the IL-6 and IL-8 secretions into 

the apical and basolateral cell culture supernatants. Monoclonal human IL-6 and IL-8 

antibodies (catalogue numbers 88-7066-88 and 88-8086-88, respectively; Invitrogen, 

Carlsbad, CA) were used. The cytokine secretions were normalized to the protein 

concentration of the lysed cells, as measured via the Bradford Colorimetric Assay (BCA). 

The treatments revealed minimal changes in the total protein concentrations of the groups 

as assessed by BCA.  
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Figure 5. Experimental timeline for CF15 cytokine secretion. 

 

 

 

Table 3. Experimental groups for CF15 cytokine secretion. 
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2.1.2.5 Immunofluorescence 

The CF15 cells were grown on sterile glass coverslips at low density at 37 ℃ in a 5 % CO2 

atmosphere. The cells were cultured for 24 hours in the appropriate culture medium 

(DMEM supplemented with 10 % FBS; 0.088% transferrin, 0.088 % T3, 0.0088 % 

epithelial growth factor; 1.76 % hydrocortisone; 0.044 % insulin, 0.088 % epinephrine; and 

0.176 % adenine), containing LPS (200 ng/mL) with or without DIBI (25 µM or 200 µM). 

The treatment groups were as following: Control (medium alone), LPS (200 ng/mL), LPS 

+ DIBI 25 µM, LPS + DIBI 200 µM, DIBI 25 µM, and DIBI 200 µM. The medium was 

removed, and the cells were washed four times with PBS. They were then fixed with 2 % 

paraformaldehyde (in PBS) for 20 minutes, and permeabilized with permeabilization buffer 

(0.1 % TritonX-100, 2 % BSA in PBS) for 45 minutes. The cells were then incubated 

overnight in single unstained primary antibody diluted in 0.1 % TritonX-100, 0.2 % BSA 

at 4°C: NF-κB  anti-P65 antibody (1:150, sc-8008, Santa Cruz Biotechnology Inc., Dallas, 

Texas, US), anti- P-STAT1 antibody (1:75, 33-3400, Thermo Fisher Scientific, Waltham, 

Massachusetts, US), or anti- P-STAT3 antibody (1:100, PA5-17876, Thermo Fisher 

Scientific).  

Next day, the cells were washed with PBS, 0.1 % TritonX-100 three times for 10 minutes 

(to remove primary antibody), and incubated in Alexa Fluor® 488-conjugated donkey anti-

mouse IgG (1:250, code 715-545-150, Jackson ImmunoResearch Laboratories, Inc., 

Pennsylvania, United States) for 1 hour. The secondary antibody was diluted in 0.1 % 

TritonX-100, 0.2 % BSA. Every step following and including the 1-hour incubation in the 

secondary antibody were conducted in the dark. The cells were washed, the coverslips were 

removed from the dishes, mounted on a glass microscopy slide with DAPI-containing 

mounting media, sealed with nail polish, and allowed to dry at room temperature (20 min) 

before storage at −20 °C. Slides were viewed using a Zeiss Axio Imager Z2 

W/Monochrome camera at the Dalhousie Cellular & Digital Imaging Facility of the Faculty 

of Medicine. The images were captured at 100X objective under oil immersion using the 

Zeiss blue software. Negative controls were performed by omitting the primary antibody. 
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2.1.2.6 NF-κB  P65 Scoring 

For measuring P65 target, a total of 30 individual cells were randomly selected for each 

treatment. The images were captured using 100x total magnification. The degree of target 

activation was assessed by an arbitrary score: 1= no perinuclear/nuclear signal with signal 

in the cytosol; 2= some perinuclear signal, no intra-nuclear signal, with signal in the 

cytosol; 3= perinuclear, and some intra-nuclear signal, with signal in the cytosol; 4= very 

strong perinuclear signal, strong nuclear signal, with signal in the cytosol (Figure 6). 

2.1.2.7 P-STAT1 and P-STAT3 Scoring 

For measuring P-STAT1 and P-STAT3 targets, a total of 15 individual cells were randomly 

selected for each treatment and target. The images were captured using 100x total 

magnification and they were converted to TIF format. The images were set to greyscale 

and then every cell was delineated at the cell membrane, and the area integrated density 

(product of area and Mean Gray value) as well as five measurements of the surrounding 

background of each cell were calculated using Image J software. The corrected total cell 

fluorescence (CTCF) was calculated as previously described (182): integrated density − 

(area of selected cell × mean density of background).  
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Figure 6. NF-κB  P65 scoring in treated CF15 cells. 

P65 target (green) in CF15 cells treated with LPS 200 ng/mL and DIBI 25 or 200 µM for 

24 hours captured by 100X objective. Scoring system developed in Chappe Laboratory to 

assess activation and nuclear translocation of the P65 in treatment groups. 

  

A
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Figure 7. Experimental timeline for CF15 immunofluorescence.  

 

 

 

Table 4. Experimental groups for CF15 immunofluorescence. 
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2.2 Animal experiments 

2.2.1 Ethics statement  

The experimental procedures were approved by the University Committee on Laboratory 

Animals at Dalhousie University under protocols (17-070, 18-057, 18-090) and were 

performed in accordance with the guidelines and standards of the Canadian Council on 

Animal Care. As with the nature of collaboration in research, some data collection and 

analysis were conducted in external laboratories. These included Dr. David Hoskin’s 

(neutrophil experiments and ELISA), Dr. Jean Marshall’s (multiplex plasma analysis), and 

Dr. Morgan Langille’s Laboratories (Microbiome analysis) within Dalhousie University’s 

Faculty of Medicine. 

2.2.2 Systemic inflammation model 

Wildtype, male C57BL/6 mice (8-10 weeks old; 20-30 grams) were used for this model 

and were purchased from Charles River Laboratories International Inc. (Saint-Constant, 

QC, Canada) and they were housed in ventilated plastic cage racks in a pathogen free room 

(room tested for pathogens every three months). These mice were acclimated for one week 

in Carleton Animal Care Facility (CACF) of the Faculty of Medicine, Dalhousie 

University, Halifax, NS, Canada. They were housed in a 12-hour light/dark cycle in 21° 

Celsius room with supply of standard diet of rodent chow and filtered city water ad libitum. 

2.2.2.1 Anesthesia and jugular vein catheterization  

Mice were weighed and anesthetized by intraperitoneal (IP) injection of sodium 

pentobarbital (90 mg/kg, 54 mg/mL; Ceva Sainte Animale, Montreal, QC, Canada) that 

was diluted in 0.9 % sodium chloride (NaCl) saline (1:2 dilution factor). Anesthesia depth 

was assessed every 15 minutes by pedal withdrawal reflex. Additional sodium 

pentobarbital was given as needed (1:10 dilution). Once anesthetized, the mice were placed 

and taped in supine position over heating pad. Body temperature was measured 

continuously via automated rectal thermometer to maintain body temperature of 37 °C ± 
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0.5 °C and it was documented every 15 minutes (TCAT-2LV Controller; Physitemp 

Instruments Inc. New Jersey, USA). 

 

A surgery was performed to catheterize the right jugular vein for IV administration of drugs 

and other substances. The catheter was prepared in advance of the surgery: a 30-gauge 

needle was inserted into a non-radiopaque polyethylene tubing (PE10, Clay Adams, Sparks, 

MD, USA) and secured with waterproof glue. The catheter was tested for 

obstructions/leakages prior to securing it in place. To begin, the abdominal and anterior-

lateral neck area were shaved and disinfected. Next, a small incision was made in the right 

side of the neck to dissect the jugular vein (approximately 5-7 mm exposed region). Using 

a silk thread, the cranial end of the vein was tied off (to block perfusion of the vein). Using 

micro-dissecting scissors to make a cut in the vein, the catheter was inserted into the vein 

and pushed approximately 1 cm into the vessel. It was secured in place by knotting a silk 

thread around the catheter and both the inferior and superior ends of the vessel. Once the 

catheterization surgery was completed, the substances were administered IV through it. 

Each IV administration was followed by a 0.02 mL saline flush to ensure all solution was 

IV infused.  

2.2.2.2 Experimental timeline 

The timeline started with preparation of animals and anesthesia induction. Once the mouse 

was anesthetized, the right jugular vein was catheterized. Administration of LPS (from 

Escherichia coli at 5mg/kg; Sigma-Aldrich, Oakville, ON, Canada) marks the T=0 

timepoint in the timeline. This LPS solution (1 mg/mL concentration using 0.9 % NaCl 

saline) was administered over few minutes. At T=15 minutes, treatment (one of the iron 

chelators) or vehicle (for control group) was IV administered. At T=1 hour 45 minutes, 

fluorochromes were injected. This was followed by laparotomy in preparation for intravital 

microscopy (IVM) of the intestine (T=2 hours). Once IVM was completed, blood and small 

intestine samples were collected for analysis (T=2 hours 45 minutes).  
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2.2.2.3 Experimental group 

This model consisted of six experimental groups. Group 1, the control group, consisted of 

mice that underwent the same surgical and experimental interventions except for the 

administration of LPS. Instead, treatment vehicle (0.9 % NaCl saline) was administered. 

Group 2, LPS group, represents mice that received LPS (5 mg/kg) and thus had systemic 

inflammation but no treatment. The following groups represent treatment groups that 

received one of the iron chelators at T= 15 minutes. To ensure same iron chelation capacity, 

the dosages of the iron chelators were matched based on DIBI’s iron-binding capacity 

(µmoles/Kg). First the clinically-approved iron chelators were studied. Groups 3, 4, 5, 

received LPS and DFX (2.25 mg/kg; Santa Cruz Biotechnology, Inc. Dallas, Texas, US), 

DFP (1.25 mg/kg; Sigma Aldrich, Missouri, US), and DFO (1.97 mg/kg; Sigma Aldrich, 

Missouri, US), respectively. Group 6, LPS+ DIBI, received DIBI treatment (10 mg/kg; 

provided by Chelation Partners Inc., Halifax, NS, Canada). 
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Figure 8. Experimental timeline for LPS-induced systemic inflammation model. 

 

 

 

Table 5. Experimental groups for LPS-induced systemic inflammation model. 
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2.2.3 Colon Ascendens Stent Peritonitis (CASP) model  

Wildtype, male C57BL/6 mice (8-10 weeks old; 20-30 grams) were used for this model 

and were purchased from Charles River Laboratories International Inc. (Saint-Constant, 

QC, Canada) and they were housed in ventilated plastic cage racks in a pathogen free room 

(room tested for pathogens every three months). These mice were acclimated for one week 

in Carleton Animal Care Facility (CACF) of the Faculty of Medicine, Dalhousie 

University, Halifax, NS, Canada. They were housed in a 12-hour light/dark cycle in 21 °C 

room with supply of standard diet of rodent chow and filtered city water ad libitum. 

2.2.3.1 Anesthesia and surgery 

The CASP surgery was performed to induce fecal matter leakage into the abdominal cavity, 

causing peritonitis.  Animals were anesthetized using 4 % isoflurane in oxygen (flowrate 

of 1 liter/hour). Depth of anesthesia was maintained by continuous inhalation of 2 % 

isoflurane in oxygen (flowrate 0.8 liter of oxygen/hour). Next, pre-emptive analgesia 

buprenorphine (short acting; 0.1 mg/kg, 0.03 mg/mL) was administered subcutaneously 

(SC) for post-operation pain relief and eye gel was applied. 

 

The surgery was conducted aseptically and in accordance to Dalhousie University CACF 

guidelines. The abdominal region was shaved, cleaned with detergent (hibitane) and 

disinfectants (isopropyl alcohol 70 % solution followed by povidone-iodine). Laparotomy 

(midline incision) was then performed and the ascending colon was gently retracted and 

placed over a sterile gauze on the animal’s body. A 20-gauge 1-1/4 catheter (Jelcro, Smiths 

Medical, Kent, UK) was securely placed at a 45° angle from the wall of ascending colon 

(1 cm distal to the ileocecal valve) using 7-0 polypropylene monofilament suture (3304H, 

Pronova ETHICON). After removing the needle, the catheter tube was cut to leave 2-3 mm 

of the stent projecting outside of the ascending colon. Using wet cotton-tipped applicators 

and gently palpating the cecum, feces filled the catheter and fecal matter entered the 

peritoneal cavity. To ensure the development of peritonitis (and ultimately sepsis), the stent 

was tightly sutured in the colon for continuous fecal matter leakage (over the next 8 hours). 

The ascending colon was positioned back into the abdominal cavity and the muscle layer 
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was sutured using 5/0 non-absorbable polypropylene monofilament (7740G, Prolene 

ETHICON). Before completing this suture, the treatment or vehicle (saline) was instilled 

over the abdominal cavity (IP). Sham surgery, for healthy control mice, was performed 

under the same conditions except for the catheter insertion into the ascending colon. In 

these animals, the catheter was sutured to the top of the outer layer of the ascending colon, 

with care to avoid perforation and leakage of any fecal into the abdominal cavity. All mice 

were given 0.5 mL saline SC for fluid replacement, kept in recovery area on heating pad 

37 °C with rodent chow mash and water ad libitum. They were closely observed in the 

recovery room for the next six hours until it was time to be taken into the laboratory for the 

remainder of the experimental timeline.  

2.2.3.2 Experimental Timeline 

The experiment began with anesthesia induction and preparation of the mouse for CASP 

surgery (T= -45 minutes). During this preparation, buprenorphine was administered. Next, 

CASP surgery was performed to induce the peritonitis-induced sepsis. Administration of 

treatment/vehicle at the end of the surgery marked the T=0 timepoint. After surgery, the 

mice were placed in recovery area under observation as described previously. At T=6 hours 

45 minutes, the mouse was anesthetized again with diluted dose of sodium pentobarbital 

(90 mg/kg; 54 mg/mL; 1:10 dilution in 0.9 % NaCl saline). At T= 7 hours and 30 minutes 

(which marked 30 minutes prior to IVM), fluorochromes (Fluorescein isothiocyanate 

(FITC) and Rhodamine-6G) were administered IV through tail-vein injection. Laparotomy 

was also performed at this time along the prior CASP surgical incision line (to reduce 

invasiveness). At T=7 hours 45 minutes, peritoneal lavage fluid (PLF) was collected for 

bacterial enumeration and microbiome analysis. IVM microscopy started at T=8 hours. 

Once IVM was completed, T=8 hours 45 minutes, blood and small intestine samples were 

collected and stored appropriately for further analysis.   

2.2.3.3 Experimental groups  

Six experimental groups were included in the CASP poly-bacterial model. Group 1, Sham 

group, served as the surgical and experimental control group. Sham animals underwent the 

same surgery except for the perforation of the ascending colon (absence of fecal matter 
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leakage). At T=0, Sham animals received vehicle as treatment (0.9 % NaCl saline). The 

remaining five groups had active bacterial leakage into the abdominal cavity. Group 2, 

CASP, represents mice that have infection but no treatment. Similar to sham, they received 

saline only at T=0. Groups 3 to 6 received one of the iron chelators as prophylactic 

treatment (T=0). To ensure same iron chelation capacity, the dosages of the iron chelators 

were matched based on DIBI’s iron-binding capacity (μM/kg). Groups 3, 4, 5, included the 

clinically-approved iron chelators: CASP+ DFX (18 mg/kg), CASP+DFP (10 mg/kg), and 

CASP+DFO (15.76 mg/kg). Group 6, CASP+DIBI, received DIBI treatment (80mg/kg; 

provided by Chelation Partners Inc., Halifax, NS, Canada). 
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Figure 9. Experimental timeline for CASP model. 

 

 

 

Table 6. Experimental groups for CASP model. 

 

  

End of surgery.

Treatment or saline (IP)

Anesthesia,

surgery prep
IVM

Blood and tissue 

collection

0Time 8h 8h45m-45m

Fluorochrome,

laparotomy

7h30m

PLF 

Collection 

7h45m

Model Groups Intervention 

Colon Ascendens Stent 

Peritonitis (CASP)

1- Sham Saline IP

2- CASP CASP (20-gauge stent) 

3- CASP+ DFX CASP (20-gauge stent) + DFX (18 mg/kg) IP

4- CASP+DFP CASP (20-gauge stent) + DFP (10 mg/kg) IP

5- CASP+DFO CASP (20-gauge stent) + DFO (15.76 mg/kg) IP

6- CASP+DIBI CASP (20-gauge stent) + DIBI (80 mg/kg) IP



 
 

51 

2.2.4 Colon Ascendens Stent Peritonitis with intervention (CASP-I) 

Wildtype, male C57BL/6 mice (8-10 weeks old; 20-30 grams) were purchased from 

Charles River Laboratories International Inc. (Saint-Constant, QC, Canada) and they were 

housed in ventilated plastic cage racks in a pathogen free room (room tested for pathogens 

every three months). These mice were acclimated for one week in Carleton Animal Care 

Facility (CACF) of the Faculty of Medicine, Dalhousie University, Halifax, NS, Canada. 

They were housed in a 12-hour light/dark cycle in 21 °C room with supply of standard diet 

of rodent chow and filtered city water ad libitum. 

2.2.4.1 Surgical intervention following CASP surgery 

The CASP-I model was adapted from Traeger et al. (2010) where it is similar to the CASP 

surgery, but it is followed with an additional surgical intervention. This model mimics 

clinical protocol as the source of infection (catheter in the ascending colon) is surgically 

removed. And antibiotic, which is a standard treatment, is included in the study.  

 

After recovery from the initial CASP surgery (as described in 2.2.3.1), the mice were 

monitored in the recovery room for 5 hours. They were then anesthetized with isoflurane 

and prepped (as described), for the second set of surgery: intervention surgery. Laparotomy 

was performed along the lines of the initial surgery. Once the abdominal cavity was 

exposed, PLF was collected. The catheter was then gently located and removed, and the 

hole was sutured with 7.0 size knots. The ascending colon was positioned back into the 

abdominal cavity and the muscle layer was sutured using 5/0 non-absorbable polypropylene 

monofilament (7740G, Prolene ETHICON). Before completing this suture, the second dose 

of treatment or vehicle was instilled over the abdominal cavity (IP). As described 

previously, the mice were sutured, abdominal layer closed and then mice were placed in 

the recovery area.  

2.2.3.2 Experimental timeline  

The experiment began with anesthesia induction and preparation of the mouse for the first 

surgery, CASP surgery (T= -45 min). CASP surgery was completed at T=0 timepoint. 
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Treatment/vehicle was administered IP at this time point as well. The mice were placed in 

the recovery area and monitored closely for few hours. At T=4 hour 30 minutes, the mice 

were anesthetized and prepped for the second surgery: intervention and removal of the 

catheter to eliminate the source of infection. Once the mouse was on the surgery table and 

laparotomy was performed, PLF was collected (T=4 hour 45 minutes). At T=5 hours, the 

second surgery was completed. It was also at this point when secondary dose of treatment 

or vehicle were administered IP. The mice were observed closely every 2 hours until 12 

hours post-surgery. At each observation, the surface temperature and behavior of the mice 

were recorded. The behavioral scoring was based on murine sepsis score described by 

Shrum et al. ((183); Table 7). If the mice showed signs of distress or rapid decline in health, 

they were monitored more frequently even if the first 12 hours were passed. Ketoprofen 

was supplied at T=24 and 48 hours IP. The mice weight was recorded every 24 hours. Mice 

were euthanized if their MSS score reached 15, more than 15 % weight loss, or other animal 

welfare concerns were raised. All surviving mice were sacrificed on day 7 (T=168 hours).  
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Table 7. Murine sepsis score as described by Shrum et al (183). 

