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ABSTRACT 

 

 

Sepsis is characterized by a dysregulated immune response to infection, causing 

damage to tissues and organs. As part of the inflammatory response, iron catalyzes the 

generation of reactive oxygen species (ROS). In the present study, we sought to evaluate 

the anti-inflammatory effects of a novel iron chelator, DIBI, in vitro and in two murine 

models of sepsis in vivo. In vitro, we found that DIBI reduced ROS production by innate 

immune cells. In vivo immune cell activation was evaluated in the intestinal 

microcirculation using intravital microscopy. In both sepsis models, anti-inflammatory 

actions were observed upon administration of DIBI, whereby DIBI reduced sepsis-induced 

leukocyte adhesion and preserved capillary perfusion in the intestinal microvasculature. 

Therefore, our data presents a promising role for iron chelation as a therapeutic option for 

sepsis, in which DIBI reduces ROS generation by binding iron.  
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CHAPTER 1: INTRODUCTION 

 

 

1.1 Sepsis 

 

1.1.1 Sepsis Definition, Epidemiology and Outcomes 

 

Sepsis and septic shock are a major public health concern with worldwide 

importance. It is a leading cause of mortality in surgical intensive care units worldwide, 

exceeding deaths from HIV, breast cancer or stroke (1). In the United States (US), there 

are more than 1.5 million cases of sepsis and 250,000 deaths annually (2). In Canada, 

recent epidemiology studies showed 1 in 18 deaths involved sepsis and that sepsis 

contributes to more than half of all deaths from infectious illnesses (3). In the US, sepsis 

is the most significant cost of hospitalization, draining more than 24 billion dollars 

(6.2%) of total US hospital costs per year (4,5). These costs are associated with weeks or 

months-long stays in intensive care units (ICUs) and poor long-term outcomes of sepsis 

survivors, who frequently require hospital re-admission (6,7).  

Hippocrates first coined the term “sepsis” in medical literature, deriving the term 

from Greek roots meaning decay or decomposition (8). Hippocrates described sepsis as a 

disease that arose from harmful products derived from the colon, which continued to be 

used by other famous philosophers such as Galen and Aristotle (8,9). Based on many 

years of clinical research and experimental evidence we can define sepsis with more 

confidence and scientific foundations. In 1992, experts from the American College of 

Chest Physicians (ACCP) and the Society of Critical Care Medicine (SCCM) developed 

the first definition of sepsis, stating that sepsis resulted from a host’s systemic 

inflammatory response syndrome (SIRS) to infection (10). This definition focused solely 
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on the hyper-inflammatory response of sepsis, with standards for diagnosing sepsis 

requiring that a patient meets 2 or more SIRS criteria (11):  

 

 Temperature of  38C or 36C 

 Heart rate 90 beats/min 

 Respiratory rate 20/min of PaCO2 32mmHg 

 White blood cell count >12000/mm3 or <4000mm3 or >10% immature 

forms 

 

As part of this consensus, sepsis complicated by organ dysfunction was termed severe 

sepsis, progressing to septic shock if hypotension persisted despite fluid resuscitation 

(12,13). In 2001, these diagnostic criteria were revisited and expanded on; however, 

nothing was significantly altered due to a lack of knowledge and supporting evidence.  

Between 2014 and 2015, a task force made up of 19 experts in critical care, and 

sepsis-related illnesses sought to update sepsis definitions and diagnostic criteria to 

reflect advancements made in understanding the pathophysiology of sepsis. In 2015, the 

new definition of sepsis (Sepsis-3) defined sepsis as “life-threatening organ dysfunction 

caused by a dysregulated host response to infection” (12). This definition recognized the 

pro- and anti-inflammatory responses present during the course of sepsis, emphasized the 

non-homeostatic host response to infection and distinguished sepsis from uncomplicated 

infection. The term severe sepsis was discarded and septic shock was redefined as “a 

subset of sepsis in which underlying circulatory and cellular metabolism abnormalities 

are profound enough to substantially increase mortality” (12).  



 3 

The Sepsis-3 definition incorporated new clinical diagnostic criteria that 

addressed the concept of the dysregulated host response and largely replaced the SIRS 

scoring system. There are various scoring systems to assess organ dysfunction; however, 

the sepsis-related organ failure assessment (SOFA) score was suggested to be 

predominant diagnostic measurement for sepsis as part of the Sepsis-3 definition (14). 

This scoring system assesses abnormalities in respiratory, cardiovascular, nervous, renal, 

circulatory and digestive systems, with a higher score predicting a higher chance of 

mortality (15). The scoring system ranges from 0-4. Patients without any known pre-

existing organ dysfunction have a baseline score of 0. A change in a baseline SOFA score 

of  2 represents organ dysfunction, which in combination with a suspected or 

documented infection meets diagnostic criteria for sepsis. Septic shock is identified in 

patients presenting with sepsis criteria in combination with the need for vasopressor 

therapy to elevate mean arterial pressure (MAP)  65mmHg and hyperlactatemia >2 

mmol/L despite volume resuscitation (12).  

In a retrospective cohort study by Kumar et al. (16), it was determined that the 

probability of death from septic shock increases by 8% every hour antibiotic treatment is 

delayed after initial determination of hypotension. Due to the need for timely recognition 

of sepsis, a simplified measurement for bed-side screening was developed and termed 

quick SOFA (qSOFA) (17). The score ranges from 0-3 and the presence of 2 qSOFA 

points with infection indicate a patient is more likely to have sepsis than an 

uncomplicated infection (12). The qSOFA score was developed to be a quick prompt 

used outside the intensive care unit (ICU) without the need for blood tests, to quickly 

assess the likelihood of sepsis.  
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Sepsis is not a specific illness, but rather a complex clinical syndrome. At present, 

no validated diagnostic test, x-ray, or clinical evaluation can conclude that a patient has 

sepsis. Since the implementation of the first consensus sepsis definition in 1992, 

incidence rates of sepsis have increased; however, the probability of death from sepsis 

has declined (18). These findings are likely due to effective implementation of sepsis 

recognition techniques such as SOFA or qSOFA and timely administration of antibiotics, 

oxygen, and fluid resuscitation (12,16,19). In spite of a declining trend in sepsis 

mortality, it is still high, ranging from 20-50% and up to 80% for septic shock (1). Even 

if a patient survives the initial sepsis insult, their quality of life will remain affected. 

Sepsis survivors are frequently disabled by cognitive dysfunction, neuropathies, 

immunological dysfunction and other complications (6). The occurrence of sepsis and 

sepsis-related deaths is projected to increase due to an aging population and a rise in 

antibiotic resistance (10). Continuing advancements in therapeutic options and 

recognition techniques is crucial for early diagnosis and improving outcomes in sepsis 

survivors.  

 

1.1.2 General Sepsis Pathophysiology 

 

In the past decades, considerable advancements have been made in our 

understanding of the pathophysiology of sepsis. The Sepsis-3 definition now 

acknowledges that the clinical manifestations of sepsis are due to complex changes in 

immune modulating mechanisms, contrasting the previous theory that suggested sepsis 

resulted from an uncontrolled hyper-inflammatory response.  
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During acute infection, the initial appropriate response of the host’s innate 

immune system is activated. The pathophysiologic cascade of sepsis develops when this 

response is amplified and dysregulated (20,21). The insult is most commonly bacterial, 

but there have been increasing incidences of viral, fungal and parasitic causes of sepsis 

(1). Sepsis can originate from multiple potential sites. However, respiratory infections are 

the most common cause of sepsis, making up about half of all sepsis cases, followed by 

genitourinary and abdominal infections, which are other major causes of sepsis (22,23). 

Although the etiology of disease may differ, the clinical aspects of sepsis are often 

similar, regardless of the source of infection. This is likely due to the fact that it is the 

dysregulated immune response that cause sepsis pathologies (23).  

During infection, the homeostasis of the immune response is regulated by 

opposing, yet complementary pro- and anti-inflammatory responses (24). In sepsis, this 

balance is dysregulated, resulting in two major states of the immune system. Most 

frequently, sepsis is characterized by initial hyper-inflammation, i.e. hyper-activation of 

mechanisms aimed at eliminating invading pathogens. Although this is a physiological 

reaction to infection in the body, in sepsis, there is an exaggerated systemic release of 

pro-inflammatory mediators resulting in a ‘cytokine storm’ (9,22,25). This may lead to 

cardiovascular dysfunction, hypotension, and tissue hypoperfusion, which if persistent 

lead to organ dysfunction, failure and death (9,20,26). In the course of sepsis, frequently 

the immune response shifts to a hypo-inflammatory state (so-called immunoparalysis) 

with increased production of anti-inflammatory cytokines such as IL-10 (26). During 

local infection, this phase is used to diminish inflammation and allow for tissue repair 

(22). However, in sepsis, immune cells are exhausted during this state (23). This leads to 
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an inability to neutralize pathogens and leaves the host vulnerable to secondary infections 

(22,26).  

Beyond the complex changes occurring in the immune system, sepsis is further 

complicated by the heterogenous nature of the disease (27). Factors such as age, pre-

existing immune status, comorbidities, and the type of infection can greatly influence the 

progression of disease and cause pathophysiologic variances among individuals (28). For 

instance, patients with pre-existing conditions like HIV, diabetes, and cancer already 

have an altered immune system and will be at a higher risk for developing severe sepsis, 

as well as present with a different sepsis profile than a previously healthy individual (3) 

(Figure 1). The case-fatality rate of sepsis was 55% greater in cancer patients than 

noncancer septic patients (29). Additionally, patients on immunosuppressive therapies for 

conditions such as arthritis, multiple sclerosis, and lupus, may completely bypass the 

hyper-inflammatory phase and go straight to the immunosuppressive phase.  
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Time 

Figure 1. The heterogenous nature of temporal changes in the immune status of sepsis 

varying immune status’. Modified from Hotchkiss et al. (28) 
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1.1.3 Innate Immune Response in Sepsis 

 

The scope of the research in this thesis focuses on the hyper-inflammatory state of 

sepsis, characterized by a dysregulated overwhelming response to infection. This state of 

sepsis mainly involves activation of the innate immune system, which can be readily 

mobilized within minutes of infection. Homeostasis of the innate immune response is 

maintained by opposing, yet complementary anti-and pro-inflammatory mediators 

produced by innate immune cells (24). The cells making up this system include 

monocytes, macrophages, dendritic cells, neutrophils, mast cells and natural killer cells.  

The fast action of the innate immune system is due to quick recognition of 

pathogen-associated molecular patterns (PAMPs) on invading microbes by pattern 

recognition receptors (PRRs) on immune cells. Some PRRs include Toll-like receptors 

(TLRs), NOD-like receptors (NLRs) and C-type lectin receptors (CLRs) (30). 

Peptidoglycan and lipoteichoic acid (LTA) are common PAMPs of Gram-positive 

bacteria, but the endotoxin lipopolysaccharide (LPS), which makes up a component of 

Gram-negative bacteria, is one of the most well recognized and studied PAMP. 

Recognition of LPS by TLR4 results in phagocytosis of the invading pathogen and 

activation of the innate cell by the intracellular signaling cascade, NF-B, which leads to 

the transcription of genes coding for cytokines including TNF-, IL-1, IL-6, IL-2 and 

IFN- (25). This cytokine storm causes an array of bodily responses including, but not 

limited to, enhanced phagocytic activity, leukocyte chemotaxis, activation of the 

coagulation system, microvasculature injury, and synthesis of acute phase proteins from 

the liver (25,31).  



 9 

During sepsis, an overproduction of cytokines induces excessive inflammation 

and an overproduction of inflammatory mediators, such as reactive oxygen species 

(ROS). These inflammatory mediators are aimed at eliminating invading pathogens; 

however, they act indiscriminately and can start to destroy host tissues (32,33). The 

combined effects of diminished myocardial contractility and hypotension due to systemic 

vasodilation result in impaired tissue perfusion with consecutive multiple organ 

dysfunction syndrome (MODS) and finally multiorgan failure. (24). When tissues and 

cells die, they produce danger-associated molecular patterns (DAMPs), which further 

activate immune cells and continue the cascade of sepsis (23): recognition/phagocytosis 

of pathogens, production of cytokines and inflammatory mediators, activation of immune 

cells, and production of cytokines and inflammatory mediators.  

 

 

1.1.4 Leukocyte Endothelial Interactions (LEIs) in Systemic Inflammation 

 

1.1.4.1 Basic Mechanisms 

 

During infection, leukocytes such as neutrophils, monocytes, basophils, 

eosinophils, dendritic cells and lymphocytes migrate from systemic circulation to the site 

of infection by chemotaxis. Neutrophils account for 40-70% of leukocytes circulating in 

human peripheral blood, representing an essential component of the first line of defense 

against invading microorganisms (23). The release of anti-microbial agents from 

neutrophil granules is crucial for destroying pathogens, but causes damage to the host’s 

healthy tissues as well (34,35). Additionally, extravasation of neutrophils possibly results 

in damage to non-infected tissue, furthering inflammation. In sepsis, systemic 
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inflammation may lead to excessive and inappropriate activation of leukocytes, causing 

injury of non-infected tissues and furthering sepsis pathology (34).   

 The migration of leukocytes from the blood is a multistep series of adhesion and 

signaling events in both leukocytes and endothelial cells. An initial inflammatory 

stimulus triggers leukocyte margination in which the leukocyte is drawn out of the central 

blood stream toward the endothelial surface (Figure 2). Leukocyte margination initiates 

leukocyte-endothelial interactions by close mechanical contact with endothelial cells and 

begins leukocyte rolling (36). Selectins are upregulated on the surface of endothelial cells 

during inflammation and will begin to lightly tether leukocytes (37). This process is 

predominately mediated by P-selectins and E-selectins expressed on activated endothelial 

cells bound to the glycoprotein P-selectin Glycoprotein Ligand 1 (PSGL-1) on leukocytes 

(38). These repeated low-affinity interactions between leukocytes and endothelial cells 

cause the leukocytes to slow and roll along the vessel in preparation for the next step of 

the leukocyte activation cascade - firm adhesion (39). 

 Firm adhesion of leukocytes requires the low affinity integrins present on the 

leukocyte surface to undergo conformational changes to gain full adhesive functions (36). 

Chemokines from the inflammatory environment attract leukocytes (37). The interaction 

of these chemokines with leukocytes cause an intercellular signaling cascade, activating 

integrins to a highly affinitive state (37). In neutrophils, the 2 integrins lymphocyte 

function-associated antigen 1 (LFA-1) and macrophage-1 antigen (Mac-1) are expressed 

for firm adhesion by binding to the endothelial counter receptor intercellular adhesion 

molecule-1 (ICAM-1) (Figure 2). In contrast, lymphocytes and monocytes express the 

1-integrin Very Late Antigen-4 (VLA-4), which is bound by vascular cell adhesion 
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molecule-1 (VCAM-1) on endothelial surfaces (40–42). Firm adhesion of leukocytes to 

the endothelial surface allows for the final step of leukocyte migration, leukocyte 

transmigration. 

Upon firm adhesion of leukocytes to the endothelium, leukocytes migrate across 

the endothelial barrier through a paracellular or transcellular manner. The manner of 

transmigration can vary depending on the location in the body, but it is well accepted that 

leukocytes cross endothelial cells between cell borders (paracellular) (36,37). A wide 

variety of junctional molecules, such as platelet endothelial cell adhesion molecule-1 

(PECAM-1) and the junctional adhesion molecules (JAMs) assist in paracellular 

leukocyte migration. However, the mechanism of leukocyte transmigration is not 

completely understood (36). Some observations suggest PECAM-1 guides leukocytes 

through the paracellular space by cell signaling (43). Studies have shown that inhibiting 

PECAM-1’s binding domain by blocking antibodies impedes transmigration (36). 

Additionally, JAMs, such as JAM-C have been found to bind Mac-1 on neutrophils. 

Antibodies against JAM-C were found to block neutrophil transmigration through 

endothelial cells (44). Once leukocytes have migrated across endothelial barriers, they 

will move into a chemoattractant gradient toward the inflamed tissue (41). 

1.1.4.2 LEI Effects on Microcirculation 

 

The microcirculation is the circulation of blood within the microvasculature of 

organ tissues. Microcirculatory impairments represent a key event in sepsis 

pathophysiology causing tissue hypoperfusion and tissue hypoxia (45). Microcirculatory 

disturbances can arise due to underlying factors such as changes in blood viscosity, 

leukocyte activation, red blood cell aggregation and, edema externally compressing the 
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microvessels (46). Leukocyte activation leads to the release of antimicrobial agents, such 

as ROS and nitric oxide (NO), which can cause direct damage to the endothelial cells 

lining the microvasculature (47). Increased leukocyte transmigration to tissue can also 

enhance tissue inflammation and promote edema by endothelial damage, all of which 

contribute to microcirculatory disturbances (48). Several studies using various 

microcirculation imaging techniques reported impaired and dysregulated microcirculatory 

perfusion in patients with severe sepsis (49–51). These impairments included decreased 

vascular density, increased flow heterogeneity and a reduced proportion of perfused small 

vessels (50). A study by Sakr et al. (49) found that microcirculatory disturbances were 

more severe in sepsis nonsurvivors than survivors. Both groups presented similar 

microcirculatory measurements within 24 hours of sepsis; in survivors, capillary 

perfusion increased over time, but did not in those who did not survive the illness. 

Interestingly, in those who survived, microcirculatory disturbances failed to normalize to 

that of healthy subjects or ICU controls, suggesting endothelial alteration is still ongoing 

even after signs of inflammation have normalized. This could account for the ongoing 

complications sepsis survivors face. 

1.1.4.3 LEI in the Intestine 

 

Unlike most organs, the intestine is in constant contact with an abundance of 

environmental stimuli including food antigens, commensal microbiota and potentially 

dangerous pathogens. When functioning normally, an anatomical barrier of intestinal 

epithelial cells (IECs) allows physiologic movement of fluids and nutrients, but prevents 

the entry of potentially dangerous pathogens (52,53). As an additional defense 

mechanism, the intestine is equipped with an abundance of highly specialized cells to 
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defend against invaders. In the event of pathogen invasion, dendritic cells are likely 

among the first cells to act since they reside in high numbers directly below IECs. Their 

main role is to activate and mobilize innate immune defenses, which primarily involves 

assembling neutrophils and other leukocytes (54).  

