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Abstract 

Since the 1980s, it has been hypothesized that inflammatory bowel disease (IBD) may be 

tied to insufficient energy production within the intestinal epithelium. In support of this theory, 

mitochondrial dysfunction has been noted in both IBD patient biopsies and the commonly used 

dextran sodium sulfate (DSS) murine colitis model. While relatively unexamined in human IBD 

or animal colitis contexts, evidence obtained from neurological and cardiovascular disease models 

has shown that unbalanced mitochondrial dynamics, favouring excessive mitochondrial fission, 

can promote mitochondrial dysfunction and disease. Furthermore, targeted inhibition of two 

mediators of this maladaptive process, dynamin related protein-1 (DRP1) and mitochondrial 

fission protein-1 (Fis1), by the novel peptide: P110, has shown therapeutic benefit in both 

neurodegenerative and cardiovascular disease models. Therefore, previous observations of 

mitochondrial dysfunction in IBD patients and murine colitis models may be tied to excessive 

mitochondrial fission, with inhibition of this process by P110 highlighting a potential target for 

IBD. To test this hypothesis, this study sought to: i) develop protocols for the assessment of 

mitochondrial function within a murine intestinal epithelial cell line (IEC4.1), ii) apply these 

protocols and other techniques to identify the consequences of DSS±P110 on IEC4.1 mitochondrial 

function, morphology and polarization state and iii) systemically deliver P110 in DSS and DNBS 

murine colitis models to determine if inhibition of excessive mitochondrial fission could exert anti-

colitic benefit. Utilizing the developed O2k protocols, we found that DSS induced functional 

defects in IEC4.1 mitochondria, with P110 co-treatment mitigating some of the observed 

mitochondrial functional defects. Prophylactic and systemic administration of P110 was found to 

reduce macroscopic characteristics of both DSS and DNBS colitis in mice. Interestingly, these 
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macroscopic improvements occurred despite limited changes to the assessed inflammatory 

markers, suggesting similar disease burden between DSS/DNBS+P110 and their disease 

counterparts. Results obtained from both the cellular and murine colitis models provides evidence 

that DRP1-Fis1 mediated mitochondrial fission is a feature of these colitis models and that 

targeting this interaction with P110 yields anti-colitic benefit. Therefore, this interaction could 

similarly be occurring in IBD patients and prove to be a novel target for future IBD therapeutics. 
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Preface 

The thesis is formatted as a manuscript-based thesis, with Chapters 3, 4 & 5 containing work that 

is in preparation for publication submission or currently undergoing review.  

Chapter 3 is currently being prepared for submission. Goudie, L., McKay, D.M, Shearer, 

J. Assessment of mitochondrial function in intestinal epithelial cells: a novel tool to explore 

mitochondrial involvement in inflammatory bowel disease. 

Chapter 4 & 5 contain work that is presently submitted. Mancini, N.L., † Goudie, L., † Xu, 

W., Rajabi, A.A., Jayme, T.S., Sabouny, R., Wang, A., Ferraz, J., Shutt, T., Shearer, J., McKay, 

D.M. Systemic delivery of a selective inhibitor of mitochondrial fission to treat colitis.  

† Authors contributed equally to work 
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Chapter 1: Introduction 

1.1. Background 

 Inflammatory bowel disease (IBD) covers a range of chronic gastrointestinal disorders that 

evolve from an exaggerated immune response to either commensal or pathogenic intestinal 

microbes. The relapse-remitting nature of IBD symptoms, potentially severe complications and 

presence of extraintestinal manifestations, highlight only part of the burden IBD exerts on patients. 

IBD presentation can vary widely, but typically patients experience diarrhea, weight loss, bloody 

stool, abdominal discomfort, and fatigue1. In aggressive cases, patients can experience narrowing 

of the bowels or abnormal tunneling from the bowel to the skin2. These complications, deemed 

“strictures” and “fistulas” respectively, often require surgery and can have post-operative 

recurrence rates as high as 44 - 55%  after 10 years2,3. Patients with severe cases, that do not 

respond to medication or surgery, often undergo colon removal by colectomy,  forever changing 

their quality of life4,5. Symptoms may also manifest outside of the underlying bowel disease, 

affecting almost every organ of the body and in some cases, present a greater threat to the patients 

well-being6. These “extraintestinal manifestations” can be found in approximately 1/3 of IBD 

patients6. IBD patients also bear a significantly greater risk of colon cancer7.  

The high comorbidities, chronic nature, and heterogeneity of both symptoms and treatment 

make IBD a particularly expensive disease. Within Canada, IBD treatment and management 

exhibits a large financial toll on the public health care system. Studies examining the prevalence 

of Canadian IBD cases from 2005 - 2012 have suggested that approximately 0.5 - 0.67% of the 

Canadian population have IBD8,9. In 2012, direct costs associated with IBD patients were predicted 

to be approximately 1.2 billion dollars for the Canadian public healthcare system8. In addition to 

these costs, management and treatment of extraintestinal manifestations or complications could 
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mean the direct healthcare cost of IBD is much higher. Recent data also suggests that the 

prevalence of pediatric IBD cases is increasing, requiring longer care and management than the 

typical disease onset within the second and third decade10. In Alberta specifically, estimates 

suggest that by the year 2025, the number of IBD patients could increase by up to 70%11. 

Attempts to resolve aberrant inflammation in IBD patients typically requires 

immunosuppressive treatments in order to induce remission and limit tissue damage. The 

utilization of monoclonal antibody treatments, in particular, has allowed for significant progress 

to be made during IBD treatment. However, patients can be immediately unresponsive to 

monoclonal antibody treatments or become refractory with continuous administration3,5. Other 

immunosuppressive agents for IBD, (corticosteroids, thiopurines) can also prove ineffective at the 

start of treatment or become ineffective over time3,5. Additionally, complications like infection or 

disease susceptibility can be introduced with these immunosuppression agents, ie: osteoporosis 

and corticosteroids6. Therefore, examining potential targets and pathways that operate alternative 

to current immunosuppressive treatments, could yield novel therapeutics for the management 

and/or treatment of IBD12.  

Since both mitochondrial function and dysfunction affect reactive oxygen species (ROS) 

production, cellular bioenergetics and cell death pathways, targeting mitochondria and 

mitochondrial associated processes may present a good candidate for therapeutic interventions. 

Indeed, recent evidence suggests that inhibiting excessive mitochondrial division, otherwise 

known as mitochondrial fission, could provide therapeutic potential in inflammatory diseases like 

IBD. Inhibition of two mediators of excessive mitochondrial fission: dynamin-related protein-1 

(DRP1) and mitochondrial fission protein-1 (Fis1), by the peptide P110, has been found to exert 

therapeutic benefits within several animal disease models representative of the following human 
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diseases: multiple sclerosis, Parkinson’s, Huntington’s, myocardial infarction, amyotrophic lateral 

sclerosis and pulmonary arterial hypertension13-18. P110 has also demonstrated therapeutic benefit 

in-vitro with cells isolated from patients that had either amyotrophic lateral sclerosis, Huntington’s 

or Alzheimer’s17-19. More specifically, P110 was able to limit mitochondrial dysfunction based on 

improvements in mitochondrial function, ROS production, and cell death17,18. Interestingly, 

several of these same mitochondrial related consequences have been reported in IBD patients and 

animal colitis models, suggesting that P110, could prove useful in limiting colitis20.  

 

1.2. Purpose of Research 

The successful use of P110, as a therapeutic in heart and brain animal models, provides 

evidence that mitochondrial fission is an inherent feature in the development and progression of 

certain disease pathologies13-19. However, there remains a paucity of research examining 

mitochondrial dynamics and mitochondrial function within the context of colitis and IBD. 

Therefore, this project hopes to determine if inhibition of excessive mitochondrial fission could 

present a novel therapeutic pathway for the treatment of murine colitis and ultimately serve as a 

potential treatment option for human IBD. 
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1.3. Aims 

1. To develop a protocol for the assessment of functional changes within specific 

mitochondrial complexes and pathways for the murine intestinal epithelial cell line: IEC4.1.  

 2. To determine if DSS induces mitochondrial dysfunction in the IEC4.1 cell line and if 

inhibition of DRP1 and Fis1 mediated fission can reduce mitochondrial dysfunction as assessed 

by changes in mitochondrial function, morphology and membrane potential. 

3. To identify if systemic delivery of P110 reduces colitis manifestation in both dextran 

sodium sulfate (DSS) and dinitrobenzene sulfonic acid (DNBS) mouse models of colitis according 

to macroscopic disease analysis and readouts of inflammation. 

 

1.4. Hypotheses 

i) With the in-vitro model, we hypothesize that DSS will induce mitochondrial dysfunction 

and that inhibition of excessive mitochondrial fission by P110 will ameliorate DSS induced 

damage to mitochondrial networks.  

ii) With the in-vivo model, we hypothesize that P110 administration will reduce colitis 

manifestation within both DSS and DNBS mouse models. 
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 1.5. Thesis Composition 

This thesis is composed of 7 Chapters. Chapter 1 provides a brief outline of the significance 

of the research project and both the aims and hypothesis guiding the project. Chapter 2 reviews 

literature on mitochondrial physiology and function, intestinal physiology and mitochondrial 

involvement, inflammatory bowel disease and molecular inhibition of excessive mitochondrial 

fission. Chapter 3 covers the development of the respirometric techniques utilized within the thesis. 

Chapter 4 details evidence of both DSS and P110’s effect on mitochondrial function in an in-vitro 

murine epithelial cell model. Chapter 5 examines the therapeutic use of P110 in-vivo through two 

commonly employed murine colitis models. Chapter 6 discusses how the results support or 

disprove the underlying hypothesis of the thesis. Chapter 7 provides a summary of key findings, 

highlights the limitations of the study and discusses future directions. 