Variable Score and Description 

Appearance 0- Smooth coat 

1- Patches of piloerected hair  

2- Majority of back piloerected 

3- +/- piloerection, puffy mouse 

4- +/- piloerection, emaciation 

Level of 

consciousness 

0- Active 

1- Avoids upright standing 

2- Slow but ambulant 

3- Impaired movement when provoked, tremors 

4- Stationary when provoked, possible tremor 

Activity 0- Normal 

1- Slightly suppressed 

2- Stationary with occasional investigation 

3- Stationary 

4- Stationary with hind leg tremors 

Response to 

stimulus 

0- Immediate response 

1- Slow or no response to sound, strong response to touch 

2- No response to sound, moderate response to touch 

3- No response to sound, mild response to touch (no locomotion) 

Eyes 0- Open 

1- Not fully open, possible secretions 

2- Half closed, possible secretions 

3- More than half closed, possible secretions 

4- Closed or milky 

Respiration rate 0- Normal 

1- Decreased but not quantifiable 

2- Moderately reduced and just quantifiable 

3- Severely reduced and easily quantifiable (>0.5s) 

4- Extremely reduced (>1s)  

Respiration 

quality 

0- Normal 

1- Periods of laboured breathing 

2- Laboured 

3- Laboured with intermittent gasps 
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2.2.4.3 Experimental groups 

Six experimental groups were included in the CASP-I model. Group 1, Sham-I group, 

served as the surgical and experimental control group. Sham-I animals underwent the same 

surgeries except for the perforation of the ascending colon (absence of fecal matter 

leakage). At T=0 hour and T=5 hours, Sham-I animals received vehicle as treatment (0.9 

% NaCl saline) injected IP. The other five groups initially had active bacterial leakage into 

the abdominal cavity which was attended to by removing the catheter in the interventional 

surgery. Group 2, CASP-I, represents mice that had infection but no treatment. Similar to 

sham-I, they received only saline at T=0 hour and T=5 hours. Group 3, CASP-I+IMI, 

received single dose of imipenem antibiotic (IMI; 25 mg/kg; Ranbaxy Pharmaceuticals 

Canada Inc., Mississauga, ON, Canada) at T=0 hour. Group 4, CASP-I+DIBI, received a 

single dose of DIBI (80 mg/kg) at T=0 hour. Group 5, CASP-I+IMI+DIBI, received single 

dose of DIBI and imipenem at T=0 hour. Group 6, CASP+IMI+DIBI2, received single dose 

of imipenem at T=0 hour and two individual doses of DIBI at T=0 hour and T=5 hours.  
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Figure 10. Experimental timeline for CASP-I model. 

 

 

 

Table 8. Experimental timeline for CASP-I model. 
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2.2.5.  Intravital microscopy (IVM)  

2.2.5.1 Preparation before microscopy 

Animals are anesthetized prior to fluorochrome administration (using sodium 

pentobarbital). Fluorochromes are administered 15 minutes before scheduled IVM time. 

Rhodamine-6G (1.5 mL/kg; Sigma-aldrich, ON, Canada) stains mitochondria of cells and 

thus helps with visualization of leukocytes. 5% flourescein isothiocyanate-bovine serum 

albumin (FITC-BSA; 1 mL/kg; Sigma Aldrich, Oakville, ON, Canada) visualizes 

microvasculature and perfusion as it remains in plasma. The stains were prepared using 

sterile saline at 0.05 % and 5 % concentrations, respectively. They were administered IV, 

through catheter in systemic-inflammation model and through the tail vein in the CASP 

model, 15 minutes prior to scheduled IVM time.  

 

Next, laparotomy was performed by making a midline incision on a clean and shaven 

abdomen. The underlying abdominal tissue was cut at the linea alba, to minimize bleeding. 

Once the abdominal cavity was exposed, section of terminal ileum was carefully extracted. 

The mouse was positioned on its side and about 2 cm of terminal ileum was place on the 

mouse microscopic viewing stage. The exposed part of the intestine was perfused with 

warm saline (5 mL/hour) through the entire procedure (37 °C; 0.9 % NaCl). This was done 

to prevent the tissue from dying, being damaged, and to create a more physiologically 

comparable environment. Mouse body heat and temperature were also maintained as the 

IVM stage was placed over a heating pad.  

2.2.5.2 Microscopy 

IVM microscopy was performed by using an epifluorescence microscope (Leica DMLM, 

Wetzlar, Germany) and a light source (LEJ EBQ 100; Carl Zeiss, Jena, Germany). Four 

anatomical environments were studied in the exposed intestinal section: V1 collecting 

venules, V3 post-capillary venules, muscle layer, and mucosal layer. V1 collecting venules, 

were 70-100 μm in vessel diameter and were usually located next to an arteriole. V3 post-

capillary venules were smaller, 25-45 μm in vessel diameter, and are not accompanied by 

an arteriole. Muscle layers consisted of circular and longitudinal arrangement of 



 
 

57 

microcirculation capillaries. Mucosal villi were viewed by using a cauterizer to gently 

separate the intestine lengthwise. For each anatomical site, six visual fields were selected 

randomly. Leukocyte-endothelial interactions in the V1 and V3 vessels (rolling and 

adhering leukocytes) and perfusion in muscle layer and mucosal villi (functional capillary 

density) were analyzed. These visual fields were recorded for 30 seconds (real-time); image 

capture of these IVM videos are presented in Figure 11.  Using Volocity software (Perkin 

Elmer, Waltham, MA, USA), the videos were captured using a digital EM-CCD camera 

C9100-02 with AC-adapter A3472-07 (Hamamatsu, Herrsching, Germany). Once IVM 

was successfully completed, the mouse was euthanized via cardiac puncture and samples 

were collected. Video analysis was performed offline, blindly, using ImageJ software 

(version 2.0.0-rc-69/1.52p, National Institute of Health, USA).  

2.2.5.3 Offline video analysis 

For V1 and V3 analysis of leukocyte-endothelial interactions, the region of interest was 

determined based on the biggest area that was in focus for the entire video duration. 

Leukocyte adhesion was defined as leukocytes that remained immobile on the endothelial 

surface within the pre-measured area (under the assumption of cylindric area) for the full 

duration of the video (adhering cells/mm2). Leukocyte rolling was defined as non-adherent 

leukocytes that moved through the vessel cross-section (number of rolling cells/minute). 

For muscle layer analysis of microcirculatory perfusion, the biggest rectangular cross 

section in focus was selected as the region of interest. Functional capillary density (FCD) 

was selected to define the microcirculatory perfusion: total length of all perfused vessels in 

the region of interest were divided by the total area selected (cm/cm2). For the mucosal 

villi, 5-6 villus in focus were selected for analysis. 

2.2.6 Blood & Plasma Collection 

Under deep anesthesia, cardiac puncture was performed with a heparin-coated 25-gauge 

needle on 1 mL syringe (heparin: 1000 USP units/ml; Sandoz Canada Inc. Boucherville, 

QC, Canada). If blood was needed for bacterial enumeration, a small volume was stored 

separately for plating.  Next, blood was centrifuged, plasma was removed, and stored at -

80 °C for further analysis.  
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2.2.7 Plasma inflammatory mediators and adhesion molecules measurements  

Plasma cytokine and chemokine levels were measured using a custom-made magnetic Bio-

Plex Pro cytokine, chemokine, and growth factor assay from Bio-Rad (Mississauga, ON, 

Canada). This assay uses sandwich ELISA technique with magnetic beads to quantify the 

level of the following analytes: TNF-α, IL-1, IL-6, IFN-γ, IL-10, soluble intercellular 

adhesion molecule-1 (sICAM-1), and soluble P-selectin (sP-selectin). Samples were 

prepared in 3-fold dilutions and technical duplicates were included in the analysis. Briefly, 

50 µL of detection antibody magnetic beads were added to each well of a flat-bottom 96-

well plate. They were then washed with Bio-Plex Pro wash buffer. Prepared standards and 

samples were loaded on to the plate and allowed to incubate in the dark on the shaker at 

300 revolutions per minute (RPM) for 1 hour. Following a wash step, Bio-Plex detection 

antibodies were loaded onto the plate and incubated in the dark on shaker for 30 minutes. 

After a wash step, Streptavidin-PE was added to wells for the final incubation on the shaker 

for 10 minutes in the dark. Following a final wash, the plate was loaded on the Bio-Rad 

200 luminometer. Bio-Plex manager software was used to read plate. Using the standard 

curve from the kit, the analytes levels were calculated.  
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Figure 11. Image captures of intestinal intravital microscopy videos observed in control 

and experimental sepsis. 

Within the submucosal collecting venules (V1) and post-capillary venules (V3) arrows 

indicate low number of rolling leukocytes in control animals, whereas high numbers of 

firmly adhering leukocytes are present in animals with sepsis. In the mucosal and muscle 

layers arrows indicate perfused capillaries (which appear as black lines) in control, and 

non-perfused capillaries (which appear as white lines) in sepsis. 
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2.2.8 Intestinal tissue collection and histology 

After euthanasia, a section of terminal ileum was excised and fixed in 10 % phosphate-

buffered formalin (EK Industries, Joliet, IL) for a minimum of 48 hours. This sample was 

incubated in 70 % ethanol prior to processing. Next, it was placed in paraffin blocks using 

automated tissue processor (Leica microsystems Inc., Richmond Hill, ON, Canada) and 

was sliced in 5 µm sections using microtome (Jung AG, Heidelberg, Germany). Using 

blinded histological staining, the samples were stained with hematoxylin and eosin (H&E) 

and evaluated by light microscopy. The degree of histological damage was assessed by a 

score developed by Chiu (184): 0= normal histology; 1= Subepithelial space at villus tips; 

2= extension of sub epithelial space with moderate lifting, and epithelial cell loss and injury 

at the villus tip; 3= massive lifting down sides of villi, some denuded tips; and 4= denuded 

villi, dilated capillaries, and damage extending to more than one-half of villi; 5= 

disintegration of lamina propria. Histological assessment of intestinal samples obtained 

from this research are represented in Figure 12; the highest morphological damage 

observed was grade 3 damage. 
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Figure 12. Histological representation of intestinal damage observed with Chiu Score.  

The Chiu score was used to assess morphological damages in the experiments (184). 

Murine intestinal samples were fixed, embedded in paraffin, and stained with H&E. The 

images represent scores that were assigned to the representing tissue damage during 

infection. Score of 0= normal mucosal villi with intact epithelial cells; 1= Subepithelial 

space (Gruenhagen's space) at apex of villi; 2= extension of sub epithelial space; 3= 

massive lifting down sides of villi, some denuded tips. 
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2.2.9 Peritoneal lavage fluid (PLF)  

2.2.8.1 PLF collection  

PLF was collected by first performing laparotomy and instilling 2 mL of pre-warmed sterile 

saline into the abdominal cavity. The saline was gently mixed with the peritoneal fluid and 

content. Average of 1.5 mL volume of PLF was collected for bacterial enumeration and 

microbiome composition analysis.  

2.2.9.2 PLF Microbiome Sequencing 

PLF sample (500 µL) were used to assess the relative proportions of the bacteria. For 

microbiome profiling 16S Bacteria and Archaea Standard Operating Procedure was used, 

as described in detail by Comeau et al. (185). In short, 16S gene fragments were extracted 

and quantified from samples by PCR. The samples were analyzed in duplicates using two 

sets of forward and two sets of reverse primers at 1:1 and 1:10 dilutions, alongside four 

negative PCR controls. The duplicate PCRs were then combined in one plate and visually 

verified by running an E-gel. The amplicons were cleaned up and normalized using high-

throughput Invitrogen SequelPrep 96-well plate kit. The samples along with negative 

control were pooled to create a library. The library was quantified by utilizing Invitrogen 

Qubit double-stranded DNA high-sensitivity fluorescence-based method and followed by 

Illumina MiSeq sequencing.  

2.2.10 Bacterial Counting 

Blood (CASP) and PLF (CASP and CASP-I) samples (50 µL) were used for bacterial 

enumeration. Aseptic technique and sterile tools were employed. For CASP experiments, 

sterile 1X PBS was used to make serial dilutions (1:1x10 to 1:1x106) that were plated on 

tryptic soy agar plates (TSA; Millipore Sigma, Etobicoke, Ontario, Canada) using triplicate 

spot method. For CASP-I experiments, two sets of TSA plates and two sets of MacConkey 

plates (Millipore Sigma, Etobicoke, Ontario, Canada) were prepared. One set of TSA and 

MacConkey plates were incubated at 37 ᵒC under aerobic conditions. The other set of TSA 

and MacConkey were incubated using anaerobic jar and GasPak (BD., Franklin Lakes, NJ, 
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USA) under anaerobic conditions. The plates were counted after 16-24 hours to determine 

the colony-forming units (CFU) per mL (CFU/mL). Row of spots were only enumerated 

when distinct and clear colonies were observed (~ 30 colonies per spot). CFU/mL were 

calculated by taking the mean value obtained from the triplicates spots and multiplying it 

by the dilution factor. 

2.3. Statistical analysis 

Data were analyzed using the GraphPad Prism 8 software (version 8.2.0 272; La Jolla, CA, 

USA). Normality distribution was confirmed by Kolmogorov-Smirnov test. Normally 

distributed data was analyzed using unpaired t tests, or one-way ANOVA followed by the 

Newman-Keuls test for comparison of three or more groups. Non-parametric data was 

analyzed using either the Mann-Whitney Test or the Kruskal-Wallis Test. Survival data 

was analyzed using the Mantel-Cox (Log Rank) test. Plasma, supernatant, and PLF samples 

analyses were performed in technical duplicates. The cytokine levels in CF supernatants 

were normalized to their protein content. Data was expressed as a mean value ± standard 

deviation (SD). Significance was assumed at P<0.05.  
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CHAPTER 3: RESULTS 

3.1 Inflammation 

To study the impact of iron chelation during inflammation, LPS was used to induce an 

immune response in in vitro and in vivo. Neutrophils were treated in vitro with DIBI to 

measure changes in their intracellular labile iron pool (ILIP). Mice were treated with one 

of the four iron chelators of interest to study whole-organism impact of iron chelation.  

3.1.1 Measurement of ILIP in bone-marrow derived neutrophils  

DIBI has been proven to lower oxidative stress in macrophages and neutrophils (186). 

Additionally, it was shown to lower ILIP in RAW 264.7 macrophage-like cell line 

(unpublished data from Hoskin Laboratory). However, neutrophils’ response to DIBI 

regarding impact on ILIP was not investigated yet. Given the importance of these cells in 

innate immunity and acute inflammation, we were interested in observing changes in ILIP 

in response to DIBI. To study this, we performed CA-AM assay.  

To set the experimental model, LPS 100 ng/mL dose was selected for stimulation of 

neutrophils as it has previously been shown to effectively activate TLR4 and induce a pro-

inflammatory response, including increase in IL-6 secretion and respiratory burst (186–

189). DIBI treatment dose of 200 µM had been tested previously in vitro in neutrophils and 

macrophages ((183) and unpublished data from Hoskin Laboratory), where DIBI reduced 

LPS-induced ROS, NO, and IL-6 levels. Thus DIBI 200 µM dose was selected for analysis 

in vitro. We hypothesized that DIBI (200 µM) can mobilize ILIP to the extracellular 

environment. In order to observe potential difference with lower degree of iron chelation, 

DIBI dose of 25 µM was also included in this study.  

Bone marrow derived neutrophils were incubated in treatment (medium, LPS, DIBI, or 

LPS+DIBI) for four hours followed by CA-AM staining. CA-AM is hydrolyzed to 

florescent calcein, which in turn quenches iron, and fluorescence intensity (FI) is inversely 

correlated to the ILIP. FI was measured by flow cytometry. FI is inversely correlated to the 

ILIP. 
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Neutrophils treated with DIBI doses of 25 µM (D25) and 200 µM (D200) had no change 

in the mean FI levels from control level (Figure 13). Upon LPS-incubation of the 

neutrophils (LPS; 100 ng/mL), the FI levels remained unchanged from control level. 

Similarly, LPS incubation and DIBI 25 µM treatment (LD25) showed no significant 

changes in the FI. However, incubation of the neutrophils with LPS and DIBI 200 µM 

(LD200) increased the FI from LPS group; this finding was statistically significant when 

analysis was done using a two-tailed T test.  

These results demonstrated that only when neutrophils are incubated in LPS and treated 

with the higher dose of DIBI (200 µM), the ILIP is reduced from control levels. This 

suggests that when extracellular iron is chelated in higher magnitude, intracellular iron is 

mobilized by neutrophils. Based on this finding, we were interested in studying neutrophils 

behaviour in LPS-induced inflammation in a whole organism such as mouse model. 
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Figure 13. Assessment of intracellular labile iron pool in bone marrow derived neutrophils 

by CA-AM assay. 

Neutrophils were isolated from bone marrow, treated with LPS (100 ng/mL), DIBI (25 or 

200 µM), or media alone for four hours. At the end of the incubation, cells were harvested, 

and stained with 0.15 µM CA-AM for 30 minutes. Fluorescence intensity (FI) was 

measured via flow cytometry. The dashed line denotes FI of control (media-only) cells. 

Data is presented as arithmetic mean FI ± SD, (n=3-4 per group); * p <0.05 compared to 

LPS-treated cells, as determined by a two-tailed T test. D25= DIBI 25 µM; D200= DIBI 

200 µM; LPS= Lipopolysaccharide, 100 ng/mL; LD25= LPS and DIBI 25 µM; LD200= 

LPS and DIBI 200 µM.  
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3.1.2 Assessing immune activation in a LPS-induced model of systemic inflammation  

 

We were interested to assess iron chelation’s ability to alter immune activation in vivo. 

Mice received an IV administration of LPS (5 mg/kg) followed, 15 minutes later, by a 

treatment consisting of one of the iron chelators: DFX (2.25 mg/kg), DFP (1.25 mg/kg), 

DFO (1.97 mg/kg), or DIBI (10 mg/kg). IVM of the intestine was used to assess the 

treatment effect on leukocyte-endothelial interactions and capillary blood flow. 

3.1.2.1 Leukocyte-endothelial interaction 

During inflammation, rolling and adhesion are critical for successful transmigration of 

leukocytes to the site of inflammation. Pro-inflammatory mediators upregulate the 

expression of adhesion molecules on the surface of both immune and endothelial cells. 