Disruptions in the intestinal mucosa barrier due to tissue ischemia is important in 

the pathogenesis of sepsis and may lead to the translocation of additional pathogens into 

the systemic circulation (24,55). Increased bacterial translocation across the intestinal 

barrier causes additional leukocyte activation, and generation of inflammatory mediators 

in the intestinal microcirculation. Pathogens derived from the gut can cause secondary 

infections, and further enhance the septic condition. For this reason, the intestinal 

microcirculation has been suggested to be the ‘motor’ of multiple organ failure due to its 

role in the progression of sepsis and is a crucial target in the early septic cascade (53,56). 

Therefore, in these studies the focus was on the intestinal microcirculation. 
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Figure 2. Leukocyte activation cascade. Leukocytes interact with endothelial cells by 

tethering to selectins and rolling along the endothelial layer. Firm adhesion is mediated 

by integrins binding to ICAM-1 on endothelial cells. Modified from Thorburn et al. (45) 
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1.1.5 Current Therapeutic Options 

 

There are currently no specific anti-sepsis drugs on the market (57). Beyond 

antibiotic administration to kill invading pathogens and possible surgical intervention to 

remove infected tissue, therapeutic options generally consist of maintaining vital organ 

functions, including fluid resuscitation and mechanical ventilation (27). Since it was 

determined that it is the host’s immune response attempting to fight the infection that 

may cause the fatal outcome, there have been a large repertoire of immune modulating 

drugs that have been tested experimentally to treat sepsis. However, so far none of these 

treatments have had significant improvements in the outcome of sepsis, likely related to 

the wrong timing of the drugs due to a lack of biomarkers to assess the condition of the 

patient (57,58).   

Due to the dynamic nature of sepsis, accurate and timely assessment of the 

patients’ immune status must be done for the success of anti-sepsis treatments. Currently, 

complete blood count (CBC) and C-reactive protein (CRP) remain the standard for 

assessing the immune status in the patient, but these tests lack sensitivity and specificity 

(59). Fluorescence-activated cell sorting (FACS) has recently been found useful in 

determining septic state by characterizing leukocyte phenotypes, activation, function and 

cytokine production in no more time than a obtaining a CBC measurement (60,61).  

 Continuing advancements in sepsis biomarkers and protocols to effectively 

determine the septic state of a patient are crucial for confident treatment of patients. 

However, at present, there is no evidence that these biomarkers or protocols will be ready 

in the near future and sepsis continues to affect millions each year. Nonetheless, 
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experimental approaches attempting to treat sepsis continue to be studied, including a 

potential therapeutic option discussed in this thesis by use of iron chelation.  

 

1.2 Iron in Sepsis 

 

1.2.1 Physiology of Iron 

 

 Iron is the fourth most common element on the planet and is essential to life. Its 

biological relevance comes from its ability to donate or accept electrons, thereby 

functioning as a cofactor in various biochemical reactions. In our bodies, iron is present 

in the ferric (III) and ferrous (II) state. We cannot produce iron, so it must be provided 

from our food. Iron absorption happens at the brush border of enterocytes in the 

duodenum and upper jejunum of the intestinal tract (62). Iron is transported into 

enterocytes by the divalent metal transporter 1 (DMT1) and can then either be used in 

cellular processes, bound to ferritin and stored, or transported out of the cell by the iron 

exporter, ferroportin (63,64). Once iron leaves the cell, it is transported bound to 

transferrin, an iron transporter protein. From this point, the fate of iron depends on the 

body’s cellular needs, some of which include the synthesis of oxygen transport proteins, 

DNA synthesis, and hematopoiesis (64).  

Due to the vital functions of iron, a balanced iron homeostasis is crucial in human 

physiology. Due to the redox potential of iron, it is a choice catalyst in many biological 

reactions, including harmful ones, such as free radical generation (65,66). Dysregulation 

of iron homeostasis is often associated with inflammatory and degenerative disorders 

(67). Therefore, iron levels are tightly regulated to maintain iron homeostasis.  
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 Despite the potential toxic capacity of excessive iron, our bodies do not possess 

an iron excretion mechanism. Instead, the regulatory protein hepcidin is the main player 

in the coordinated response to reduce systemic iron levels (68,69). Hepcidin is 

synthesized by hepatocytes in the liver and acts as a negative regulator of iron absorption 

in response to high dietary iron, high iron stores, and during inflammation (70). Bioactive 

hepcidin binds to ferroportin on the cell surface, which results in ferroportin’s 

internalization and degradation. In duodenal enterocytes, this causes iron retention and 

subsequently down-regulates dietary iron absorption (64,71). Interestingly, ferroportin 

also exists on the surface of immune cells, particularly macrophages. Although hepcidin 

is mainly produced in response to iron overload, it is also generated during inflammation, 

primarily by IL-6 signaling (72). In the same manner as enterocytes, hepcidin induction 

results in iron retention in immune cells, referred to as the hypoferremic response 

(66,67,73). Hepcidin-mediated iron retention in immune cells is thought to be an 

evolutionary adaptation to combat invading pathogens, which require iron as a vital 

nutrient (71). Restricting systemic iron levels may also reduce iron’s participation in the 

generation of harmful free radicals. Therefore, the hypoferremic response may serve as a 

defense strategy and benefit the host by reducing microbial growth and decreasing iron’s 

bioavailability for harmful reactions.   

 

1.2.2 Irons Participation in the Generation of Reactive Oxygen Species (ROS) 

 

1.2.2.1 ROS Definition and Composition  

 

Reactive oxygen species (ROS) are chemically reactive species containing 

oxygen. The term ROS includes molecules with an unpaired electron (free radicals) and 
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strong oxidizing agents, such as hydrogen peroxide (H2O2) (33). ROS are highly reactive, 

short-lived, and react indiscriminately by extracting electrons from other molecules. The 

most common ROS species include superoxide radical (O2
-), a precursor to many ROS 

species; H2O2, hydroxyl radical (OH), and hypochlorous acid (HOCl) (32,74). Closely 

related to ROS are reactive nitrogen species (RNS), the by-products of nitrogen reacting 

with other ROS species. Example of RNS include nitric oxide (NO) and peroxynitrite 

(ONOO-), which is formed by NO reacting with superoxide anion (33).  

Our understanding of ROS has come a long way since they were first discovered 

in biological systems in 1954 (75). ROS were first thought to be solely involved in 

pathological processes and aging due to their high reactivity, but throughout the years, the 

understanding that ROS only have deleterious effects has changed (74). It is now 

accepted that ROS play many roles in the body such as combating pathogens as part of 

the immune response, regulation of metabolic pathways, and acting as cell signaling 

molecules (74,76). Despite the uncovering of various supportive functions of ROS, they 

remain difficult to fully understand due to their short half-life and low stability (33,74).  

1.2.2.2 Generation of ROS 

 

In eukaryotic cells, about 90% of ROS are produced as by-products during 

mitochondrial electron transport (74). Electrons escaping the electron transport chain 

(ETC) will react with oxygen to form O2
-, which can then spontaneously form H2O2 or 

OH (77). ROS produced by mitochondrial respiration are potentially dangerous; 

therefore, cells possess finely regulated antioxidant systems to limit levels of ROS. This  

involves superoxide dismutase (SOD) catalyzing the conversion of superoxide radicals to 

H2O2 and oxygen (33,76). The enzyme catalase further detoxifies H2O2 by converting it 
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to water and oxygen (76,78). There are a number of secondary antioxidants that also 

contribute to this defense system including vitamin C and E. However, the most 

important is glutathione (GSH), which has been found to neutralize NO (74,76). 

Generally, this antioxidant defense effectively eliminates the threat of ROS; however, 

small amounts of H2O2 sometime escape the defense system. If free iron is present as 

Fe(II), it will react with H2O2 to form hydroxyl radicals, which are the most potent and 

most highly reactive ROS species. The reaction between Fe(II) and H2O2 is known as the 

Fenton reaction (69). This reaction produces Fe(III), which cannot participate to form 

more hydroxyl radicals; however, if superoxide is present, Fe(III) can be converted back 

to Fe(II) by reaction with the superoxide radical. This cycle is known as the Haber-Weiss 

reaction (69). There are no known enzymatic systems to neutralize hydroxyl radicals so 

these radicals can go on to cause cell damage (74).  

During microbial killing by phagocytic cells, ROS is produced by a process 

known as the ‘respiratory burst’. The NADPH oxidase complex (Nox) increases cellular 

oxygen consumption to catalyze the production of superoxide radical and hydrogen 

peroxide (78,79). Components of Nox are dormant in resting cells and can assemble on 

either the plasma membrane of cells, or inside the phagosome, depending on the nature of 

the stimulus (80). When PRRs on phagocytes recognize pathogens or other markers of an 

inflammation, ROS are released into the inflammatory environment (79). By contrast, 

phagocytosis of bacteria cause assembly of Nox components on the phagosome and 

intracellular release of ROS to degrade internalized microbes (79). The activated Nox 

complex catalyzes the transfer of electrons to oxygen to form its primary product, 

superoxide anion; H2O2 is correspondingly generated as well (32,81). While superoxide 
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anion and H2O2 can be damaging on their own, participation in the iron-mediated Fenton 

and Haber Weiss reactions will give rise to hydroxyl radical, an exceedingly potent 

radical (79). Additionally, superoxide can form NO by nitric oxide synthase (NOS), 

subsequently producing peroxynitrite, a potent inducer of tissue damage (82). The 

respiratory burst is a powerful antimicrobial weapon and is an important defense 

mechanism against infectious agents. However, if these antimicrobial activities become 

uncontrolled and the body cannot counteract their toxic effects, oxidative stress may 

occur. 

1.2.2.3 Oxidative Stress 

 

Under physiologic states, the generation and detoxification of ROS are well 

balanced to maintain stable ROS levels. However, during certain instances this balance 

can be disrupted, resulting in oxidative stress. Oxidative stress can be an acute event, 

when for some reason, ROS levels sharply increase out of the controlled range (83). 

During acute events, some pathological consequences may arise, but through enhanced 

expression of antioxidant molecules, such as SOD, catalase, and GSH, enhanced ROS 

will be neutralized and return levels to a steady state (83). On the other hand, in some 

cases, such as sepsis, high ROS levels cannot be neutralized, causing a state of ‘chronic 

oxidative stress’ (84–86).  

During oxidative stress, ROS act indiscriminately to cause tissue damage, mainly 

through induction of lipid peroxidation (82). The unpaired electrons of ROS, particularly 

from OH, will readily attack unsaturated fatty acids, such as those present on the cell 

membrane by capturing hydrogen molecules. This leaves an unpaired electron on the 

carbon molecule of fatty acids, which causes a chain-reaction of fatty acid fragmentation. 
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Since lipid peroxidation is a self-propagating chain-reaction, oxidation of only a few lipid 

molecules causes significant tissue damage (87). Lipid peroxidation results in a loss of 

membrane integrity and release of stress signals, which propagates inflammation, and 

continues the cycle of oxidative stress (32). Beyond lipid peroxidation, oxidative stress 

disrupts the normal redox state of cells causing mitochondrial dysfunction, DNA damage 

and disruptions in cell signaling.  

 

1.2.3 Iron Chelation 

 

 Although essential to the body, in excess, iron can be toxic. Individuals suffering 

from iron-overload disorders, such as hemochromatosis or repeated blood transfusions, 

can accumulate iron in organs such as the heart and liver, leading to cellular damage due 

to iron catalyzing ROS-generating reactions (64). Additionally, these patients have an 

increased risk of infection possibly from iron-promoting microbial growth (88–91). 

Currently, iron-overload disorders are managed with chelation therapy, in which iron 

chelators are administered to remove excess iron from the body (71).  

Iron chelators are small molecules that bind tightly to iron, neutralizing its ability 

to catalyze redox reactions. They can be produced synthetically or can be derived from 

biologically produced molecules, such as siderophores secreted by certain 

microorganisms (92). The goal of iron chelation in iron-overload disorders is to prevent 

iron-mediated injury to cells, as well as to possibly prevent microorganisms from 

accessing iron stores. Due to the damage observed by oxidative stress and the link 

between ROS generation and iron, removing excessive iron by iron chelation represents a 

potential therapeutic option in sepsis.  
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1.2.4 Clinically Used and Novel Iron Chelators 

 

Currently there are 3 clinically approved iron chelators: deferoxamine (DFO), 

deferasirox (DFX), and deferiprone (DFP). Each of which have their advantages and 

disadvantages such as specificity/affinity for iron, route of administration, half-life, side 

effects, and cost (93,94). The studies in this thesis focused on the novel iron chelator, 

DIBI, produced by Chelation Partners Inc., a company based in Halifax, NS, Canada.  

DIBI is a highly selective iron chelator comprised of a large polyvinylpyrrolidone 

(PVP) backbone with nine 3-hydroxy-1-(β-methacrylamidoethyl)-2-methyl-4(1 H)-

pyridinone (MAHMP) residues (95). DIBI is non-toxic, bioavailable (i.p./i.v.), and binds 

iron in a 3:1 ratio, providing a compartmentalized sink for iron. Previous studies have 

found DIBI to be anti-inflammatory in combination with antibiotics in a poly-bacterial 

experimental murine sepsis model (96) and without antibiotics in a LPS-induced 

endotoxemia model (97). Additionally, in a study comparing the iron-chelating effects of 

DIBI and other clinically used iron chelators (DFO and DFP) on the growth Candida 

albicans and Candida vini, DIBI almost completely inhibited the growth of those fungi, 

while DFO and DFP minimally affected their growth (98). 

 

1.3 Hypotheses 

 

 The general hypothesis of this project was that iron chelation during the acute 

hyper-inflammatory state of sepsis would reduce leukocyte recruitment, and preserve 

capillary blood flow, acting as an extension of the physiologic hypoferremic response that 

is activated during microbial invasion. Specifically, we hypothesized that by reducing the 
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bioavailability of iron, we would reduce its participation in Fenton and Haber-Weiss 

chemistry, thereby reducing the generation of ROS, which in turn would attenuate the 

dysregulated immune cell recruitment and other pathologies associated with oxidative 

stress. Additionally, we also hypothesized that iron chelation would attenuate bacterial 

growth in a murine poly-bacterial model of sepsis by reducing iron’s bioavailability to 

microorganisms. 

 

1.4 Study Objectives 

 

 The goal of this research project was to evaluate the systemic effects of iron 

chelation on immune cell recruitment and microcirculatory integrity in murine models of 

sepsis. As mentioned previously, disruptions in intestinal integrity represents a key step 

in the pathophysiologic cascade of sepsis, leading to the translocation of pathogens from 

the intestinal lumen into the systemic circulation, the development of secondary 

infections, and further exasperating sepsis pathologies. Measurements of leukocyte-

endothelial interactions and capillary flow in the intestinal microvasculature can be used 

for determining the degree of inflammation with impairments indicating sepsis disease 

progression. Therefore, maintaining microcirculatory integrity is a therapeutic target in 

the early sepsis cascade. For this research project we chose to assess the intestinal 

microcirculatory integrity with two different experimental sepsis models in mice.  

As a proof of concept, in vitro assays were used to determine DIBI’s antioxidant 

functions on macrophages and neutrophils harvested from mice. These cells are both first 

responders during innate immune responses and are primary sources of ROS at the site of 

inflammation, thus making them ideal cell lines to study DIBI’s antioxidant effects. The 



 24 

LPS-induced endotoxemia model was used to assess DIBI’s efficacy at reducing immune 

hyper-activation in the absence of bacteria. This model simulates a bacteremia state based 

on the presence of bacterial antigens from intravenous administration of the endotoxin 

LPS and causes a systemic pro-inflammatory immune response. For the second 

experimental sepsis model, we chose a clinically relevant model of poly-bacterial sepsis. 

The colon ascendens stent peritonitis (CASP) model simulates abdominal sepsis by 

surgical implantation of a stent into the intestine, causing the leakage of luminal contents 

into the peritoneal cavity. This model is more clinically relevant than the LPS model due 

to the presence of live pathogens and their inflammatory mediators. Due to the presence 

of live microorganisms in this model, we were also able to assess DIBI’s anti-microbial 

effects.  
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CHAPTER 2: MATERIALS AND METHODS 

 

2.1 Animals 

 Male C57BL/6 mice (6-8 weeks old; 20-30g) were purchased from Charles River 

Laboratories International Inc. (Saint-Constant, QC, Canada) and were used for in vitro 

assays, endotoxemia, and colon ascendens stent peritonitis (CASP). Animals were housed 

in ventilated cage racks and allowed to acclimatize for one week following arrival in the 

Carleton Animal Care Facility (CACF) of the Faculty of Medicine at Dalhousie 

University, Halifax, NS, Canada. Animals were kept on a standard 12-hour light/dark 

cycle and were provided a standard diet of rodent chow and water ad libitum. All 

experimental procedures were preformed following the guidelines and standards outlined 

by the Canadian Council on Animal Care and were approved by the University 

Committee on Laboratory Animals at Dalhousie University, under protocol No. 16-051. 

 

2.2 In vitro Experiments 

2.2.1 Immune Cell Isolation and Culture  

 

Male C57BL/6 mice were sacrificed by cervical dislocation for collection of bone 

marrow from femurs and tibias and subsequent isolation of bone marrow derived 

macrophages (BMDMs) or neutrophils.  

2.2.1.1 Mouse Macrophage Isolation 
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 Bone marrow was flushed using a 26-G x 3/8 needle and 30ml Luer-Lok syringe 

filled with sterile 1xPBS. Clumps of bone marrow were broken up using a 18-G x 1 

needle to create a single cell suspension. Cell suspensions were centrifuged at 350 x g for 

5 min. The supernatant was discarded and cells were re-suspended in 0.6% NaCl to lyse 

red blood cells, followed exactly 20 sec by the addition of equal parts 1.6% NaCl, and 

finally equal parts sterile PBS to return cells to an isotonic solution. Cells were then 

centrifuged at 350 x g for 5 min, counted and plated out into 6-well plates with 1x106 

cells/well . 