 

1.6. Statement of Contribution 

 In Chapter 4, Mancini, N. L.  performed the mitochondrial morphology quantification and 

scoring. In Chapter 5, both Mancini, N. L., and Xu, W., helped in conducting animal trials, 

histology preparation and data collection (weight change, colon length, blood smear).  
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Chapter 2 

Literature Review 

 

2.1. Mitochondrial Physiology and Function 

2.1.1. Mitochondrial Anatomy 
 

Within the mitochondria, the separation of distinct compartments by membranes is 

essential for proper mitochondrial function. Two membranes: the outer mitochondrial membrane 

(OMM) and inner mitochondrial membrane (IMM) mediate the separation of mitochondrial 

compartments into the intermembrane space (IMS) and mitochondrial matrix (Figure 2.1)21. The 

semi-permeable OMM allows for the diffusion of ions and small molecules from the cytosol to 

the IMS, while also preventing the release of larger proteins like cytochrome c from the IMS21. 

The OMM also tethers the mitochondria to the endoplasmic reticulum (ER) thereby providing a 

bridge for calcium (Ca2+) signaling between the two organelles22. In contrast to the OMM, the 

IMM is mostly impermeable, only allowing the transfer of specific metabolites and ions through 

protein complexes and transporters21. Another difference is that the IMM is highly convoluted, 

containing several invaginations called cristae (Figure 2.1)21. At these cristae, several key 

membrane complexes oxidize metabolic intermediates to release protons and electrons, forming 

an electron transport chain (ETC) (Figure 2.1)21. These intermediates: nicotinamide adenine 

dinucleotide (NAD+ oxidized, NADH reduced) and flavin adenine dinucleotide (FAD oxidized, 

FADH2, reduced) are generated through the “citric acid cycle”21.  
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Figure 2.1: Anatomical representation of mitochondria with key processes. Adapted from Longo 

& Archer (2013). The New England Journal of Medicine23.  

 

2.1.2. Glycolysis 

Glycolysis is an evolutionary conserved metabolic process necessary for the initial 

oxidation of glucose24. In eukaryotic cells, the process is unique because it can occur both in the 

presence (aerobic glycolysis) and absence of oxygen (anaerobic glycolysis/fermentation). For 

both aerobic and anaerobic glycolysis, NAD+, glucose and adenosine triphosphate (ATP) 

molecules are invested to produce pyruvate, NADH, protons and additional ATP25. Upon 

completion of the reaction, NAD+ is regenerated by different mechanisms for aerobic and 

anaerobic glycolysis24. During aerobic glycolysis, NADH can transfer its electrons and protons 
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to cytosolic oxaloacetate or dihydroxyacetone forming malate or glycerol-3-phosphate25. The 

malate and glycerol-3-phosphate can then enter the mitochondria and be oxidized by 

mitochondrial NAD+ or FAD to make either NADH or FADH2
25. For anaerobic glycolysis, no 

mitochondrial intervention is required and instead, NAD+ is regenerated by reducing pyruvate 

into lactate25. The flexibility of glycolysis to operate under both anaerobic and aerobic conditions 

is key to meeting the energetic demands of tissues, like skeletal muscle, that often shift into states 

of anoxia. 

 

2.1.3. Beta Oxidation 

The oxidation of fats and fatty acids is a critical bioenergetic pathway for numerous 

tissues, generating a significant amount of energy and metabolites26,27. This mitochondrial based 

process, known as “beta oxidation”, is important for maximizing the transfer of potential 

chemical energy from fats to energy intermediates like NADH and FADH2.  In order for cytosolic 

long chain fatty acids (LCFA) to enter the mitochondrial IMS, these fatty acids must be modified 

into their fatty acyl-coenzyme A (acyl-CoA) moieties, by the action of acyl-CoA synthase and 

one ATP molecule (Figure 2.2)26,27. Removal of CoA and replacement with carnitine by carnitine 

palmitoyltransferases (CPT1) is also required for mitochondrial import from the IMS to the 

mitochondrial matrix (Figure 2.2)26,27. Through the action of carnitine acyl transporters, the fatty 

acylcarnitine molecules may pass into the mitochondrial matrix for beta oxidation (Figure 

2.2)26,27. Within the mitochondrial matrix, an inner CPT (CPT2) removes the carnitine and adds 

the CoA back, forming a fatty acyl CoA molecule (Figure 2.2)26,27.  

In contrast to LCFA, short chain fatty acids (SCFA) that range from 1-6 carbons, have 

been shown to enter the cytosol by either non-ionic diffusion or through the exchange of protons 



 

9  

and ions (Cl-, HCO3, Na+)28. SCFAs may then be converted into their acyl-CoA moieties within 

the mitochondria matrix, requiring no carnitine transport for mitochondrial import29.  

Fatty acyl CoA molecules are then oxidized within the mitochondrial matrix in a cyclic 

manner by several enzymes specific to the fatty acyl CoA chain length (Figure 2.2)26,30.  Each 

cyclic oxidation of the original fatty acyl CoA molecule generates a two-carbon acetyl-CoA chain 

and one NADH (Figure 2.2)26,30. These acetyl-CoA molecules can then be utilized during the 

tricarboxylic acid (TCA) cycle (Figure 2.3)26,30.  Additionally, during the first step of these cyclic 

reactions, electrons and protons are released and transferred to the electron transferring 

flavoprotein complex (ETF) and subsequently onto coenzyme Q10 for use in the ETC (Figure 

2.2)26,28.  
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Figure 2.2: Diagrammatic representation of mitochondrial LCFA import and beta-oxidation. 

Adapted from Houton & Wanders. (2010). Journal of Inherited Metabolic Disorders30. FATP: 

fatty acid transport proteins, CACT: carnitine acylcarnitine translocase, VLCAD: very long chain 

acyl-CoA dehydrogenase, MTP: mitochondrial trifunctional protein, MCAD: medium chain 

acyl-CoA dehydrogenase, SCAD: short chain acyl-CoA dehydrogenase, DCI: dodecanoyl-CoA 

delta isomerase, M/SCHAD: medium/short chain hydroxyacyl-CoA dehydrogenase,  MCKAT: 

medium chain 3-ketoacyl-CoA thiolase.  
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2.1.4. Oxidative Phosphorylation 

The TCA or citric acid cycle provides a crucial convergent point in the metabolism of 

carbohydrates, proteins, and fats, generating NADH and FADH2 for the ETC31. Many different 

metabolites from previous catabolic processes, including acetyl-CoA and α-ketoglutarate, 

provide the fuel for the TCA cycle31. Entry of acetyl-CoA to the TCA cycle from either beta 

oxidation or glycolysis leads to the formation of citrate by its reaction with water and 

oxaloacetate (Figure 2.3)31. Several other reactions then transform and oxidize this citrate 

molecule, releasing electrons and protons necessary for the reduction of NAD+ and FAD into 

NADH and FADH2 (Figure 2.3)31. Other products from the TCA cycle include carbon dioxide 

(CO2), guanosine triphosphate (GTP) and most importantly oxaloacetate, which can be recycled 

back into the TCA cycle (Figure 2.3)31. The oxidation of citrate derivatives and transfer of 

protons to intermediates like NADH and FADH2 is critical for the operation of the ETC and the 

end goal of oxidative phosphorylation (OXPHOS).  

The ETC includes five mitochondrial membrane-bound complexes: NADH 

dehydrogenase (CI), succinate dehydrogenase (CII), ubiquinone bc1-complex, (CIII), 

cytochrome c oxidase (CIV) and ATP synthase within the mitochondrial cristae (Figure 

2.4)21,32,33. These complexes catalyze reactions involving NADH and FADH2 to release protons 

into the IMS, generating a proton gradient and potential energy to power ATP synthase. CI 

oxidizes NADH to release and transfer both protons and electrons onto ubiquinone (Figure 2.4) 

21,32,33. During this transfer, CI also undergoes a conformational change to “pump” 4 protons into 

the IMS32. At CII, the oxidation of FADH2 produces another fully reduced ubiquinone molecule, 

but with no proton pumping action (Figure 2.4)21,32,33. The two fully reduced ubiquinone 

molecules from CI and CII now enter CIII to be oxidized, passing electrons onto cytochrome c 
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molecules and releasing protons into the IMS (Figure 2.4)21,32,33. At CIV, 4 electrons from 4 

reduced cytochrome c molecules pass through to the mitochondrial matrix and react with 

molecular oxygen and 4 protons to produce water (Figure 2.4)32,33. Similar to CI, CIV then 

undergoes a conformational change and pumps 4 protons into the IMS32. With the generation of 

a proton gradient by CI, CII, CIII & CIV, potential electrochemical energy can be used to power 

the final mitochondrial complex, ATP synthase.  

ATP synthase catalyzes the energetically unfavorable reaction of adenosine diphosphate 

(ADP) and inorganic phosphate (Pi) into ATP with protons from the IMS34. This “coupling” of 

the proton gradient to ATP production by ATP synthase is central to mitochondrial function and 

cell health. The potential energy of proton diffusion from the strongly positive and proton dense 

IMS to the comparatively negative mitochondrial matrix can be defined as proton motive force 

(PMF)35,36. This PMF is utilized by ATP synthase to generate the rotary action of its subunits and 

joining of ADP and Pi together to form ATP35,38. By coupling the IMS proton gradient with ATP 

production, approximately 15 times more ATP is generated than anaerobic glycolysis alone39. 

Studies have shown that pharmacological dissipation of the IMS proton gradient using carbonyl 

cyanide-4-trifluoromethoxy-phenylhydrazone (FCCP) dramatically reduces ATP production, 

promotes the production of ROS and initiates programmed cell death40-41. The coupling of 

protons to ATP production is not only paramount to proper mitochondrial function but also the 

reduction of mitochondrial dysfunction. Alterations in the IMS proton gradient are closely tied 

to changes in mitochondrial membrane potential. 
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Figure 2.3: Diagrammatic summary of metabolites and enzymes within the TCA cycle. Enzymes 

catalyzing reactions are highlighted in blue. Adapted from Anderson et al. (2018). Protein Cell42. 
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Figure 2.4: Diagrammatic representation of the ETC. Adapted from Letts and Sazanov (2017). 