Leukocyte adhesion was selected as the primary endpoint to measure as these firmly 

adhering leukocytes have completed 2 stages of the extravasation process.   

In the control group, we observed a low number of adhering leukocytes in the V1 

(collecting) venules (Figure 14, Part A). This low level of activation is most likely due to 

the invasive experimental procedure and local surgical stress that release inflammatory 

mediators and initiate an inflammatory response. As expected, when the mice were 

stimulated with LPS, there was a significant increase in the number of adhering leukocytes, 

indicating the presence of systemic inflammation. Treatment with DFP, DFO and DIBI 

were able to significantly reduce the LPS-induced leukocyte adhesion. Interestingly, DIBI 

treatment restored leukocyte adhesion to control levels. V3 (post-capillary) venules had a 

higher degree of basal leukocyte adhesion, as compared to V1 venules (Figure 14, Part B). 

LPS administration did not change the number of adhering leukocytes from control levels. 

However, treatment with DFX, DFP, and DFO increased leukocyte adherence significantly 

from control and LPS levels. On the other hand, DIBI treatment did not change the 

leukocyte adhesion from both control and LPS groups.  

In summary, DFP, DFO, and DIBI were able to reduce leukocyte adhesion within the V1 

venules. In V3 venules, all three classical iron chelation increased leukocyte adhesion 
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levels while DIBI treatment did not change the levels of leukocyte adhesion. These findings 

highlight iron chelation’s impact on modulating the leukocyte-endothelial interactions. 

Next, we were interested in iron chelation’s effect on the preceding step in leukocyte 

extravasation: leukocyte rolling. In this stage, the leukocytes bind to vascular endothelium 

with low affinity and have a rotational motion on the endothelium surface. In V1 venules, 

the control group demonstrated a high number of rolling leukocytes (Figure 15, part A), 

which decreased significantly with LPS administration. The number of rolling leukocytes 

remained low and did not change with any of the iron chelation treatment. Similar results 

were observed in the V3 venules (Figure 15, part B). In summary, iron chelation was not 

able to restore the number of rolling leukocytes in LPS-stimulated mice to control levels. 

This suggests that iron chelators impact the leukocyte-endothelial interaction at the 

adhesion stage, and not at the rolling stage. 

3.1.2.2 Capillary blood flow  

Given the importance and sensitivity of microcirculatory changes in systemic inflammation 

and sepsis pathology, it was of interest to explore the effect of iron chelation on capillary 

perfusion.   

Functional capillary density (FCD) of the muscle and the mucosal villi of the intestine were 

recorded. LPS-induced systemic inflammation significantly reduced FCD in both layers 

when compared to the control group (Figure 16, A and B). All iron chelation treatments 

(DFX, DFP, DFO, and DIBI), were able to significantly improve the FCD from LPS level. 

This observed FCD improvement highlights iron chelation’s ability to restore FCD levels 

back to control levels, as there were no statistical differences between iron chelation 

treatment groups and control levels. 
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Figure 14. Effect of iron chelation on leukocyte adhesion in V1 and V3 venules in 

systemic inflammation. 

 

Bar graphs represent firmly adherent leukocytes in the intestinal A) submucosal collecting 

venules, V1 and B) post-capillary venules, V3 (cells/mm2) two hours after systemic 

administration of LPS (5 mg/kg). Treatment, one of the iron chelators, was administered 

15 minutes following LPS administration: DFX (2.25 mg/kg), DFP (1.25 mg/kg), DFO 

(1.97 mg/kg), DIBI (10 mg/kg). Data represented as mean ± SD (n= 4-6 per group); # p < 

0.05 compared to control group, * p < 0.05 compared to LPS group. DFP: Deferiprone; 

DFO: Deferoxamine; DFX: Desferasirox; LPS: Lipopolysaccharide.  

V1 Leukocyte adhesion

c
e

ll
s

/m
m

2

C
ontr

ol
LPS

LP
S+D

FX

LP
S+D

FP

LP
S
+D

FO

LP
S+D

IB
I

0

100

200

300

400

500

#
*

c
e

lls
/m

m
2

C
ontr

ol
LPS

LP
S+D

FX

LP
S+D

FP

LP
S
+D

FO

LP
S+D

IB
I

0

500

1000

1500

*#

V3 leukocyte adhesion

A B



 
 

70 

 
Figure 15. Effect of iron chelation on leukocyte rolling in V1 and V3 venules in systemic 

inflammation. 

Bar graphs represent leukocyte rolling in the intestinal A) submucosal venules, V1 and B) 

post-capillary venules, V3 (cells/min) two hours after systemic administration of LPS (5 

mg/kg). Treatment, one of the iron chelators, was administered 15 minutes following LPS 

administration: DFX (2.25 mg/kg), DFP (1.25 mg/kg), DFO (1.97 mg/kg), DIBI (10 

mg/kg). Data represented as mean ± SD (n=4-7 per group); #p < 0.05 compared to control 

group. DFP: Deferiprone; DFO: Deferoxamine; DFX: Desferasirox; LPS: 

Lipopolysaccharide. 
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Figure 16. Effect of iron chelation on intestinal capillary blood flow in systemic 

inflammation.  

Bar graphs represent the functional capillary density in the A) muscle and B) mucosal villi 

layer two hours after systemic administration of LPS (5 mg/kg). Functional capillary 

density was calculated as following: total length of all perfused vessels in the region of 

interest divided by the total area selected (cm/cm2). Treatment, one of the iron chelators, 

was administered 15 minutes following LPS administration: DFX (2.25 mg/kg), DFP (1.25 

mg/kg), DFO (1.97 mg/kg), DIBI (10 mg/kg).  Data represented as mean ± SD (n= 4-8 per 

group); # p < 0.05 compared to control group, * p < 0.05 compared to LPS. DFP: 

Deferiprone; DFO: Deferoxamine; DFX: Desferasirox; LPS: Lipopolysaccharide.  
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3.1.2.3 Plasma inflammatory mediators  

As a result of acute inflammatory response, immune and structural cells release cytokines 

and chemokines in the blood, which can induce surface protein and receptor expression. 

These proteins can be detected in the plasma. Therefore, to further explore the 

inflammatory mediators contributing to the LPS-induced systemic inflammatory response, 

plasma samples were collected two hours and 45 minutes after LPS administration. The 

plasma samples were analyzed by Bio-plex multiplex immunoassay.  

TNF-α is one of the earliest pro-inflammatory cytokines to be released during an 

inflammatory response. This short living cytokine’s level peaks early during the acute 

phase response. As expected, control animals had minimal TNF-α levels (Figure 17, part 

A), and LPS administration significantly increased TNF-α levels when compared to the 

control group. None of the treatment groups reduced the TNF-α release induced by LPS. 

On the contrary, DIBI treatment showed a higher release of TNF-α levels when compared 

to LPS-level as determined by a Student’s t-test.    

Similar to TNF-α secretion, IFN-γ levels rise early and rapidly during an inflammatory 

response. We observed no changes to IFN-γ levels in the LPS group, compared to the 

control group (Figure 17, part B). However, in the DFX, DFP, and DFO treatment groups, 

there was a significant increase in IFN-γ secretion when compared to both LPS and control 

levels. On the other hand, DIBI treatment did not show the same pattern of response and 

did not change the IFN-γ levels from the levels observed in the LPS group.  

IL-1β is a pyrogenic cytokine that is produced by immune cells. During the inflammatory 

response, its levels are associated with increased inflammation severity (80). In this study, 

although not significantly different from the control group levels, IL-1β levels appeared to 

increase after LPS administration (Figure 17, part C). Iron chelation treatments showed 

different responses. However, there was no statistically significant change in IL-1β levels, 

as compared to LPS group.  
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IL-6 has pro- and anti-inflammatory effects, playing an important role in orchestrating the 

adaptive response and initiating the healing process in epithelial cells (190). Overall, IL-6 

secretion showed a similar course to IFN-γ. IL-6 levels were minimal in the control group 

(Figure 17, part D), and LPS did not change the IL-6 levels from control. In DFX, DFP, 

and DFO treatments, there was a significant increase in IL-6 secretions compared to LPS 

group, meanwhile DIBI did not change the levels from LPS group. 

Once an inflammatory response is initiated, it is important to activate the complementary 

anti-inflammatory pathways to assist the inflammation resolution and healing. IL-10, is an 

anti-inflammatory cytokine that plays a role in this process. In our model at the measured 

time point, there were no significant differences between control and LPS IL-10 levels 

(Figure 17, part E). DFX and DIBI treatments induced significantly higher IL-10 secretions 

when compared to control group, but not significantly different from the LPS group (p= 

0.12). 

As cited before, inflammatory mediators increase the expression of adhesion molecules. 

ICAM-1 is a surface glycoprotein expressed on endothelial cells. In our plasma samples, 

levels of soluble (s) ICAM-1 which were shed in the plasma were measured. In LPS group, 

there was only a non-significant increase in sICAM-1 levels compared to control (Figure 

17, part F).  However, in DFX, DFO, DFP treatments, there was a significant increase in 

sICAM-1 from the levels of both LPS and control groups. DIBI treatment was similar to 

control and LPS levels. P-selectin is expressed by endothelial cells to allow leukocytes to 

tether and begin rolling. There were no differences between the studied groups for soluble 

(s) P-selectin plasma levels (Figure 17, part G).  

Overall, these results indicate that LPS did not statistically increase the level of the studied 

plasma mediators, except for TNF-α. Iron chelation treatments had variable effects on the 

secretion of the mediators: DIBI treatment had similar effect on inflammatory mediators 

release than LPS, except for TNF-α where DIBI increased its levels from LPS group. DFO, 

DFP, and DFX increased IFN-γ, IL-6, and sICAM-1 levels.  
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Figure 17. Effects of iron chelation on plasma inflammatory mediators in systemic 

inflammation.  

Samples were taken 2 hours and 45 minutes after systemic LPS administration (5 mg/kg). 

Treatment, one of the iron chelators was administered 15 minutes following LPS 

administration: DFX (2.25 mg/kg), DFP (1.25 mg/kg), DFO (1.97 mg/kg), DIBI (10 

mg/kg). Bar graphs represent mean cytokine values ± SD (n = 4-9 per group); # p < 0.05 

compared to control group; * p < 0.05 compared to LPS. Deferiprone; DFO: Deferoxamine; 

DFX: Desferasirox; IFN: interferon; IL: interleukin; LPS: Lipopolysaccharide; TNF: tumor 

necrosis factor; sICAM-1: Soluble intercellular adhesion molecule-1; sP-selectin: soluble 

P-selectin.   
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3.1.2.4 Histology  

In order to assess potential intestinal tissue damage, intestinal samples were collected two 

hours and 45 minutes after LPS-administration. The samples were processed for 

morphological damage by using the Chiu score as described in Figure 12.  

 

There was variability amongst and within the treatment groups (Figure 18). Surprisingly, 

in control animals, there were mild histological damages present. LPS administration was 

not able to induce significant further intestinal damage during the observation time. None 

of the iron chelation treatments were able to modulate that change.  
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Figure 18. Effects of iron chelation on morphological changes within the intestinal mucosal 

tissues.  

Samples were taken two hours and 45 minutes after systemic LPS administration (5 mg/kg). 

Treatment, one of the iron chelators was administered 15 minutes, following LPS 

administration: DFX (2.25 mg/kg), DFP (1.25 mg/kg), DFO (1.97 mg/kg), DIBI (10 

mg/kg). Samples were collected post-mortem, fixed, and embedded in paraffin. Tissue 

sections were stained with H&E. Bar graphs represent mean Chiu score ± SD (n=3-5 

animals). DFP: Deferiprone; DFO: Deferoxamine; DFX: Desferasirox; LPS: 

Lipopolysaccharide. 
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3.2 Infection  

To understand how iron chelation impacts the inflammatory response during an infection, 

the CASP model was selected. In this dynamic model of poly-bacterial sepsis, fecal matter 

leakage into the abdominal cavity induces peritonitis. This model is highly regarded as a 

model of sepsis as it mimics the clinical progression of sepsis and the heterogeneity of 

infection severity as the amount of leakage is uncontrolled. Additionally, this model 

provides the opportunity to test the anti-bacterial properties of iron chelation. For this 

reason, the CASP model was selected to compare DIBI with the other iron chelators. The 

timeline of this model was adapted from a previous study (191) and the dosing strategy was 

based on dose-response studies (186). In the next model, CASP-I, an intervention surgery 

was performed after five hours to remove the infection source (stent in the ascending 

colon). Antibiotic therapy with imipenem was included to simulate standard clinical 

treatment.  

 

3.2.1 Colon ascendens stent peritonitis (CASP)  
 

In the CASP model, the inflammatory state of mice was assessed by observing leukocyte-

endothelial interactions, effects on capillary blood flow, and measuring plasma levels of 

pro- and anti-inflammatory mediators. Additionally, peritoneal bacterial burden and 

composition was assessed by measuring bacterial growth in peritoneal lavage fluid (PLF), 

blood, and microbiome analysis. Histological assessment was performed to study the 

morphological changes in the small intestine.   

3.2.1.1 Leukocyte-endothelial interaction  

Since infection severity and inflammatory response are related, we were interested in 

studying the leukocyte-endothelial interactions by IVM of the intestine, performed eight 

hours after completion of CASP surgery.  

Starting with our primary endpoint, leukocyte adhesion in V1 venules, the sham group, had 

a relatively low number of adhering leukocytes (Figure 19, part A). As expected, the 

number of adhering leukocytes significantly increased following CASP procedure: all 
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animals that underwent CASP surgery showed significantly increased numbers of adhering 

leukocytes compared to sham animals. Iron chelation treatment with DFP, DFO, and DIBI 

significantly lowered the number of adhering leukocytes, as observed when compared to 

untreated CASP animals. This result was consistent with what had been observed in the 

LPS-induced systemic inflammation model. DFX treatment was not effective in reducing 

the numbers of adherent leukocytes. In regard to the rolling leukocytes, highest numbers 

were observed in the sham group (Figure 19, part B). Consistent with previous observation 

in systemic inflammation, animals with sepsis had significantly lower numbers of rolling 

leukocytes than sham animals. However, there were no differences observed between 

untreated CASP and iron chelation treated CASP groups.  

In the V3 venules, the numbers of adhering leukocytes in the sham group were relatively 

high as compared to the sham group in V1 vessels (Figure 20, part A). Induction of sepsis 

(CASP) caused a significant increase in the leukocyte adherence when compared to sham 

group, and none of the treatments with the iron chelators were able to cause a significant 

reversal on this leukocyte adherence increase. Sham animals present a high number of 

rolling leukocytes (Figure 20, part B) and these numbers are significantly decreased in the 

CASP group. Treatment with DFP, DFO, and DIBI did not improve leukocyte rolling 

levels, while DFX group showed no statistical difference to any of the other analysed 

groups. 

These findings indicate that iron chelators DFO, DFP, and DIBI were able to alleviate the 

leukocyte-endothelial interactions at adhesion stage of V1 vessels. DFX treatment did not 

reduce CASP-induced leukocyte adhesion. 
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Figure 19. Effect of iron chelation on leukocyte adhesion and rolling in V1 vessels in poly-

bacterial abdominal infection.  

Bar graphs represent A) firmly adherent leukocytes (cells/mm2) and B) rolling leukocytes 

(cells/min) in the intestinal submucosal collecting venules eight hours after CASP surgery. 

Treatment, one of the iron chelators, was administered at the end of the CASP surgery: 

DFO (15.76 mg/kg), DFP (10 mg/kg), DFX (18 mg/kg), DIBI (80 mg/kg). Data represented 

as mean ± SD (n= 5-7 per group); # p < 0.05 compared to sham group, *p < 0.05 compared 

to CASP group. CASP: Colon ascendens stent peritonitis; DFP: Deferiprone; DFO: 

Deferoxamine; DFX: Desferasirox.  
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Figure 20. Effect of iron chelation on leukocyte adhesion and rolling in V3 vessels in poly-

bacterial abdominal infection. 

Bar graphs represent A) firmly adherent leukocytes and B) rolling leukocytes in the 

intestinal submucosal collecting venules (cells/mm2) eight hours after CASP surgery. 

Treatment, one of the iron chelators, was administered at the end of the CASP surgery: 

DFO (15.76 mg/kg), DFP (10 mg/kg), DFX (18 mg/kg), DIBI (80 mg/kg). Data represented 

as mean ± SD (n= 3 per group); # p < 0.05 compared to sham group. CASP: Colon 

ascendens stent peritonitis; DFP: Deferiprone; DFO: Deferoxamine; DFX: Desferasirox. 
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3.2.1.2 Capillary blood flow 

Given the importance and sensitivity of microcirculatory changes in infection, we were 

interested in observing the effect of iron chelation on capillary perfusion.  

In both the muscle and mucosal layers, expectedly, the FCD was significantly reduced in 

CASP animals, when compared to the sham group (Figure 21, parts A and B). Iron chelation 

treatments did not change the FCD levels compared to CASP levels within the muscle layer 

(Figure 21, Part A). Within the mucosal layer, DFO and DIBI significantly reduced FCD 

from sham levels, similar to CASP (Figure 21, Part B). With DIBI and DFO treatments, 

the FCD remained reduced significantly from sham group. With DFX and DFP treatments, 

the FCD levels were similar to the sham group, indicating that DFX and DFP treatments 

inhibited the CASP-induced FCD reduction. 
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Figure 21. Effect of iron chelation on capillary blood flow in poly-bacterial abdominal 

infection. 

 Bar graphs functional capillary density (FCD) in the intestinal A) muscle and B) mucosal 

villi layers eight hours after CASP surgery. Functional capillary density was calculated as 

following: total length of all perfused vessels in the region of interest divided by the total 

area selected (cm/cm2). Treatment, one of the iron chelators, was administered at the end 

of the CASP surgery: DFO (15.76 mg/kg), DFP (10 mg/kg), DFX (18 mg/kg), DIBI (80 

mg/kg). Data represented as mean ± SD (n= 3-4 per group); # p < 0.05 compared to control 

group (sham). CASP: Colon ascendens stent peritonitis; DFP: Deferiprone; DFO: 

Deferoxamine; DFX: Desferasirox. 
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3.2.1.3 Plasma inflammatory mediators  

Plasma samples were collected eight hours and 45 minutes after CASP surgery to study the 

effect of iron chelation on inflammatory mediators contributing to the poly-bacterial 

abdominal infection.  

The immune response induced by CASP increased TNF-α levels significantly when 

compared to sham animals (Figure 22, part A).  None of the iron chelation treatments were 

able to significantly reduce the CASP-induced TNF-α release, with DFX treatment causing 

an even higher increase in TNF-α levels than the CASP group itself. Levels of IFN-γ 

increased significantly in the CASP and, again, with DFX treatment, compared to sham 

levels (Figure 22, part B). Treatment with DFP, DFO, or DIBI did not change the secretion 

of IFN-γ from CASP levels.  