 BMDMs were placed in humidified 5% CO2 incubator maintained at 37C where 

they differentiated over 7 days. They were cultured in RPMI 1640 (Roswell Park 

Memorial Institute 1640; Sigma-Aldrich, Oakville, ON, Canada) media supplemented 

with 10% FBS (Fetal bovine serum; Invitrogen, Oakville, ON, Canada) and 15% L929-

conditioned DMEM (Dulbecco’s Modified Eagle medium; Sigma-Aldrich, Oakville, ON, 

Canada) as a source of macrophage colony-stimulating factor (M-CSF). After 3 days of 

culture, cells were provided with fresh BMDM medium. After 6 days of culture, old 

media and non-adherent cells were removed and fresh BMDM media was added. On day 

7, cells were ready to use in experiments.  

2.2.1.2 Mouse Neutrophil Isolation 

 

 Bone marrow was flushed using a 26-G x 3/8 needle and 30ml Luer-Lok syringe 

filled with neutrophil medium, which consisted of 1XPBS containing 1 M EDTA 

(Ethylene diamine tetraacetic acid; Anachemia, Radnor, PA, USA) and 2% FBS. Clumps 

of bone marrow were broken up using a 18-G x 1 needle to create a single cell 

suspension. Cell suspensions were centrifuged at 300 x g for 10 min, supernatants were 
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discarded and cells were re-suspended in neutrophil media. Neutrophils were then 

isolated from single cell suspensions of bone marrow by negative selection using the 

EasySep™ Mouse Neutrophil Enrichment Kit and EasySep™ magnet (Stemcell 

Technologies, Vancouver, BC, Canada) following the manufacturer’s instructions. 

Isolated neutrophils were centrifuged, suspended in neutrophil medium, and used 

immediately for experiments. The EasySep murine isolation protocol routinely yields cell 

suspensions that are >85% pure and viable when sorted by FACS, according to 

manufacturer’s information manual.  

 

2.2.2 DCFDA Assay 

 

Intracellular measurement of oxidative stress was achieved using chloromethyl 

2’,7’-dichlorodihydrofluorescein diacetate (CM-H2DCFDA; Life Technologies, Oregon, 

USA). CM-DCFDA is light and air sensitive; therefore, it was prepared fresh each time 

and all work was done in the dark. Additionally, medium was prepared without phenol 

red and serum to prevent interferences with the channel and prevent false positive results 

from esterases reacting with the DCFDA compound, respectively. An initial 5000M 

stock was prepared in DMSO (Dimethyl sulfoxide; Sigma-Aldrich, Oakville, ON, 

Canada) and working concentrations were prepared in pre-warmed medium that was free 

of serum and phenol red. For every treatment group, a negative control (non-CM-

DCFDA stained) was added. For all experiments, fluorescence data was acquired for 

1x104 cell counts per sample using a FACS Calibur flow cytometer with BD CellQuestTM 

software (version 3.3, BD Biosciences, Mississauga, ON). FCS Express Version 3 was 

used to analyze the data (De Novo software, Los Angeles, CA, USA).  
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2.2.2.1 BMDMs 

 

 Bone marrow derived macrophages were harvested and seeded in 12 well plates 

with BMDM media supplemented with 10% FBS at a concentration of 5x105 cells/ml and 

left overnight to adhere to plates. The next day, media was removed and wells were 

washed with 1 mL pre-warmed 1XPBS. A 10M concentration of CM-DCFDA was 

prepared using warm serum free (SF), phenol red free RPMI 1640 medium and added to 

all positive controls, while media without CM-DCFDA was added to negative controls. 

Cells were left to incubate for 1 hour in the dark. CM-DCFDA stain was removed and 

cells were washed with 1XPBS. Treatments were added to cells in warm, phenol red-free 

RPMI 1640 medium supplemented with 1% FBS and left to incubate for 24 hours. After 

the desired treatment time, media was removed from wells and added to FACS tubes. 

Cells were removed from wells by adding 1 ml 10mM EDTA and incubating at 37C for 

4 minutes. Cells were collected by pipetting and added to corresponding FACS tube. 

Cells were centrifuged at 350 x g for 5 minutes, supernatants were removed and cells 

were re-suspended in 350 l 1XPBS.  

2.2.2.2 Neutrophils  

 

 Neutrophils were prepared for the DCFDA assay immediately after isolation. 

Cells were counted and suspended in warm, phenol red and serum free RPMI. For each 

treatment, 5x105 cells were added to FACS tubes. A 5 M concentration of CM-DCFDA 

was prepared using warm SF, phenol red free RPMI and added to all positive controls, 

while media without CM-DCFDA was added to negative controls. Cells were left to 

incubate for 30 minutes in the dark. Cells were topped up with 1 ml warm SF, phenol red 
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free RPMI and centrifuged at 300 x g for 10 minutes to remove stain. The supernatants 

were then discarded and 1 ml warm, phenol red-free RPMI supplemented with 1% FBS 

was added to cells, along with treatments, which were left to incubate for 2 hours. After 

desired treatment time, cells were centrifuged at 300 x g for 10 minutes, supernatants 

were discarded and cells were re-suspended in 350 l PBS.  

 

2.2.3 Amplex Red Assay 

 

 The Amplex red assay was used to detect hydrogen peroxide (H2O2) released 

from neutrophils. This assay uses the Amplex Red reagent (10-acetyl-3,7-

dihydroxyphenoxazine; Invitrogen, California, USA) in combination with horseradish 

peroxidase (HRP) to detect H2O2 activity.  Cells were added to a 96-well flat bottom plate 

in triplicate at a density of 1x106 in 100 l in phenol red free RPMI supplemented with 

5% FBS. Treatments were added and left to incubate for 2 hours. H2O2 was used as a 

positive control (100 M). A master mix containing Amplex red reagent and HRP was 

made in phenol red free RPMI supplemented with 5% FBS. Each well received 100 l of 

the master mix for a final concentration per well of 25M Amplex Red and 0.005 U/ml 

HRP. Plates were put in the incubator at 37C in a humidified 5% CO2 incubator and 

absorbance was measured at 570 nm using ELx800 UV universal microplate reader 

(BioTek Instruments, Winooski, VT, USA), Digiread Software (Biochrom, Cambridge, 

UK).  

 

 

2.2.4 Griess Assay 
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 The Griess assay was used to detect stable nitrite ion in solution as a means of 

measuring nitric oxide produced by neutrophils. Cells were first suspended to a 

concentration of 5x105 cells/ml in phenol red free RPMI supplemented with 5% FBS. 

Cell suspensions were added to FACS tubes along with treatments and left to incubate for 

2 hours. A standard curve was made with sodium nitrate purchased from Sigma Aldrich. 

The standard curve concentrations of sodium nitrate and cell supernatants were then 

added to a 96 well plate with an equal volume of Griess reagent. Plates were incubated in 

the dark at room temperature for 10 minutes. Absorbance values were obtained at 570 nm 

using ELx800 UV universal microplate reader (BioTek Instruments, Winooski, VT), 

Digiread Software, and SOFTmax PRO software (version 4.3; Molecular Devices Corp., 

Sunnyvale, CA, USA). 

 

2.2.5 Chemokinesis Assay 

 

 The chemokinesis assay was used to assess the coordinated movement of a cell 

population. BMDMs were harvested and prepared in a cell suspension of 250,000 

cells/ml. Using sterile tweezers, culture inserts (Ibidi, Martinsried, Germany) were 

obtained and placed into wells of a 6 well plate (2 inserts per well). Tweezers were used 

to press inserts down and ensure they were firmly adhered to plastic to prevent leaks. The 

6 well plate was flipped upside down and the inserts were outlined using a small tipped 

permanent marker. Flipping the plate upside down ensured all inserts were firmly adhered 

to plate. Each well of inserts received 100l of cell suspension (25,000 cells per well) and 

left overnight. Old media was removed from wells and treatments were added in 100l 

media to each well and left to incubate for 24h. After 24h, the culture inserts were 
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carefully removed with sterile tweezers and treatments were added to well of 6-well plate 

in 2 ml media. Using an inverted microscope (Nikon Eclipse TS100-F) and image 

capturing device (Nikon Digital sight DS-L2), the cell-free gaps were located for each 

insert using the pre-traced areas as a guide. Pictures were taken of carefully selected areas 

of gaps with well-defined borders. Additional pictures were taken at 24h and 48h, 

ensuring pictures were taken at the same spot each time. Imaging software (ImageJ; 

National Institute of Health, USA) was used to assess the speed of gap closure for all 

treatment groups.  

 

2.3 In vivo 

 

2.3.1 Experimental Endotoxemia Model 

2.3.1.1 Anesthesia 

 

Mice were weighed prior to anesthesia using a commercially available weighing 

scale. Induction of anesthesia was accomplished by an intraperitoneal (i.p.) injection of 

sodium pentobarbital (90 mg/kg, 54 mg/ml; Ceva Sainte Animale, Montreal, QC, 

Canada) at a 50% dilution with 0.9% NaCl. Depth of anesthesia was assessed by the 

animals’ response to toe pinch every 15 minutes during the procedure. Supplemental 

doses of sodium pentobarbital at a 10% dilution were delivered intravenously (i.v.) when 

needed. Oxygen was provided to animals if breathing became irregular. 

2.3.1.2 Surgical Procedures 

 

 After mice were fully anesthetized they were placed on a heating pad in a supine 

position. A rectal thermometer was inserted to measure and maintain body temperature at 
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37C0.5C (TCAT-2LV Controller; Physitemp Instruments Inc. New Jersey, USA). 

Temperature was recorded every 15 minutes during the experiment. The abdomen and 

anterior-lateral neck area were shaved and disinfected using isopropyl alcohol swabs. The 

mouse was taped in the preferred position and their tongues were pulled to the side using 

forceps to allow for a more consistent flow of oxygen. This also allowed for easy access 

if a buildup of mucous and/or saliva were to occur and needed to be extracted to prevent 

obstruction of the trachea. During the surgery, the animals breathed room air, but oxygen 

was provided if breathing became irregular. 

 Using scissors, a small, shallow incision was made on the right side of the neck, 

followed by blunt dissection of the surrounding tissues using curved haemostats until the 

jugular vein was completely cleared of connective tissue, fat and muscle. For cannulation 

of the right jugular vein, an approximate 5-7mm exposed region was needed. Once the 

vein was successfully exposed, fine tip forceps were placed underneath the vein to 

receive a piece of black silk thread, which was repeated to obtain 2 pieces of thread. At 

the superior end of the vessel, the thread was used to tie off the vessel using a surgical 

knot. At the inferior end of the vessel the thread was used to tie a loose knot. Using 

micro-dissecting scissors, a small incision was made at the superior end of the vessel just 

below the surgical knot. Using fine tip forceps, a catheter was placed approximately 1 cm 

into the vessel through the incision site. The catheter was made prior to experiment by 

placing non-radiopaque polyethylene tubing (PE10, Clay Adams, Sparks, MD, USA) 

over a 30-gauge needle and securing it with waterproof glue. Before securing the catheter 

in place, the catheter was tested for any obstructions or leakages by flushing a small 

amount of saline and observing that no saline leaked out. The catheter was then secured 
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by tightening the inferior knot using a triple knot, and tying an additional double knot 

over the superior end of the vessel and catheter tube. Successful cannulation of the 

jugular vein allowed for i.v. administration of endotoxins, treatment drugs, 

fluorochromes, anesthetics and saline.  

2.3.1.3 Experimental Timeline 

 

 The experimental timeline of endotoxemia protocol begins at induction of 

anesthesia of the animal (Figure 3). After cannulation of the right jugular vein, 

endotoxemia was induced by i.v. administration of lipopolysaccharide from Escherichia 

coli (LPS (5 mg/kg); Sigma-Aldrich, Oakville, ON, Canada). LPS (5 mg/kg, 1mg/ml) 

was dissolved in sterile saline (0.9% sodium chloride) and was administered i.v. as a 

short-time infusion (over 5 minutes), representing time 0 in the experimental timeline. 

The rational for the timing and dosage of LPS was based on successful induction of 

endotoxemia in previous experiments (99). All i.v. administrations were followed by 

flushing a small amount of saline to ensure all the compound was infused. Treatment 

compounds (or saline) were given i.v. 15 minutes following LPS challenge. Endotoxemia 

was carried out for 2 hours before IVM. During that time, the temperature and depth of 

anesthesia was continuously monitored every 15 minutes. Additional sodium 

pentobarbital (9 mg/kg) was administered if depth of anesthesia was insufficient. Fifteen 

minutes prior to IVM, fluorochromes were administered i.v. and laparotomy was 

performed.  Upon completion of IVM, whole blood and samples of the small intestine 

were collected for further analysis.  
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Figure 3. Experimental timeline of endotoxemia model.  



 35 

2.3.1.4 Experimental Groups 

 

A total of 6 experimental groups were tested with the endotoxemia model with 5-

7 animals per group (Table 1). Group 1 (CNT) represented a healthy control group, group 

2 (LPS) represented the endotoxin challenge group in which endotoxemia was induced by 

i.v. administration of LPS (5mg/kg) without treatment. 

 The remainder of the groups represented endotoxin challenge with treatments 

administered 15 minutes after LPS challenge. Group 3 (LPS+DIBI 10) received LPS (5 

mg/kg) as well as DIBI (10 mg/kg). Group 4 (LPS+DIBI 5) received LPS (5 mg/kg) as 

well as DIBI (5 mg/kg). Group 5 (LPS+DIBI 2.5) received LPS (5 mg/kg) as well as 

DIBI (2.5 mg/kg). Group 6 (LPS+PVP) received LPS (5 mg/kg) as well as PVP 

(polyvinylpyrrolidone; the polymer backbone of DIBI; 10 mg/kg). 
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Table 1. Experimental groups for endotoxemia experiments. 

Model  Groups Intervention 

Endotoxemia Control Saline 

Endotoxemia LPS LPS (5mg/kg) 

Endotoxemia LPS+DIBI 10 LPS (5mg/kg) & DIBI (10mg/kg) 

Endotoxemia LPS+DIBI 5 LPS (5mg/kg) & DIBI (5mg/kg) 

Endotoxemia LPS+DIBI 2.5 LPS (5mg/kg) & DIBI (2.5mg/kg) 

Endotoxemia LPS+PVP LPS (5mg/kg) & PVP (10mg/kg) 
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2.3.2 Colon Ascendens Stent Peritonitis (CASP) 

2.3.2.1 Anesthesia  

 

Anesthesia was induced by placing animals in a closed environment with a 

consistent flow of 4% isoflurane gas and an oxygen flow rate at 1.8L/hour until mice 

were sufficiently anesthetized, which was determined by an absent reaction to the toe 

pinch test. Depth of anesthesia was maintained by securing a cone over the nose of the 

mouse and providing a continuous flow of 1-2% isoflurane at an oxygen flow rate of 

1.5L/hour. Buprenorphine (0.1 mg/kg, 0.03 mg/ml) was delivered subcutaneously (s.c.) 

before the start of surgery for post-operative analgesia.  

2.3.2.2 Surgical Procedures 

 

 Once the mice were fully anesthetized they were placed in a supine position on a 

heating pad. The tubing from the anesthetic machine was fixed in place by use of a large 

saline bag, to ensure continuous flow of oxygen and isoflurane to the animal. Depth of 

anesthesia was assessed via the pedal pinch withdrawal test and buprenorphine 

(0.1mg/kg) was then given s.c.. The surgery was carried out aseptically, which was 

accomplished by shaving the abdominal area of the mouse with an electric shaver and 

performing a surgical scrub on the mouse. First, a cotton ball was soaked with hibitane 

(chlorhexidine gluconate) and was applied to mouse in a circular motion, starting at the 

incision site and working out toward the periphery; repeat x3. In the same manner 

hibitane was applied, isopropyl alcohol 70% solution (A) and povidone-iodine (B) were 

applied to disinfect the mouse further; they were applied in an alternating manner (A, B, 

A, B, A, B). All instruments and materials used were autoclaved or sterilely packed. The 
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surgeon wore sterile gloves, a surgical cap, and a mask, in accordance with Dalhousie 

University CACF guidelines.  

 A surgical drape was placed over the mouse with a small opening for the planned 

surgical site. Using a No. 15 scalpel, a midline incision was made longitudinally along 

the abdomen. Blunt forceps were used to separate the skin from the abdominal muscle 

layer. The non-vascularized tissue of the linea alba was located and a midline incision 

was made longitudinally along the muscle layer using scissors. During surgical 

procedure, saline was frequently applied to the open surgical area to ensure the area was 

kept moist. Saline soaked cotton tipped applicators were used to gently locate and retract 

the ascending colon from the abdominal cavity. An area about 1cm distal to the ileocecal 

valve on the ascending colon was chosen and a 7-0 polypropylene monofilament suture 

was fixed superficially in the colon wall with three knots. Before the catheter was 

inserted, forceps were used to make dents about 5 mm from the end of the catheter. This 

creates a place for sutures to grab when fixing the catheter in place, as well as act as a 

guide for how far in the catheter needs to go. A 20G 1-1/4 catheter (Jelco, Smiths 

Medical, Kent, UK) was inserted beside the location where the sutures were fixed and 

pushed into the intestinal wall up to the pre-calibrated markings; the interior needle was 

removed. The loose suture ends were looped around the catheter twice and fixed with 

three knots; repeated x2. An additional suture was fixed superficially in the colon wall on 

the opposite side of the first knot and as close to the catheter as possible. The same 

process was used to further fix the catheter in place. The loose ends of the suture were cut 

and the catheter tube was cut to leave 2-3mm of the tube projecting from the ascending 

colon. The cecum was gently massaged using wet cotton tipped applicators to milk fecal 
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matter out of the stent (Figure 4). This ensures the stent was placed correctly and there 

were no blockages. The ascending colon was then gently placed back in the abdominal 

cavity. The abdominal muscle layer was sutured using a 5-0 absorbable monofilament 

polyglyconate suture using with a running uninterrupted stitch. Just before muscle layer 

was completely sutured shut, treatment drugs or saline were administered i.p.. The 

abdominal skin layer was sutured using a 5-0 absorbable monofilament polyglyconate 

suture with interrupted knots.  