Nature Structural and Molecular Biology43. 

 

2.1.5. Mitochondrial Membrane Potential 

The electrochemical difference of ions between the mitochondrial matrix and IMS 

determines the membrane potential (∆ψm) within the mitochondria. Alterations in mitochondrial 

∆ψm hold important physiological consequences for mitochondrial OXPHOS and mitochondrial 

quality control processes. Generation of a sufficient ∆ψm by OXPHOS and mitochondrial complex 

proton pumping is key to fueling ATP synthase and subsequently driving ATP synthesis. This 

process is not entirely efficient since a small number of protons passively diffuse through the IMM 

to the mitochondrial matrix, a consequence often referred to as “proton leak”44-46.  If protons are 

allowed to freely move across the IMM, for example: upon the introduction of chemical uncouplers 

like FCCP or IMM damage, the electrochemical gradient dissipates, ∆ψm decreases and 

mitochondria become “depolarized”47,48. In contrast, the inhibition of ATP synthase by oligomycin 
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prevents proton transfer into the mitochondrial matrix, increasing the ∆ψm from proton 

accumulation and shifting mitochondria into a “hyperpolarized” state49. Prolonged states of 

hyperpolarization are detrimental to individual mitochondrion, often resulting in excessive ROS 

production, dramatic depolarization events, and the initiation of apoptosis by cytochrome c 

release50-52. To maintain quality control of mitochondrial networks, depolarized mitochondria are 

eliminated by a form of selective mitochondrial autophagy or “mitophagy” mediated by PTEN 

induced putative kinase-1 (PINK1) binding and ubiquitination of OMM proteins by the E3 

ubiquitin ligase; Parkin53,54. Appropriate mitochondrial ∆ψm is necessary for ATP synthesis and 

deviations in both increasingly negative (depolarization) and positive (hyperpolarization) 

directions can be tied to mitochondrial dysfunction. Both depolarization and inhibition of ETC in 

dysfunctional mitochondria are also related to the significant production of ROS. 

 

2.1.6. Reactive Oxygen Species 

ROS are a group of highly reactive, oxygen-containing molecules that contain a single 

unpaired electron or “free radical”. The neutralization of ROS members by both enzymatic 

(superoxide dismutase, catalase) and non-enzymatic (glutathione) antioxidant agents is important 

in maintaining cellular homeostasis. Most ROS originates by the passive leaking of electrons from 

mitochondrial CI, CIII, and CIV, by the incomplete reduction of molecular oxygen into superoxide 

radicals55,56. The rapid dismutation of reactive superoxide anions by superoxide dismutase (SOD) 

eliminates potential oxidative damage from these radicals and yields hydrogen peroxide (H2O2) 57. 

H2O2 can then be safely changed to water and molecular oxygen by catalase, thereby eliminating 

potential oxidative reactions of H2O2 and transition metals58. However, if the production of H2O2 

exceeds the catalase buffering capacity, H2O2 can react with transition metals (Fe, Cu) to form 
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hydroxyl radicals through the Fenton reaction59. Interactions by hydroxyl or superoxide radicals 

with macromolecules can create mutations or strongly mutagenic products (DNA adducts, 

advanced lipid peroxidation products) and disrupt protein structure/function (modification of 

cysteine residues, the formation of disulfide bridges and creation of protein aggregates)59-64. The 

non-enzymatic antioxidant, glutathione, plays an important role in reducing oxidative damage to 

macromolecules by transferring electrons to affected molecules, thereby reducing mutagenic 

products and restoring protein structure and function65. Cellular antioxidants like SOD, catalase, 

and glutathione allow some capacity to buffer against oxidative damage from ROS. In the event 

that ROS production becomes excessive, like for example from depolarized mitochondria, the 

dynamic processes of mitochondrial fusion and fission allow for segregation of these mitochondria 

from healthy networks and eventual degradation by mitophagy.  

 

2.1.7. Mitochondrial Dynamics 

The classical notion that mitochondrial networks behave in a static manner has been 

shifting in recent years, with increasing literature emphasizing the importance of the mitochondrial 

dynamic processes of fission and fusion. Both mitochondrial fission and fusion are highly 

regulated processes, mediated through the GTP utilizing members of the dynamin family. 

Mitochondrial fusion is mediated by both the OMM bound dynamin protein members: mitofusin-

1 (Mfn1) and mitofusin-2 (Mfn2), and IMM bound dynamin protein member: optic atrophy 

protein-1 (OPA1)66-69. Different mediators for IMM and OMM fusion are necessary to mediate 

independent fusion of the OMM, prior to fusion of the IMM and formation of the mitochondria’s 

double membrane structure66-69. In contrast, mitochondrial fission is mediated by only one 

dynamin protein: DRP1 and it's binding to several different receptors on the OMM66-69. These 
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fission receptors include mitochondrial fission factor (Mff), mitochondrial dynamics protein kDa-

49 (MiD49), mitochondrial dynamics protein kDa-51 (MiD51) and Fis166-69. Participation of these 

dynamin protein members and their targets for fusion and fission is important for maintaining the 

dynamic behavior of mitochondrial networks. These dynamic processes allow flexibility in 

tailoring responses of mitochondrial networks to a host of different stimuli68. 

 

2.1.7A. Mitochondrial Fusion 

Several hypotheses have arisen for why mitochondrial fusion is essential in maintaining 

mitochondrial networks and cell homeostasis. Evidence has supported a role for mitochondrial 

fusion in improving mitochondrial ATP synthesis and allowing the transfer of both soluble and 

membrane-bound components between mitochondria. During starvation of cells, mitochondrial 

networks exhibit a hyperfused morphology, which could be interpreted as a method of increasing 

mitochondrial efficiency in a low nutrient environment70. In support of this, hyperfused 

mitochondrial networks have also been found to contain higher cellular ATP and a greater capacity 

for ATP production71. Mitochondrial fusion also helps in buffering against potential oxidative 

damage by mixing and redistributing both damaged mitochondrial DNA (mtDNA) and proteins 

that might otherwise accumulate and disrupt mitochondrial function72,73. Mitochondrial networks 

of skeletal muscle cells that cannot undergo mitochondrial fusion, exhibit a higher degree of point 

mutations in their mtDNA genome74. Chen et al. also identified that mitochondrial fusion helps 

preserve mitochondrial respiratory function in cells by limiting mtDNA mutations74. Other studies 

have made similar observations tying mitochondrial fusion to mtDNA preservation, mitochondrial 

respiratory function and ATP synthesis75,76. In-vivo genetic studies have also demonstrated the 

importance of mitochondrial fusion, since knockout of OPA1 leads to mouse embryonic lethality 
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by Day 9, while knockout of Mfn1 or Mfn2 only appears to have relevance in certain tissue specific 

contexts77-79. The opposing process of mitochondrial fission also plays an integral role in 

maintaining mitochondrial network quality and function.  

 

2.1.7B. Mitochondrial Fission 

Similar to mitochondrial fusion, mitochondrial fission plays an important role in 

maintaining mitochondrial network quality and function. Under homeostatic conditions, 

mitochondrial fission is mediated by the coordination of DRP1 with its receptors (Mff, MiD49, 

MiD51) and eventual termination by dynamin-2 (Dnm2). The first step of mitochondrial fission 

involves pre-constriction of the mitochondria by the ER at sites with replicating mtDNA (Figure 

2.5). Cytosolic DRP1 is then recruited to sites marked by the ER along the mitochondria and 

associates with fission receptors Mff, MiD 49 or MiD51 to form a ring-like structure around the 

mitochondria (Figure 2.5)66,80. Assembly of supporting mechanical constructs between the 

mitochondria and ER then assist in driving and regulating mitochondrial fission (Figure 2.5)66,80. 

Hydrolysis of GTP by the DRP1 ring complex initiates further constriction and the recruitment of 

Dnm2, with complete mitochondrial scission occurring shortly afterwards (Figure 2.5)66,80. DRP1 

mediated mitochondrial fission is essential in normal animal development since DRP1-null mice 

do not live past day 11 due to improper neural tube formation81. At the cellular level, 

downregulation of DRP1 by siRNA transfection in HeLa cells leads to increased ROS production, 

loss in mtDNA, decreased respiratory function and ultimately loss in cell proliferation82. These 

observations may be tied to the importance of DRP1 in mediating mitochondrial quality control 

through asymmetric fission. Asymmetric fission of depolarized mitochondria by DRP1 allows 

larger, functional daughter mitochondria to remain in the mitochondrial network, while the 
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depolarized, smaller daughter mitochondria undergo mitophagy83. The participation of DRP1 with 

its receptors in mitochondrial fission is necessary for both animal and cellular homeostasis. 

Excessive fission, however, represents a significant pathological threat, particularly in the context 

of energetically demanding tissues like the heart and brain. 

Excessive mitochondrial fission promotes a shift in mitochondrial networks to a 

“fragmented” state, consisting of small, punctate mitochondria. Evidence suggests that these 

fragmented mitochondrial networks could be mediated by DRP1 hyperactivation and participate 

in the promotion of disease. Cardiomyocytes isolated from rats after ischemia-reperfusion injury 

demonstrated excessive mitochondrial fission, related to the exclusive binding of DRP1 to Fis115. 