Analysis of IL-1β levels mimicked the pattern seen for IFN-γ. IL-1β secretion was 

increased significantly in CASP group when compared to sham animals (Figure 22, part 

C). DFX, DFP, DFO, and DIBI treatments did not change the IL-1β secretion levels 

significantly from CASP levels. IL-6 level secretion was increased significantly in the 

CASP group from sham levels (Figure 22, part D). This CASP-induced IL-6 release was 

observed with DFX and DFO treatments. Meanwhile, none of the treatments changed IL-6 

level significantly from CASP levels. IL-10 secretion was not different between sham and 

CASP groups (Figure 22, part E). All chelation treatments, except DFX, did not change IL-

10 levels significantly from sham or CASP. Levels of sICAM-1 were significantly 

increased in all of the animals that underwent CASP surgery (Figure 22, part F), and none 

of the treatments with the iron chelators were able to reverse the induction caused by CASP. 

P-selectin levels in CASP group did not increase from sham to CASP levels (Figure 22, 

part G). Iron chelation treatment caused no significant effect. 

In summary, CASP increased the level of the studied inflammatory mediators, as compared 

to sham level. Though there are visible trends seen with iron chelation treatment, none of 

these changes were statistically significant from CASP levels due to the large variability 

within the samples.  
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Figure 22. Effects of iron chelation on plasma inflammatory mediators in poly-bacterial 

abdominal infection.  

Samples were taken eight hours and 45 minutes after CASP surgery. Treatment, one of the 

iron chelators, was administered at the end of the CASP surgery: DFO (15.76 mg/kg), DFP 

(10 mg/kg), DFX (18 mg/kg), DIBI (80 mg/kg). Bar graphs represent mean cytokine values 

± SD (n = 3-7); # p < 0.05 compared to control (sham) group. CASP: Colon ascendens stent 

peritonitis; DFP: Deferiprone; DFO: Deferoxamine; DFX: Desferasirox.  
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3.2.1.4 Histology  

In intestinal samples collected from sham animals, there were some histological damage 

present as determined by Chiu score (Figure 23). This damage was further increased 

(significantly) in CASP animals. DFX, DFP, and DFO treatments were able to significantly 

reduce this CASP-induced damage. There was no change observed with DIBI treatment, 

from CASP levels. 

3.2.1.5 Bacteria Enumeration 

To measure the bacterial burden and the impact of iron chelation treatment on bacterial 

growth, PLF and blood samples were collected and plated on tryptic soy agar (TSA) plates. 

 

In both PLF and blood samples, similar results were obtained (Figure 24). Due to the CASP 

surgery and the ongoing bacterial leakage, the bacterial counts were increased significantly 

in the CASP group, as compared to sham animals. This increase in bacterial burden was 

also observed in the iron chelation treated CASP groups (CASP+ DFX/DFP/DFO/DIBI).  

None of the iron chelators significantly reduced the bacterial counts, though DFO and DIBI 

had the lowest mean bacterial burden.  
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Figure 23. Effects of iron chelation on morphological changes within the intestinal mucosa 

in poly-bacterial abdominal infection. 

Samples were taken eight hours and 45 minutes after CASP surgery. Treatment, one of the 

iron chelators, was administered at the end of the CASP surgery: DFO (15.76 mg/kg), DFP 

(10 mg/kg), DFX (18 mg/kg), DIBI (80 mg/kg). Samples were collected post-mortem, 

fixed, and embedded in paraffin. Tissue sections were stained with H&E. Bar graphs 

represent mean Chiu score ± SD (n=4 animals). # p < 0.05 compared to sham group, *p < 

0.05 compared to CASP group. CASP: Colon ascendens stent peritonitis; DFP: 

Deferiprone; DFO: Deferoxamine; DFX: Desferasirox. 
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Figure 24. Effects of iron chelation on bacterial enumeration of peritoneal lavage fluid and 

blood in poly-bacterial abdominal infection.  

Bacterial burden was measured by plating A) peritoneal lavage fluid collected at 7 hours 

and 45 minutes and B) blood collected at eight hours and 45 minutes after CASP surgery 

on tryptic soy agar plates. Treatment, one of the iron chelators, was administered at the end 

of the CASP surgery: DFO (15.76 mg/kg), DFP (10 mg/kg), DFX (18 mg/kg), DIBI (80 

mg/kg). The bacterial colonies were counted 16-24 hours later (CFU/ml). Data are 

represented as mean ± SD (n=4-8 per group); # p < 0.05 compared to sham group. CASP: 

Colon ascendens stent peritonitis; DFP: Deferiprone; DFO: Deferoxamine; DFX: 

Desferasirox. 
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3.2.1.6 Microbiome sequencing 

Following bacterial enumeration, we were interested in the composition of these bacteria 

within the PLF samples. The results provide a gateway into the relative bacterial 

distribution in their taxonomic sequencing. PLF samples from sham animals had low 

bacterial quantity and thus were not analyzed.  

 

In the class taxonomic bacterial distribution of CASP samples (Figure 25, part A) 

Bacteroidia was the dominant class of bacteria (62.2 %), followed by Gammaproteobacteria 

(31.1 %), Clostridia (4.3 %), and Bacilli (1.8 %), together forming the majority of the 

composition. These four classes were the most common classes within the treatment groups 

as well, although their relative distributions were different. A deeper analysis into the 

family level of CASP bacterial distribution revealed Bacteroidaceae (55%) and 

Enterobacteriaceae ( 31%) to be the most common population of bacteria (Figure 25, part 

B).  

 

DFX samples were composed of Bacteroidia (54.9 %), Gammaproteobacteria (29 %), 

Clostridia (9.1 %), Bacilli (5.5 %). The family distribution was similar to CASP with 

Bacteroidaceae (47%) and Enterobacteriaceae (29%) forming majority of the diversity. 

Streptococcaceae distribution was larger in DFX treated animals. DFP samples contained 

Bacteroidia (60.3 %), Gammaproteobacteria (20.7 %), Clostridia (13.7 %), and Bacilli (3.4 

%). In addition to the common Bacteroidaceae (52%) and Enterobacteriaceae (21%), DFP 

treatment appears to have increase the distribution of bacteria from Clostridiales (10%) 

order. The family of this bacterial order was not specified by the analysis library.  

 

PLF from DFO treated animals comprised of Bacteroidia (70.4 %), Clostridia (14.3 %), 

Gammaproteobacteria (8.5 %), and Bacilli (4.3 %) classes. DFO treated animals, 

interestingly, showed the lowest distribution of both Gammaproteobacterial class and 

Enterobacteriaceae family (8.5%). DFO treatment also resulted in the highest distribution 

of Bacteroidia (70.4 %) and Bacteroidaceae (62%) compared to the other samples. DFO 

treatment also increased the relative population of Clostridia class (14.3 %) significantly as 
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compared to CASP group. Enterobacteriaceae family (8.5 %) of bacteria were found in the 

smallest distribution within the DFO treated animals, as compared to all other groups. 

 

DIBI treated samples were composed of Bacteroidia (66.3 %), Gammaproteobacteria (23.6 

%), Clostridia (7.0 %), and Bacilli (1.1 %) classes. Deeper family analysis revealed 

Bacteroidaceae (55%), and Enterobacteriaceae (24 %) to be present. When compared to 

the other iron chelators, DIBI did not change the bacilli composition levels compared to 

CASP. It is important to note that the iron chelators, specially DFO, appeared to increase 

clostridia population relative to the other classes when compared to untreated CASP.  
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Figure 25. Taxonomic composition of peritoneal lavage fluid microbiome at class and 

family levels in poly-bacterial abdominal infection.  

Grouped class (A), and family (B) bar graph plots of taxonomic composition of bacteria in 

peritoneal lavage fluid collected seven hours and 45 minutes after CASP surgery. 

Treatment, one of the iron chelators, was administered at the end of the CASP surgery: 

DFO (15.76 mg/kg), DFP (10 mg/kg), DFX (18 mg/kg), DIBI (80 mg/kg).  Sham animals 

did not have enough microbial DNA for analysis. (n=4-5 per group). C: Class; CASP: 

Colon ascendens stent peritonitis; DFP: Deferiprone; DFO: Deferoxamine; DFX: 

Desferasirox; F: family; O: order.  

CASP CASP+DFX CASP+DFP CASP+DFO CASP+DIBI

C: Bacteroidia

C: Bacilli

C: Clostridia

C: Gammaproteobacteria

C: Other
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C: Betaproteobacteria

C: Mollicutes

C: Deltaproteobacteria

C: Verrucomicrobiae

A

B

CASP CASP+DFX CASP+DFP CASP+DFO CASP+DIBI

C: Bacteroidia; O: Bacteroidales; F: Bacteroidaceae

C: Gammaproteobacteria; O: Enterobacteriales; F: Enterobacteriaceae

C: Clostridia; O: Clostridiales; F (unspecified)

C: Bacteroidia; O: Bacteroidales; F: Porphyromonadaceae

C: Bacteroidia; O: Bacteroidales; F: S24-7

C: Clostridia; O: Clostridiales; F: Lachnospiraceae

C: Bacilli; O: Lactobacillales; F: Lactobacillaceae

C: Bacilli; O: Lactobacillales; F: Streptococcaceae

C: Bacteroidia; O: Bacteroidales; F: Paraprevotellaceae
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3.2.2 Colon ascendens stent peritonitis with intervention (CASP-I) 

In the CASP-I model, the effects of DIBI and imipenem, a broad-spectrum antibiotic from 

carbapenem class, on peritonitis were assessed by measuring survival time and health status of 

the mice using the murine sepsis score (MSS). Bacterial burden was determined by measuring 

both aerobic and anaerobic bacterial growth in the PLF samples. Histological assessment was 

performed to study the morphological tissue damage of the intestine.   

3.2.2.1 Survival parameter  

Mice from the sham-I surgery group all survived the total analysis time (n=5; T=168hr), 

indicating that surgery by itself was not responsible for death (Figure 26). Collectively, there 

were significant differences in survival time between the experimental conditions.  

 

Untreated CASP-I mice (n=6) had rapid progression of sepsis and their health declined quickly, 

leading to their death within the first day of analysis. The group’s average survival time was 14 

hours post-surgery, the lowest survival time compared to all other groups studied. When DIBI 

treatment was added (CASP-I+DIBI; n=6), four animals (67% of the group) had similar 

survival to untreated CASP-I animals and died within the first day. The remaining two animals 

had 52.5 hours and 67 hours survival timings, giving the group an average survival of 29.7 

hours.  

 

CASP-I animals that received imipenem (CASP-I+IMI; n=6), showed an improved survival 

where two mice died within the first day (33.3 %) and one of the mice (16.7 %) survived until 

day 7. The average survival time for this group was 57.7 hours. To test the synergy of imipenem 

(IMI) and DIBI, both treatments were administered (CASP-I+IMI+DIBI; n=6).  Although two 

mice died within the first day (33.3 %), the average survival of these mice was drastically 

increased to 82.57 hours. One mouse (16.7 %) survived to day 7. The final treatment group 

consisted of imipenem and double doses of DIBI (CASP-I+IMI+DIBI2; n=6). Only one mouse 

died within the first day (16.7 %) and two mice survived to day seven. The average survival 

time was 94.375 hours. Interestingly, the combined medication groups were superior to DIBI 

treatment alone (CASP-I+DIBI) in improving survival outcome. 
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Figure 26. Survival proportions of CASP-I model.  

The data represents the percent survival of surviving mice that received an intervention 

surgery at T=5 hours, to remove the stent and close the puncture. Sham-I (n= 5) and CASP-

I (n=6) animals received saline at T=0 hour and T=5 hours. CASP+DIBI (n= 6) received 

DIBI (80 mg/kg) at T=0 hour followed by saline at T=5 hours. CASP-I+IMI (n= 6) received 

IMI (25 mg/kg) at T=0 hour followed by saline at T=5 hours. CASP-I+IMI+DIBI (n= 6) 

received IMI and DIBI at T=0 hour and saline at T=5 hours. CASP-I+IMI+DIBI2 (n=6) 

received IMI and DIBI at T=0 hour and a second dose of DIBI at T=5 hour. CASP-I: Colon 

ascendens stent peritonitis with intervention at T=5 hours; DIBI: novel iron chelator; IMI: 

imipenem antibiotic.  
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3.2.2.2 Mean Murine Sepsis Score  (MSS) Curves 

To assess the health status, the mice were closely observed and their MSS was recorded every 

two hours until 12 hours post-surgery. Upon showing signs of distress or rapid decline in 

health, the mice were monitored more frequently even if the first 12 hours had passed. The 

MSS score is negatively correlated to the health status: if mice demonstrated a decline in their 

health and showed more severe sepsis symptoms, their MSS score was increased.  

 

The mean MSS score from each group is presented in Figure 27. The untreated CASP-I animals 

had poor outcome, more severe sepsis symptoms, which resulted in a rapid increase of their 

MSS score. This led to the death of these animals. As mentioned previously, none of CASP-I 

mice were able to survive past day one. CASP-I+DIBI group had similar tendency of rapid 

increase in MSS score. Both of these groups had the highest mean MSS scores.  

 

With imipenem treatment (CASP-I+IMI), the MSS score pattern was similar to CASP-I and 

CASP-I+DIBI early on. However, close to 22 hours, the score started to plateau. Despite 

peaking again later on (close to 37.5 hours), the MSS score did not rise as high as the untreated 

CASP-I and CASP-I+DIBI animals. Combination of DIBI and imipenem treatments (both 

CASP-I+IMI+DIBI and CASP-I+IMI+DIBI2), initially increased the MSS score. However, 

close to 22 hours, the scores started to slowly decline. After 3 days, the MSS score became 

relatively stable. MSS score of CASP-I+IMI+DIBI animals remained close to 1 while the 

CASP-I+IMI+DIBI2 group had an MSS score of zero until the mice were euthanized (168 

hours). 

 

It was interesting to observe that all treatment groups had an increase in their mean MSS scores 

initially. However, the rate of progression of clinical symptoms (as assed by MSS score) in the 

groups with worst survival outcome (CASP-I and CASP-I+DIBI) rapidly increased at 17 hours. 

The overall magnitude and progression rate of these scores were in agreement with the survival 

data obtained, highlighting the potential predictive role of MSS score for sepsis mortality.  
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Figure 27. Mean MSS Score curves for CASP-I model.  

The data represents mean murine sepsis scores (MSS) over time for the mice that received 

an intervention surgery at 5 hours, to remove the stent and close the puncture. CASP-I (n= 

6) animals received saline at T=0 hour and T=5 hours. CASP+DIBI (n= 6) received DIBI 

(80 mg/kg) at T=0 hour followed by saline at T=5 hours. CASP-I+IMI (n= 6) received IMI 

(25 mg/kg) at T=0 hour followed by saline at T=5 hours. CASP-I+IMI+DIBI (n= 6) 

received IMI and DIBI at T=0 hour and saline at T=5 hours. CASP-I+IMI+DIBI2 (n= 6) 

received IMI and DIBI at T=0 hour and a second dose of DIBI at T=5 hours. CASP-I: 

Colon ascendens stent peritonitis with intervention at T=5 hours; DIBI: novel iron chelator; 

IMI: imipenem antibiotic. 
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3.2.2.3 Bacterial enumeration  

PLF samples were obtained at the end of the intervention surgery (T=5 hours) and were plated 

on various agars for bacterial enumeration. PLF samples were also collected post-mortem, 

though due to the high variability of the collection time, data is not shown.   

 

Total aerobic bacterial burden was increased in the untreated CASP-I group from sham-I levels, 

as expected (Figure 28, part A). Single dose DIBI or IMI treatments did not change the bacterial 

burden from CASP-I levels. However, the bacterial burden appeared to be lower in both 

combination groups (CASP-I+IMI+DIBI and CASP-I+IMI+DIBI2). To quantify the Gram-

negative bacterial population, the PLF samples were plated on MacConkey agar. The number 

of Gram-negative bacteria increased significantly in CASP-I group from sham-I levels (Figure 

28, part B). The bacterial burden did not change with imipenem, DIBI, or the combination 

treatment with single dose of DIBI (CASP-I+ IMI/DIBI/IMI+DIBI). Interestingly, repeating 

the DIBI dose in combination with imipenem significantly reduced the bacterial burden from 

CASP-I levels (CASP-I+IMI+DIBI2; 99 % reduction).  

 

Similar findings were observed by analyzing total anaerobic bacteria levels (Figure 28, part C). 

The total anaerobic bacteria levels were significantly increased in the CASP-I group. Even 

though there was no reduction in bacterial burden by DIBI, imipenem, and single dose DIBI 

(CASP-I+IMI+DIBI) treatments, repeating the DIBI dose in combination with imipenem 

(CASP-I+IMI+DIBI2) effectively reduced the anaerobic bacterial burden caused by CASP-I 

(99 % reduction). The results highlight the additive effects of imipenem and double dose DIBI 

in reducing bacterial burden.  
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Figure 28. Bacterial burden in the PLF of CASP-I animals. 

Total aerobic (part A), Gram-negative aerobic (B), and total anaerobic (C) bacterial burden 

was measured by plating peritoneal lavage fluid obtained at the time of intervention surgery 

T=5 hours, to remove the stent and close the puncture. Sham-I and CASP-I animals 

received saline at T=0 hour and T=5 hours. CASP+DIBI received DIBI (80 mg/kg) at T=0 

hour followed by saline at T=5 hours. CASP-I+IMI received IMI (25 mg/kg) at T=0 hour 

followed by saline at T=5 hours. CASP-I+IMI+DIBI received IMI and DIBI at T=0 hour 

and saline at T=5 hours. CASP-I+IMI+DIBI2 received IMI and DIBI at T=0 hour and a 

second dose of DIBI at T=5 hours. The samples were plated on TSA (parts A and C) or 

MacConkey agar (part B) plates and the bacterial colonies were counted 16 to 24 hours 

later (CFU/ml). Data are represented as mean ± SD (n=3-6 per group); # p < 0.05 vs Sham-

I group; * p<0.05 vs CASP-I. CASP-I: Colon ascendens stent peritonitis with intervention 

at T=5 hours; DIBI: novel iron chelator; IMI: imipenem antibiotic.  
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3.2.2.4 Histology  

Small intestine samples were collected from the mice post-mortem, which varied between 

the different animals and treatment groups. Upon morphological assessment, sham-I 

animals had no visible damages and thus had a Chiu score of zero (Figure 29). The 

untreated CASP-I animals had a higher average score than sham-I animals, but this 

difference was not significant. Within the treatment groups, though the average score 

means were different, there was no statistical difference from CASP-I levels. While 

interpreting these results, it is important to consider the collection timepoints of the 

samples. All CASP-I mice survival were limited to day 1 while some mice in double dose 

DIBI combination group (CASP-I+IMI+DIBI2) survived until day 7. Determining 

whether the treatments were effective on modulating intestinal damage, depends on the 

time passed from the infection induction by CASP-I.   
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Figure 29. Morphological changes within the intestinal mucosa in CASP-I model. 