 The mouse was placed in a clean cage in the recovery room with half of the cage 

over a heating pad and monitored until fully conscious and mobile. The mouse was 

supplied with rodent chow mash and water ad libitum. The mice recovered in the 

recovery room for six hours and were then brought upstairs for the remainder of the 

experimental time. 
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Figure 4. Fecal matter was milked out of cecum using cotton tipped applicators during the 

CASP procedure. 
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2.3.2.3 Experimental Timeline 

 

 The experimental timeline of CASP begins with induction of anesthesia, surgical 

implantation of the stent, and administration of treatment drugs. Time 0 of the 

experimental timeline is marked when treatments/saline were administered i.p. to the 

mouse (Figure 5). The animals were allowed to recover after surgery with some animals 

receiving additional treatments in required experimental groups at 4 hours into the 

experimental timeline. Seven hours after initial treatments, the animals were anesthetized 

again with sodium pentobarbital (90mg/kg; 54mg/ml) at a 10% dilution with 0.9% 

sodium chloride in preparation for IVM. Fluorochromes FITC and rhodamine were 

administered i.v. via tail vein injection 30 minutes prior to IVM. 15 minutes prior to 

IVM, laparotomy and peritoneal lavage fluid (PLF) was collected. This was done by 

instilling 2 ml pre-warmed saline into the peritoneum and gently mixing the fluid inside 

the abdomen. Around 1.5 ml PLF was removed to assess bacterial burden and 

microbiome composition. Upon completion of IVM, whole blood and samples of the 

small intestine were collected for further analysis.  
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Figure 5. Experimental timeline of CASP model. 
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2.3.2.4 Experimental Groups 

 

A total of 6 experimental groups were tested with the CASP poly-bacterial model 

with 5-6 animals per group (Table 2). Group 1 (SHAM) was a healthy control group. In 

this group, all animals underwent the same surgical intervention as CASP groups, but the 

stent did not pierce the intestine; therefore, there was no active leakage of feces into the 

peritoneum. Group 2 (CASP) underwent CASP surgery without any treatment 

interventions.  

The remaining groups underwent the CASP surgeries and received 1 of 4 DIBI 

dosing strategies. Group 3 (CASP+DIBI (40 i.p.)) received DIBI as a prophylactic 

(immediately after CASP surgery; time 0) treatment (40 mg/kg; i.p.). Group 4 

(CASP+DIBI (80 i.p.)) received an initial DIBI dose (80 mg/kg; i.p.) at time 0. Group 5 

(CASP+DIBI (80x2 i.p.)) received an initial DIBI dose (80 mg/kg; i.p.) at time 0, and an 

additional dose of DIBI 4 hours after surgery completion (80 mg/kg; i.p.). Group 6 

(CASP+DIBI (80 i.p.+80 i.v.)) received an initial DIBI dose (80 mg/kg; i.p.) at time 0, 

and an additional dose of DIBI 4 hours after surgery completion (80 mg/kg; i.v.). 
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Table 2. Experimental groups for CASP experiments. 

Model  Groups Intervention 

CASP SHAM Saline 

CASP CASP CASP (20G) 

CASP CASP+DIBI (40 i.p.) CASP (20G) & DIBI (40mg/kg i.p.) 

CASP CASP+DIBI (80 i.p.) CASP (20G) & DIBI (80mg/kg i.p.) 

CASP CASP+DIBI (80 i.p.x2) CASP (20G) & DIBI (80mg/kg i.p. twice) 

CASP CASP+DIBI (80 i.p.+80 

i.v.) 

CASP (20G) & DIBI (80mg/kg i.p. + 

80mg/kg i.v.) 
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2.3.3 Intravital Microscopy 

 

 Intravital microscopy (IVM) was performed in all groups in the endotoxemia 

model and the CASP model. In the endotoxemia model, IVM was performed 2 hours 

after endotoxin administration. In the CASP model, IVM was performed 8 hours after 

completion of the surgery. The duration of IVM lasted approximately 30-45 minutes for 

each experiment.  

2.3.3.1 Fluorescence Staining 

 

 Fluorescence staining was carried out 15 minutes prior to IVM to observe 

leukocyte-endothelial interactions and evaluate the intestinal microcirculation. 

Fluorochromes were administered i.v. either through the catheter in the endotoxemia 

model, or by tail vain injection for the CASP model. Administration of 0.05% 

rhodamine-6G (1.5ml/kg; Sigma-Aldrich, ON, Canada) was used to stain leukocytes. To 

observe the intestinal microcirculation, 5% fluorescein isothiocyanate-bovine serum 

albumin (FITC-BSA, 1ml/kg; Sigma Aldrich, Oakville, ON, Canada) was used to 

observe capillary perfusion.  

2.3.3.2 Laparotomy 

 

 Immediately after fluorochrome administration and ensuring the animal’s depth of 

anesthesia was sufficient, laparotomy was performed. Using scissors, a midline incision 

was made on the animal’s abdomen and forceps were used to separate the skin from the 

muscle layer below. The linea alba was located, and using scissors, the muscle layer was 

cut along the linea alba to expose the abdominal cavity. The linea alba contains primarily 

connective tissues; therefore, by cutting along this line bleeding is minimized.  
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2.3.3.3 Intravital Microscopy Setup 

 

Saline soaked cotton tipped applicators were used to locate the caecum and 

subsequently a portion of the terminal ileum, which was excised. The mouse was placed 

on it’s side on a specifically designed IVM stage (100), with the excised portion of the 

intestine placed on a viewing platform (Figure 6). The IVM stage was fixed on a heating 

pad. The exposed segment of the intestine received a continuous flow of thermostat-

controlled (37C) saline to maintain physiologic conditions. The flow of saline was 

controlled at 5 ml/hour and the hanging drop method was used to ensure maintenance of 

physiologic conditions (101). The mouse, IVM stage, and heating pad were then placed 

under the microscope for observation. To further ensure physiologic conditions were 

maintained, a warm saline pack was placed over the animal and exchanged periodically 

with a freshly warmed pack throughout IVM.  
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Figure 6. Animal set up for intravital microscopy. 
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2.3.3.4 Microscopy 

 

 IVM of the terminal ileum was performed using a epifluorescent microscope 

(Leica DMLM, Wetzlar, Germany) and a light source (LEJ EBQ 100; Carl Zeiss, Jena, 

Germany). Randomly chosen intestinal vessels were captured in real-time with a black 

and white monitor (Speco Technologies, Amityville, NY, USA) and transferred to the 

monitor using a digital EM-CCD camera C9100-02 with AC-adapter A3472-07 

(Hamamatsu, Herrsching, Germany). Acquisition of captured images was done using 

Volocity software (PerkinElmer, Waltham, MA, USA) and then stored on external hard 

drives for offline analysis, which was done using imaging software (ImageJ; National 

Institute of Health, USA).  

With rhodamine-6G staining the mitochondria of cells, leukocyte recruitment 

(number of rolling/adhering cells) was recorded in the submucosal collecting (V1) and 

postcapillary (V3) venules of the intestinal submucosa. With FITC staining the plasma in 

the blood, capillary perfusion could be visualized, allowing functional capillary density 

(FCD) to be measured in the intestinal muscle layers and mucosal villi.  

2.3.3.5 Leukocyte Endothelial Interactions 

 

 The green excitation filter of the microscope was used to focus on and collect 

videos of the submucosal venules (Figure 7). Six visual fields were taken of both V1 and 

V3 venules; each video was recorded for 30 seconds. The V1 venules were distinguished 

by accompanying an adjacent arteriole, as well as being 50-100 m in diameter. The V3 

venules were distinguished as being much smaller  typically 20-40 m, and not existing 

with an adjacent arteriole.  
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2.3.3.6 Functional Capillary Density  

 

 The blue excitation filter of the microscope was used to visualize and obtain 

videos of the microcirculation in the muscle layers of the small intestine and the mucosal 

villi (Figure 8). The microcirculation in the small intestine are arranged in circular and 

longitudinal patterns in the muscle layers; however, since the mouse intestine is very thin, 

the layers were focused on together. Six visual fields were taken of the muscle layer 

microcirculation; each video was recorded for 30 seconds. To observe the capillary 

perfusion in the mucosal villi, as the last step of IVM, a portion of the intestine was 

superficially cauterized lengthwise. Scissors were then used to cut along the cauterized 

area and open up the intestinal wall. The luminal contents were flushed out using 0.9% 

saline, creating a window to view the mucosal villi. The exposed area was carefully 

manipulated using saline soaked cotton tipped applicators to gain an optimal view of the 

mucosal villi. A glass slide was placed over the exposed area and the mouse was put back 

under the microscope. Six visual fields focusing on the capillary perfusion in the mucosal 

villi were taken; each video was recorded for 30 seconds. 
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Figure 7. Intravital microscopy of the intestinal submucosal collecting venules (V1). (A) 

Adhering leukocytes in untreated CASP animal (B) Reduced leukocyte adherence with 

administration of DIBI (80 mg/kg i.p.) after CASP surgery.  

   

A B 100µm
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Figure 8. Intravital microscopy of capillary perfusion in the muscle layer of the intestine. 

(A) Healthy capillary perfusion in SHAM operated animal. (B) Unhealthy capillary 

perfusion in untreated CASP animal. Arrows denote non-perfused capillaries. 

   

100µmA B
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2.3.3.7 Video Analysis 

 

 Analysis of all video recordings were performed offline using ImageJ software in 

a blinded fashion. For each animal, the 4 following parameters were analyzed: leukocyte 

rolling, leukocyte adhesion, capillary perfusion of the muscle layer and capillary 

perfusion of the mucosal villi. Rolling leukocytes were classified as non-adherent 

leukocytes that visibly crossed a pre-measured cross-section of the vessel of interest 

within the 30 second recording of the video. Leukocyte adhesion was assessed by 

drawing an area around a large, clear section of the vessel; leukocytes that remained 

adhered to the endothelium in the pre-drawn area for the full 30 second video were 

classified as adherent leukocytes. This data allowed quantification of rolling leukocytes 

(cells/minute) and adherent leukocytes (cells/mm2). To quantify capillary perfusion in the 

intestinal muscle layer, a rectangular area was overlain on the video and measured. The 

length of perfused capillaries in the pre-measured area were summed to calculate the 

FCD (m/m2). To quantify capillary perfusion in the mucosal villi, 2-3 villi were 

randomly chosen for each video and measured. The length of perfused capillaries was 

measured in each pre-measured villus and the sum of the villi areas and total length of 

perfused capillaries were used to calculate FCD.  

 

2.3.4 Blood & Tissue Collection 

 

 Following IVM, the mouse was taken off the IVM stage and euthanized by 

cardiac puncture for blood collection using a 1 ml heparin (1000 USP units/ml; Sandoz 

Canada Inc. Boucherville, QC, Canada) coated syringe with a 25G x 5/8 needle. On 

average, 0.5 ml blood was obtained. Half of the volume obtained was placed in a 1.5ml 

Eppendorf tube and used for bacterial counting and the other half was placed in another 
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1.5 ml Eppendorf tube and centrifuged at 250 x g for 10 minutes. The plasma was 

isolated, placed in a 1.5 ml Eppendorf tube, and stored at -80C until further use. 

 

2.3.5 Bacteria Counting 

 

 Analysis of bacterial load was performed for both PLF samples and blood 

samples in the CASP model. The following procedure is the same for PLF samples and 

blood; however, an initial 10 fold dilution was made with blood samples before plating. 

Pipette tips, Eppendorf tubes and glass beads were autoclaved prior to experiment. 

Tryptic soy agar (TSA) plates were also prepared a minimum of 1 day prior to 

experiment for adequate drying time. Six plates were laid out in preparation for spread 

plating containing 5-7 glass beads in the lid. 

 Ten-fold serial dilutions of samples were made with PBS once samples were 

obtained. For PLF samples, the first plate contained undiluted sample and the last plate 

contained a 1:100000 dilution. For blood, the first plate contained a 1:10 dilution, while 

the last plate contained a 1:1000000 dilution. For each dilution, 100 l was pipetted onto 

its corresponding agar plate; plates were shaken to distribute samples. Once the plates 

were dry and the sample was fully absorbed, the glass beads were removed and the plates 

were incubated upside down in a 37C incubator overnight. Colonies were counted 

between 16-24 hours after plating. Colony forming units/ml (CFU/ml) was calculated by 

multiplying the number of colonies by the dilution factor and dividing it by the volume 

(100 l).  

 

2.3.6 Microbiome Sequencing 
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 To analyze the proportions of bacteria in PLF samples, 500 l of PLF sample was 

placed in a 1.5 ml Eppendorf tube and brought to Dr. Morgan Langille’s lab, located in 

Room 5-D of the Tupper Medical Building at Dalhousie University for microbiome 

sequencing. The 16S Bacteria and Archea Standard Operating Procedure was used to 

profile microbiome samples (102). 

 

2.3.7 Plasma Cytokines and Adhesion Molecules  

 

 CASP plasma cytokine and chemokine levels were measured using a custom 

made 12-plex mouse magnetic Bio-Plex Pro cytokine, chemokine, and growth factor 

assay obtained from Bio-Rad (Mississauga, ON, Canada). The Bio-Plex Pro assays work 

on the principle of sandwich ELISA (Figure 9). The cytokines chosen to be measured 

were as follows: IFN-, TNF-, IL-1, IL-2, IL-4, IL-6, IL-10, IL-12 p70, IL-17A, P-

selectin and ICAM-1. Preparation of the samples were done following the manufacturer’s 

instructions. All samples were run in duplicate and prepared in four-fold dilutions using 

the Bio-Plex sample diluent. A standard curve was generated for each analyte being 

tested. Before experiments were carried out, Luminex systems were calibrated following 

manufacturer’s instructions and the wash station was primed. 

Briefly, 50l of detection antibody magnetic beads were added to each well of a 

flat-bottom 96 well plate and washed with buffer using the Bio-Plex Pro wash station. 

Standards were prepared in four-fold serial dilutions and added to plate along with the 

samples. The plate was incubated in the dark on a shaker at 300 rpm for 1 hour and then 

washed 3 times.  Bio-Plex detection antibodies were added to plate and incubated in the 

dark on a shaker for 30 min; the plate was washed 3 times with wash buffer. Streptavidin-

PE was prepared and added to wells and incubated on shaker for 10 min in the dark. The 
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plate was washed 3 more times and the Bio-Rad 200 luminometer with Bio-Plex manager 

software was used to read plate.  
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Figure 9. Bio-Plex sandwich immunoassay 
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2.4 Statistical Analysis 

 

Statistical analyses were performed using GraphPad Prism 6.0 (GraphPad 

Software Inc, La Jolla, CA, USA). Normal distribution of all data was confirmed using 

the Kolmogorov-Smirnov test. In vivo data were then analyzed using a one-way 

ANOVA, followed by Newman-Keuls test for multiple comparisons. For in vitro data, 

differences between groups were compared using two-tailed unpaired t-test. All data were 

expressed as mean  standard error of mean (SEM). Differences at p < 0.05 were 

considered statistically significant. 
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CHAPTER 3: RESULTS 

 

3.1 In vitro studies 

3.1.1 DCFDA Assay 

 

 Intracellular ROS production was assessed in BMDMs and neutrophils using the 

DCFDA assay. In this assay, cells were treated with CM-DCFDA, which gets reduced to 

a highly fluorescent compound when encountered by ROS species (103); the fluorescence 

was measured by flow cytometry. LPS (100 ng/ml) was used to stimulate ROS 

production in BMDMs and neutrophils and hydrogen peroxide (H2O2; 100 M) was used 

as a positive control. In BMDMs, LPS and H2O2 significantly increased (p < 0.05) ROS 

production from the medium control (Figure 10) and administration of DIBI (200 M) in 

combination with both stimulants significantly reduced (p < 0.05) intracellular ROS. Also 

of note, administration of DIBI alone did not significantly alter ROS production by 

control cells.  

When the DCFDA assay was performed on neutrophils, LPS (100 ng/ml) was not 

able to stimulate intracellular ROS production; however, H2O2 (100 M) significantly 

increased (p < 0.05) intracellular ROS production compared to control cells (Figure 11). 

Administration of DIBI (200 M) in combination with H2O2 decreased mean intracellular 

ROS levels from 384% (H2O2) to 236% (H2O2 + DIBI), but this decrease was not 

significant. In line with findings from BMDMs, administration of DIBI alone did not 

significantly alter intracellular ROS production in neutrophils.  
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Figure 10. Intracellular reactive oxygen species production in BMDMs. BMDMs were 

treated with DCFDA, stimulated with LPS (100 ng/ml) or H2O2 (100 M) and treated 

with DIBI (200 M). Flow cytometry was used to assess levels of intracellular ROS in 

BMDMs. The dashed line denotes control cells. Data are a mean of 3 independent 

experiments ± SEM; * denotes p < 0.05. 
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Figure 11. Intracellular reactive oxygen species production by neutrophils. Neutrophils 

were treated with DCFDA, stimulated with LPS (100 ng/ml) or H2O2 (100 M) and 

treated with DIBI (200 M). Flow cytometry was used to assess levels of intracellular 

ROS in neutrophils. The dashed line denotes control cells. Data are a mean of three 

independent experiments ± SEM; * denotes p < 0.05 vs. media control. 
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3.1.2 Amplex Red Assay 

  

 The Amplex Red assay was used to assess extracellular ROS production by 

neutrophils in response to LPS (100 ng/ml, 200 ng/ml) or H2O2 (100 M) stimulation. In 

this assay, when Amplex Red reagent is in the presence of H2O2, it is reduced to a highly 

fluorescent resorufin compound (104); fluorescence is measured by a plate reader. When 

neutrophils were stimulated with the low dose (100 ng/ml) and high dose (200 ng/ml) of 

LPS, there was a statistically significant increase (p < 0.05) in extracellular ROS 

production compared to the medium control (Figure 12), but there were no significant 

differences between the two dosages of LPS. Administration of DIBI in combination with 

low and high dose LPS stimulation, caused a significant decrease (p < 0.05) in ROS 

production. H2O2 stimulation also significantly increased (p < 0.05) extracellular ROS 

production from the medium control. Administration of DIBI in combination with H2O2 

decreased mean ROS production from 281% to 225%, but it was not significant. In line 

with what was found in other assays measuring ROS production, administration of DIBI 

alone did not significantly alter ROS production. These results indicate that DIBI has 

anti-oxidative effects on extracellular ROS in vitro.  