Further investigation of these isolated cardiomyocytes showed that they contained significantly 

less ATP, exhibited lower OXPHOS capacity and produced more ROS15. Neurodegenerative 

animal models representative of human diseases (multiple sclerosis, Parkinson’s, Huntington’s, 

amyotrophic lateral sclerosis) also show dramatic increases in DRP1 activation and a fragmented 

mitochondrial morphology13,14,17,18. Interestingly, Alzheimer’s and Huntington's patient fibroblasts 

also exhibit dysfunctional and fragmented mitochondrial networks, coinciding with DRP1 

hyperactivation and DRP1-Fis1 binding 18,19. Fragmented mitochondrial networks related to the 

hyperactivation of DRP1 in numerous cardiovascular and neurodegenerative models, highlight a 

potential pathway for unbalanced mitochondrial fission and the promotion of disease. Similar to 

heart and brain tissues, intestinal tissues also exert high energetic costs due to constant cellular 

turnover in response to noxious intestinal stimuli84-86. However, the role of mitochondrial 

dynamics and its consequences on cellular energetics, homeostasis and dysfunction remains 

relatively unexamined within intestinal tissues and particularly in a disease context.  
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Figure 2.5: Model for the current understanding of homeostatic mitochondrial fission and a 

hypothesized model for how excessive fission may be mediated. Adapted from Tilokani et al. 

(2018). Essays Biochem80. 
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2.2. Intestinal Physiology and Mitochondrial Involvement 

2.2.1. Intestinal Anatomy 

The intestinal tract is primarily responsible for the absorption of nutrients and water, as 

well as the elimination of waste products after digestion84-86. Reflecting the nature of its function, 

the characteristics and structure of colon tissues favor absorption and motility of digesta. Moving 

distally from the lumen, the intestine consists of four layers: mucosa, submucosa, muscularis, and 

serosa84-86. The mucosa is stratified into three layers: epithelium, lamina propria, and the muscular 

mucosae84-86. The epithelium is the site of intestinal absorption, containing a high degree of folding 

for increased surface area and absorption84-86. These folds or “crypts” contain intestinal stem cell 

(ISC) populations at their base, which differentiate into epithelial cells that migrate towards the 

lumen84-86 (Figure 2.6). At the lamina propria, immunological cell populations communicate with 

epithelial cells and monitor for signs of infection84-86 (Figure 2.6). Supporting vasculature, 

lymphatic vessels and nerve fibers for the mucosa are found at the submucosa84-86. Intestinal 

motility occurs through peristaltic contractions, facilitated by layers smooth muscles and nerves at 

the muscularis propria84-86.  

 

2.2.2. Intestinal Barrier Function and Host Defences 

Near the mucosal layer of the intestine, and in particular the colon, trillions of microbes 

exert a constant pathogenic threat to their host. Mitigation of these luminal microbes is largely 

maintained by both absorptive (columnar) and secretory (goblet, Paneth) intestinal epithelial cells 

(IECs). Connections between IECs through desmosomes, tight junctions, adherens junctions, and 

gap junctions regulate paracellular permeability and serve as a physical barrier to intestinal 

microbes87. Beyond the IEC monolayer, goblet cell secretions of several different kinds of 
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glycoproteins, but predominantly Mucin-2, promote the formation of a thick mucus layer87,88. The 

mucus layer of the small intestine remains loose and semi-permeable to microbes, while in the 

colon it manifests as a dense, sterile, epithelial bound mucous layer, that is broken down by certain 

mucous digesting bacteria, forming an additional outer mucous layer87,88 (Figure 2.6). This outer 

mucous layer helps promote the growth of commensal bacterial species which yield beneficial 

metabolites and afford their host colonization resistance to opportunistic and pathogenic 

microbes87,88. Within these mucous layers, gradients of both antimicrobial peptides (AMPs) and 

immunoglobulin-A (IgA) from Paneth cells and intestinal plasma cells respectively, provide a 

biochemical means of protection for the host89,90 (Figure 2.6). Under homeostatic conditions, the 

mucosal layer typically provides a sufficient barrier to the microbial colonies residing in the 

intestine. Upon detection of a potential pathogenic challenge, the epithelium can also respond 

dynamically through activation of their pattern recognition receptors (PRR).  

Migration of luminal microbial species towards the IEC monolayer promotes signaling 

of potential impending infection by PRRs. PRRs located on/in IECS involve the participation of 

members of Toll-like receptors (TLR), nuclear binding oligomerization domain-like receptor 

(NLR) and retinoic acid-inducible gene-1 like receptor (RLR) families, which signal either pro-

inflammatory factors and/or tissue repair mechanisms upon detection of damage-associated 

molecular patterns (DAMPS) and/or pathogen-associated molecular patterns (PAMPS). DAMPs 

are molecular modes of communicating tissue damage or cell stress to the immune system, while 

PAMPs are evolutionarily conserved molecular sequences that the body has evolved to recognize 

as foreign microbes91,92. Upon recognition of these ligands, TLRs and NLRs activate intermediates 

within both the nuclear factor kappa light chain of activated B-cells (NF-KB) and mitogen-

activated protein kinases (MAPK) pathways, to induce nuclear inflammatory transcription and 
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cytokine release93. In IECs, NF-KB nuclear transcription has been shown to trigger cytokine 

release and induction of cell survival pathways, while MAPK nuclear transcription is related to 

differentiation of crypt stem cell populations and proliferation of differentiated IECs94,95. 

Activation of PRRs and corresponding nuclear transcription ensures appropriate responses in not 

only IECs, but also in host immune cells. 

 PRR activation of both the epithelium and immune surveillance cells at the lamina propria 

initiates increasingly inflammatory and pathogen-specific responses in order to resolve potential 

infection. The unspecific but more rapid response of the innate branch consisting of: macrophages, 

dendritic cells (DC), mast cells, neutrophils, monocytes, basophils, eosinophils, and natural killer 

(NK) cells serve as an immediate answer and facilitates activation of adaptive immune cells. At 

the lamina propria, macrophages and DCs engulf microbes through phagocytosis and release 

cytokines to initiate systemic recruitment of immune cells96-98. Detection of these cytokines by 

neutrophils, monocytes, eosinophils, and basophils within the blood promotes their migration to 

intestinal tissues, where they carry out their effector functions (phagocytosis, degranulation). 

Intestinal mast cells can also release granules of histamine in a systemic manner to elicit changes 

in smooth muscle, endothelial cells, and neurons99. The last innate member: NK cells, initiates 

apoptosis in cells infected with intracellular pathogens to prevent their replication in host cells100. 

The aforementioned members of the innate immune branch are important in rapidly combatting 

early stages of infection. In the event that the infection persists, macrophages and DCs initiate 

adaptive immune responses by presenting immunogenic factors from phagocytosed pathogens to 

T-helper cells98. However, if the barrier function of IECs becomes compromised, the persistent 

migration of luminal microbes and their products may lead to excessive and potentially 

indiscriminate inflammation in order to resolve the infection. 
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2.2.3. Role of Mitochondria in Intestinal Homeostasis 

Like all cellular functions, the “gatekeeper” role that IECs exhibit to the intestinal 

contents is dependent on sufficient energy production. Because of this dependency, mitochondria 

play an important role in maintaining intestinal barrier function and ultimately intestinal 

homeostasis. Colonocytes derive approximately 70% of their energy through the oxidation of the 

SCFA: butyrate, by beta-oxidation within the mitochondria101. Uncoupling of mitochondrial 

metabolism with carbonyl cyanide m-chlorophenyl hydrazone (CCCP), negatively alters both 

intestinal permeability and transepithelial resistance, leading to increased bacterial 

internalization102. Similarly, Wang et al. found that IECs treated with another uncoupler: 2-4 

dinitrophenol, had an increased internalization of non-invasive Escherichia coli103. The opposite 

also holds true, that improvements in mitochondrial function help in maintaining colon 

homeostasis. Mitochondrial DNA (mtDNA) polymorphisms that improve OXPHOS capacity and 

subsequently intestinal ATP, protect mice from both DSS and trinitrobenzene sulfate induced 

colitis (TNBS)104. Proper mitochondrial function is necessary for IEC butyrate utilization, 

maintenance of the intestinal barrier and protection against chemically induced colitis. 

Mitochondria also play an important role in intestinal homeostasis by regulating the differentiation 

and/or proliferation of epithelial cells and ISCs. 

 Renewal of the intestinal epithelium occurs through the differentiation of crypt ISCs into 

IECs and their migration towards the lumen. Regulation of both ISC and IEC cell fate decisions 

has been shown to be greatly reliant on mitochondrial OXPHOS. Recent evidence has found that 

within small intestinal crypts, Paneth cells preferentially undergo anaerobic glycolysis to provide 

lactate for nearby ISCs105. This supply of lactate, once it is converted back into pyruvate, allows 

ISCs to undergo OXPHOS without risking substrate depletion105. Importantly, these high rates of 
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OXPHOS also yield the mtROS necessary for ISC MAPK redox signaling and subsequent crypt 

maturation105. Inhibition of either Paneth cell glycolysis by deoxyglucose or ISCs OXPHOS by 

oligomycin greatly affected the number of crypts in isolated mouse organoids105. A separate 

study also found that mitochondrial OXPHOS is necessary for ISC differentiation into IECs 

since inhibition of pyruvate transport into the mitochondria promoted the expansion of ISCs 

populations and limited differentiation106. After ISC differentiation, terminally differentiated 

IECs also exhibit a high degree of mitochondrial OXPHOS in order to metabolize butyrate and 

limit it’s signaling effects on crypt ISCs107. The rapid renewal of the intestinal epithelium 

requires sufficient mitochondrial OXPHOS to mediate both bioenergetic and redox signaling 

requirements for ISC populations, with perturbed mitochondrial function potentially limiting 

stem cell replenishment of the epithelium. Therefore, mitochondrial dysfunction within the 

epithelium could play a role in the development of IBD.  
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Figure 2.6: Simplistic representations of both the small (top) and large (bottom) intestine mucosal 

layers. Original figure by Luke Goudie. 
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2.3. Inflammatory Bowel Disease 

2.3.1. Disease Characteristics 

In order to identify disease course and appropriate treatment options for IBD, important 

distinctions must be made due to the disease’s heterogenic presentation. Two well-recognized 

subtypes of IBD: Crohn's disease (CD) and ulcerative colitis (UC) can be identified by histological, 

endoscopic and symptomatic characteristics. The presence of focal, granulomatous, transmural 

patches throughout the GI tract is a defining feature of CD108. Additionally, CD specific symptoms 

typically include weight loss, inflammation around the anus or “perianal involvement” and 

fistulas108. Differing from CD, UC patients typically exhibit a continuous, superficial inflammation 

within just the colon109. Symptoms in UC patients are often similar to CD, with rectal bleeding 

and anemia occurring more frequently109. Patients demonstrating patterns of both UC and CD are 

often grouped into a third subtype called “indeterminant colitis”7. Amongst these subtypes, 

extraintestinal manifestations add additional complexity to disease presentation, diagnosis and 

patient burden6 (Table 2.1). Early-onset cases of both CD and UC are also recognized as unique, 

owing to their often aggressive and invasive presentation110. Recognition of these IBD subtypes 

allows some predictions on disease behavior and course, despite IBD’s heterogenicity. The 

identification of a large number of genetic and environmental risk factors can somewhat explain 

why IBD manifests so differently (Table 2.2). 