The data represents histological assessment of mice that received an intervention surgery 

at T=5 hours, to remove the stent and close the puncture. Sham-I and CASP-I animals 

received saline at T=0 hour and T=5 hours. CASP+DIBI received DIBI (80 mg/kg) at T=0 

hour followed by saline at T=5 hours. CASP-I+IMI received IMI (25 mg/kg) at T=0 hour 

followed by saline at T=5 hours. CASP-I+IMI+DIBI received IMI and DIBI at T=0 hour 

and saline at T=5 hours. CASP-I+IMI+DIBI2 received IMI and DIBI at T=0 hour and a 

second dose of DIBI at T=5 hours. Samples were collected post-mortem, fixed, and 

embedded in paraffin. Tissue sections were stained with H&E. Bar graphs represent mean 

Chiu score ± SD (n=3-6 animals). CASP-I: Colon ascendens stent peritonitis with 

intervention at T=5 hours; DIBI: novel iron chelator; IMI: imipenem antibiotic. 
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3.3 Inflammation and Infection  
 

CF is characterized by chronic inflammation and recurrent infections of the lungs. Within 

the airways of CF patients, the CFTR dysfunction impairs mucocilliary clearance resulting 

in ineffective pathogen clearance, which creates the ideal niche for bacteria to colonize. 

Additionally, CFTR defect has been shown to interfere with the leukocytes’ activity such 

as neutrophil degranulation and macrophage phagocytosis, highlighting CFTR’s impact on 

immune modulation.  To test the effect of iron chelation in CF, a nasal epithelial cell line 

(CF15) homozygous for the ∆𝐹508 mutation in the CFTR gene, was selected as an in vitro 

model of airway inflammation. Additionally, this model provided the opportunity to study 

the polarized response as the cells were grown on transwells and maintained epithelium in 

air liquid interface. Once the cells were confluent and formed a tight epithelium barrier, 

they were then treated with various doses of DIBI under basal or LPS-challenged 

conditions. Two additional doses of DIBI (50 and 100 μM), intermediate to the previously 

studied doses in neutrophils (25 and 200 μM), were included to conduct dose-response 

studies. 

 

3.3.1 IL-6 and IL-8 release of CF15 cells in response to doses of DIBI  

To understand the impact of iron chelation on CF15 cells at baseline conditions, the cells 

were incubated with DIBI at 25, 50, 100, 200 μM concentrations for 24 hours. 

 

Control CF15 cells secreted an average of 196 pg/mL and 50 pg/mL IL-6 within apical and 

basolateral compartments, respectively (data not shown). These absolute values were used 

to measure relative changes induced by treatments from control levels. Cells incubated with 

lower DIBI doses (25 and 50 μM) showed a significant increase in apical IL-6 secretion 

from control levels (Figure 30, part A). On the contrary, DIBI doses of 100μM and 200μM 

did not stimulate IL-6 secretion in the apical compartment, maintaining the values close to 

the control levels. Similar to observation in the apical compartment, the basolateral IL-6 

secretion was significantly increased when cells were incubated with DIBI 25 μM  (Figure 

30, part B). Meanwhile, DIBI 50, 100, and 200 μM did not induce basolateral IL-6 release, 

maintaining the control levels. 
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In regard to IL-8 secretion, a chemokine that attracts neutrophils to the inflamed site, 

control cells secreted an average of 64 pg/mL and 32 pg/mL IL-8 in the apical and 

basolateral compartments, respectively (data not shown). Interestingly, none of the 

treatments (DIBI 25, 50, 100, and 200 μM) induced significant changes from control levels 

in apical and basolateral compartments (Figure 31).   

 

Having observed an increase in IL-6 levels with the lowest DIBI dose studied (25 µM), we 

were interested in whether this effect was observed during an inflammatory challenge. Thus 

next, the cells were stimulated with LPS and treated with DIBI.   
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Figure 30. CF15 cells’ IL-6 release in response to DIBI.   

Apical (A) and basolateral (B) IL-6 secretions of polarized CF15 cells. CF15 cells were 

grown on transwells to establish an air-liquid interface. The cells were treated with DIBI 

(25, 50, 100, 200 µM) or medium alone for 24 hours. At the end of this incubation period, 

the supernatant was harvested for IL-6 analysis via ELISA, and cells were harvested for 

total protein concentrations measurement via Bradford assay. The IL-6 secretion amount 

was normalized to the protein concentration and the data represents the percentage change 

from control level (medium only). The dashed line denotes the IL-6 level of secretion in 

the control cells, corresponding to average values of 196 pg/mL and 50 pg/mL in apical 

and basolateral compartments, respectively. Data is presented as mean ± SD, (n=3-4 per 

group). *P<0.05 vs control. DIBI25: 25 µM; DIBI50: 50 µM; DIBI100: 100 µM; DIBI200: 

200 µM.  
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Figure 31. CF15 cells’ IL-8 release in response to DIBI. 

Apical (A) and basolateral (B) IL-8 secretions of polarized CF15 cells. CF15 cells were 

grown on transwells to establish an air-liquid interface. The cells were treated with DIBI 

(25, 50, 100, 200 µM) or medium alone for 24 hours. At the end of this incubation period, 

the supernatant was harvested for IL-8 analysis via ELISA, and cells were harvested for 

total protein concentrations measurement via Bradford assay. The IL-8 secretion amount 

was normalized to the protein concentration and the data represents the percentage change 

from control level (medium only). The dashed line denotes the IL-8 level of secretion in 

the control cells, corresponding to average values of 64 pg/mL and 32 pg/mL in apical and 

basolateral compartments, respectively. Data is presented as mean ± SD, (n=3-4 per group). 

*P<0.05 vs control. DIBI25: 25 µM; DIBI50: 50 µM; DIBI100: 100 µM; DIBI200: 200 

µM.  
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3.3.2 IL-6 and IL-8 release of CF15 cells in response to LPS challenge 

CF15 cells were stimulated with various doses of LPS (100, 200, 300 ng/mL) for 24 hours 

or 48 hours in order to generate an inflammatory environment. Compared to control levels, 

LPS dose of 200 ng/mL for 24 hours increased the IL-6 cytokine secretion the highest in 

both apical (Figure 32, part A), and basolateral (part B) compartments. Based on this result, 

all subsequent experiments in the CF15 cells were stimulated with 200 ng/mL of LPS for 

24 hours.  

 

LPS-stimulation increased IL-6 secretion in CF15 to 526.5 pg/mL and 99.5 pg/mL in to the 

apical and basolateral compartments, respectively (data not shown). This corresponded to 

an increase of 169 % and 99 % of IL-6 secretion in apical and basolateral compartments 

with LPS stimulation, respectively. Additionally, to better understand CF15 cells’ 

inflammatory response, Calu-3 cells (human bronchial epithelial serous cells expressing 

the wildtype CFTR) were stimulated with the same dose of LPS (200 ng/mL) under the 

same conditions and IL-6 levels were measured. Apical IL-6 levels increased from 1464 

pg/mL in control cells (media only) to 1725 pg/ml in LPS stimulated cells; within 

basolateral compartment IL-6 secretion increased from 380 pg/mL in control cells to 625.5 

pg/mL in LPS-stimulated cells (data not shown). The Calu-3 cells response to LPS 

stimulation increased IL-6 release by 17% and 64% in apical and basolateral compartments, 

respectively. The LPS-induced IL-6 secretion was much more potent in CF15 cells as 

compared to Calu-3 cells. 

 

Apical IL-6 secretion significantly increased in LPS-stimulated CF15 cells with DIBI 

treatments of 25 and 50 μM (LD25 and LD50), from LPS level (Figure 33, part A). LPS 

and DIBI 100 μM treatment (LD100) did not change the levels of IL-6 secretion from LPS. 

On the other hand, cells incubated in LPS and DIBI 200 μM (LD200), had significantly 

reduced IL-6 secretion compared from LPS level. On the basolateral compartment, LPS-

induced cells treated with DIBI 25, 50, and 100 μM showed no changes in IL-6 secretion, 

though DIBI 200 μM reduced IL-6 basolateral secretion significantly (Figure 3, part B). 
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Cells incubated with 200 ng/mL of LPS showed an increased release of IL-8 to 79.5 pg/mL 

and 54 pg/mL on apical and basolateral compartments, respectively. LPS+ DIBI 25, 50, or 

100 μM had no significant effect on IL-8 secretion in comparison to LPS only group in the 

apical compartment (Figure 34, part A). However, the highest dose of DIBI (200 μM) 

significantly reduced IL-8 secretion in the apical side; a similar response was observed in 

the basolateral compartment, where both DIBI 100 and 200 μM lowered IL-8 secretion 

significantly (Figure 34, part B). 

 

Overall, the highest dose of DIBI studied (200 μM) did not induce IL-6 and IL-8 release in 

CF15 cells at basal condition. However, it lowered LPS-induced IL-6 and IL-8 secretion. 

Lowest studied dose of DIBI (25 μM) induced IL-6 secretion at basal condition. 

Additionally, it further increased LPS-induced IL-6 and IL-8 levels. To better understand 

DIBI’s molecular mechanism and how it modulates the inflammatory pathways, a few 

signalling pathways were targeted for analysis via immunofluorescence.  
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Figure 32. CF15 cells’ response to LPS via IL-6 release. 

Apical (A) and basolateral (B) IL-6 secretions of polarized CF15 cells. CF15 cells were 

grown on transwells to establish an air-liquid interface. The cells were stimulated with 

lipopolysaccharide (LPS) at 100, 200, or 300 ng/mL for 24 hours. At the end of this 

incubation period, the supernatant was collected for IL-6 analysis via ELISA, and cells 

were harvested for total protein concentrations measurement via Bradford assay. The IL-6 

secretion amount was normalized to the protein concentration and the data represents the 

percentage change from control level (medium only). The dashed line denotes the IL-6 

level of secretion in the control cells, corresponding to average values of 196 pg/mL and 

50 pg/mL in apical and basolateral compartments, respectively. Data is presented as mean 

± SD, (n=3-4 independent experiments per group). *P<0.05 vs control. LPS100: 100 

ng/mL; LPS200: 200 ng/mL; LPS300: 300 ng/mL. 
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Figure 33. LPS-stimulated and DIBI treated CF15 cells response via IL-6 release.  

Apical (A) and basolateral (B) IL-6 secretions of polarized CF15 cells. CF15 cells were 

grown on transwells to establish an air-liquid interface. The cells were challenged with 

lipopolysaccharide (LPS; 200 ng/mL) and treated with DIBI (25, 50, 100, 200 µM) or 

media alone for 24 hours. At the end of this incubation period, the supernatant was collected 

for IL-6 analysis via ELISA, and cells were harvested for total protein concentrations 

measurement via Bradford assay. The IL-6 secretion amount was normalized to the protein 

concentration and the data represents the percentage change from control level (medium 

only). The dashed line denotes the IL-6 level of secretion in the LPS cells, corresponding 

to average values of 526.5 pg/mL and 99.53 pg/mL in apical and basolateral compartments, 

respectively. Data is presented as mean ± SD, (n=3-4 independent experiments per group). 

*P<0.05 vs LPS. LD25: LPS+DIBI 25 µM; LD50: LPS+DIBI 50 µM; LD100: LPS+DIBI 

100 µM; LD200: LPS+DIBI 200 µM.  
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Figure 34. LPS-stimulated and DIBI treated CF15 cells response via IL-8 release.  

Apical (A) and basolateral (B) IL-8 secretions of polarized CF15 cells. CF15 cells were 

grown on transwells to establish an air-liquid interface. The cells were challenged with 

lipopolysaccharide (LPS; 200 ng/mL) and treated with DIBI (25, 50, 100, 200 µM) or 

media alone for 24 hours. At the end of this incubation period, the supernatant was collected 

for IL-8 analysis via ELISA, and cells were harvested for total protein concentrations 

measurement via Bradford assay. The IL-8 secretion amount was normalized to the protein 

concentration and the data represents the percent change from control level (medium only). 

The dashed line denotes the IL-8 level of secretion in the LPS cells, corresponding to 

average values of 79.5 pg/mL and 54 pg/mL in apical and basolateral compartments, 

respectively.  Data is presented as mean ± SD, (n=3-4 independent experiments per group). 

*P<0.05 vs LPS. LD25: LPS+DIBI 25 µM; LD50: LPS+DIBI 50 µM; LD100: LPS+DIBI 

100 µM; LD200: LPS+DIBI 200 µM. 
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3.3.3 P65 analysis in CF15 cells 

Given the importance of NF-κB pathway in inflammation and its hyperactivity in CF (192–

194), we were interested to test whether DIBI’s effects were mediated through this 

pathway. NF-κB signaling consists of a diverse and dynamic intracellular signaling 

network initiated with cytokine and PAMP binding to their respective receptors including 

IL-1β, TNF-α, and LPS. The NF-κB/Rel family complex resides in the cytosol as an 

inactive IKb complex. There are two signaling pathways: 1) canonical pathway, which is 

activated by inflammatory and pathogenic stimuli, and 2) non-canonical pathway, which is 

activated by developmental signals (195). During an infection, upon receptor activation 

with a pathogenic stimulus, IκBα is phosphorylated which releases P65-P50 heterodimer 

to translocate into the nucleus. Excess increase in p65 and subsequent activation of this 

pathway is observed in chronic diseases and contributes to inflammation. The complex 

binds to the promoter region of DNA to induce expression of cytokines, adhesion 

molecules, and chemokines.  

 

The CF15 cells were fixed and immunostained with a P65 specific monoclonal antibody 

and revealed by a secondary antibody attached to a fluorescent tag. Only the lowest and 

highest DIBI doses that were studied (25 and 200 µM) were included. We developed a 

semi-quantitative score of P65 fluorescent signal to assess the level of NF-κB activation in 

response to LPS and LPS + DIBI treatments (see Figure 6 for score description). 

 

Upon visual analysis, in the control group (medium only), there was strong P65 signal all 

around the nucleus and in the cytoplasm (Figures 35). Cells in the control condition had a 

median score of 1.5 (Figure 36). With DIBI 25 µM treatment (D25), there was an even 

more distinct signal in the peri-nuclear site and some signal was found inside the nucleus, 

indicating that P65 was activated and translocating to the nucleus. Cells within DIBI 25 

µM group had a median score of 3, which was significantly higher than control score. In 

the DIBI 200 µM treatment group (D200), P65 signal was distributed around the nucleus 

with some signal inside the nucleus; these cells had a median score of 2 which was not 

statistically different from control group. Signal distribution with DIBI 200 µM appeared 



 
 

109 

similar to the control group, indicating that there was less NF-κB activation with DIBI 200 

µM treatment compared to DIBI 25 µM.  

 

With LPS administration, the P65 signal was mainly distributed at the perinuclear and 

intranuclear sites. LPS treated cells had a median score of 3, which was significantly higher 

than control cells’ score. In the LPS + DIBI 25 µM treatment (LD25), there was an increase 

in P65 activation as shown by stronger perinuclear and intranuclear fluorescence and a 

median score of 4. Interestingly, LPS + DIBI 200 µM (LD200) P65 distribution pattern 

was different than with LPS alone as it appeared more spread into the cytoplasm. In the 

LPS + DIBI 200 µM treatment group, the P65 score was not different from LPS group, 

with a median of 3. These findings suggest that the effect of DIBI 25 µM is mediated 

through NF-κB-P65 signaling cascade, while DIBI 200 µM effect appeared to be  mediated 

through effects on other nuclear transcription factors. 
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Figure 35. NF-κB P65 expression in treated CF15 cells. 

Immunofluorescence images of CF15 cells. Cell nuclei were stained with DAPI (blue), and 

NF-κB anti-P65 primary antibody with Alexa Fluor® 488-conjugated secondary antibody 

(green). CF15 cells were treated with LPS (200 ng/mL), DIBI (25 and 200 μM), or LPS + 

DIBI as indicated for 24 hours. Images were captured with a fluorescence microscope with 

oil immersion under 100X objective. Scale bar = 10μm. D25: DIBI 25 µM; D200: DIBI200 

µM ; LPS: Lipopolysaccharide; LD25: LPS + DIBI 25 μM; LD200: LPS+DIBI 200 µM.  
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Figure 36. NF-KB P65 fluorescence score of treated CF15 cells. 

30 Cells were randomly selected from each treatment group and scored. The circles 

represent the distribution of these cells on the 1-4 scale. Data is presented as median + 

interquartile range; median is represented with a red line. # p<0.05 vs. Control, *p<0.05 vs. 

LPS; y p<0.05 vs LD25; x p<0.05 vs D200. 
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 3.3.4 P-STAT1 and P-STAT3 analysis in CF15 cells  

Next, we were interested in studying the Janus kinase (JAK)/ Signal transducer and 

activator of transcription (STAT) pathway, in particular STAT1 and STAT3. Previous data 

obtained in macrophages had shown DIBI to exert its effects by modulating STAT1 and 

STAT3 pathways (Hoskin laboratory unpublished data). STAT1 and STAT3 are nuclear 

transcription factors that are essential for maintaining homeostasis and are activated by a 

variety of signals. 

 

Upon signaling through the JAK, JAK phosphorylates the cytoplasmic STATs (P-STAT) 

on its cytoplasmic domain. The P-STAT1 or P-STAT3 form a dimer which translocates 

into the nucleus and binds to the appropriate promotor region. STAT1 pathway is initiated 

most commonly by binding of the type I interferons (IFN-α or IFN-β) to their receptor. 

Upon phosphorylation, P-STAT1 dimer binds to the promoter region of interferon gamma 

activated sequence (GAS); or it forms a heterotrimeric transcription complex (IFN 

regulatory factor 9 (IRF9)) in the cytoplasm which then induces transcription of interferon 

stimulated response element (ISRE) in the nucleus. This results in gene expression of 

antiviral activity, cell proliferation, and survival regulation. P-STAT3 pathway is 

commonly activated by IL-6, epidermal growth factor (EGF), and IL-10. Its signaling is 

important for cell growth, recovery, and healing. Signaling by IL-6 induces the expression 

of acute response genes to induce a broad spectrum of adaptive and innate immune 

functions, whereas signaling by IL-10 induces the expression of anti-inflammatory genes. 

P-STAT3 has significant increase with tissue injury and inflammation. 

 

To examine whether DIBI treatment was through STAT1/3 pathways, the CF15 cells were 

fixed and immunostained with P-STAT1 or P-STAT3 specific monoclonal antibodies and 

a secondary antibody attached to a fluorescent tag. The captured immunofluorescence 

images were scored for their corrected total cell fluorescence (CTCF). The increase in 

signaling indicates increase in the amount of phosphorylated form.  