 

3.1.3 Griess Assay  

 

 The Griess assay was used to assess the production of extracellular NO by 

neutrophils. NO is another component of the ROS/RNS family and is a major player in 

the cascade that leads to the development of oxidative stress (33). In this assay, LPS (100 

ng/ml) was used to stimulate neutrophils, which resulted in a significant increase in nitric 

oxide production from 25 ng/ml (medium control) to 59 ng/ml (LPS) (Figure 13). The 
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combination of LPS stimulation with DIBI treatment resulted in 32% less NO production 

(59 ng/ml (LPS) to 40 ng/ml (LPS+DIBI)), but this was not significant. DIBI treatment 

alone resulted in an average 32% decrease in NO production, but this was not significant. 
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Figure 12. Production of extracellular H2O2 by neutrophils. Neutrophils were stimulated 

with LPS (100 ng/ml or 200 ng/ml) or H2O2 (100 m) and treated with DIBI (200 M). 

Cells were then used in the Amplex Red assay to measure extracellular H2O2 production. 

The dashed line denotes control cells.  Data are a mean of three independent experiments 

± SEM; * denotes p < 0.05. 
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Figure 13. Extracellular NO production by neutrophils. Neutrophils were stimulated by 

LPS (100 ng/ml) and treated with DIBI (200 M). Cell supernatants were collected and 

used in the Griess assay to measure NO production. Data are a mean of three independent 

experiments ± SEM; * denotes p < 0.05 vs. (CNT). 
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3.1.4 Chemokinesis Assay  

 

 Macrophages are one of the first cells on site during inflammation or infection. 

With intravital microscopy we are unable to look at migration of immune cells, which is 

the last step in the leukocyte activation cascade. Therefore, the undirected migration and 

coordinated movement of  population of BMDMs was assessed with the chemokinesis 

assay.  

 In the chemokinesis assay, cells are allowed to adhere to either side of a cell 

culture insert, which is then removed leaving a gap between the cells (Figure 14A). The 

amount of cells present in the gap after 24 hours is assessed using imaging software and 

quantified. After 24 hours, it was found that vehicle treatment (PBS; 20 l/ml) did not 

inhibit BMDM migration compared to control cells. DIBI (200 M) treatment and 

untreated LPS (100 ng/ml) significantly (p < 0.05) reduced BMDM motility from vehicle 

control levels. Interestingly, the combination of LPS stimulation and DIBI treatment 

caused an additive effect, further reducing BMDM movement (p < 0.05) (Figure 14B). 

These results suggest that iron deprivation by DIBI has anti-inflammatory effects, 

reducing the movement of BMDMs.  
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Figure 14. Chemokinesis assay showing the effect of DIBI on undirected, coordinated 

movement of BMDMs. (A) Representative images of the progress of cell movement at 

time 0 (top row) and 24 hours (bottom row) with four treatment groups. (B) Numerical 

representation of BMDM migration. The dashed line represents migration of control 

cells. Data are a represented as a mean of four independent experiments ± SEM; * 

denotes p < 0.05 vs. vehicle, # denotes p < 0.05 vs. LPS.   
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3.2 In vivo studies 

 

3.2.1 Experimental Endotoxemia Model 

 

 The endotoxemia model represents an experimental model of sepsis that causes 

immune hyper-activation in the absence of bacteria (58). Using this model, the effect of 

iron chelation could be evaluated in a hyper-inflammatory state, but since LPS is only a 

component of the Gram-negative bacterial cell wall, this embodied a more controlled 

model because there was not an active bacterial infection.  

3.2.1.1 Leukocyte Adherence 

 

 Previous studies in our lab that examined the effects of iron chelation in an 

murine endotoxemia model with an older formulation of DIBI found that LPS stimulation 

in combination with DIBI resulted in reduced leukocyte activation (97).  The 

endotoxemia model was then used to assess the effects of the newer formulation of DIBI 

on leukocyte activation, as well as determine an optimal dosing strategy for DIBI 

administration. Finally, PVP - the polymer backbone of DIBI - was administered in 

combination with LPS to determine whether the molecule of DIBI itself had effects on 

leukocyte activation aside from iron-chelating effects. Mice were administered with LPS 

(5 mg/kg) followed 15 minutes later by administration of DIBI (10 mg/kg, 5 mg/kg, or 

2.5 mg/kg) or PVP (10 mg/kg). The outcome of endotoxin challenge was assessed by 

intravital microscopy.  

Leukocyte adhesion was the primary endpoint to assess leukocyte activation and 

inflammation because in order for leukocytes to firmly adhere to the endothelium, they 

have gone through 2 stages of activation. In the V1 venules, endotoxin challenge 
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significantly increased (p < 0.05) leukocyte adhesion compared to control mice (Figure 

15). Notably, there is a baseline level of leukocyte activation in control groups as these 

mice underwent catheterization and laparotomy. DIBI (2.5 mg/kg) did not significantly 

alter the number of adherent leukocytes compared to untreated LPS and levels of 

adherent leukocytes remained significantly increased (p < 0.05) from control animals. 

DIBI (10 mg/kg), DIBI (5 mg/kg), and PVP (10 mg/kg) significantly reduced (p < 0.05) 

leukocyte adhesion from untreated LPS animals, with the greatest reduction seen in DIBI 

(10 mg/kg). Of note, the most variable effects were seen with DIBI (5 mg/kg) and PVP 

(10 mg/kg). 

Similar results were seen in the post capillary V3 venules. Endotoxin challenge 

significantly increased (p < 0.05) leukocyte adhesion compared to control animals 

(Figure 16). Administration of DIBI 10mg/kg reduced leukocyte adhesion from untreated 

LPS by 25%, which was greater than other DIBI doses, but it was not a statistically 

significant decrease. Interestingly, DIBI (2.5 mg/kg) significantly increased (p < 0.05) 

leukocyte adhesion in V3 compared to untreated LPS animals.  
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Figure 15. Effect of iron chelation on leukocyte adhesion in intestinal submucosal 

collecting venules after systemic administration of LPS. Bar graphs represent firmly 

adherent leukocytes in the submucosal collecting venules (V1; 50-100 m vessel 

diameter) (cells/mm2). Data represented as mean ± SEM (n= 5-7 per group); * p < 0.05 

compared to control group, # p < 0.05 compared to LPS group.  
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Figure 16. Effect of iron chelation on leukocyte adhesion in intestinal postcapillary 

venules after systemic administration of LPS. Bar graphs represent firmly adherent 

leukocytes in the postcapillary venules (V3; < 40 m vessel diameter) (cells/mm2). Data 

represented as mean ± SEM (n= 5-7 per group), * p < 0.05 compared to control group.  
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3.2.1.2 Leukocyte Rolling 

 

 The step before leukocyte firm adhesion is rolling. During this stage, leukocytes 

become lightly tethered onto selectins expressed on the surface of endothelial cells; 

however, the integrins that cause firm adhesion are not yet in their high affinity. This 

provides another measurement of leukocyte activation. In both the V1 and V3 venules, 

endotoxin challenge resulted in a significant decrease (p < 0.05) in the number of rolling 

leukocytes compared to control animals (Figure 17). Administration of all doses of DIBI 

and PVP also resulted in a significant decrease (p < 0.05) of rolling leukocytes in V1 and 

V3 venules compared to control mice, with no groups significantly different from the 

untreated LPS group. 
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Figure 17. Effect of iron chelation on leukocyte rolling in intestinal submucosal venules 

after systemic administration of LPS. Bar graphs represent leukocyte rolling in the 

submucosal collecting venules (V1; 50-100 m vessel diameter) and postcapillary 

venules (V3; <40 m vessel diameter) (cells/min). Data represented as mean ± SEM (n= 

5-7 per group); * p < 0.05 compared to control group for endotoxin challenged groups.  
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3.2.1.3 Functional Capillary Density 

 

 Microcirculatory dysfunctions during sepsis, such as reduced capillary perfusion, 

represents a major event in the pathophysiology of sepsis and progression toward 

multiple organ dysfunction (105). In the endotoxemia model, capillary perfusion was 

measured in the intestinal muscle layer and mucosal villi as a measurement of total 

perfused capillaries in a pre-determined area (functional capillary density (FCD)). A 

reduction in FCD is common in sepsis, and as expected, in our endotoxemia model, LPS 

administration caused a significant decrease (p < 0.05) in functionally perfused capillaries 

in both the intestinal muscle layer and mucosal villi (Figure 18 and Figure 19). In the 

intestinal muscle layer, PVP and all doses of DIBI improved FCD significantly (p < 0.05) 

compared to LPS, to levels that were similar to control levels. Of note, DIBI (5 mg/kg) 

had the most variable effects in the intestinal muscle layer.  

Similar effects were seen in the mucosal villi where all doses of iron chelators 

(and PVP) significantly improved (p < 0.05) FCD from untreated LPS animals, back to 

levels comparable to control animals (Figure 19).  
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Figure 18. Effect of iron chelation on capillary perfusion in intestinal muscle layer after 

systemic administration of LPS. Bar graphs represent functional capillary density (FCD), 

quantified as the total length of perfused capillaries in a pre-determined area (cm/cm2). 

Data represented as mean ± SEM (n= 5-7 per group); * p < 0.05 compared to control 

group, # p < 0.05 compared to LPS for all endotoxemia animals with treatment.  
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Figure 19. Effect of iron chelation on capillary perfusion in intestinal mucosal villi after 

systemic administration of LPS. Bar graphs represent functional capillary density (FCD), 

quantified as the total length of perfused capillaries in a pre-determined area (cm/cm2). 

Data represented as mean ± SEM (n= 5-7 per group); * p < 0.05 compared to control 

group, # p < 0.05 compared to LPS for all endotoxemia animals with treatment.  
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3.2.2 Colon Ascendens Stent Peritonitis 

 

 The CASP model was used to study the effects of iron chelation by DIBI in a 

poly-bacterial peritonitis induced sepsis model. Multiple dosing strategies were used to 

determine the most appropriate dosing strategy. The inflammatory state of the mice was 

evaluated by intravital microscopy on the microcirculation of the intestine and the 

expression of an array of pro and anti-inflammatory cytokine molecules. The bacterial 

burden of the mice was also assessed by measuring bacterial growth in the peritoneal 

fluid and blood.  

3.2.2.1 Leukocyte adherence 

 

 The active leakage of fecal contents into the peritoneum caused by the CASP 

surgery resulted in a significant increase (p < 0.05) in the number of adherent leukocytes 

in the V1 venules compared to SHAM operated mice in the 8 hour time course of the 

experiment (Figure 20). Although the surgical intervention the SHAM mice underwent 

did not result in peritonitis, they did present with a baseline level of leukocyte activation 

because they still experienced the trauma of surgery. Administration of DIBI (40 mg/kg 

i.p.) did not result in a significant reduction (p < 0.05) in adherent leukocytes from CASP 

in the V1 venules, but administration of DIBI (80 mg/kg i.p.) did significantly reduce (p 

< 0.05) the number of adherent leukocytes compared to CASP. This dosing strategy was 

also no longer significantly different from SHAM animals.  

 Additional doses of DIBI given 4 hours after initial CASP completion did not 

further improve the number of adherent leukocytes from CASP in the V1 venules. 

Administration of DIBI (80 mg/kg i.p. x 2) significantly reduced (p < 0.05) leukocyte 
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adherence from CASP, but the number of adherent leukocytes were still significantly 

higher than SHAM levels (Figure 20). Administration of DIBI (80 mg/kg i.p. + 80 mg/kg 

i.v.) did not result in any significant improvements from CASP levels and levels 

remained significantly increased from SHAM operated animals. 

 In the V3 venules, CASP intervention resulted in a 55% increase in the number of 

adherent leukocytes compared to SHAM animals (n.s.) (Figure 21). Administration of 

DIBI (80 mg/kg i.p.) reduced the number of adherent leukocytes by 48% compared to 

untreated CASP (n.s.) and was the only dosing strategy that reduced the number of 

adherent leukocytes from CASP to levels comparable to SHAM controls.  
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Figure 20. Effect of iron chelation on leukocyte adhesion in intestinal submucosal 

collecting venules 8 hours after CASP surgery. Bar graphs represent firmly adherent 

leukocytes in the submucosal collecting venules (V1; 50-100 m vessel diameter) 

(cells/mm2). Data represented as mean ± SEM (n= 5-7 per group); * p < 0.05 compared to 

SHAM group, # p < 0.05 compared to CASP group.  
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Figure 21. Effect of iron chelation on leukocyte adhesion in intestinal postcapillary 

venules 8 hours after CASP surgery. Bar graphs represent firmly adherent leukocytes in 

the postcapillary venules (V3; < 40 m vessel diameter) (cells/mm2). Data represented as 

mean ± SEM (n= 5-7 per group).  

 

  

Leukocyte Adhesion (V3)

c
e

lls
/m

m
2

SH
A
M

C
A
SP

C
A
S
P
&
D
IB

I (
40

)

C
A
S
P
&
D
IB

I (
80

)

C
A
S
P
&
D
IB

I (
80

X
2)

C
A
SP&

D
IB

I 8
0+

80
iv

0

100

200

300

400

500



 80 

3.2.2.2 Leukocyte Rolling 

 

 CASP intervention significantly reduced (p < 0.05) the number of rolling 

leukocytes in both the V1 and V3 venules compared to SHAM operated mice (Figure 22). 

None of the DIBI dosing strategies significantly altered the number of rolling leukocytes 

in the V1 or V3 venules compared to untreated CASP; all dosing strategies remained 

significantly reduced (p < 0.05) from SHAM operated mice.   

3.2.2.3 Functional Capillary Density 

 

 Within the submucosal intestinal muscle layer, successful completion of the 

CASP operation resulted in a significant decrease (p < 0.05) in functionally perfused 

capillaries compared to SHAM operated mice (Figure 23). Administration of DIBI (40 

mg/kg i.p.) produced no significant alterations in capillary perfusion compared to 

untreated CASP animals; however, DIBI (80 mg/kg i.p.) increased FCD by 36% to levels 

comparable to SHAM treated animals, but this was non-significant. DIBI (80 mg/kg i.p. 

x2) and DIBI (80 mg/kg i.p. + 80 mg/kg i.v.) also increased capillary perfusion from 

untreated CASP by 23% and 26%, respectively; however, these increases were also not 

significant. 

 In the intestinal mucosal villi, CASP operation resulted in a significant decrease 

(p < 0.05) in the amount of functionally perfused capillaries compared to SHAM animals 

(Figure 23). Administration of DIBI (40 mg/kg) did not significantly alter the capillary 

perfusion in the mucosal villi and remained significantly reduced (p < 0.05) from SHAM 

levels. The remaining DIBI dosing strategies did not significantly improve FCD from 

untreated CASP; however, the FCD of remaining dosing strategies was no longer 

significantly decreased from SHAM animals.  
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Figure 22. Effect of iron chelation on leukocyte rolling in intestinal submucosal venules 8 

hours after CASP surgery. Bar graphs represent leukocyte rolling in the submucosal 

collecting venules (V1; 50-100 m vessel diameter) and postcapillary venules (V3; <40 

m vessel diameter) (cells/min). Data represented as mean ± SEM (n= 5-7 per group); * p 

< 0.05 compared to SHAM group in all CASP operated groups.  
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Figure 23. Effect of iron chelation on capillary perfusion in intestinal muscle layer 8 

hours after CASP surgery. Bar graphs represent functional capillary density (FCD), 

quantified as the total length of perfused capillaries in a pre-determined area (cm/cm2). 

Data represented as mean ± SEM (n= 5-7 per group); * p < 0.05 compared to SHAM 

group.  
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Figure 24. Effect of iron chelation on capillary perfusion within the mucosal villi of the 

intestinal lumen 8 hours after CASP surgery. Bar graphs represent functional capillary 

density (FCD), quantified as the total length of perfused capillaries in a pre-determined 

area (cm/cm2). Data represented as mean ± SEM (n= 5-7 per group), * p < 0.05 compared 

to SHAM group.  
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3.2.3 Bacteria Enumeration 

 

 The CASP model causes peritonitis and bacteremia due to an active leakage of 

fecal matter into the peritoneum. In order to assess the bacterial burden in the peritoneum 

and blood, samples of peritoneal lavage fluid (PLF) and blood were plated on TSA plates 

to count bacterial colonies present in samples (CFU/ml). The bacterial burden in the PLF 

of SHAM animals was very low compared to CASP operated animals; however, bacteria 

were still present in some animals (Figure 25). As expected, CASP operation caused a 

significant increase (p < 0.05) of bacteria in the PLF samples compared to SHAM 

animals (2.72x106 CFU/ml vs. 179.7 CFU/ml, respectively). Administration of DIBI (40 

mg/kg i.p.) increased the bacterial burden in PLF by 54% compared to untreated CASP 

(n.s.). DIBI (80 mg/kg i.p.) and DIBI (80 mg/kg i.p. x 2) reduced bacterial burden by 

59% and 57%, respectively, compared to untreated CASP (n.s.), while DIBI (80 mg/kg 

i.p. + 80 mg/kg i.v.) did not alter the bacterial burden in PLF.  