To date, over 201 genetic risk loci and numerous environmental risk factors have been 

shown to confer varying degrees of susceptibility to IBD111,112. In these genetically susceptible 

individuals, exposure to certain environmental stimuli may shift epithelial-microbial and 

immunological dynamics into a pro-inflammatory state, unresolved inflammation and eventually 

IBD. Linking of polygenic risk variants to related pathways has shown that mutations in microbial 
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recognition (NOD2), clearance of phagocytosed bacteria by autophagy (ATG16L1, IRGM, 

LRRK2, NOD2) and intestinal barrier function (CDH1, HNF4α) are related to IBD development 

(Table 2.2)113-123. Exposure of individuals bearing these risk variants to environmental risk factors 

like antibiotics and infection could alter interactions between the gut microbiota, immune system, 

and epithelial cell monolayer, shifting the gut into a pro-inflammatory state. The indiscriminate 

elimination of microbes with antibiotics can reduce beneficial commensal species that confer 

“colonization resistance” to the host and increase the risk of infection by opportunistic or 

pathogenic bacteria124,125. Successful infection by bacterial species like adherent invasive 

Escherichia coli and Ruminococcus gnavus can further alter the gut microenvironment and have 

been shown to be associated with IBD development126,127. In addition to antibiotics and infection, 

several other environmental risk factors can affect IBD development (Figure 2.7)128. Both genetic 

susceptibility and certain environmental exposures like infection history and improper usage of 

antibiotics can affect the risk of IBD development128. To help identify the relationships of these 

risk factors and colitis, researchers often utilize murine colitis models.  
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Table 2.1: Extraintestinal manifestations associated with IBD and rates of prevalence if known. 

Adapted from Ott & Schölmerich, (2013). Nature Reviews Gastroenterology & Hepatology6 
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Table 2.2: Genetic risk factors for IBD associated with autophagy and intestinal barrier function.  

 

 

 

 

 

 

 

 

 

 

Figure 2.7: Environmental risk factors related to IBD development. Adapted from 

Ananthakrishnan et al. (2017). Nature Reviews Gastroenterology Hepatology128.  
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2.3.3. Animal Models of Colitis 

Research into IBD has relied heavily on chemically induced colitis models, that attempt 

to replicate key aspects of the disease’s presentation. One of the most commonly utilized 

chemically induced colitis models; DSS, is inexpensive and highly reproducible, exhibiting similar 

clinical and histological characteristics to UC129-131. DSS is a sulfated polysaccharide with a highly 

variable molecular weight that has been shown to cause colitis in guinea pigs, hamsters, rats and 

mice with oral consumption129. It is important to note that only the 5 kDa and 40 kDa DSS particles 

induce colitis, with 500 kDa particles not consistently producing colitis130. Administration of DSS 

typically occurs through the drinking water, allowing the choice of chronic or acute colitis models 

by modifying DSS concentration and dosage timing131. While the exact mechanism is unknown, 

it is generally accepted that DSS exhibits cytotoxic effects on the epithelium, leading to disruption 

in the epithelial barrier and migration of luminal microbes and antigens132. Evidence has also 

shown that DSS specifically, not dextran associated molecules, combines with medium chain fatty 

acids to form nanopores and fuse with colonocyte membranes133. The inflammation with acute 

DSS models often is confined to the colon and affects the tissue superficially, leading to ulceration, 

edema, goblet cell depletion, and crypt abscesses129. While DSS does not appropriately replicate 

all aspects of human IBD (i.e.: spontaneous and episodic presentation), certain characteristics, like 

histopathology, share similarities with human UC, making it a somewhat representative 

model130,131. To explore the other subtype of IBD; CD, the DNBS colitis model may be employed.  

DNBS is a hapten that binds to colonic or microbial derived products, forming 

immunogenic antigens that can be recognized by the immune system and elicit a strong immune 

response134. The DNBS model manifests with rapid and severe colitis that shows some similarities 

to UC and CD134-136. Animals often exhibit dramatic weight loss and severe inflammation within 
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the colon, cecum, and rectum134-136. Histopathological analysis of DNBS treated animals typically 

shows transmural inflammation, edema and cellular infiltration extending below the mucosal layer 

to the submucosa135. DNBS treated mice also exhibit increased neutrophil migration, indicated by 

higher myeloperoxidase (MPO) activity in colon tissues isolated from animals135,136. Effects of 

DNBS associated inflammation have also been shown to be far-reaching, affecting hippocampal 

brain regions and correlating with increased anxiety and depressive-like behaviors136. The use of 

both DNBS and DSS animal colitis models, while not exactly representative of human IBD, help 

researchers identify key points of intervention and possible therapeutic options. An emerging 

observational trend is being noted of mitochondrial dysfunction within both animal colitis models 

and IBD patients20. 

 

2.3.4. Mitochondrial Dysfunction in IBD 

Early investigations into UC identified that alterations in substrate metabolism and energy 

deficiency could play a role in the disease’s pathogenesis101. Since then, observations of 

mitochondrial bioenergetic impairment have been noted in both IBD patients and mouse colitis 

models101,137,138. In 1980, Roediger et al. found that isolated UC patient colonocytes from active 

and quiescent disease states exhibited reduced rates of butyrate metabolism by beta oxidation, 

requiring increased metabolism of both glutamine and glucose to compensate for the bioenergetic 

disparity101. These observations have since been replicated in biopsies isolated from UC and CD 

patients with quiescent and active disease137,138. In mice, beta oxidation has been shown to be 

critical for intestinal homeostasis, since genetic or pharmacological inhibition of beta oxidation 

leads to colitis development139,140. Given the importance of mitochondria in facilitating beta 

oxidation, mitochondrial dysfunction could be linked to the observed beta oxidation defects in IBD 
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patients. In support of this, mitochondrial dysfunction has been reported in UC patients at CII and 

both CII and CIV for the colitis mouse model of DSS141. Impaired mitochondrial function within 

mitochondrial disease patients, is also frequently associated with GI symptoms and complications 

suggesting that, to some degree, sufficient mitochondrial function is required for intestinal 

homeostasis142-144. Therefore, alterations in mitochondrial function could affect energy availability 

for colonocytes and potentially contribute to functional consequences within the intestine. 

Dysfunctional mitochondria may also play a role in triggering inflammation through the release of 

mitochondrial-derived DAMPs. 

The shared characteristics of eukaryotic mitochondria with their prokaryotic ancestors 

make mitochondria and their derived components strongly immunogenic145. This evolutionary 

association makes the release of mitochondrial derived DAMPs a potential source of inflammation, 

thereby implicating mitochondrial dysfunction in inflammatory diseases.  Under conditions of 

mitochondrial dysfunction or cellular stress, mitochondrial DAMP release can serve as a method 

of communicating with the innate immune system through PRR activation145,146. The release of 

mtROS, mtDNA and the mitochondrial phospholipid: cardiolipin, all activate the NLR pyrin 

containing domain-3 (NLRP3) inflammasome, allowing it to cleave immature forms of IL-18 and 

IL-1β into their mature active forms145,146. Increased release of IL-1β from NLRP3 hyperactivation 

has been shown to directly mediate CD in a previous case study147. Similar to their prokaryotic 

counterparts, mitochondria also contain N-formylated peptides, and their release has been shown 

to be a potent activator of neutrophils148. Increases in both N-formylated peptides and mtDNA 

have been identified in plasma samples from active IBD patients149. Colon biopsies isolated from 

these patients also contained structurally dysfunctional mitochondria, suggesting that these 

systemically circulating mitochondrial DAMPs could be of intestinal origin149. Clearance of 
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dysfunctional mitochondria relies on autophagic machinery, but genetic studies have often 

identified mutations in autophagic pathways for individuals with IBD (Table 2.2)113-119. An 

alternative solution could be inhibiting upstream mitochondrial fission in response to 

inflammation, thereby preserving mitochondrial morphology and function.  
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2.4. Molecular Inhibition of Excessive Mitochondrial Fission 

2.4.1. P110 

P110 is a systemically administered peptide that competitively inhibits the binding of 

Drp1 and Fis1, in order to reduce pathologically associated mitochondrial fission150. P110 was 

designed with several other peptides to mimic the potential binding sites on either DRP1 or Fis1 

and inhibit this interaction (Figure 2.8)150. To increase cellular access of these peptides, the 47th – 

57th amino acid sequence from the cell-penetrating peptide: HIV-1 transactivator of transcription 