 

Starting with visual observation, P-STAT1 had similar pattern of distributions in all cells 

(Figure 37). To measure the signal distribution in the cells, we measured the corrected total 
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cell fluorescence (CTCF; Figure 38; (182). Surprisingly, the control cells (medium only) 

had the highest P-STAT1 activation with a CTCF of 100 ± 27.1. When DIBI was added to 

the medium as treatment in either in 25 μM dose (D25) or 200 μM dose (D200), the P-

STAT1 activation was similar to control level with mean CTCF values of 77 ± 33.4  and 

75 ± 24.5, respectively, p= 0.07. In the LPS incubated cell group, the mean CTCF was 86 

± 25.7, and the P-STAT1 activation level was not different from control levels. When DIBI 

treatment was added to the LPS-stimulated cells, there were no significant changes 

observed: LPS and DIBI dose of  25 μM (LD25) had a mean CTCF value of 75 ± 28.9 

whereas LPS and DIBI dose of  200 μM (LD200) had a higher mean CTCF of 99 ± 37.8 

Overall, the expression and distribution of P-STAT1 did not show a significant difference 

between the treatment groups, suggesting that DIBI (and LPS) do not exert their effects 

through P-STAT1 signalling pathway. 

 

Visual observation of P-STAT3 target revealed that control group (medium only) had a dim 

fluorescence signal with a CTCF of 65 ± 22.0 (Figures 39 and 40). The cells treated with 

DIBI 25 μM (D25), had a slightly brighter green signal around the nucleus area as compared 

to control cells, with a mean CTCF of 76 ± 27.6. This difference between the control and 

DIBI 25 μM cells was not significant. When the cells were treated with DIBI 200 μM 

(D200), the signal was more activated with a mean CTCF of 105 ± 49.3 which was spread 

throughout the cell. This increase in P-STAT3 signal was significant from control level. 

Upon LPS stimulation, there was a strong P-STAT3 signal in the perinuclear area. This 

visual observation was consistent with the increase in the mean CTCF value of 94 ± 37.9. 

The LPS effect, signal localization in the perinuclear area, was weakened as the cells were 

treated with DIBI 25 µM (LD25). CTCF levels of LD25 cells were significantly lowered 

from LPS levels to 50 ± 28.5. On the contrary, the signal localization with DIBI 200 μM 

(LD200) was similar to LPS treated cells with a mean CTCF value of 84.3 ± 28.3. 

Overall, these data suggest that in CF15 cells, DIBI treatment exerts its effects by 

modulating the NF-κB P65 and JAK/STAT3 pathways. 
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Figure 37. P-STAT1 expression in treated CF15 cells. 

Immunofluorescence images of CF15 cells. Cell nuclei were stained with DAPI (blue), and 

P-STAT1 with anti- P-STAT1 primary antibody with Alexa Fluor® 488-conjugated 

secondary antibody (green). CF15 cells were treated with LPS (200 ng/mL), DIBI (25 and 

200 μM), or LPS + DIBI as indicated for 24 hours. Images were captured with a 

fluorescence microscope with oil immersion under 100X objective. Scale bar = 10μm. D25: 

DIBI 25 µM; D200: DIBI200 µM; LPS: Lipopolysaccharide; LD25: LPS + DIBI 25 μM; 

LD200: LPS+DIBI 200 µM. 
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Figure 38. P-STAT1 fluorescence of treated CF15 cells. 

Bar graphs represent the averages of the corrected total cell fluorescence (CTCF) for the P-

STAT1 signal, measured in treated CF15 cells. 15 Cells were randomly selected from each 

treatment group and the CTCF was measured as follow: integrated density − (area of 

selected cell × mean density of background). Data is presented as mean ± SD. 
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Figure 39. P-STAT3 expression in treated CF15 cells. 

Immunofluorescence images of CF15 cells. Cell nuclei were stained with DAPI (blue), and 

P-STAT1 with anti- P-STAT1 primary unstained antibody with Alexa Fluor® 488-

conjugated secondary antibody (green). CF15 cells were treated with LPS (200 ng/mL), 

DIBI (25 and 200 μM), or LPS + DIBI as indicated for 24 hours. Images were captured 

with a fluorescence microscope with oil immersion under 100X objective. Scale bar = 

10μm. D25: DIBI 25 µM; D200: DIBI200 µM; LPS: Lipopolysaccharide; LD25: LPS + 

DIBI 25 μM; LD200: LPS+DIBI 200 µM. 
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Figure 40. P-STAT3 fluorescence of treated CF15 cells. 

Bar graphs represent the averages of the corrected total cell fluorescence (CTCF) for the 

P-STAT3 signal, measured in treated CF15 cells. 15 Cells were randomly selected from 

each treatment group and the CTCF was measured as follow: integrated density − (area of 

selected cell × mean density of background). Data is presented as mean ± SD. # p<0.05 

vs. control, * p<0.05 vs. LPS. 
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CHAPTER 4: DISCUSSION 

4.1 Iron chelation in inflammation 

During systemic inflammation, iron is utilized to produce ROS. However, when the 

immune response is dysregulated, the overproduction of ROS leads to oxidative stress, 

damaging healthy tissues and further promoting the inflammatory cycle. Targeting ROS 

generation via iron chelators presents a novel therapeutic approach. And thus, we were 

determined to study iron chelation’s impact on (hyper-activated) inflammation. 

  

4.1.1 Neutrophil’s cytosolic labile iron pool in response to iron chelation 

Neutrophils are the most abundant leukocyte subpopulation in the circulation and together 

with monocytes the first to arrive at the site of inflammation. They have an array of potent 

weapons to eliminate pathogens and other sources of damage. As part of the innate immune 

system, their multi-factorial defense mechanisms include releasing powerful antimicrobial 

peptides (proteases and defensins), generating ROS within their phagolysosome as well as 

extracellularly, and creating NETs (140). Similar to other cells, neutrophils utilize iron for 

synthesising DNA and proteins, production of mitochondrial ATP, and for intracellular 

signalling. 

 

Given that DIBI is a large polymer and most likely not able to penetrate cell membranes, 

we were interested in the effect of DIBI on mobilizing intracellular labile iron pool (ILIP) 

of neutrophils by extracellular iron chelation. Bone-marrow derived neutrophils were 

incubated with DIBI and challenged with LPS for four hours and underwent CA-AM assay 

to evaluate DIBI’s effect on ILIP.   

 

In our study, there were no changes in ILIP of neutrophils with DIBI treatments in basal 

condition (Figure 13). This was consistent with Greenshield et al.’s findings in DIBI treated 

MDA-MB-468 cancer cells where no changes in ILIP were observed at 4 hours of treatment 

(196). However, they observed reduction in ILIP with DIBI at 48 hours. We were not able 

to replicate this time-point in our study given the short life-span of neutrophils and lack of 
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biological relevance. Interestingly, addition of exogenous iron to MDA-MB-468 cells 

reversed the reduction observed in cell growth, confirming iron removal to be the 

mechanism of DIBI’s observed effects (196). It is important to acknowledge the different 

metabolic profile of cancer cells as they have high iron requirement for their rapid growth, 

making them more sensitive to iron deprivation, as compared to neutrophils. Another 

possible explanation for the lack of change in ILIP with DIBI treatment under basal 

condition is the neutrophil iron storage profile. Neutrophils store a significant amount of 

their iron within their lysosomes due to autophagy as part of homeostasis, and the fusion 

of lysosomes with endosomes for ROS production (197). Lysosomes are rich in iron and 

are a significant contributors to the oxidative stress within the cell (198,199). CA-AM assay 

is limited in that it detects the cytosolic ILIP only as calcein is hydrophobic and it is almost 

all contained within the cytoplasm. Therefore, it does not access iron within the 

mitochondrial, endoplasmic reticulum, or importantly the lysosomal compartments (200). 

Even if higher concentrations of calcein are were used, the calcein within lysosomes would 

not quench iron due to the acidic environment. Thus, it is more appropriate to refer to the 

detected ILIP as cytosolic ILIP. In our model, there may have been changes in the total iron 

content of the neutrophils that was limited by the cytosolic ILIP detection. In future 

experiments, a method that measures the entire cellular iron content such as mass 

spectrometry might be more powerful for studying the total iron levels in neutrophils.   

 

When the neutrophils were stimulated with LPS, higher doses of DIBI significantly reduced 

the cytosolic ILIP compared to LPS alone (Figure 13), implying that DIBI does 

successfully mobilize intracellular iron content in neutrophils exposed to LPS by 

extracellular chelation. It has been shown that iron deprivation can impair neutrophils’ 

antimicrobial effector function including reduced ROS production, primary granule 

degranulation, phagocytosis, and NETs release (201). For example, DFO was also observed 

to inhibit ROS and NET generation (201). However, in the context of systemic 

inflammation, reduced ROS production by neutrophils should not be viewed as a 

detrimental side effect. In fact, it provides a novel approach to alleviating neutrophilic-

inflammation as observed in hyper-inflammatory immune states (202).   
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4.1.2 Systemic inflammation 

The endotoxemia model of systemic inflammation enabled  us to study the acute hyper-

inflammatory state of sepsis without the need of infectious conditions. This model has the 

advantage of administration of a reproducible amount of toxin in a controlled manner and 

it reproduces similar inflammatory pathway activation as clinical sepsis (120). The goal of 

this model was to evaluate the impact of iron chelation on systemic inflammation as found 

under conditions such as early sepsis. The administration of the LPS dose of 5 mg/kg with 

two hours observation time replicates the hyper-immune activation of sepsis, without 

inducing septic shock. The selected DIBI dose was chosen as it demonstrated the most anti-

inflammatory capacity in a previous study (186). We evaluated this effect through IVM, 

cytokine measurements, and histology.  

Part of the inflammatory response is releasing mediators to recruit leukocytes to the site of 

inflammation. Endothelial cells upregulate the expression of adhesion molecule receptors 

to enable the leukocyte-endothelial binding as they arrive through the blood stream to 

extravasate into the tissue. The stages consist of rolling, adhering, firmly adhering, and 

translocation into tissue. Since firm adhesion is the final and most critical step for 

consequent transmigration (Figure 3), we defined leukocyte adhesion in V1 collecting 

venules to be our primary parameter of assessing leukocyte activation. Given that the 

intestine is considered as a driving force in sepsis pathology and relatively easy to access 

surgically, it was selected as the organ of interest for IVM (203). 

4.1.2.1 Leukocyte-endothelial interactions  

Consistent with previous reports (204–206), LPS increased leukocyte adherence in V1 

vessels. LPS activates TLR4 and a downstream inflammatory cascade that results in 

adhesion molecule upregulation (207). DFP, DFO, and DIBI treatments demonstrated anti-

inflammatory properties as they reduced LPS-induced leukocyte adhesion (Figure 14, part 

A). This can be attributed to their ability to bind iron and subsequently reduce ROS levels, 

therefore interfering with the inflammatory cascade early on (208,209). In a comparable 

murine model of endotoxemia, similar results were obtained with iron chelation treatment 

where hyperactivation state of sepsis was attenuated and survival outcome was increased 
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(208,210). Though iron chelation treatments were dose matched for iron-binding capacity, 

DFX and DIBI had a substantial difference in their capacity to impact leukocyte adhesion. 

This can be explained by iron binding affinity and thermodynamic stability difference 

between these iron chelators. The iron binding affinity of DFX is intermediate, between 

DFP and DFO’s (211), whereas DIBI has a higher affinity for iron as compared to both 

DFP and DFO (unpublished data by Holbein, Chelation Partners Inc.). Additionally, it is 

important for iron chelators to hold iron in a non-redox active state to prevent iron’s 

participation in biological reactions. DFX has a weak metal-binding pyridinium group, 

which holds iron in a redox-active state (211); this is in contrast to DIBI which holds iron 

in a redox-inactive state (170, and unpublished data by Holbein, Chelation Partners Inc.). 

This finding highlights the importance of chemical and biological properties of iron 

chelators on their function. 

 

In the V3 vessels, there was higher baseline adhesion of leukocytes in the control group 

which reduced the difference to the LPS-induced response (Figure 14, part B). The 

increased baseline adhesion can be explained by the different shear forces in the V3 post-

capillary venules as compared to V1 venules. Due to the reduced blood flow in smaller 

venules, the shear forces are weaker, thus increasing the likelihood of leukocyte adherence. 

Surprisingly, the three classical iron chelators increased leukocyte adhesion in V3 venules 

compared to untreated LPS treated animals, whereas DIBI treatment did not show such an 

effect (Figure 14, part B). This finding can be explained by the lower levels of soluble 

ICAM measured in the plasma of DIBI treated animals (Figure 17, part F). ICAM is an 

adhesion protein expressed on endothelial cells upon inflammatory activation to facilitate 

the transmigration of leukocytes into tissues. DIBI’s ability to reduce adhesion in both 

vessels demonstrates anti-inflammatory effects. This is in agreement with other studies 

where DIBI reduced the LPS-induced adhesion in capillary and post-capillary venules 

(213,214). DIBI binds to iron with higher affinity than the other iron chelators and it 

effectively reduces hydroxyl radical formation (186). This can reduce downstream 

inflammatory cascade activation as hydroxyl serves as a pro-inflammatory messenger. 

However, these observations can also be explained by considering other properties of these 

chelators aside from their iron binding capacity such as their biological, pharmacological, 
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and chemical profile. DIBI’s backbone PVP molecule has a plasma volume expanding 

effect and acts like a colloid, which are known to have anti-inflammatory effects (215–

218). Thus, DIBI’s active backbone makes it more effective at modulating the immune 

response than just exerting iron-chelation effects. Reduction in leukocyte adhesion must be 

interpreted carefully as severe reduction can be harmful if it impedes adequate immune 

response and impairs pathogen clearance; this highlights the need for a model with active 

infection present.  

 

The increase in leukocyte adhesion after an inflammatory stimulus is inversely correlated 

with a decrease in the number of rolling leukocytes. With LPS administration and 

inflammatory activation, the number of rolling leukocytes was decreased in both, V1 and 

V3 venules, and was not recovered to control level with any of the iron chelators treatments 

(Figure 15). Relevant to this stage of leukocyte activation is the adhesion molecule, P-

selectin, expressed on activated endothelial cells. There were no changes observed in 

soluble P-selectin levels measured in the plasma. These results suggest that iron chelation 

does not modulate the rolling stage and instead exerts its effects at the adhering stage of 

leukocyte activation. 

4.1.2.2 Capillary perfusion 

The microcirculatory system includes vessels of <100µm diameters including arterioles, 

capillaries, and venules. This system is critical for oxygen and nutrient delivery to the 

tissues. The main cellular players are endothelial cells, smooth muscle cells, RBCs, 

leukocytes and platelets (219). In sepsis, disparities and mismatch exist between macro-

hemodynamic and microcirculatory study observations, making the latter a more reliable 

prognostic factor for systemic inflammation and the development of organ failure. An 

example is shunt formation that reduces capillary perfusion and lowers oxygen saturation 

despite achieving normal systemic microcirculatory targets (220,221). Within a clinical 

setting, microcirculatory impairment can be assessed through intravital imaging of superficial, 

e.g. mucosal capillary perfusion such as the sublingual microcirculation. Sublingual 

microcirculation has been shown to parallel the changes in the intestine and kidneys of 

sepsis patients, thus being representative of various organ levels (222–224). Additionally, 



 
 

123 

there is a correlation between intestinal and sublingual microcirculation shown in sepsis 

patients after surgery (224). Microcirculatory changes can worsen the sepsis outcome and 

cause organ failure independent from systemic macrocirculatory parameters (225,226). 

Interestingly De Backer et al., have shown that microcirculatory alterations improve in 

sepsis survivors while they remain impaired in non-survivors (227).  

 

In this work, in both the muscle and mucosa layers, the FCD was reduced with LPS 

administration (Figure 16). LPS is known to cause major impairment in capillary perfusion. 

Interestingly, all the iron chelators improved the FCD, which is viewed as a beneficial outcome 

(Figure 16). This improvement is consistent with previous findings, where DIBI restored the 

LPS-induced impairment of FCD in murine endotoxemia (124) and murine uveitis (125). In 

another study, metronidazole, which also reduces ROS production, improved the intestinal 

capillary perfusion of septic rats (228). Reduction in inflammatory mediators can impact 

microcirculation and induce FCD changes through multiple ways. Microcirculation is 

complex and during sepsis factors such as glycocalyx degradation, reduced RBC 

deformability, and endothelial dysfunction can impact the inflammatory status (101). We 

propose that iron chelation, through reduction of ROS-generating pathways and reduction of 

leukocyte-endothelial interactions, contribute to the observed FCD improvement. 

4.1.2.3 Cytokines  

As part of the inflammatory response, immune and non-immune cells detect DAMPs and 

PAMPs through their PRRs. Downstream effects lead to cytokine and chemokine release as 

well as adhesion molecules upregulation to orchestrate an effective response. In sepsis, the 

host immune response is highly activated resulting in excess pro-inflammatory (IL-1β, 

TNF-α, IFN- γ) and anti-inflammatory mediator (IL-10, IL-4, and TGF-β) release. This is 

described as cytokine storm, which is associated with increased mortality (229). Although 

this serves as a hallmark of sepsis, the gene expression, cytokine levels, and immune 

response is highly variable between patients with sepsis (230), making it difficult to 

diagnose and treat. We were interested in how iron chelation impacts the release of these 

cytokines in plasma.  
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TNF-α and IL-1β are pyrogenic cytokines and work synergistically to increase vascular 

permeability, activate coagulation, and potentiate inflammatory response (231). Both 

cytokines amplify the inflammatory cascade by activating macrophages to release pro-

inflammatory mediators including ROS (232). Their peak plasma level is estimated to be 

60-90 minutes post LPS administration (80), which is earlier than sample collection 

timepoint chosen for this study (3 hours post-LPS). 

 

TNF-α, produced predominantly by macrophages, is an early regulator of immune response 

and thus it orchestrates the downstream cytokine cascade (233). Its functions consist of 

upregulating the expression of adhesion molecules on endothelial cells, and triggering ROS 

release in activated neutrophils, both of which promote inflammation (80). IL-1β is 

released, largely by macrophages, as a proprotein and is cleaved into its active form by 

caspase-1. It induces fever, activates coagulation, and enhances leukocyte chemotaxis and 

extravasation. Similar to TNF-α, it causes amplification of downstream pro-inflammatory 

response. In this study, LPS administration increased TNF-α and IL-1β plasma levels 

compared to control (234). Interestingly, DIBI and DFX further increased their levels 

compared to LPS (Figure 17, parts A and C). One possible explanation is that perhaps DIBI 

modulated the kinetics of TNF-α and IL-1β release. DIBI might delay the peak of these two 

early cytokines, therefore we measured higher levels at a later time point (204). This “slow 

down” of inflammation would also explain the lower leukocyte adhesion level observed in 

the V1 and V3 vessels.  