 The 8 hour CASP experiment resulted in bacteremia measured by CFU in the 

blood. Samples from SHAM operated animals possessed very small amounts of bacteria, 

mean= 8.65 CFU/ml (Figure 26), which could have been due to contamination/human 

error. Untreated CASP animals had a mean bacterial load of 2.5x104 CFU/ml, but this 

was not significantly increased from SHAM operated animals. Administration of DIBI 

(40 mg/kg i.p.), (80 mg/kg i.p.), and (80mg/kg i.p. + 80mg/kg i.v.) increased bacterial 

burden to 5x105 CFU/ml, 1.7x105 CFU/ml, and 1.04x105 CFU/ml respectively (n.s.).  
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Figure 25. Bacterial load in the PLF of mice 8 hours after CASP completion. Bacterial 

burden was assessed by plating PLF samples in tryptic soy agar plates and counting 

bacterial colonies 16-24 hours later (CFU/ml). Data are represented as mean ± SEM (n= 

5-7 per group); * p < 0.05 compared to SHAM group. 
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Figure 26. Bacterial load in the blood of mice 8 hours after CASP completion. Bacterial 

burden was assessed by plating blood samples in tryptic soy agar plates and counting 

bacterial colonies 16-24 hours later (CFU/ml). Data are represented as mean ± SEM (n= 

3-5 per group). 
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3.2.4 Microbiome Sequencing 

 

 The DNA in PLF samples were sent for microbiome sequencing to determine the 

proportions of bacterial species in the sample and how DIBI affected the growth of 

bacterial populations. PLF samples from SHAM animals did not contain an adequate 

amount of DNA to obtain sequencing results, as determined by the alpha-diversity 

rarefaction plot (Figure 27). In untreated CASP animals, the class Bacteroidia comprised 

the majority of the samples with Bacilli, Clostridia and Gammaproteobacteria also being 

major components (Figure 28). Administration of DIBI (40 mg/kg i.p.), (80 mg/kg i.p.), 

and (80 mg/kg x 2 i.p.) did not consistently change the composition of the PLF samples; 

however, administration of DIBI (80 mg/kg i.p.+ 80 mg/kg i.v.) eliminated populations of 

Bacteroidia, Clostridia, and Bacilli that were present in other CASP operated groups. The 

major populations of bacteria making up samples treated with DIBI (80 mg/kg i.p.+ 80 

mg/kg i.v.) consisted of Gammaproteobacteria and Betaproteobacteria.  
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Figure 27. Alpha rarefaction curve representing the phylogenetic diversity for each group 

of samples. A rarefaction is a random collection of sequences from a sample, with a 

specified depth (number of sequences). This plot represents the expected diversity of a 

sample. n= 4-5 per group.  
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Figure 28. Taxonomic summary of microbiome sequencing at the class level. Bar graph 

plot of the taxonomic composition of bacteria in PLF samples. SHAM animals had an 

insufficient amount of DNA in samples to analyze. n= 4-5 per group. 
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3.2.5 Plasma Cytokines and Adhesion Molecules 

 

 To further assess the inflammatory state of SHAM and CASP operated animals, 

levels of cytokines and adhesion molecules were assessed in plasma samples obtained 9 

hours after initial completion of CASP/SHAM surgeries.  

 Analysis of TNF- levels indicated a significant increase (p < 0.05) in CASP 

animals compared to SHAM operated animals, in whom plasma TNF- was undetectable 

(Figure 29). Plasma TNF- levels were significantly increased (p < 0.05) from SHAM 

levels with administration of DIBI (80 mg/kg i.p. + i.v.), but no significant effects were 

found in other DIBI treatment groups. Plasma IL-6 levels were only significantly 

increased (p < 0.05) from SHAM levels with administration of DIBI (80 mg/kg i.p. + i.v.) 

(Figure 29). Plasma IFN- levels were significantly decreased (p < 0.05) with CASP 

surgery compared to SHAM operated animals (Figure 30). Administration of DIBI (80 

mg/kg i.p. x 2) significantly increased (p = 0.0036) plasma IFN- levels, but no 

significant differences were found in the other DIBI dosing strategies. Plasma levels of 

IL-12p70 were undetectable in SHAM operated animals, and CASP surgery did not 

significantly alter levels (Figure 30). Administration of DIBI (80 mg/kg i.p. + 80 mg/kg 

i.v.) significantly increased (p < 0.05) IL-12p70 levels compared to SHAM and CASP 

operated animals. The anti-inflammatory cytokine IL-10 was significantly increased (p < 

0.05) after CASP operation and all DIBI dosing strategies, excluding DIBI (80 mg/kg 

i.p.) (Figure 31). Concentrations of IL-17A were not significantly increased with 

untreated CASP compared to SHAM. In addition, none of the DIBI dosing strategies 

significantly altered IL-17A levels from CASP or SHAM, except DIBI (80 mg/kg i.p. + 

80 mg/kg i.v.), which was significantly increased (p < 0.05) compared to SHAM (Figure 



 91 

31). Concentrations of IL-4 significantly decreased (p < 0.05) with CASP surgery 

compared to SHAM operated animals (Figure 32). All DIBI dosing strategies increased 

plasma IL-4 levels significantly (p < 0.05) compared to untreated CASP. Plasma IL-13 

levels were not significantly altered after untreated CASP or DIBI treatments (Figure 32).  

 The levels of soluble plasma adhesion molecules P-selectin and ICAM-1 were 

also assessed 9 hours following CASP surgery. Plasma levels of ICAM-1 were 

significantly increased (p < 0.05) with CASP, DIBI (80 mg/kg i.p.), DIBI (80 mg/kg i.p. 

x 2), and DIBI (80 mg/kg i.p. + 80 mg/kg i.v.) compared to SHAM operated animals 

(Figure 33). Administration of DIBI (80 mg/kg i.p. x 2) resulted in a significant increase 

(p < 0.05) compared to untreated CASP. Concentrations of soluble P-selectin were not 

significantly altered after CASP surgery or DIBI treatments (Figure 33).  
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Figure 29. Plasma cytokine levels of TNF- and IL-6. Samples were taken nine hours 

after initial CASP/SHAM procedure. Bar graphs represent mean cytokine values ± SEM 

(n = 3-5 per group); * p < 0.05 compared to SHAM group.  

  

SH
A
M

C
A
SP

C
A
SP

+D
IB

I (
40

)

C
A
SP

+D
IB

I (
80

)

C
A
SP+D

IB
I (

80
X2)

C
A
SP+D

IB
I (

80
+8

0i
.v

.)
0

20

40

60

80

TNF-alpha

p
g

/m
l

*

*

SH
A
M

C
A
SP

C
A
SP

+D
IB

I (
40

)

C
A
SP

+D
IB

I (
80

)

C
A
SP+D

IB
I (

80
X2)

C
A
SP+D

IB
I (

80
+8

0i
.v

.)
0

10000

20000

30000

40000

50000

IL-6

p
g

/m
l

*



 93 

 

Figure 30. Plasma cytokine levels of IFN-gamma and IL-12p70. Samples were taken nine 

hours after initial CASP/SHAM procedure. Bar graphs represent mean cytokine values ± 

SEM (n = 3-5 per group); * p < 0.05 compared to SHAM group, # p < 0.05 compared to 

CASP group.  
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Figure 31. Plasma cytokine levels of IL-10 and IL-17A. Samples were taken nine hours 

after initial CASP/SHAM procedure. Bar graphs represent mean cytokine values ± SEM 

(n = 3-5 per group); * p < 0.05 compared to SHAM group, # p < 0.05 compared to CASP 

group.  
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Figure 32. Plasma cytokine levels of IL-4 and IL-13. Samples were taken nine hours after 

initial CASP/SHAM procedure. Bar graphs represent mean cytokine values ± SEM (n = 

3-5 per group); * p < 0.05 compared to SHAM group, # p < 0.05 compared to CASP 

group.  
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Figure 33. Plasma adhesion molecule levels of ICAM-1 and P-selectin. Samples were 

taken nine hours after initial CASP/SHAM procedure. Bar graphs represent mean 

cytokine values ± SEM (n = 3-5 per group); * p < 0.05 compared to SHAM group, # p < 

0.05 compared to CASP group.  
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CHAPTER 4: DISCUSSION 

 

The rising incidence rates of sepsis, coupled with its unacceptably high mortality 

rate, calls for an effective treatment that targets the exaggerated immune responses during 

sepsis. Multiple anti-inflammatory therapeutic interventions targeting the hyper-

inflammatory response have been studied, including, but not limited to TNF- and IL-1 

antagonists, TLR4-antagonists, endotoxin antibodies, and anti-coagulants (6,106–108). 

Ultimately, none of these interventions showed significant benefits in humans (109). 

Sepsis therapies that target oxidative stress have also been an attractive option due to the 

role oxidative stress plays in sepsis pathologies. Antioxidant therapies have shown 

beneficial effects in experimental sepsis models (110), but antioxidants can also have 

adverse effects if consumed at levels significantly above the recommended dietary intake 

(111). Therapeutic interventions with iron chelators have an impact on the oxidant status 

by reducing ROS levels contributing to oxidative stress. The iron chelator deferoxamine 

has been tested in experimental sepsis models, with reported beneficial effects such as 

improved survival, decreased oxidative stress and reduced leukocyte infiltration 

(112,113). This is the first study to demonstrate anti-oxidant functions of a novel iron 

chelator, DIBI, and its anti-inflammatory effects in experimental sepsis with regard to 

changes in the intestinal microcirculation.  

 

4.1 ROS Measuring Assays 

 

In order to confirm the anti-oxidative effects of DIBI, in vitro studies were 

performed on macrophages and neutrophils. In the ROS measuring assays, DIBI reduced 
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intracellular ROS production in LPS-stimulated macrophages (Figure 10) and reduced 

extracellular ROS production in LPS-stimulated neutrophils (Figure 12 & Figure 13).  

During infection, immune cells hold iron within intracellular compartments to 

reduce its bioavailability to microorganisms. DIBI is a large molecule and its ability to 

chelate intracellular iron is unclear. The DCFDA assay is a commonly performed method 

to detect intracellular levels of ROS by a single measurement of fluorescence and was 

used to evaluate DIBI’s intracellular effects on ROS production in LPS-stimulated 

neutrophils and macrophages. LPS is a potent inducer of ROS by interacting with TLRs 

to trigger inflammatory responses, including the activation of Nox, and subsequently the 

respiratory burst (58,79). In this assay, as expected, LPS stimulation induced ROS 

production in macrophages, which was significantly reduced when LPS-stimulated cells 

were treated with DIBI. Although we anticipated that DIBI would reduce ROS formation 

by limiting extracellular iron availability, the intracellular effects of DIBI have not been 

characterized. According to current literature, the clinically used iron chelators DFX, 

DFP, and DFO have been found to work intracellularly or extracellularly depending, on 

characteristics such as size, charge and lipid solubility (114). Low molecular weight 

chelators, such as DFP, can act on intracellular compartments and rapidly access iron 

pools, allowing them to “shuttle” iron out of cells; however, DFP has a weak affinity for 

iron; therefore, much of the bound iron will be lost before it is excreted (115). Larger 

chelators, such as DFO, have slower kinetic access to iron, but once bound they act as an 

iron “sink”, accepting iron with high stability (114). Some studies have tried combining 

“shuttle” and “sink” chelators to optimize iron removal (114,115): this would also be an 

option to maximize the effects of DIBI. 
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In the DCFDA assay on neutrophils, LPS-stimulation did not induce intracellular 

ROS generation, but there was a significant increase in ROS when cells were stimulated 

with the positive control (H2O2) (Figure 11). This confirms these results were not due to a 

problem with the assay, such as the cells not taking up the DCFDA compound. To 

determine whether these findings were consistent with other studies that tried to detect 

intracellular ROS production by LPS-stimulated neutrophils, the literature revealed 

mixed results. Some studies are in line with our findings, reporting that LPS was not able 

to significantly increase ROS accumulation (116). However, a study by Ren et al. (117) 

measured intracellular ROS production in human neutrophils stimulated with 1 g/ml 

LPS. In our studies, neutrophils were stimulated with 100ng/ml LPS, so perhaps 

adjustments in the LPS dosage could have generated a significant increase in ROS 

production. Additionally, the size of the encountered microbe can influence the location 

of ROS release, with larger molecules stimulating extracellular release of ROS (117). 

Perhaps, due to the high molecular weight of LPS (~100 kDa), the NADPH oxidase was 

assembled on the plasma membrane, generating ROS that was extracellular.  

To delve deeper into DIBI’s anti-oxidant effects on neutrophils, the Amplex Red 

and Griess assays were used to assess extracellular ROS production. Neutrophils are well 

known for their potent antimicrobial defense actions, releasing ROS and other pro-

inflammatory mediators upon activation by inflammatory stimuli, such LPS (48,118). As 

expected, in the Amplex Red and Griess assays, LPS stimulation induced extracellular 

H2O2 and NO production, respectively. In the Amplex red assay, DIBI treatment 

significantly reduced H2O2 production in LPS-stimulated neutrophils (Figure 12). 
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However, in the Griess assay, NO levels were not significantly reduced upon DIBI 

treatment in LPS-stimulated neutrophils (Figure 13).  

Upon neutrophil activation by LPS, H2O2 is generated during the respiratory burst 

via Nox (119). Iron is not directly linked to H2O2 generation; however, when iron is 

present with H2O2, it will catalyze the formation of hydroxyl radicals. These radicals are 

extremely potent and will indiscriminately damage tissues, propagating inflammation and 

triggering a feed forward mechanism of increased ROS production. DIBI administration 

may break this cycle by restricting iron’s availability to catalyze hydroxyl radical 

formation, thereby diminishing further inflammation and immune cell recruitment and 

limiting the pro-inflammatory stimuli that drives additional H2O2 generation.  

Similarly to H2O2, iron is not directly involved in NO production. Rather, 

neutrophil stimulation by bacterial products or inflammatory mediators induces de novo 

synthesis of inducible nitric oxide synthase (iNOS), producing NO (86,120). Reducing 

the cycle of ROS production by DIBI may also reduce the inflammatory stimuli that leads 

to NO production. However, in our findings, DIBI did not significantly reduce NO 

generation. In our experiments, NO production was measured two hours after LPS 

stimulation. Due to the relatively low levels of NO detected in our studies, perhaps this 

incubation time was inadequate for a strong induction of NO. In a study by Kaplan et al. 

(121), NO production was measured in human neutrophils 6 and 12 hours after LPS 

stimulation, with significant differences found between groups. Perhaps, in our studies, if 

neutrophils had a longer incubation period, DIBI could have more time to exert a 

significant effect.  
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Overall, these findings provide evidence of an anti-oxidant effect of DIBI by 

reducing intracellular levels of ROS in macrophages, and extracellular levels of ROS in 

neutrophils. Although iron is not directly involved in generating all species of ROS, by 

limiting the production of the most potent ROS species, the hydroxyl radical, DIBI may 

break the cycle of ROS generation, immune stimulation and damage, and more ROS 

generation. 

 

4.2 Chemokinesis Assay 

 

Leukocyte transmigration through endothelial cells to the inflammatory stimulus 

represents the next step in the leukocyte activation cascade after firm adhesion to the 

endothelium (43). In vitro, LPS-stimulation has been found to induce macrophage 

polarization and elongation, contributing to their accelerated movement to an 

inflammatory stimulus (122). Unexpectedly, our findings show migration was reduced in 

LPS-stimulated macrophages, and naïve macrophages treated with DIBI (Figure 14). 

Furthermore, DIBI in combination with LPS-stimulation produced an apparent enhanced 

effect, further reducing macrophage migration. It was expected that LPS stimulation 

would increase migration, and DIBI may reduce, or have no effect on macrophage 

migration. However, the obtained results may be explained by the nature of the assay and 

the cell line chosen.  

 The chemokinesis assay, also known as the scratch assay, is used to study cell-cell 

interactions and the undirected migration of cells. During leukocyte transmigration, cells 

migrate along a chemical gradient in response to a stimulus, but because there is no 

chemical gradient with the chemokinesis assay, the migration observed is not mimicking 
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leukocyte transmigration. A more appropriate assay to study leukocyte transmigration 

would be a transwell assay (also known as Boyden Chamber assay). These assays are 

used frequently to assess the directed migration of cells to a stimulus (44,123,124). 

Additionally, macrophages were chosen for this assay because they are adherent cells and 

function well in this assay; however, macrophages make up a small component of 

circulating leukocytes (about 3%) (125), making them a less relevant cell line for what 

we sought to study. Neutrophils would have been a more relevant cell to use because they 

are the primary cells observed during IVM and make up the majority of leukocytes in the 

blood (126).  

 After identifying the limitations of the assay, the findings could be interpreted as 

follows. Firstly, although LPS-stimulation of macrophages has been observed to increase 

migration in transwell migration assays (124,127,128), we likely did not see an increase 

in migration because in our assay, macrophages were not provided with a 

chemoattractant. Also, upon activation and arrival to an infection, macrophages will stay 

at the site, producing cytokines and chemoattractants to recruit additional leukocytes 

(125,129). This may account for the decreased migration observed in our findings. 

Secondly, the reduced migration of macrophages with DIBI treatment, and the enhanced 

effects of LPS and DIBI, could be explained by an interruption in cell signaling. Beyond 

ROS’s microbial killing functions, ROS have also been found to act as secondary 

messengers, performing functions that include activating signaling pathways (76). Kastl 

et al. (130) found that induction of ROS in murine hepatocytes enhanced cell migration in 

a wound healing assay, and the effects were reversed upon addition of N-acetylcystein, a 

ROS scavenger. The observed decreased migration in our studies could represent 
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additional anti-inflammatory effects of DIBI, potentially reducing hyper-activation of 

immune cells during sepsis.   

 

4.3 Endotoxemia 

 

Endotoxemia experiments reproduce many pathophysiologic features of sepsis 

without an infectious focus. The endotoxemia model is a highly controlled and 

standardized model, inducing endotoxemia in mice by systemic administration of LPS, an 

endotoxin of Gram-negative bacteria. LPS is used as a substitute for live bacteria, 

activating pro-inflammatory pathways, and causing an exaggerated systemic host 

response to the presence of bacterial antigens (131). The endotoxemia model has multiple 

advantages including its ease of administration, high reproducibility, and the pathological 

changes induced by LPS are similar to clinical changes observed in sepsis patients (131). 