(TAT47-57) was attached150.  In comparison to the other developed peptides, P110 corresponded to 

the greatest reduction in DRP1 GTPase activity and Fis1/DRP1 binding (Figure 2.9)150. In a test 

model of MPP+ and CCCP+ induced toxicity in neuronal cells, Qi et al. identified that inhibition 

of DRP1/Fis1 attenuated mitochondrial ∆ψm loss, reduced superoxide production and 

mitochondrial fragmentation (Figure 2.10A)150. Importantly, P110 also did not affect basal levels 

of fission, since non-specific inhibition of fission prevents quality control of mitochondrial 

networks by mitophagy (Figure 2.10B)150. This study also provided insight into the process by 

which mitochondria undergo pathological fission through the specific binding of Fis1 and DRP1, 

rather than Mff, which occurs in basal fission150. Further application of P110 in several other 

disease models has also proven effective, reducing pathological mitochondrial fission related to 

physiologically inflammatory events like myocardial infarction and chronic neurodegenerative 

diseases like Parkinson's, Huntington's and multiple sclerosis64,65,158,159. Inhibition of excessive 

DRP1 and Fis1 associated fission presents a novel method of reducing mitochondrial dysfunction 

in inflammatory diseases. The therapeutic benefits reported with P110 administration in previously 

examined disease models (reduced ROS production, improved mitochondrial function) may help 

resolve common features of mitochondrial dysfunction identified in IBD.  
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Figure 2.8: Genomic and proteomic data used to develop P110’s structure. A) Regional domains 

of human DRP1 and Fis1 used for peptide development  B) Sequence similarity between the 

identified regions C) 3D representations of DRP1 and Fis1 with the binding area of P110 

highlighted D) Amino acid sequence of P110. Figures sourced and adapted from Qi et al. (2013). 

Journal of Cell Science150 .  
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Figure 2.9: Evidence of P110’s inhibitory action on DRP1. A) Comparison of human recombinant 

DRP1 GTPase inhibition using peptides with identical sequences to both DRP1 and Fis1 binding 

sites. K38A was used as a positive control for DRP1 GTPase inhibition. B) Immunoprecipitation 

of both recombinant DRP1 and Fis1 after incubation with peptides; 109, 110, 112 & 113. Figures 

sourced and adapted from Qi et al. (2013). Journal of Cell Science150. 
 

 

 

Figure 2.10: In-vitro testing of P110’s inhibitory action within an MPP+ neurotoxicity model.     

A) Neuronal cells ± MPP and ± P110 treatments stained with Tom 20 for mitochondrial network 

morphology. B) DRP1 GTPase activity in neuronal cells ± MPP and ± P110 treatments. Figures 

sourced and adapted from Qi et al. (2013). Journal of Cell Science150. 



 

38  

Chapter 3 

Assessment of mitochondrial function in intestinal epithelial cells: a novel tool 

to explore mitochondrial involvement in inflammatory bowel disease 

 

3.1.  Introduction 

IBD describes several chronic, inflammatory conditions of the gastrointestinal tract, that 

bear a significant burden to patients and healthcare systems. Despite the idiopathic etiology of 

IBD, deterioration of intestinal barrier function and increased intestinal permeability have 

consistently emerged as key factors in the disease’s progression. Studies examining IBD patients 

have shown that increased intestinal barrier dysfunction can serve as a predictor for poorer 

outcomes, disease relapse, and mucosal healing151-153. Breakdown in intestinal barrier function has 

also been reviewed as an important component for how immunological, microbial and 

environmental risk factors confer IBD susceptibility154-159.  Its relevance to IBD is also emphasized 

in studies examining IBD treatments, since improvements in intestinal permeability and barrier 

function are highlighted as markers of therapeutic efficacy160-164. Furthermore, investigation into 

factors pertaining to intestinal barrier function could yield novel disease targets and therapeutics 

for IBD. At the cellular level, IECs play a vital role in regulating both intestinal barrier function 

and permeability. 

Like all cellular functions, the barrier maintained by IECs is reliant on adequate energy 

generation101. Dysfunction within the energy processes of mitochondrial OXPHOS and beta 

oxidation has been shown to affect IEC barrier function and is often a feature of animal colitis 

models and human IBD. IECs derive most of their energy through the complete oxidation of 
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butyrate by beta oxidation and OXPHOS within the mitochondria101,159. Dysfunction within the 

beta oxidation pathway has previously been identified in human IBD patients and causally tied to 

certain models of murine colitis101,139,140. Reduced mitochondrial activity has also been noted in 

IBD colon patient biopsies and the DSS murine colitis model141. A closer examination by in-vitro 

studies highlighted that chemical uncoupling of mitochondrial OXPHOS by 2-4 dinitrophenol or 

CCCP, negatively alters intestinal permeability and barrier function102,103. A separate study 

similarly showed that inhibition of OXPHOS led to ATP depletion, reduced intestinal barrier 

function and increased intestinal permeability165. Evidence connecting mitochondrial bioenergetic 

processes to intestinal barrier function highlight potential points of intervention for IBD treatments 

and provide support for further investigation. 

Examination of these metabolic pathways can be performed through the use of 

respirometric machines like the Oxygraph-2k (O2k). This instrument allows measurements of 

oxygen consumption (O2 flow or O2 flux) based on titrations of various substrates, inhibitors or 

uncouplers. Substrates and inhibitors are typically used to identify the activity of mitochondrial 

complexes: CI, CII, CIV and ATP synthase (Table 3.1 & Figure 3.1). Uncouplers are proton 

shuttling chemicals used to determine the theoretical maximum for OXPHOS activity166-168. Other 

titrations like ADP, shift mitochondrial activity from ADP-limited respiration (state 2) to ADP-

stimulated respiration (state 3), thereby allowing mitochondrial complex capacities to be 

identified166-168. By carefully administering these titrations, details on metabolic pathways and 

specific mitochondrial complex activity can be determined under a variety of treatments (Table 

3.1). Within this paper, we outline detailed protocols on how to measure OXPHOS and beta 

oxidation activity within permeabilized cells using the O2k Respirometer. 
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Table 3.1: Titrations and their corresponding links to mitochondrial complexes or metabolic 

pathways. 
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Figure 3.1: Flow diagram of substrate (green), inhibitor (red) and uncoupler (blue) interactions 

with their relevant mitochondrial pathways and complexes. PalmC: palmitoylcarnitine, But: 

butyrate, FAO: fatty acid oxidation, ETF: electron transferring flavoprotein complex, Q: coenzyme 

Q10, Cyt: cytochrome C. Boxes indicate mitochondrial compartments 
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3.2.  Material and Methods 

3.2.1. Cell culture conditions 

IEC4.1 cells were cultured in high glucose Dulbecco’s Modified Eagle Medium (DMEM, 

500mL, Gibco, U.S) supplemented with 50mL of heat-denatured fetal bovine serum (Gibco, U.S), 

3mL of L-glutamine (Gibco, U.S), 5mL of HEPES solution (Gibco, U.S) and 3mL of penicillin-

streptomycin solution (Gibco, U.S). Subculturing of cells occurred every 2-3 days when cells were 

80 - 90% confluent with trypsin containing 0.5% EDTA (Gibco, U.S). Trypsinized cells were then 

diluted with culture media at a 1:2 ratio of trypsin to media. The cell solution was then gently 

pipetted, collected and centrifuged at 1100RPM for 10mins. After centrifugation, the 

trypsin/media supernatant was siphoned off and the cell pellet was resuspended in 3mL of culture 

media. Cells were counted and seeded at approximately 1 x 106 cells in 100x20mm culture dishes 

(Falcon, U.S). Changes in cell viability and cell growth were monitored by counts using trypan 

blue (Gibco, U.S) during passages. Experiments were conducted on IEC4.1 cells between the 

passages of 50 and 65. 

 

3.2.2. MiR05 preparation 

The mitochondrial respiratory solution (MiR05) is required for calibration and analysis 

with the O2k. MiR05 is prepared using 0.5mM EGTA, 3mM MgCl2*6H2O, 20mM taurine, 10mM 

KH2PO4, 20mM HEPES, 1g/L bovine serum albumin, 60mM potassium-lactobionate, 110mM 

sucrose, pH 7.1, adjusted at 30°C. Once made, MiR05 should be filter sterilized using 0.45µm 

filters and aliquoted into 50mL tubes for storage at -20°C until needed.  
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3.2.3. Calibration of O2k 

Proper analysis of respirometry using the O2k requires several calibrations and 

corrections in order to ensure validity and reproducibility of results. Routine calibrations of oxygen 

concentrations at both air saturation and anoxic conditions within the chambers must be performed 

to define the highest and lowest concentrations of oxygen for the system and corresponding voltage 

measurements. Correction for instrumental background must also be experimentally determined 

as outlined by OROBOROS and input into the DatLab software prior to experiments. During 

calibration, stir tests and MiR05 contamination checks should also be performed. We recommend 

reviewing the instrumental background and calibration protocols outlined by the manufacturer169. 

 

3.2.4. O2k detailed protocols 

3.2.4A. Cell preparation for O2k analysis 

1) Aspirate off culture media, rinse plates with 2mL of pre-warmed PBS and aspirate 

2) Add 2mL of trypsin containing 0.5% EDTA and incubate at 37°C for 6 - 8mins. Ensure 

cells are detached by viewing them under a microscope 

3) Add 4mL of culture media to stop the trypsin reaction and gently pipette the cell suspension 

to minimize cell clumps 

4) Centrifuge the cell suspension at 1100RPM for 10mins 

5) Aspirate out the trypsin-media solution, leaving the cell pellet intact 

6) Resuspend the cell pellet in 6mL of pre-warmed MiR05 and pipette gently to minimize cell 

clumps 
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7) Count live cells using trypan blue or another method and add MiR05 to make the final cell 

concentration: 1 x 106 cells/mL. During this step examine the cells to see if large clumps 

have formed, and if so, pipette the solution gently to separate the cells 

8) Gently add 2.3mL of the 1 x 106 cell/mL cell suspension to the pre-calibrated O2k 

chambers. Slowly shift the stoppers downward into the “closed” position. This should be 

previously determined during liquid calibration of the O2k168 

9) Open DatLab and observe the cells for 10mins or until respiration stabilizes 

NOTE: Avoid leaving the cells in the MiR05 for prolonged periods (≥1h) as they will 

become unresponsive to titrations once they are added to the chamber 

 

3.2.4B. Optimization of permeabilizing agent 

In order to ensure mitochondrial access to cell-impermeable substrates like succinate or 

ADP, the cell membrane must be permeabilized using detergents like saponin or digitonin168,170,171. 