 

IFN-γ is released in response to macrophage-derived cytokines (TNF-α) and is mainly 

produced by natural killer cells and T lymphocytes. It is found in high levels in serum of 

sepsis patients in the early, hyper-inflammatory phase, and has shown to have potential for 

treatment of immune-paralysis (235,236). Another important inflammatory mediator, IL-6, 

is released in response to LPS, IL-1β, and TNF-α and can conduct both pro- and anti-

inflammatory effector functions. It induces the acute phase response and it connects the 

innate and adaptive arms via activation of T and B lymphocytes. IL-6 elevation in sepsis 

patients is associated with the development of multiple organ failure, septic shock, sepsis 

severity and mortality rate (237–242). In our systemic inflammation model, treatment with 
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the three classical iron chelators further increased INF-γ and IL-6 levels. However, DIBI 

was able to prevent higher than LPS-induced levels of IFN-γ and IL-6 release (Figure 17, 

parts B and D ).  

 

Early during systemic (hyper-)inflammatory response in sepsis, anti-inflammatory 

cytokines such as IL-10 are released (80). IL-10, produced by CD4+ Th2 cells, monocytes, 

and B cells, inhibits phagocytosis and antigen presentation to the adaptive immune cells. 

As a sign of dysregulated immune response in the early, hyper-inflammatory phase of 

sepsis, high levels of IL-10 were associated with poor outcome including organ failure and 

death (243,244). In the later stages of sepsis, increased IL-10 levels are interpreted as anti-

inflammatory response. In this study, IL-10 levels at 2 hours and 45 minutes were increased 

with DIBI and DFX treatment from control levels (Figure 17, part E), which could imply 

beneficial effects on systemic (hyper-) inflammation. 

 

Analyzing the cytokine levels allowed a better understanding of the inflammatory response. 

Further studies with plasma collection from multiple time-points through our experimental 

procedure are needed to confirm the change in cytokine release kinetics in response to DIBI 

that we hypothesized. In these experiments, ideally animals should be divided into IVM or 

cytokine measurement groups. Though care is taken to minimize the trauma, IVM is an 

invasive technique. Some of the mice were not able to survive its duration and thus blood 

could not be collected from them. This was also a limitation of the present study as samples 

were not collected from the sickest animals in the untreated group (LPS). By having IVM 

as a separate subset of LPS group, blood can be taken from mice at multiple timepoints 

with less mortality. This also enables cytokine measurements in the sickest animals as 

multiple sample collection timepoints are in place.  

4.1.2.4 Histology  

Epithelial cells are integral to the cellular and structural integrity of innate immunity. We 

are only just beginning to appreciate their immunomodulatory role as we learn more about 

their dynamic behaviour. Upon activation through PRR signalling, they release 

antimicrobial peptides (defensins), pro-inflammatory cytokines, and can recruit leukocytes. 
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At the core, they are well known for their role in barrier defence in protecting tissues from 

the external environment and pathogens. Their apical TJs, made of claudin and attachment 

adhesion molecules, prevents commensal microflora, pathogens, and harmful agents from 

translocating to the mucosa and the systemic circulation. In sepsis, mucosal permeability is 

impaired, and this increases para- and trans-cellular bacterial translocation resulting in 

secondary pathogen invasion and potentially worsening of multi-organ failure (245,246). 

The endotoxemia model induces systemic inflammation and barrier dysfunction through 

pro-inflammatory mediator activation, and accelerating epithelium apoptosis, and TJ 

damage (247). The TJ dysfunction in sepsis has been attributed to increased iNOS 

expression (248) and is mediated though the TLR-4/MYD88 response (249). Furthermore, 

as oxidative stress is involved in the pathology of sepsis, antioxidant therapies have the 

potential to reduce this pathology. Pre-treatment with MitoQ, a mitochondrial antioxidant 

maintained structural integrity of the intestine and alleviated the leukocyte recruitment, and 

inflammatory cell infiltration in a LPS-induced model of sepsis (250). At the cellular level, 

MitoQ treatment also increased the expression of TJ proteins, and up regulation of 

antioxidant genes.  

 

In the endotoxemia model used in the present study, we observed minimal histological 

damage at baseline as assessed by the Chiu score, most likely related to the surgery and 

sample collection process (Figure 18). LPS administration did not cause additional damage 

within three hours of observation time. This can be explained by the low LPS dose and the 

short duration of the model. Higher doses of LPS, at least twice of the amount used in this 

model, resulted in intestinal epithelial cell apoptosis and shedding, and villus shortening at 

1.5 hours. Five hours post-LPS administration intestinal permeability was largely increased 

(251). In another study of LPS-induced intestinal inflammation, the histological injury, 

extensive ulceration, oedema and structural damage of the jejunum epithelium by LPS 

increased the Chiu score after 6 hours (252). To better understand the effect of iron 

chelation treatment, it would be valuable to re-assess treatment impact and efficacy in a 

sepsis model of intestinal epithelium damage at later time points or with higher doses of 

LPS. 
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Despite the advantages of being a reproducible and relatively simple model of systemic 

inflammation, the endotoxemia model has some limitations. This model lacks an active 

infection, which is required to study the full spectrum of immune response. Additionally, 

infections tend to develop gradually with PAMP release over time, which is in contrast with 

endotoxemia’s one-time rapid LPS trigger (253). As such, we were interested in 

investigating iron chelation effect in a clinical infection model of sepsis. 

 

4.2. Iron chelation in infection  

4.2.1 CASP 

4.2.1.1 Leukocyte-endothelial interactions 

To have a better understanding of iron chelation, the same IVM parameters were selected in 

CASP model to complement findings from endotoxemia. In the sham group, there was baseline 

leukocyte adhesion due to the surgical trauma that the mice underwent. As previously shown, 

we saw a rise in the number of adhering leukocytes with CASP surgery (191,254). In V1 

vessels, DFP, DFO, and DIBI reduced leukocyte adhesion compared to untreated CASP 

animals (Figure 19, part A). This reduction was not a complete reversal to the level of sham 

animals, which was not the goal of the experiment. The goal was to reduce leukocyte hyper-

activation yet allowing the immune system to generate a response to the present infection. Our 

results are in agreement with previous findings. Leukocyte recruitment was reduced with 

DIBI alone or in combination with antibiotic co-treatment in the same CASP model (191). 

In a separate study, antioxidant therapy using DFO and N-acetylcysteine reduced oxidative 

stress, neutrophil infiltration, and increased survival drastically in a CLP model of systemic 

infection (255). Moreover, DFO administration improved survival in a sepsis model of CLP 

(256).  

Similar to the endotoxemia experiments, we did not observe significant changes in leukocyte 

adhesion in V3 vessels (Figure 20, part A). Again, this is most likely due to the different shear 

forces in those smaller, post-capillary venules, complicating any potential beneficial effects of 

experimental therapies. 
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CASP-induced reduction in the numbers of rolling leukocytes did not return to the levels of 

sham animals regardless of the selected treatment (Figures 19 and 20, part B). This is similar 

to our findings in endotoxemia and correlates with the unchanged plasma levels of P-selectin 

confirming the idea of iron chelation modulating the firm adhesion stage of leukocyte 

extravasation.  

4.2.1.2 Capillary perfusion  

As expected, we saw a reduction in capillary perfusion of the intestinal wall in untreated CASP 

animals. In the muscle layer, there was high variability within the treatment groups (Figure 21, 

part A). In the mucosa layer, DFX and DFP treated animals showed higher FCD values, 

compared to DFO and DIBI treatment (Figure 21, part B). FCD is a multi-factorial parameter 

and leukocyte adhesion represents only one of the contributing factors. Edema (compressing 

microvascular blood flow), redistribution of blood flow, and increased microvascular 

permeability are other important contributors (101).  Furthermore, the region of interest for 

microscopy was the ileum, making it in close proximity to the ascending colon where the stent 

was placed, potentially interfering with the recording. Thus, FCD results, as a secondary 

outcome parameter, should be taken as a preliminary data and investigated in the future with 

more animals per group to better understand changes in FCD. 

4.2.1.3 Plasma cytokine measurements 

Given the beneficial effects seen with DIBI treatment in endotoxemia, we were interested in 

comparing cytokine levels in the CASP model. Thus, plasma samples were collected at 9 hours 

post-CASP surgery and the previously measured cytokines were analyzed. In sham animals, 

both the pro- and anti-inflammatory cytokine levels were low.  Compared to the endotoxemia 

model, there were major differences observed in sepsis groups. In general, the cytokine levels 

were lower in the CASP model (Figure 22). The higher levels of early cytokines release and 

the proposed kinetics shift with DIBI administration were not observed here. There are multiple 

explanations for the observed results including timing, site of inflammation, and route of 

administration. In endotoxemia, the peak of early pro-inflammatory cytokines is reported to be 

at 60 to 90 minutes post-LPS administration (80). Our samples were collected after this peak 

at 3 hours after LPS administration. In the CASP group, dependent on fecal matter leakage, the 
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cytokine levels are expected to rise at 3 hours and the peak has been shown to be at 12 hours 

after surgery (257–259), while plasma was collected at 9 hours post-CASP surgery. This can 

explain the low levels of cytokines detected in the CASP model.  

 

In the endotoxemia model, the inflammatory trigger, LPS, was in the systemic circulation. 

Thus, DIBI was also administered IV to provide systemic treatment. In the CASP model, the 

infection was localized in the peritoneum and the abdominal cavity. Hence DIBI was 

administered IP to maximize its effect at the site and reduce systemic (side) effects. Measuring 

tissue cytokine levels would have been helpful in CASP model to better understand the impact 

of iron chelation locally. 

 

The route of administration of DIBI may impact its mechanism of action and shift in cytokine 

release.  DIBI is a large polymer (9.5 kilodalton) and likely most of its molecules were retained 

in the abdominal cavity and not absorbed in systemic circulation with IP administration in the 

CASP model (212).  Importantly, when double doses of DIBI were given in the same CASP 

model, IV administration of the second dose induced highest cytokine release in the plasma 

(186). This mimicked the endotoxemia result with DIBI (IV), increasing the cytokine levels. 

Further experiments are essential to investigate the kinetics of DIBI (both IV and IP 

administration) in a CASP model with plasma collection at multiple time points.  

4.2.1.4 Histology 

Again, we observed minor baseline inflammation in the sham group (Figure 23). This could be 

due to the CASP surgery and IVM that the animals underwent. In the CASP group there was 

further intestinal damage present. The histological changes observed in the present study are 

higher compared to the damage observed by Islam et al., who observed minimal damage 16 

hours post-poly-bacterial sepsis in mice (191). However, in an interferon-therapy study by Hu 

et al., intestinal damage was significantly increased (Chiu score of 3), 5 hours after CLP surgery 

(260).  

 

DFX, DFP, and DFO treatments were able to improve this CASP-induced damage (Figure 23). 

Though there was a reduction with DIBI, it was not significant. Why other chelators were 



 
 

130 

superior to DIBI in this matter may be due to their molecular size. As DIBI molecules are bigger 

than DFO, DFP, and DFX, they may not have been internalized and absorbed into the intestinal 

tissue. In contrast, the three classical iron chelators were most likely absorbed directly into the 

intestine and were able to modulate intestinal damage directly. 

4.2.1.5 Bacterial enumeration and microbiome analysis   

As expected, the bacterial burden increased with CASP surgery (Figure 24). In PLF and blood 

samples, there were no significant changes with the iron chelation therapy. However, given the 

logarithmic dimension of the results, there was a trend of bacterial burden reduction by DFO 

and DIBI. This ability to reduce the bacterial load is even more meaningful since there was 

ongoing fecal leakage for the entire duration of the model.  

 

Previously, in other studies the antibacterial effects of iron chelators have been tested. In 

the CASP model of sepsis, the combination of DIBI and imipenem (beta-lactam antibiotic) 

reduced the bacterial burden in both blood and plasma samples compared to the untreated 

group (191). However, DIBI alone was not able to improve this bacterial clearance. 

Compared to other iron chelators, DIBI has demonstrated superior anti-infective properties. 

In a study by Holbein and Orduna, DIBI effectively limited the growth of opportunistic 

pathogens Candida albicans and C. vini over a four-day period, though DFP and DFO were 

not able to do so (261). This effect of DIBI was reversed upon iron supplementation, 

emphasizing DIBI’s iron-specific effects. Moreover, DIBI (but not DFP or DFO) enhanced 

the efficacy of azoles (anti-fungals) in reducing the growth of clinical isolated of C. 

albicans (where resistance to anti-fungals is recorded) and in vivo model of vaginitis (262). 

DIBI demonstrated synergistic effects with fluconazole to lower the vaginal fungal burden, 

but alone, it did not reduce it (262).   

 

The gut microbiome is a dynamic microbial network and is constantly adapting to 

environmental changes and host factors. During the early stage of poly-bacterial abdominal 

infection induced by microbiota, the aerobic bacteria such as E. Coli replicate and colonize 

the tissues. This tissue damages reduces the oxygen-reduction potential of the oxygenated 

tissue (264). In addition to infection-induced hypoxia, the microcirculatory disruptions 
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observed in sepsis further create an anaerobic environment where the obligative anaerobes, 

such as Bacteroidaceae can colonize, replicate, and lead to the secondary infection 

observed in the chronic stage of infection (264). As iron is a requirement for almost all 

forms of life including bacteria, we expected iron deprivation (via iron chelation) to create 

changes in the species diversity and dominance of the microbiome. Thus, the microbiome 

composition of the bacteria in PLF samples was analyzed. Low environmental iron creates 

competition, leaving some species susceptible and others resistant to these changes. Though 

there was variability within the groups, we observed some overarching trends. 

 

 

In our samples, the Bacteroidaceae family from Bacteroidia class formed the majority of the 

microbial composition (Figure 25, part A). Bacteroidia are Gram-negative, obligate anaerobic 

bacteria that are part of the gut microbiome. Though they are normally commensals, if the 

intestinal barrier is compromised such as through gastrointestinal rupture or intestinal surgery, 

they can translocate to the blood stream or surrounding tissues. In this family, Bacillus fragilis 

are opportunistic aerotolerant pathogens that cause infections within peritoneal cavity and are 

considered the leading anaerobic bacteria in sepsis and bacteremia (263). Species from the  

Bacteroidaceae family are known to have the highest rates of antibiotic resistance of all 

anaerobic pathogens (264). Thus, with the rise of antibiotic resistant strains (to beta-lactams 

and aminoglycosides), their need for iron can be a target of adjuvant therapies. During extra-

intestinal infections, Bacteroidaceae family acquire iron from heme and inorganic sources, 

though the exact mechanisms are under investigation (265). We did not observe changes in 

this class. However, in a CASP experiment with a second dose of DIBI administered IV, 

Bacteroidia were almost wiped out entirely (186). Perhaps Bacteroidia are more susceptible to 

iron deprivation through the bloodstream than in the abdominal cavity, given the low 

penetration of DIBI into the intestine. 

 

The second most common family of bacteria in the PLF sample analyzed were the 

Enterobacteriaceae from the Gammaproteobacteria class. This large and diverse Gram-

negative family includes highly virulent human pathogens that release potent immune-

stimulatory toxins. They include Salmonella, Shigella, Vibrio cholera, and Yersinia 
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species. Three of the most common causative agents for abdominal bacterial sepsis belong 

to this family: E. coli,  P. aeruginosa, and Klebsiella (266), all of which have evolved 

complex iron-acquisition systems (44, 200, 265).  

 

Interestingly, DFO treated animals had the least proportion of Gammaproteobacteria class 

and Enterobacteriaceae family. This is in contrast to what has been reported before.  As iron 

contributes to virulence and pathogenicity, DFO use in patients with Beta-thalassemia is 

associated with high risk for Y. enterocolitica septicemia (268). Y. enterocolitica utilize iron 

bound to other siderophores (DFO) for growth in vitro; whereas DFP did not promote Y. 

enterocolitica growth most likely due to DFP’s higher affinity for iron and non-microbial 

origin, making it harder for Y. enterocolitica to access the bound-iron (268).     

 

And finally, Clostridia and Bacilli, both Gram-positive species, were the two other major 

groups. Clostridia, obligate anaerobes, includes C. dificile species which is the most common 

hospital-acquired infection and it is part of the antibiotic resistance threat (269, 270). It can 

cause much more severe sepsis if it is the causative agent. Clostridia class also includes C. 

perfringens. C. perfringens is responsible for food poisoning and causes necrosis upon 

endospore release into wounds. In our findings, there was higher distribution of Clostridia with 

DFO and DFP treatments; this change in microbiome diversity could be detrimental to health 

and thus DFO and DFP’s effects on microbiota must be further explored. Intravenous DIBI has 

been shown to eradicate their distribution (186).  

 

Bacilli are aerobes and facultative anaerobes. Though they are part of the homeostasis and gut 

microbiome, some of their species such as B. cereus induce bacteremia and peritonitis in 

immunocompromised patients (271). DIBI did not change Bacilli diversity in CASP though 

DFO and DFX appear to have increased Bacilli proportion. Although not detected in the PLF 

samples analyzed, within this class, Staphylococcus imposes a major health burden on the 

health care system. They are a problem in surgical-site infections, and ventilator-associated 

infections, which makes them the second most common causative agents of hospital 

acquired infections (272–274). Vancomycin resistant and methicillin resistant S. aureus are 

extremely difficult to treat and need immediate attention. DIBI has effectively been shown 
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to reduce S. aureus growth in vivo and in vitro (275, 276). DFX therapy appear to increase 

this Streptococcaceae bacterial population, which is one of the most common Gram-positive 

agents in abdominal infection.  

 

 

Taken together, there were only subtle changes in the PLF of septic mice with iron chelation 

therapy (Figure 25). This can be due to the short duration of the experiments. As mentioned, 

many bacteria have iron acquisition systems and thus an acute iron deprivation may not 

display the complete impact of iron chelation therapy on the bacterial diversity and 

distribution. However, it is interesting that in a previous study with the same model when 

a second IV dose of DIBI was administered, the composition of the PLF samples changed 

considerably (186). These preliminary findings highlight the complexity of targeting iron 

as a dual-purpose target in host and the infection agents. As mentioned, to assess whether 

these changes are beneficial or harmful, longer experimental timelines are required. And 

importantly, in order to draw accurate conclusions, more animals must be included to be 

able to comprehend changes deeper within the taxonomic groups such as the genus and 

species levels.  

  

One limitation of this model was the continuous fecal matter leakage through the stent. 

Although this helped to mimic the heterogeneity in infection severity observed in sepsis 

patients, it made it difficult to analyze the treatments’ effects in the context of infection 

severity. We were not able to adjust the readouts based on the amount of fecal matter 

leakage present. To overcome this limitation, pre-measured feces can be injected as part of 

fecal slurry model (277, 278). This would ensure consistent bacterial inoculum in each 

mouse. However, this model does not represent the heterogeneity observed in sepsis 

progression.  