Therefore, this model was first used to evaluate the effects of iron chelation during an 

acute hyper-inflammatory state of sepsis. 

 

4.3.1 Intravital Microscopy 

 

Intravital microscopy allowed us to observe live leukocyte endothelial interactions 

in the microvasculature of the intestine while maintaining physiologic conditions. This 

technique has been well-established in our lab, and can be used to study microcirculatory 

changes at various sites including the intestine, eye, and brain (96,132–134). 

 Leukocyte adherence in the submucosal V1 venules was our primary endpoint for 

assessing immune activation in the endotoxemia model because leukocytes adhering to 

the endothelium are highly activated and ready to transmigrate. In our control group, we 
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observed basal levels of leukocyte adhesion and high amounts of rolling leukocytes in 

both the V1 and V3 venules. This was expected due to the surgical trauma induced by 

jugular vein catherization and laparotomy. Intravenous administration of LPS (5 mg/kg) 

has previously been reported to increase leukocyte adherence to endothelial cells, which 

is in line with our findings where a significant increase in the number of adhering 

leukocytes was observed in the V1 and V3 venules after LPS stimulation compared to 

control groups (Figure 15 and Figure 16). The increase in leukocyte activation is due to 

the up-regulation of adhesion molecules by endothelial cells and leukocytes upon 

activation by bacterial antigens such as LPS (39). Administration of DIBI was successful 

in attenuating the number of adherent leukocytes in doses of 10 mg/kg and 5 mg/kg, 

while DIBI (2.5 mg/kg) had no significant effects. These results were expected based on 

the anti-oxidative actions of DIBI observed in our in vitro findings, and the link between 

high levels of ROS exacerbating inflammatory responses (135,136). Due to the novelty of 

DIBI, its anti-inflammatory actions are not well characterized; however, reducing 

oxidative stress by iron chelation has been found to be successful in attenuating immune 

hyper-activation, and improving survival in other models of endotoxemia (137,138).  

 As part of these studies, the effects of PVP were also tested in the endotoxemia 

model. PVP represents the backbone of DIBI without iron binding capabilities. We found 

here that PVP significantly reduced leukocyte adhesion in the V1 venules compared to 

untreated LPS animals, but the number of adhering leukocytes in the V3 venules 

remained significantly higher than control animals (Figure 16). PVP is one of the most 

widely used polymers in medicine because it is water soluble and non-toxic (139). In the 

past, PVP has been used as plasma volume expander due to its ability to act as a colloid. 
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Synthetic colloids, such as hydroxyethyl starch (HES), have been found to have 

protective effects against reperfusion injury by inhibiting adhesive interactions between 

neutrophils and endothelial cells (140–144). Therefore, PVP’s observed effects could be a 

result of volume expanding effects, whereby PVP disrupts adhesive interactions between 

neutrophils and endothelial cells. On its own, PVP has not been found to possess direct 

antibacterial effects in vitro; however, when complexed with other compounds such as 

iodine or silver, it increases their antimicrobial actions by dispersing the compounds in 

solution, and increasing the surface-to-volume ratio (145,146). 

Accompanying the LPS-induced increase in leukocyte adherence was a significant 

reduction in the number of rolling leukocytes in the V1 and V3 venules, indicating that 

the inflammatory stimulus caused most of the rolling leukocytes to adhere to the 

endothelium (Figure 17). We expected the reduction of adherent leukocytes to cause a 

concomitant increase in rolling leukocytes; however, none of our treatments restored 

leukocyte rolling to normal levels, even when leukocyte adherence was significantly 

reduced. In control groups, leukocyte rolling is controlled by the expression of selectins 

and their receptors on leukocytes and endothelial cells. If DIBI is attenuating the 

inflammatory environment as we expect, DIBI administration may cause a reduced 

expression of these selectin receptors, minimizing leukocyte rolling and adherence. 

Furthermore, if the PVP backbone of DIBI has volume expanding effects, this could also 

reduce leukocyte rolling and adherence.  

As part of the endotoxemia experiments, capillary perfusion was observed in the 

intestinal microcirculation of endotoxemic mice because microcirculatory dysfunction 

represents a key feature in the pathophysiologic cascade of sepsis. Microcirculatory 
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disturbances in sepsis are multifactorial, arising from factors such as leukocyte activation, 

red blood cell activation, and edema externally compressing microvessels. As expected, 

LPS administration significantly reduced capillary perfusion in the muscle layer and 

mucosal villi of the intestine from control levels (Figure 18 and Figure 19). 

Administration of DIBI and PVP in endotoxemic mice were able to significantly prevent 

the LPS-induced reduction of FCD in the muscle layer and mucosal villi of the intestinal 

microcirculation. These results suggest that by limiting irons participation in ROS-

generating reactions early during an inflammatory state, we can minimize 

microcirculatory disturbances that develop disease pathologies.   

 

4.4 Colon Ascendens Stent Peritonitis 

 

Although the LPS-induced endotoxemia model has many advantages, such as its 

simplicity and high reproducibility, it also has disadvantages. Firstly, the ability to tightly 

control the dose of the stimulating agent and induce similar physiological changes in each 

animal can be considered an advantage. However, it is also a major drawback because it 

is not representing the diverse physiological responses observed clinically. Also, the 

endotoxemia model lacks the presence of viable pathogens, therefore the complete 

pathophysiologic changes occurring during sepsis is not well represented in this model. 

Additionally, LPS administration in mice results in a very rapid release in systemic 

cytokines, differing from clinical sepsis, which shows a more gradual prolonged elevation 

of systemic cytokine levels (147). The significance of these differences can be recognized 

when treatments found to be beneficial in endotoxemia models, such as inhibiting 
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inflammatory mediators, fail to demonstrate substantial benefit in clinical trials 

(148,149).  

 In the development of therapeutic options for sepsis, a model needs to be used that 

more closely mimics the course of human disease. To overcome drawbacks of the 

endotoxemia model, specifically the lack of viable pathogens, host-barrier disruption 

models that induce sepsis by endogenous fecal contamination through organ barrier 

disruption have been employed. Of these models, CASP and cecal ligation and puncture 

(CLP) represent the most reliable and clinically relevant models to study human sepsis 

(150). Although both models have been used extensively and offer advantages for 

analyzing different aspects of sepsis, published data indicates that CASP creates a more 

reliable model than CLP (151,152). Stent insertion in the CASP model generates a 

consistent leakage of fecal matter into the peritoneum, inducing peritonitis and 

bacteremia. Whereas in the CLP model, bowel perforations created by cecal ligation and 

puncture can be blocked by the formation of abscesses over the perforations, preventing 

the progression of peritonitis (150). For these reasons, the CASP model was chosen to 

study the anti-inflammatory effects of DIBI in a clinically relevant sepsis model.   

 

4.4.1 Intravital Microscopy 

 

To complement our endotoxemia model, we decided to first use IVM to assess 

detrimental microcirculatory changes produced by CASP-induced peritonitis and the 

potential benefits of iron chelation therapy in attenuating these effects. In our SHAM 

operated animals, we observed basal levels of leukocyte adhesion and high amounts of 

rolling leukocytes in both the V1 and V3 venules, which are expected due to the trauma 
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induced by the laparotomy surgery (Figure 20 and Figure 21). The CASP surgery caused 

a significant increase in adhering leukocytes in the V1 venules of the intestinal 

microcirculation compared to the SHAM group. These findings are consistent with 

previous CASP studies that assessed leukocyte recruitment and infiltration in various 

organs (96,132,153,154). Also, as expected, the variability in the numbers of adhering 

leukocytes were far greater in the CASP studies than the endotoxemia experiments. This 

could account for a lack of statistical significance found in our results of leukocyte 

adhesion in the V3 venules. Furthermore, consistent with our results from endotoxemia 

experiments, CASP surgery caused a significant reduction in leukocyte rolling in the V1 

and V3 venules, presumably because the majority of leukocytes were adhering to the 

endothelium.  

When deciding a dosing strategy for DIBI, we turned to a previous CASP study 

by our lab that found significant reductions in leukocyte activation 16h after CASP when 

DIBI was administered i.p. at a dosage of 40 mg/kg (96); therefore, we decided to use this 

as a starting dose for our model. We found that DIBI (40 mg/kg i.p.) did not significantly 

reduce the number of adhering leukocytes, which was inconsistent with previous reports 

from Islam et al. (96). Due to the relatively short time frame (8h) until observation after 

stent implantation, it may have not been a sufficient amount of time for DIBI to have an 

effect. However, when we increased the DIBI dosage to 80 mg/kg given i.p., the number 

of adhering leukocytes were significantly decreased in the submucosal V1 venules 

compared to CASP operated animals. This reduction in leukocyte adherence by DIBI (80 

mg/kg) was not a complete reversal to levels observed in SHAM operated animals, but a 

more modest reduction in leukocyte hyper-activation. We believe this is a favourable 
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response since an adequate level of immune cell activation is still needed to promote 

bacterial clearance, but the damage associated with exaggerated pro-inflammatory 

mediator production and immune infiltration is still reduced.  

The half-life of DIBI has not been fully characterized, although initial reports 

suggest DIBI has a short half-life of less than two hours, similar to half-lives of other 

clinically used iron chelators (155). For this reason, additional doses of DIBI were given 

both i.p. and i.v. four hours after the initial CASP insult. We were most interested in the 

anti-bacterial effects additional doses would cause due to the limited effects of other 

doses, which will be discussed in more detail later. Surprisingly, additional doses did not 

further reduce the number of adherent leukocytes in the V1 venules, and the second dose 

of DIBI administered i.v. had less of an effect on reducing leukocyte adherence than a 

single dose administered i.p. In order to provide a possible explanation for these 

observations several issues need to be addressed. First, could high doses of DIBI be 

toxic? This is unlikely as the acute and chronic systemic toxicity of DIBI has been tested 

and no significant adverse effects were found in rats receiving daily i.v. administration of 

DIBI up to 200 mg/kg for 14 days (Holbein, unpublished). On the other hand, although 

DIBI itself is not toxic, reducing systemic iron levels to an exceptionally low level may 

cause adverse effects, particularly during a time of systemic infection. Iron deficiency has 

been found to influence the immune response to infection, but in a way that’s 

characterized by reduced phagocytic activity, oxidative burst, and cytokine production 

(156). Therefore, low iron levels are less likely to explain the changes we observed. Our 

answer may lie in the effects DIBI had, not on the immune cells, but on the bacteria 

inducing the immune response. Although the total numbers of bacteria measured from the 
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peritoneal lavage fluid were not significantly altered with DIBI treatments, microbiome 

analysis of those samples found that the additional i.v. dose of DIBI caused a major 

change in the proportions of bacterial species colonizing the peritoneal cavity. The 

pathogenic consequences of bacterial colonization depend on the varying virulence 

factors of different bacteria species. Before DIBI 80 i.p.+ 80 i.v., the majority of the 

microbiome was composed of Bacteroidia species, which although Gram-negative, the 

endotoxins produced by some of the species that make up this class, such as B. fragilis 

(the most common cause of bacterial sepsis), are 10-1000 times less toxic than that of E. 

coli (157). The other major components were Gram-positive species (Bacilli, Clostridia), 

which are also less virulent than the Gram-negative bacteria (Gammaproteobacteria, 

Betaproteobacteria) that made up the microbiome composition after DIBI 80 i.p.+ 80 i.v. 

The high toxicity of the endotoxins produced by species of these bacterial classes, such as 

E. coli, could have accounted for the observed increase in leukocyte adherence by 

stimulating more pro-inflammatory mediators.  

 As part of our CASP studies we also measured functional capillary density in the 

muscle layer and mucosal villi within the intestinal microcirculation. Similar to our 

endotoxemia experiments, 8 hours after the CASP surgery there was a significant 

reduction in the amount of perfused capillaries in the mucosal villi and muscle layer in 

the terminal ileum (Figure 23 and Figure 24). Contrary to results from endotoxemia 

experiments, no DIBI dosing strategies significantly prevented CASP-induced reductions 

of FCD in the muscle layer or mucosal villi. The discrepancies between DIBI’s effects in 

the endotoxemia model and CASP model is likely due to the more complex pathological 

changes induced by live bacteria in the CASP model. This highlights the importance of 
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using clinically relevant models to test drug therapies as more simple models may show 

greater significance than what may be observed clinically.  

 

4.4.2 Bacterial Quantification and Microbiome Analysis 

 

During the 8h time course of CASP, fecal matter diffuse from the intestine into 

the peritoneal cavity, closely mimicking the clinical course of diffuse fecal peritonitis. 

The active bacterial infection in the CASP model gave us to opportunity to assess anti-

bacterial effects of DIBI in vivo. In the limited published studies using DIBI, it has been 

found to possess specific anti-microbial effects. In a study by Holbein and Orduna (98), 

DIBI, but not DFP or DFO, was found to limit the growth of Candida albicans and 

Candida vini in vitro. Similar results were found in a study by Savage et al. (158) in 

which DIBI, but not DFO or DFP, inhibited the growth of C. albicans in vitro. 

Additionally, as part of this study, the influence of iron withdrawal on the activity of 

antifungals was evaluated in an experimental mouse model of C. albicans vaginitis. DIBI 

in combination with fluconazole, an antifungal medication, enhanced the rate of clearance 

compared to fluconazole treatment alone. However, administration of DIBI alone had no 

effect on vaginal fungal burden. Furthermore, a CASP study by Islam et al. (96), showed 

a significant reduction of bacterial burden in the PLF and blood compared to untreated 

CASP with the combined administration of DIBI and imipenem, a Beta-lactam antibiotic. 

However, administration of DIBI alone had no significant effects on the bacterial burden 

in the blood or PLF compared to untreated CASP.  

 In our studies, the bacterial burden was extremely variable between mice, even 

between animals in the same group. As a result of this, no statistical significances could 
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be obtained in the bacterial counts from the blood or between treatment groups in the 

PLF. The extreme variability of bacterial counts in our model could be explained by the 

relatively short time frame of our study. The statistical significance reported by Islam et 

al. was obtained 16 hours after the initial stent implantation, whereas our samples were 

obtained only 8 hours after stent implantation. Consistent with other studies that assessed 

DIBI’s antimicrobial properties in vivo, we did not observe any significant effects on total 

bacterial counts after administration of DIBI. Perhaps if the CASP-intervention model 

was used (where the stent is removed and the intestine leak is fixed), DIBI could have 

exhibited more of an effect because there would not be a continuous flow of fecal matter. 

 The bacterial counts allowed us to assess the total number of bacteria in the mice, 

but they did not tell us what species made up the samples. Microbiome sequencing of the 

PLF samples gave us insight to the species comprising the bacteria colonizing the 

peritoneal cavity after CASP surgery. Essentially all microbial cells require iron for their 

growth, making the competition for bioavailable iron fierce between microbes colonizing 

the gut, and between invading microbes and eukaryotic host cells. These pressures caused 

some bacteria to evolve iron acquiring mechanisms, such as siderophore secretion, to 

obtain iron from their environment, resulting in some bacterial species that are 

susceptible to iron withdrawal than others. To our knowledge, no other study has 

evaluated the microbiome composition of mice following poly-bacterial sepsis and iron 

chelation. Firstly, it was determined by alpha rarefaction, that SHAM animals did not 

contain enough bacterial DNA to accurately determine samples, which was expected due 

to the very low bacterial counts in those samples. When microbiome sequencing was 

performed on the CASP operated animals, only the DIBI group with a second dose of 
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DIBI administered i.v. resulted in a significant change in the bacterial composition of the 

samples. The composition of the main classes in the samples switched from Bacteroidia, 

Bacilli, and Clostridia, to Gammaproteobacteria and Betaproteobacteria. 

 To understand the significance of this change and how it could have affected other 

parameters measured in this study, we must first know some basic characteristics of these 

classes of bacteria. Making up the majority of the microbiome composition before i.v. 

DIBI administration was the class Bacteroidia. Species in this class are Gram-negative 

and normally have a mutualistic relationship with the host when retained in the gut, but if 

they escape, they can cause significant pathology, including intra-abdominal infection 

leading to sepsis (159,160). Bacteroidia species are reported to have the most antibiotic 

resistant mechanisms of all Gram-negative Bacilli, with each strain requiring a specific 

antibiotic therapy (157,161). Interestingly, DIBI administered i.v. completely eliminated 

Bacteroidia species in the peritoneal cavity without the help of antibiotics. There is no 

apparent evidence that Bacteroidia species possess iron-acquiring mechanisms, 

potentially making them particularly sensitive to iron-removal (157). To our knowledge, 

this is the only study that has observed the elimination of Bacterioidia species in the 

presence of iron-chelating agents, representing a promising role for DIBI in restoring 

antibiotic efficacy against Bacteroidia infections. The next class of bacteria that made up 

a major component of the microbiome were Bacilli species. Bacilli are almost exclusively 

Gram-positive bacteria with a wide range of physiologic abilities, allowing them to adapt 

to a wide range of environments (162). As part of the gut microbiome, Bacilli help 

maintain intestinal homeostasis by aiding in the metabolism of dietary components and 

drugs (163). However, Bacilli species, particularly B. cereus, have been associated as 



 114 

causative agents of bacteremia and peritonitis in immunosuppressed patients (164–166). 

Several Bacilli species, including B. cereus, have been reported to secrete siderophores in 

an attempt to adapt to low iron conditions; however, they secrete bidentate ligands, which 

have lower affinity for iron than hexadentate ligands, such as DIBI (167). Therefore, 

DIBI may have outcompeted Bacillli species for iron, thereby preventing their growth. 