The exact amount required for permeabilization must be determined experimentally, since over 

titrating these detergents leads to OMM damage. Here we outline the following steps to 

experimentally determine the correct concentration of digitonin for cell permeabilization 

1) Prepare a 1 x 106 cell/mL suspension according to the steps previously outlined 

2) Wait for 10 - 15mins or until respiration stabilizes 

3) Titrate 1μL of 1M rotenone (0.5μM) into the O2k chambers and wait 5mins 

4) Titrate 20μL of 1M succinate (10mM) into the O2k chambers and wait 5 - 10mins or until 

respiration stabilizes 

5) Titrate 10μL of 0.5M ADP (2.5mM) into the O2k chambers and wait 5 - 10mins or until 

respiration stabilizes 
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6) Carefully titrate 0.2 - 0.4μL of 10mg/mL digitonin and wait 5mins or until respiration 

stabilizes 

7) Repeat these titrations until respiration no longer increases with additional digitonin 

titrations. Over titration of digitonin is also possible and leads to a continuous decline in 

cell respiration 

8) Record the concentration of digitonin required for permeabilization of cells and use that in 

future experiments 

NOTE: Both succinate and ADP titrations are not expected to elicit increases in respiration 

since they are cell impermeable, but with the addition of digitonin, should lead to increases 

in respiration 

 

3.2.4C. Maximal complex specific activity in permeabilized cells 

1) Prepare a 1 x 106 cell/mL cell suspension according to the steps previously outlined 

2) Wait for 10 -15mins or until respiration stabilizes 

3) Titrate sufficient volumes of digitonin in order to permeabilize cells based on 

experimentally determined results. Based on our findings: 0.8μL of 10mg/mL (4μg/mL) 

was enough for permeabilization 

NOTE: Addition of digitonin will lead to decreases in respiration due to cellular substrates 

leaving the cytoplasm after permeabilization 

4) Titrate 10μL of 0.5M ADP (2.5mM) into the O2k chambers and wait 5-10mins or until 

respiration stabilizes 

OPTIONAL: For beta oxidation analysis titrate: 4μL of 50mM malate (0.1mM) and 10μL 

of 10mM palmitoylcarnitine (0.05mM) for LCFA beta oxidation or 4μL of 1M sodium 
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butyrate (2mM) for SCFA beta oxidation. An additional titration of 9.5μL of 400mM 

malate (2mM) ensures saturation of malate concentrations for beta oxidation and 400mM 

(2mM) malate for butyrate beta oxidation. If these titrations are performed, exclude the 

malate titration from the step below 

5) Titrate 5μL of 2M pyruvate (5mM), 10μL of 2M glutamate (10mM) and 10μL of 400mM 

malate (2mM) and wait 10 - 15mins or until respiration stabilizes 

6) Titrate 5μL of 4mM cytochrome c (10μM) into the O2k chambers and wait until respiration 

stabilizes 

NOTE: Dramatic increases in respiration with cytochrome c indicate OMM damage and 

should be taken into account when interpreting results 

7) Titrate 1μL of 1M rotenone (0.5μM) into the O2k chambers and wait 5 - 10mins or until 

respiration stabilizes 

8) Titrate 20μL of 1M succinate (10mM) into the O2k chambers and wait 5 - 10mins or until 

respiration stabilizes 

9) Titrate 1μL of 5mM antimycin A (2.5μM) into the O2k chambers and wait 5 - 10mins or 

until respiration stabilizes 

10)  Titrate 5μL of 5mM ascorbate (2mM) followed immediately by a 5μL titration of 200mM 

N,N,N′,N′-tetramethyl-p-phenylenediamine  (TMPD, 0.5mM). Open the chambers and 

record respiration for 20mins 

11)  Close the chambers and record respiration for an additional 5mins 

12)  Titrate 50μL of 4M sodium azide (≥100mM) and record respiration for the next 10mins 
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3.2.4D. Respiratory control ratio protocol in intact cells 

1) Prepare a 1 x 106 cell/mL cell suspension according to the steps previously outlined 

2) Wait for 10 - 15mins or until respiration stabilizes 

3) Titrate 1μL of 5mM oligomycin (2.5μM) into the O2k chambers and wait for 5 - 10 mins 

or until respiration stabilizes 

4) Carefully titrate 0.3μL of 1mM FCCP (0.15μM) and wait until respiration stabilizes 

5) Repeatedly titrate 0.1 - 0.3μL of 1mM FCCP (0.05 - 0.15μM) until respiration shows no 

further increases. Over titration of FCCP is possible and leads to a continuous decline in 

respiration 

6) Titrate 1μL of 1M rotenone (0.5μM) and 1μL of 5mM antimycin A (2.5μM) into the O2k 

chambers and record respiration for the next 5 - 10mins 

 

3.3. Representative results 

Utilizing protocols outlined in this paper, representative results were obtained and will be 

discussed in detail. Optimization of permeabilizing agents is critical for determining mitochondrial 

function of permeabilized cells without compromising the OMM. Rotenone is first titrated to 

ensure no reverse electron flow and limit oxaloacetate formation173. Oxaloacetate is a potent 

inhibitor of CII and could potentially diminish or ablate the expected response of succinate during 

cell permeabilization by digitonin174. Addition of succinate should not immediately elicit an 

increase in respiration since it is cell impermeable, but upon the introduction of digitonin, should 

lead to increased respiration as the cell becomes permeabilized (Figure 3.2)175. With continuous 

titrations of digitonin, respiration will eventually peak and level off, indicating the cell is fully 

permeabilized and exogenous succinate is being oxidized by CII (Figure 3.2). The amount of 
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digitonin required to reach this peak, whether it be final concentration or volume, should be 

recorded and used for future experiments. Importantly, over-titrating digitonin can lead to a 

continual decline in respiration due to OMM damage (Figure 3.2). The titration of ADP is 

important to shift succinate respiration from state 2 to state 3, thereby making the identification of 

succinate-linked responses to digitonin titrations more pronounced. Based on our results, we found 

that 4μg/mL was sufficient for IEC4.1 cell permeabilization (Figure 3.2). 

By applying the optimized digitonin concentrations, maximal activity of specific 

mitochondrial complexes could be determined. Beta oxidation of LCFA or SCFA members can be 

assessed by either titrating palmitoylcarnitine or butyrate with malate prior to the titrations of 

additional NADH linked substrates. Palmitoylcarnitine is utilized instead of palmitic acid to ensure 

that the substrate can freely enter the mitochondria without the otherwise needed modifications by 

CPT127. While our titrations for palmitoylcarnitine follow previously established protocols, the 

final concentration for butyrate was selected to ensure it behaved as a substrate, rather than as a 

potential signaling molecule175,176. The addition of malate titrations during beta oxidation 

assessments is also necessary to prevent feedforward inhibition of beta oxidation by the 

accumulation of short chain acyl-CoAs and reduction in the acetyl-CoA pool168,175. As this 

protocol may be performed optionally, it is important to note that if included, beta oxidation 

activity must be factored into the activity of CI during analysis.  

The specific activity of CI is examined by taking the respiration of cells in the presence 

of CI linked substrates (pyruvate, glutamate, malate) and subtracting the respiration obtained 

during CI inhibition by rotenone (Figure 3.3A). This inhibition of CI by rotenone also allows CII 

activity to be identified without any influence of CI respiration. Prior to rotenone titrations, 

cytochrome c is added to test for OMM damage (Figure 3.3A). If damage has occurred, exogenous 
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cytochrome c enters the mitochondrial ETC and participates in mitochondrial OXPHOS, leading 

to dramatic increases in respiration 168,175. Identification of CII activity follows a similar 

methodology to identifying CI activity, with the subtraction of respiration in the presence of a 

substrate (succinate) by the respiration signal after titration of an inhibitor like antimycin A (Figure 

3.3A). While antimycin A does not directly inhibit CII, its inhibition of CIII leads to the inability 

of CII to release electrons, thereby inhibiting it168,175.  

For CIV activity, TMPD is used to reduce cytochrome c, thereby acting as an indirect 

substrate for CIV168,175. TMPD rapidly undergoes autoxidation with oxygen, so ascorbate is titrated 

prior to TMPD in order to maintain TMPD in a reduced state168,175. Due to the autoxidation of 

ascorbate and respiration of CIV, respiration dramatically increases and therefore requires the 

opening of the O2k chambers in order to prevent cell hypoxia (Figure 3.3B). Upon closure of the 

chambers, respiration will dramatically increase, eventually peak and begin to linearly decline 

(Figure 3.3B). To examine CIV exclusively, the respiration measurement after this peak must be 

subtracted by the respiration measurement after CIV inhibition by sodium azide under similar time 

constraints (Figure 3.3B).  