 

Up to now, we have observed improvements of inflammatory parameters with DIBI 

administration. As iron deprivation can impact the ability of the host response to clear 

pathogens, we were curious to observe long time effects of DIBI and its overall impact on 

the immune system in survival experiments. Which is why in the next model, we introduced 
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a new surgical intervention step to fix the “leak” in an attempt to make it more clinically 

viable. Given the synergy of anti-infective drugs with DIBI and the requirement of 

antibiotics as part of standard care, we proposed to include an antibiotic in our next study. 

  

4.2.2 CASP-I  

One downside of alleviating the early hyperinflammatory stage of sepsis is the potential 

interference with the immune system’s ability to clear pathogens. This should be taken into 

consideration when proposing novel therapeutic options. Previous studies targeting 

oxidative stress have been shown to improve survival (256, 279). Thus, we were interested 

in how DIBI’s anti-inflammatory effects impact recovery over time in extended time sepsis 

model. To do this, we modified the CASP model to include an additional surgical step to 

fix the source of infection through stent removal. This model (CASP-I) mimics clinical 

approach to treatment of abdominal sepsis where the perforation is surgically addressed in 

combination to drug administration (257). 

 

4.2.2.1 MSS score and survival 

The MSS score provides a way to assess morbidity in mice. Without treatment, animals 

with CASP-I induced sepsis had a rapid decline of health leading to high MSS scores and 

death within 24 hours (Figures 26 and 27). Mice treated with DIBI did not improve the 

MSS scores and survival significantly. However, DIBI not worsening the outcome as 

compared to no treatment is an important finding, since the reduction in ROS level by DIBI 

did not impair immune defence during this infection.  

 

Per clinical (human) sepsis guidelines (116), antibiotics are considered standard therapy 

and should be used in experimental treatment studies as well (129). When DIBI was 

administered in combination with the antibiotic, imipenem, survivability of the mice 

increased even more than with imipenem alone. These mice also displayed healthier 

behaviour as indicated by their lower MSS scores throughout the observation period. 

Previously it was shown that DIBI as co-treatment with imipenem in CASP model 
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additively reduced the leukocyte recruitment (191). These results suggest that DIBI does 

not interfere with imipenem’s function and it has potential for acting as adjuvant with 

antibiotic therapy.  

 

Although addition of DIBI to imipenem was not statistically superior to imipenem only, 

there was a trend of improvement observed in the combination therapy. Within the first 24 

hours, the survival curves overlap, and similar death rate is observed. However, after the 

24-hour timepoint, more animals survived for longer with the combination treatment. Given 

the high mortality and rapid progression of sepsis, increasing the median survival time of 

even a few hours represents a meaningful improvement; in patients with sepsis a difference 

of few hours can be amplified through supportive therapies. This indicates the beneficial 

efficacy of DIBI as an adjuvant therapy. Given the half-life of DIBI and imipenem, future 

investigation would be more translatable to clinical setting if the treatments, including 

DIBI, were repeated throughout the timeline as needed, similar to the care provided to 

septic patients.  

4.2.2.2 Bacterial enumeration     

To investigate iron chelation effects on bacterial burden, PLF fluid was collected at the 

time of intervention surgery. Combination treatment of imipenem and double dose DIBI 

significantly reduced aerobic gram-negative and total anaerobic bacterial burden (Figure 

28, parts B and C). This finding was promising as combination of DIBI (especially double 

dose) and imipenem, demonstrated synergistic effects, supporting DIBI’s potential as an 

adjuvant. Additionally, repeating DIBI dose (and furthering iron restriction), did not impair 

innate immunity’s ability to respond to the infection.  

In the context of anaerobic bacteria, higher iron deprivation in combination with imipenem 

reduced the bacterial burden. In severe infections such as sepsis, there is a dynamic shift in 

the bacterial species in response to changing environment, such as lower oxygen levels in 

the environment. Given the reduction in oxygen in tissues (hypoxia), facultative anaerobes 

are at an advantage for survival (280), though some aerobic and facultative anaerobic 

bacteria can shift to anaerobic metabolism (277, 278). The reduction in anaerobic bacterial 
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burden with imipenem and double dose DIBI in the present study highlights the beneficial 

effect of adjuvant therapy for targeting suspected anaerobic bacterial infection. 

 

Imipenem belongs to the carbapenem class of antibiotics, which are considered our last 

resort antibiotic due to their broad spectrum of activity and relatively low resistance (283). 

However, it is concerning that even carbapenems efficacy is reducing with antibiotic 

resistant strains in nosocomial infections, posing one of the greatest health threats (284). 

The observed additive antibacterial effect of (double dose) DIBI and imipenem in our 

study, can be even more meaningful since in clinical setting, there is emerging antibiotic 

resistance which renders imipenem less effective. There is an urgent need to develop novel 

therapies to boost antibiotic efficacy. It would be interesting to investigate DIBI’s effects 

in sepsis models with resistant strains of bacteria. 
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4.2.3 Limitation of the in vivo murine models  

Some common limitations can be identified in the utilized animal models. In the models, 

young, healthy, male mice were used. In sepsis, age is a risk factor with older population 

being more vulnerable to developing sepsis after an infection. Additionally, these patients 

often suffer from co-morbidities such as hypertension, auto-immune diseases, chronic 

obstructive pulmonary disorder, and chronic renal failure, which can be positively 

correlated with mortality and ICU-readmission (71, 72, 281, 282). Additionally, we did not 

control for sex in our study. Thus, in future experiments, older male and female mice with 

comorbidities should be investigated. Though murine models are effective in assessing the 

effect of treatments and they are genetically and physiologically similar to humans (287), 

they are not a substitute to human models. Thus, findings must be carefully interpreted for 

transition into clinical trials. Another limitation is the short time frame of these models 

which did not comprehensively assess the long-term effects of iron chelation. Even though 

iron chelation would most likely be administered as an acute treatment, long-term effects 

of reducing systemic iron levels should be closely investigated as sepsis patients are at risk 

for infection progression and having an immunocompromised state. DIBI’s short half-life 

can be beneficial as its plasma levels (and degree of iron chelation) can be better controlled. 

4.3. Iron chelation in inflammation and infection  

We utilized CF as experimental model to study the role of iron in an inflammatory 

environment combined with bacterial toxin exposure. Patients with CF suffer from chronic 

pulmonary inflammation and recurrent infections in their airways. CFTR dysfunction not 

only impairs the MCC, but it also affects immune functions. Airway epithelial cells are 

closely involved in the pulmonary inflammatory response. Already under physiological 

conditions, those cells show high baseline immune activation as they are continuously 

exposed to antigens from the external environment. In the CF airways, the epithelial cells 

are constitutively in pro-inflammatory state (138, 287). Despite this heightened response, 

the pathogen clearance is not effective, and the chronic inflammation can lead to 

pathological changes of the lung tissue. Thus, alleviation of this baseline inflammation is a 

potential target for treatment. The CF pathology is partly driven by oxidative stress. The 
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goal of this part of the project was to study the impact of iron chelation on immune 

activation under the specific condition of combined inflammatory state and infectious 

challenge.  

4.3.1 Low-dose iron chelation has pro-inflammatory effects  

In our study, the incubation of unstimulated CF15 cells with lower doses of DIBI increased 

IL-6 secretion from the apical and basolateral membranes (Figure 30). Additionally, NF-

κB P65 signalling was increased with low dose (25 μM) of DIBI treatment (Figure 36 and 

Figure 41, part A). This increased inflammatory response to iron chelation, has also been 

shown previously. In a study by Nelson et al. conducted in human respiratory epithelial 

cells, iron chelation by enterobactin (siderophore produced by Enterobacteriaceae) 

initiated an inflammatory response (289). In a different study conducted in intestinal 

epithelial cells, DFO triggered the activation of inflammatory pathways (290). These 

findings suggest that iron homeostasis disruption can act as a pro-inflammatory signal to 

warn against iron-consuming microbial invasion.  

 

Upon establishing an effective LPS stimulation dose, transcription of pro-inflammatory 

genes was induced (Figure 32). Incubation of CF15 cells in LPS and low dose of DIBI, 

further amplified IL-6 secretion (Figure 33). This change was most likely conducted 

through the NF-κB signalling pathway, as higher P65 signalling was observed (Figure 36). 

Interestingly, P-STAT3 signal was reduced with low dose (25 μM) of DIBI treatment 

(Figure 40). P-STAT3 is a pleiotropic nuclear factor and has activation-specific response. 

Although IL-6 cytokine signals through the STAT3 pathway, we cannot exclude the 

presence of other cytokines and mediators such as IL-10 that may have been produced by 

the CF15 cells. By analyzing a bigger array of inflammatory cytokines and chemokines, 

we would better understand the orchestrated (pro- and anti-) inflammatory responses to iron 

chelation treatment by CF epithelial cells. 

 

In our model we did not observe IL-8 changes with DIBI 25 μM treatment (Figures 31 and 

34). This finding was unexpected as CF patients have elevated IL-8 secretions in their 

airways. One possible explanation is the dysregulated immune response by epithelial cells 
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in CF: the high baseline activation of pro-inflammatory pathways in CF cells could result 

in smaller (fold-change) magnitude of response to inflammatory stimulations, as compared 

to non-CF cells. Carrabino et al. measured the activity of  NF-κB and IL-8 secretions of 

explant cultures of nasal epithelial cells from CF and non-CF patients at baseline and 

with P. aeruginosa and IL-1β/H2O2 co-stimulation (137). This study demonstrated the 

higher baseline activation of NF-κB and IL-8 secretion in the CF cells, compared to non-

CF cells. However, once the cells were stimulated, the response in NF-κB activity and IL-

8 release was much higher in the non-CF cells. Additionally, it suggested that basal 

dysregulation in IL-8 secretion is linked to the hyperactivity of NF-κB in CF cells. These 

findings can explain why in our study CF15 cells did not change IL-8 secretion with DIBI 

25 μM treatment. The higher P65 signal observed with DIBI 25 μM can also confirm the 

suggested link between NF-κB hyperactivity and IL-8 dysregulation. In a separate study by 

Massengale et al., (291) airway epithelial CF cells had a lower induction of IL-8 mRNA 

and proteins levels in response to IL-1β stimulation, as compared to its isogenic CFTR-

corrected control. Taken together, the changes in P-STAT3 activation and IL-6 secretion 

suggest that low dose (25 μM) of DIBI has pro-inflammatory effects (Figure 41).  

 

4.3.2 Anti-inflammatory effects of high dose iron chelation treatment 

Iron regulation is a dynamic process and when high amounts of extracellular iron are 

chelated, such as with higher dose of DIBI, intracellular iron can be mobilized to regain 

homeostasis. High dose of DIBI (200 μM) in unstimulated cells did not change the cytokine 

secretion (Figures 30 and 31). However, P-STAT3 signal was increased (Figure 40), 

perhaps indicating activation of anti-inflammatory signalling, but had no impact on the 

measured cytokines’ secretion. Once the cells were stimulated with LPS, high-dose DIBI 

treatment reduced the LPS-induced IL-6 and IL-8 secretion levels (Figures 33 and 34). The 

underlying mechanisms may be due to reduction of iron-dependant protein tyrosine 

phosphatase activity (292), reduced nuclear factor synthesis (293), and or decreased ROS-

induced upregulation of IL-6 and IL-8. These results, taken together highlight the anti-

inflammatory potential of higher dose of DIBI and its utility to alleviate the immune 
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response (Figure 42). These results also highlight the importance of dose studies specially 

when the target, such as iron, is an important player in various other cellular pathways.  

 

To our knowledge, this is the first time that P65, P-STAT1, and P-STAT3 were studied by 

immunofluorescence in CF15 cells. In the present study, no changes were observed with 

P-STAT1 (Figure 38). This may be due to the low interferon secretion by the CF15 cells in 

response to LPS stimulation. Further studies analyzing a more comprehensive set of 

cytokines will shed a light on these responses. Another possible reason can be the high 

baseline activation of the CF15 cells which lowered the sensitivity of detecting differences 

between treatments by immunofluorescence. Performing quantitative methods such as 

Western blot analysis or q-PCR are needed to establish a deeper understanding of changes 

in the amounts of nuclear factors and signalling proteins. By measuring proteins at various 

stages of the intracellular signalling cascade, such as STAT3 and P-STAT3, we can better 

understand the stage(s) that iron chelation is modulating the pathway. 

 

When the same LPS dose was used to stimulate non-CF airway epithelial cells, Calu-3 

cells, their response was not as potent as CF15 cells’ response (data not shown). Studies 

with effective stimulation of Calu-3 cells report using higher doses of LPS (294,295). This 

highlights the immunomodulatory impact of defective CFTR channel and the pro-

inflammatory profile of CF15 cells. This must be considered for future investigations as 

healthy epithelial cells with functional CFTR channels are not appropriate for direct 

comparison. Instead, pharmacological interventions with the CFTR channel in the same 

cell line would yield more accurate findings (291). 

 

In our study the CF15 cells were polarized, enabling measurement of IL-6 and IL-8 

secretion from both apical and basolateral compartments. Direct comparison of the absolute 

values revealed higher IL-6 and IL-8 secretion on the apical side. This polarized response 

creates a chemotactic gradient, promoting trans-epithelial migration of leukocytes into the 

apical compartment from basolateral compartment. This is consistent with previous studies 

which demonstrated a polarized response in human airway epithelial cells during 

inflammation (296–298). In the context of CF, where high neutrophil recruitment and 
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activation are responsible for inducing damage (neutrophilic-inflammation), the reduction 

of IL-6 and IL-8 observed by higher dose of DIBI can be beneficial by alleviating this 

response. In future investigations, CF15 cells can be co-cultured with immune cells such 

as neutrophils to have a better understanding of iron chelation’s polarized impact. 

4.3.3 Future direction: Iron chelation as a potential anti-microbial therapy in 

CF 

Given that iron contributes to pathological leukocyte activation through increased ROS 

production and serves as a nutrient for invading pathogens, iron chelation provides a unique 

opportunity to explore both targets in CF. Though diverse set of pathogens colonize these 

airways, Pseudomonas aeruginosa remains the most common infection (299). Airways of 

CF patients have higher iron and ferritin concentration which may contribute to the 

persistent P. aeruginosa infection and biofilm formation (300, 301). Interestingly, these 

higher levels of iron are present even before P. aeruginosa infection, suggesting that CFTR-

defect induces excess iron secretion, promoting their colonization (300). As part of innate 

immune defence, host iron-acquiring proteins, such as siderocalin, are found in abundance 

in the airways to reduce iron bioavailability and bind to siderophores, such as enterobactin 

(289).  Additionally, local hepcidin expression in the airways exerts direct antimicrobial 

effects and serves as an iron detoxifier (302, 303). In order to understand these interactions 

between the lung microbiome and the host, more biologically relevant systems are preferred 

for investigation. For example, co-culturing P. aeruginosa and epithelial cells, or epithelial 

and immune cells (with bacterial-culture supernatants) can enhance our understanding of 

these interactions and treatment effects. DIBI’s biochemical properties makes it possible to 

pursue iron chelation therapy in infection context as it does not supply the pathogens with 

iron and renders it inaccessible.  
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Figure 41. Proposed mechanism of low dose iron chelation with DIBI (25 μM) and its effect 

on cytokine response. 

A) Low dose iron chelation, similar to bacterial growth, results in reduction of extracellular 

iron concentration; this can be perceived as a microbial signal. Through activation of 

nuclear factor pathways, such as NF-κB, p38 or ERK1/2, pro-inflammatory cascades are 

initiated resulting in increased release of IL-6 (290). Although iron chelation can induce 

IL-8 release, over activated NF-κB activity in CF can impair IL-8 release, resulting in no 

change. IL-6 is an inducer of STAT3 pathway. However, iron chelation can interfere with 

STAT3 activity, thus no changes were observed with low dose DIBI. B) LPS binds to TLR-

4, activating downstream nuclear factor pathways, such as NF-κB. This also leads to 

generation of reactive oxygen species (ROS). These pathways support the IL-6 synthesis 

induced by low dose iron chelation (304). Abbreviations: Fe: iron; LPS: 

Lipopolysaccharide; TLR-4: Toll-like receptor 4; ROS: reactive oxygen species.  
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Figure 42. Proposed mechanism of high dose iron chelation with DIBI (200 μM) and its 

effect on cytokine response. 

A) High dose iron chelation does not only reduce extracellular, but also intracellular iron 

levels. This results in decreased intracellular nuclear factor synthesis (293) which can 

explain why NF-κB activity was not initiated with DIBI 200 μM, as compared to microbial 

signal indicated by lower iron chelation dose. Neither IL-6 nor IL-8 secretions were 

changed from basal conditions. P-STAT3 activation can induce anti-inflammatory and pro-

healing pathways as triggered by low intracellular iron levels (305). B) High dose iron 

chelation reduced LPS-induced IL-6 and IL-8 release by direct (iron-related reduction of 

nuclear factor synthesis) and indirect (decreased ROS-induced up-regulation of IL-6 and 

IL-8) mechanisms due to intracellular reduction of iron levels (293). Abbreviations: Fe: 

iron; LPS: Lipopolysaccharide; TLR-4: Toll-like receptor 4; ROS: reactive oxygen species.  
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4.4 Conclusion  

The present dissertation investigated the impact of iron chelation on both the immune 

response and bacterial growth with a potential for therapeutic application in the context of 

sepsis and CF. We employed various models of inflammation and infection both in vivo 

and in vitro. This was the first time that the three FDA approved iron chelators 

deferoxamine (DFO), deferiprone (DFP), and desferasirox (DFX) and the novel synthetic 

iron chelator, DIBI, were tested in experimental inflammation and infection models. 

 

In experimental systemic inflammation, DFO, DFP, and DIBI effectively reduced 

excessive immune activation as shown by attenuated leukocyte-endothelial interactions and 

restored capillary perfusion in the intestinal microcirculation using intravital microscopy. 

Plasma inflammatory mediator levels were altered with DIBI, indicating potential kinetic 

modulation of mediator secretion. In experimental infection, we observed reduction of 

leukocyte-endothelial interactions with DFO, DFP, and DIBI treatment. Of these chelators, 

DFO and DFP also attenuated intestinal histological damages. Iron chelation therapy did 

not impact bacterial growth, which can be explained by the model limitations. In survival 

experiments, DIBI treatment in combination with the antibiotic, imipenem, lowered 

mortality and reduced bacterial growth. Importantly, iron chelation did not impair the host 

immune response to bacterial infection in the survival experiments. Our findings in CF15 

cells as a model of airway inflammation and infection also suggest that iron chelator effects 

are dose-specific. We observed anti-inflammatory effects of DIBI with the higher doses 

studied whereas lower doses induced a pro-inflammatory response, which appeared to be 

signalled through NF-κB and JAK/STAT3 pathway.   

In conclusion, these results support the immuno-modulatory role of DIBI, in particular its 

therapeutic potential to alleviate hyper-activated immune response. Additionally, these 

results suggest a promising role for DIBI as an adjunct anti-bacterial treatment, including 

therapeutic options for antibiotic-resistant infections. Further pharmacological and 

immunological investigations are required before clinical studies can be considered.  
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