Clostridia species made up another major component of the microbiome before i.v. DIBI 

administration. Clostridia is a class of Gram-positive bacteria that includes several 

significant human pathogens such as C. difficile, an important cause of diarrhea and 

recently classified as an “urgent” antibiotic resistant threat by the CDC (168). Although 

sepsis caused by Clostridia is uncommon, it does occur, with reports of severe sepsis 

linking C. perfringens and C. difficile as the infectious etiology (169,170). C. perfringens 

and C. difficile infections can be difficult to treat because they require specific antibiotics 

which requires confirmation of infectious etiology, delaying treatment. The elimination 

of Clostridia species in our study presents a possible role for DIBI in treating Clostridia 

infections. Iron acquisition systems have been identified in Clostridia species (171); 

however, DIBI may have stronger iron chelating abilities than the mechanisms Clostridia 

species use.  

 Gammaproteobacteria and Betaproteobacteria were the major classes of bacteria 

making up the microbiome after i.v. DIBI administration. They are both Gram-negative 

bacteria and contain a number of important pathogens including Escherichia coli, 

Pseudomonas aeruginosa, Yersinia pestis, Vibrio cholera, Salmonella spp. 

(Gammaproteobacteria), Neisseria gonorrhoeae, Neisseria meningitidis, and Bordetella 

pertussis (Betaproteobacteria). Several species from these classes are common causes of 
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bacterial sepsis including E. coli, P. aeruginosa, and N. meningitidis (172). The 

persistence of these bacterial species in the presence of DIBI may be due to the many 

sophisticated iron acquiring mechanisms possessed by members of these classes. For 

instance, the siderophore produced by Y. pestis is able to remove iron directly from 

transferrin and lactoferrin (173). Also, E.coli and P. aeruginosa produce catecholate 

siderophores with hexadentate binding capabilities similar to DIBI (173). Additionally, 

the catecholate siderophore produced by E. coli has the highest affinity toward iron than 

any other known siderophore. Ma et al. (174) studied the growth inhibiting effects of 

DFP and DFX on E. coli alone and in combination with antibiotics and found that iron 

chelation alone had no effect on E. coli’s growth. Although, DIBI has been found to 

reduce microbial growth better than other clinically used iron chelators, its growth 

inhibiting effects on E. coli, and other Gammaproteobacteria and Betaproteobacteria 

species have not been assessed in vitro. This represents a future direction we can take to 

confirm the findings from our study.  

 With the bacterial counts, we observed that there were no significant differences 

in the total amount of bacterial from the PLF, but microbiome sequencing revealed that 

administration of DIBI 80 mg/kg i.p. + 80 mg/kg i.v. affected the composition of bacteria 

in the PLF. The major question that these findings raise is whether or not the changes 

observed in the microbiome composition are beneficial. From other parameters measured 

in this study it appears that the shift in the microbiome caused a more pro-inflammatory 

environment due to the presence of highly toxic endotoxins produced by the Gram-

negative species of Gammaproteobacteria and Betaproteobacteria. However, many 

bacterial species associated with antibiotic resistance and particularly deadly sepsis cases 
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were eliminated during this change. In order to determine the consequences of these 

changes, further experimentation using survival studies is needed to establish if the 

microbiome shift affects the long term survival of mice. Nonetheless, the bacterial killing 

effects of DIBI are exciting and point to a potential role for iron chelation in restoring the 

efficacy of antibiotics. Another important question from this study is why only the second 

dose of DIBI i.v. changed the microbiome composition. Perhaps local doses of DIBI did 

not completely remove iron from systemic circulation before being degraded, allowing 

for bacteria with weaker iron acquisition systems to still access iron. However, systemic 

administration of DIBI removed all free iron, only allowing for the growth of bacterial 

species with strong iron acquiring mechanisms. This is just speculation and further 

experimentation, perhaps by measuring free iron in circulation after local and systemic 

DIBI administration, could help explain our findings.  

 

4.4.3 Cytokine Measurements  

Cytokines are signaling molecules released by various cell types, usually in 

response to an activating stimulus. They regulate a number of physiological and 

pathological functions, including innate immunity. During sepsis, the host immune 

system is highly stimulated, producing excessive levels of cytokines and other 

proinflammatory mediators, often described as the ‘cytokine storm’ (175). High levels of 

pro-inflammatory cytokines such as TNF-, IL-1, and IL-6 have been measured in 

septic patients; therefore, we wanted to assess cytokine levels in mice after CASP-

induced peritonitis and observe how iron-chelation therapy impacted cytokine 

production.   
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 Consistent with our expectations, the results from our CASP experiments showed 

low or negligible levels of pro-inflammatory molecules in SHAM-operated animals. On 

the other hand, some cytokine levels measured from CASP-operated animals were 

inconsistent with previous reports, showing low expression of pro-inflammatory 

mediators (IL-6, IFN-) that are typically high in CASP models. Our measurements were 

performed a relatively short time (9 hours) after initial stent implantation, which could 

explain the low levels observed. However, systemic levels of pro and anti-inflammatory 

cytokines associated with septic peritonitis have been found to be elevated a short time 

(three hours) after CASP stent implantation (176,177). Conversely, others have found 

low cytokine levels after 3 hours, with peak production reached 12 hours after stent 

implantation (178). Another possible explanation for the low levels of cytokines observed 

in CASP animals is that blood was not obtained for the sickest animals. Blood samples 

were obtained 9 hours after the initial completion of the CASP surgery and 2 hours after 

IVM setup began. During IVM setup, the animals were under anesthetia for 2 hours, and 

had their internal organs exposed to the outside environment for around 1 hour while 

IVM was performed. Many untreated CASP animals were too sick to make it to the end 

of the entire experiment; therefore, there are only a few blood samples for untreated 

CASP, and they are from the healthiest animals. Additional experimentation is needed to 

determine why some of the cytokine levels were low, which includes blood collection at 

earlier and later time points, and more animals per group to reduce the impact of potential 

outliers.  

 TNF- is a pro-inflammatory cytokine that plays a key role in the progression of 

inflammatory pathologies and induces the production of other pro-inflammatory 
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cytokines. TNF- can have protective effects when released locally, but systemic release 

can have damaging effects, including vasodilation, increased vascular permeability and 

eventually organ failure (179). Upon induction, TNF- has many effects, including 

activating neutrophils to produce a respiratory burst, and inducing the expression of 

adhesion molecules and selectins on endothelial cells (105). The CASP operation caused 

a significant increase in TNF- levels compared to SHAM animals, and upon 

administration of DIBI 40 mg/kg i.p., 80 mg/kg i.p., and 80 mg/kg i.p. X2, TNF- levels 

were no longer significantly increased from SHAM. However, the same effects were not 

observed with the highest dose of DIBI (80 mg/kg i.p. + 80 mg/kg i.v.) and TNF- levels 

remained significantly higher than SHAM animals. TNF- is commonly elicited by 

macrophages in response to LPS-bearing pathogens. Therefore, the presence of more 

Gram-negative bacteria observed in the microbiome sequencing results could have 

caused the increased generation of TNF-.  

 IL-6 has both pro- and anti-inflammatory activities, but generally, elevated IL-6 

levels correlate with a higher chance of mortality in human sepsis patients (180). 

Contrary to our expectations, plasma levels of IL-6 were low nine hours after stent 

implantation in the untreated CASP group. Compared to the quick release of TNF-, IL-6 

production is delayed. Traeger et al. (178) observed peak levels of IL-6 12 hours after 

CASP induction; therefore, our short observation period may have been insufficient to 

elicit a strong IL-6 response. Additionally, among DIBI treated groups, there was a trend 

of increased expression of IL-6 as the dose of DIBI increased, with a significant increase 

observed after administration of the highest DIBI dose, (80 mg/kg i.p. + 80 mg/kg i.v.). 

Markel et al. (181) found that iron chelation by DFO increased IL-6 production, but not 
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TNF-, in human fetal intestinal epithelial cells in vitro. Their rationale was that due to 

the capacity of bacteria to acquire iron from human cells, the presence of chelating agents 

may indicate there is a microbial invader, thereby initiating a proinflammatory response, 

specifically IL-6, which can go on to induce hepcidin synthesis.  

The production of IL-12 and IFN- are closely interconnected. IL-12 is a 

immunoregulatory cytokine produced by antigen presenting cells and drives the 

differentiation of adaptive immune responses to a type 1 phenotype (182). Additionally, 

IL-12 induces IFN- production, a potent antimicrobial cytokine. IL-12 and IFN- have 

been found to be essential for the survival in mouse peritonitis models due to their 

antibacterial effector mechanisms (183). Deficiencies in IL-12 and IFN- have been 

found to increase susceptibility in the CASP model, due to a delay in immune responses 

without these cytokines (184). In our study, plasma levels of IFN- and IL-12 were 

negligible in untreated CASP animals. Ono et al. (185) measured IFN-, IL-12, and IL-10 

levels in mice with mild and severe sepsis induced by CLP and found that IFN- and IL-

12 levels in severe sepsis were significantly lower than those in mild sepsis at 6 and 12 

hours after the procedure. Additionally, Zantl et al. (183) found that 3, 6, 12, and 24 

hours after CASP surgery, systemic IFN- levels were undetectable. Ono et al. propose 

that low IL-12 and IFN- levels results could be due an imbalance of type 1 and type 2 

cytokines, resulting from the general dysregulated immune response during sepsis. In line 

with this theory and consistent with reports from Ono et al., in untreated CASP animals 

the levels of IL-10, a type 2 cytokine, were significantly increased from SHAM levels. 

However, the levels of another type 2 cytokine, IL-4, were significantly reduced 

compared to SHAM animals. Upon administration of DIBI in CASP animals, there was a 
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trend of increased plasma levels of IFN-, IL-12, and IL-10 as the dose of DIBI 

increased. It appears that DIBI administration regained the balance between type 1 and 

type 2 cytokines. Additionally, IL-4 levels increased significantly from untreated CASP 

animals to levels similar to SHAM operated animals. It is unclear how DIBI restored the 

production of these protective cytokines and further experimentation must be done with 

cytokine measurements performed at multiple time points to determine the kinetics of 

cytokine production in our CASP model and better understand how DIBI is working.  

IL-17A is another proinflammatory cytokine produced mainly by Th17 cells, but 

also innate cell populations such as neutrophils, and natural killer cells. IL-17A is 

important during early immune responses against extracellular bacteria with significantly 

increased levels reported as few as four hours after inoculation of bacteria in a murine 

sepsis model (186). In our study, CASP without treatment did not significantly increase 

IL-17A levels; however subsequent administration of DIBI (80 mg/kg i.p. + 80 mg/kg 

i.v.) caused a significant increase in plasma IL-17A levels compared to SHAM. The role 

of IL-17A during infection has been studied with local and systemic models with 

conflicting results on the consequences of IL-17A release in different disease models. 

During Streptococcus pneumoniae or Klebsiella pneumoniae, production of IL-17A 

protected mice through the rapid recruitment of neutrophils that aid bacterial clearance 

(187). Additionally, during Escherichia coli infection, depletion of IL-17A decreased 

neutrophil recruitment, resulting in impaired microbial clearance and increased bacterial 

burden (188). On the other hand, in a poly-bacterial model of sepsis induced by CLP, 

depletion of IL-17A led to a decrease in bacteremia and reduced production of systemic 

pro-inflammatory cytokines (189). Due to the pathological consequence of immune 
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hyper-activation in sepsis, reducing neutrophil recruitment by limiting IL-17A production 

is a beneficial outcome. Although our data was largely non-significant, there is a trend 

that IL-17A levels are reduced after administration of DIBI 80 mg/kg i.p., which was also 

the most successful dose in reducing leukocyte adherence. Since IL-17A can be induced 

by tissue damage, DIBI may reduce tissue damage through attenuating oxidative stress, 

and consequently IL-17A expression.  

ICAM-1 is a adhesion molecule highly expressed on the surface of endothelial 

cells and is a key molecule mediating neutrophil migration and infiltration during sepsis 

(190). Blockage of ICAM-1 has been found to improve outcomes in CLP-induced sepsis 

models by attenuating injuries associated with immune cell infiltration, but still allowing 

efficient bacterial clearance (191). In our study, SHAM animals showed basal levels of 

soluble ICAM-1, which was expected because ICAM-1 is constitutively expressed on 

endothelial cells. Activation of endothelial cells can further upregulate ICAM-1 

expression, consistent with our observations after CASP surgery. A significant increase in 

plasma ICAM-1 levels from SHAM was measured in all groups, except after 

administration of DIBI 40 mg/kg i.p. (Figure 33). DIBI administration did not reduce 

ICAM-1 expression, even in groups where leukocyte adherence was significantly 

reduced. This represents a disconnect between circulating (shed) ICAM-1 levels and 

leukocyte adherence. Although ICAM-1’s role when present on endothelial cells is 

known, the pathological significance of soluble ICAM-1 is not yet elucidated. Therefore, 

the connection between soluble adhesion molecules relative to leukocyte adherence and 

migration is needed to understand the significance of our results.  
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Overall, the cytokine measurements obtained in our study had mixed 

consistencies with previous reports and additional experimentation is needed to determine 

why. We provided some theories with supporting documents to explain findings from 

specific cytokines. More generally, the main limitation of these findings that could 

provide an explanation for many of our findings is that the measurements were only 

performed at a single time point. Therefore, it is possible that when blood samples were 

taken, cytokine levels had already peaked and had decreased, resulting in the low levels 

of some cytokines in untreated CASP animals. Furthermore, DIBI administration could 

have changed the kinetics of cytokine production, delaying the peak, and resulting in the 

progressively higher levels observed in our findings. Additionally, as mentioned before, 

blood samples were not obtained for many untreated CASP animals that were too weak to 

make it through the entire procedure; therefore, cytokines measurements represent 

healthier animals. For these reasons, our cytokine measurements from this study should 

be taken with reservations as they may not depict the full picture. 

 

4.5 Limitations and Future Directions  

 

 A few limitations can be identified in our study, starting with what the relevance 

of this data is? Since the majority of past anti-inflammatory sepsis treatments found to be 

successful in mouse models were not beneficial, or worsened outcomes in human trials, 

why would iron chelation be different? Human and mouse physiology is far from 

identical and a perfect model does not exist. However, animal models are necessary to 

gain a preliminary understanding of how a drug may function to determine which should 

move on to human trials. After observing the effects of iron chelation in a controlled 
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model of hyper-inflammation induced by LPS, we moved on to the CASP model, which 

is the most clinically relevant model of sepsis available.  

Another limitation with our model is that it focused on resolving the hyper-

inflammatory conditions of sepsis, but sepsis can also present with an 

immunosuppressive state. These immune responses in septic patients are heterogenous 

and do not follow a specific timeline. Therefore, characterizing the condition of the 

patients’ immune status is crucial for successful implementation of therapeutics.  

Furthermore, an additional factor to consider when interpreting this data is that 

not all data are as substantiated as others. For instance, the IVM method is well practiced 

in our lab and the results obtained in these studies are comparable with past experiments. 

In contrast, the data collected from the microbiome analysis should be regarded as a pilot 

experiment since it was the first time this method was used in our lab, and all the data is 

from one run. Until these results are confirmed with additional experiments, the data 

should still be considered as preliminary.  

The possibility of experimenter bias represents another limitation of this study. 

The same experimenter performed all data collection, video analysis, and quantification 

of results. Although measures were taken to minimize sources of bias where possible, 

blinding all analyses and eliminating all sources of bias was not possible in this study. To 

reduce bias, videos were analyzed in a blinded fashion and each video was analyzed in 

the exact same way. Despite analyzing videos in a blinded fashion, since they were 

recorded by the same experimenter analyzing them, they could sometimes be recognized 

as belonging to a certain treatment group. To overcome this, six videos were obtained for 
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each parameter producing six unique values which were averaged to reduce the impact of 

possible bias.  

In this study we reasoned that reducing levels of free iron is a useful therapeutic 

approach because it reduces levels of ROS production contributing to oxidative stress, 

thereby attenuating the overall pro-inflammatory environment contributing to sepsis 

pathologies. However, iron and ROS play an important role in regulating immune cell 

function and fighting pathogens during infection. Since this study was conducted over a 

short time frame we cannot conclude that the effects that we identified as beneficial 

would actually improve the long-term survival of mice. To overcome this, we already 

have plans to perform survival studies with this model to determine if early 

administration of iron chelators can improve the long-term survival of septic mice by 

resolving hyper-inflammation. Additionally, intestinal samples were recovered from each 

mouse in this study for histologic analysis, giving us the ability to visualize pathologic 

changes between groups and insight into whether the beneficial effects we observed 

protected mice at the cellular level.   

 

4.6 Conclusions 

 

The present study investigated the effects of iron chelation by a novel iron 

chelator, DIBI, in vitro and in two acute models of sepsis in vivo. Due to iron’s 

participation in catalyzing harmful ROS generating reactions, we reasoned that by 

removing excess iron, ROS production would be reduced. In our in vitro assays we found 

this to be true in macrophages and neutrophils, two main players in innate immune 

responses. Translating these results to in vivo models, since ROS is associated with 
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excessive immune stimulation, we expected that reducing its generation with DIBI would 

decrease immune hyper-activation in acute models of sepsis characterized by excessive 

pro-inflammatory responses. In the LPS-induced endotoxemia model, DIBI 

administration reduced excessive immune activation measured by interactions between 

leukocytes and endothelial cells in the intestinal microcirculation. DIBI also preserved 

the microcirculatory perfusion in the intestinal layers, which was significantly impacted 

by LPS challenge. Similar anti-inflammatory effects by DIBI were observed in the CASP 

model, but unexpectedly, an additional i.v. dose of DIBI seemed to eliminate some of the 

anti-inflammatory effects of lower doses of DIBI, according to the parameters we 

observed. However, these results could be explained after the bacterial species colonizing 

the peritoneal cavity were identified by microbiome sequencing. Overall, this study has 

provided evidence that iron chelation can play a role in modulating innate immune 

responses during sepsis, and possibly improve patient outcomes. In addition, iron 

chelators may have a role in restoring the efficacy of antibiotics, which is particularly 

exciting during a time where antibiotic resistance is a major concern for patients and 

healthcare professionals.  
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