Gross mitochondrial function can be estimated by the identification of the respiratory 

control ratio (RCR) in intact cells. RCR is an important indicator of mitochondrial health and 

dysfunction, taking into account both maximal and minimal respiratory activity168,175. The protocol 

starts with a titration of oligomycin to inhibit ATP synthase and identify respiration linked to 

proton leak across the IMM (Figure 3.4). Following this, careful titrations of FCCP uncouple 

mitochondrial OXPHOS and allow protons to move freely across the IMM (Figure 3.4). These 

protons react with molecular oxygen, leading to dramatic increases in respiration and the 

theoretical maximum for mitochondrial OXPHOS to be identified (Figure 3.4). The last titrations 
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of rotenone and antimycin A allow non-mitochondrial related respiration to be determined and 

subtracted from all other values so that only mitochondrial related respiration is measured (Figure 

3.4). RCR is identified by dividing the highest respiration measured in the presence of FCCP by 

the respiration measured in the presence of oligomycin. Larger RCR values typically indicate 

greater mitochondrial function, but a closer examination of changes in both the FCCP and 

oligomycin measurements must be made before making these conclusions.  

 

 

Figure 3.2: O2k representative tracing for digitonin optimization protocol in IEC4.1 cells. Black 

vertical lines indicate titrations of substrates/inhibitors/uncouplers with volumes (μL) indicated at 

the top of the lines (Table 3.1). ADP: adenosine diphosphate. 
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Figure 3.3: O2k representative tracing during analysis of mitochondrial complex specific function 

in permeabilized IEC4.1 cells. A) Complex I and Complex II related titrations B) CIV related 

titrations. Black vertical lines indicate titrations of substrates/inhibitors/uncouplers with volumes 

(μL) indicated at the top of the lines (Table 3.1). ADP: adenosine diphosphate, PMG: pyruvate + 

malate + glutamate, Cyt c: cytochrome c, Ant A: antimycin A, Asc+TMPD: ascorbate+TMPD, 

CIV+Asc OX: CIV oxidation + ascorbate oxidation,  Asc OX: ascorbate oxidation.  
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Figure 3.4: O2k representative tracing of intact IEC4.1 cells during an RCR protocol. Black vertical 

lines indicate titrations of substrates/inhibitors/uncouplers with volumes (μL) indicated at the top 

of the lines (Table 3.1). Rot & Ant A: rotenone + antimycin A.  

 
 

3.4. Discussion  

Application of the O2k in measuring mitochondrial function has been performed in 

isolated tissues, (fat, genital, heart, kidney, liver, lung, skeletal muscle) cells, (blood, endothelial, 

fibroblast, lymphocytes, platelet and stem cells) and isolated mitochondria177. Despite its 

implementation in numerous tissue and cellular models, specific and detailed protocols for 

conducting O2k analysis in IECs is not available. This is particularly surprising since the O2k 

could allow for a comprehensive examination of mitochondrial pathways pertinent to IEC 

bioenergetic processes (beta oxidation, mitochondrial complex activity) under a variety of 

treatments and conditions. Indeed, given the importance of IEC bioenergetics in regulating the 

intestinal barrier and subsequent host exposure to microbes or noxious stimuli, further 

investigation into IECs may prove beneficial in identifying disease targets and therapeutics for 
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intestinal diseases like IBD102,103,165. This study therefore sought to develop and discuss, step-by-

step instructions for the application of O2k protocols within IECs.  

Measurement of mitochondrial function with the O2k respirometer allows careful and 

systematic evaluation of numerous pathways that may be pertinent to the disease process. When 

appropriately calibrated and serviced, this instrument also allows highly precise and consistent 

measurements, limiting possible variability in data. Application of potentially damaging titrations 

(digitonin, FCCP, CCCP) or mitochondrial inhibitors (rotenone, antimycin A, azide) can also be 

modified based on real-time responses, thereby ensuring that changes in O2 flux reflect the applied 

titration and not mitochondrial damage or lack of uncoupling/inhibition. Despite these advantages, 

there are also several disadvantages to the analysis of mitochondrial function using the O2k. While 

the instrument is appropriate for cells that prefer being in a suspension, adherent cell types, in 

particular, will be stressed when removed from their culture environment and added to chambers 

with spinning stir rods. Protocol design and timing can also become an issue if measuring precious 

samples or samples that are not viable for long periods of time. The instrument also requires 

constant monitoring by trained personnel between and during experiments to ensure consistency 

in the operation of the machine and measurement of data. These factors should be considered by 

investigators when determining if the measurement of mitochondrial function using the O2k is 

appropriate.  
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3.5. Conclusion 

 Previous studies have described IBD as an “energy deficiency” disease, with 

impairments in both beta oxidation and mitochondrial OXPHOS being observed in human IBD 

and animal colitis models101,139.141. Within previous in-vitro studies, mitochondrial dysfunction has 

been shown to negatively affect both intestinal barrier function and intestinal permeability, thereby 

tying earlier observations regarding cellular bioenergetics to a well-recognized feature of colitis 

and IBD102,103,165. However, elaborating and building on these discoveries has remained difficult 

due to the gap in established protocols and techniques for mitochondrial bioenergetic analysis. 

Attempting to bridge this gap, this study outlines detailed protocols for conducting mitochondrial 

functional analysis using the O2k respirometer. Utilizing these techniques, novel therapies 

exploiting the evidence of mitochondrial function and the intestinal barrier can be further 

investigated as treatment options for IBD.  
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Chapter 4 

Inhibiting DRP1-Fis1 mediated mitochondrial fission reduces DSS associated 

bioenergetic impairments in intestinal epithelial cells 

 

4.1.  Introduction 

In understanding the complex pathogenesis of IBD, numerous molecular targets and 

pathways have been investigated. While no single causal factor has consistently been linked to 

IBD onset, previous evidence has shown support for beta oxidation and mitochondrial dysfunction 

in IBD patients. Novel findings by Roediger in the 1980s identified that intestinal epithelial 

biopsies from actively inflamed IBD patients showed an inability to metabolize the SCFA: 

butyrate, a key substrate required to meet approximately 70% of the intestinal epithelium’s energy 

demands101. More recent evidence has also identified that mutations in genes encoding for key 

carnitine-sodium transporters (OCTN1, OCTN2) required for beta oxidation, are also genetic risk 

factors for IBD178. The importance of fatty acid metabolism in intestinal homeostasis is further 

emphasized since either pharmacological inhibition of beta oxidation or genetic deletion of 

OCTN2, leads to spontaneous colitis in mice139,140. Since beta oxidation occurs within the 

mitochondria, it can be hypothesized that mitochondrial dysfunction plays a role in beta oxidation 

defects and possibly IBD development. In support of this, reports of reduced mitochondrial 

complex function, disrupted mitochondrial ultrastructure and significantly higher production of 

ROS have been identified in IBD patient biopsies101,141,145,179. The association of beta oxidation 

with IBD and colitis could be tied to mitochondrial dysfunction, with further investigation being 
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warranted. Observations of mitochondrial dysfunction have also been noted in the IBD 

representative model of DSS colitis.  

The DSS model of colitis has proven invaluable in elucidating potential disease 

mechanisms relevant to human IBD131,180. In addition to its similar histological presentation to 

human UC, the DSS colitis model also shows signs of mitochondrial dysfunction that reflect 

human IBD. The DSS molecule is a negatively charged polysaccharide that exists in a highly 

variable molecular size, with only the 40-50 kDa and 5 kDa sized particles creating colitis129-131,180. 

Despite its wide use, the exact mechanism for how DSS leads to colitis is currently unknown. It is 

generally agreed that DSS targets IECs and disrupts the epithelial barrier, thereby allowing the 

migration of intestinal microbes and corresponding inflammatory responses133,180,181. DSS colitis 

also leads to significant increases in ROS production, reduced mitochondrial complex function 

and alterations in beta oxidation metabolism, reflecting similar observations seen in human 

IBD141,182,183. Interestingly, targeting and treating consequences related to mitochondrial 

dysfunction, like excessive ROS has shown therapeutic potential in numerous studies that utilize 

DSS to induce colitis102,184. The presence of mitochondrial dysfunction in DSS colitis mirrors 

reported observations in human IBD, with treatment of these mitochondrial specific consequences 

being efficacious and potentially highlighting mitochondria as a therapeutic target for human IBD. 

One particularly novel and promising point of mitochondrial intervention could be the inhibition 

of excessive mitochondrial fission.  

Mitochondria and the networks they form are constantly remodeling through the 

mitochondrial dynamic processes of fusion and fission. While basal levels of fusion and fission 

are beneficial, evidence suggests that excessive mitochondrial fission, mediated by the binding of 

DRP1 and Fis1, is associated with disease. Mitochondrial fusion is important in reducing 
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unnecessary mitochondrial degradation, promoting the transfer of mitochondrial contents between 

mitochondria and protecting cells during conditions of nutrient starvation66,80,185. The opposing 

process, mitochondrial fission, is necessary for cellular replication, degradation of mitochondria 

by mitophagy and initiating programmed cell death by apoptosis66,80,186. Under homeostatic 

conditions, mitochondrial fission is mediated by interactions between DRP1 and its receptors: 

Fis1, Mff, MiD49, and MiD5166,80. However, studies have noted that increased binding of DRP1 

and Fis1 is associated with excessive mitochondrial fission, and the formation of “fragmented”, 

dysfunctional mitochondrial networks15,18,19,187. These fragmented mitochondrial networks have 

been identified in numerous cellular and animal disease models and are related to increased ROS 

production, reduced mitochondrial function and increased cell death13-19,150,187-189. Evidence of 

DRP1 and Fis1 associated mitochondrial fission with mitochondrial dysfunction and disease, 

suggests that targeting this interaction could yield therapeutic benefit. Indeed, previous work using 

the DRP1 and Fis1 inhibitor, P110, has shown therapeutic benefit in neurodegenerative and 

cardiovascular disease models, but still has yet to be tested within a relevant colitis context13-

19,150,187-189. Therefore, this study sought to examine if DSS treated IEC4.1 cells exhibit change in 

mitochondrial dynamics and function, and if these changes could be mitigated with P110. 
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4.2. Materials and Methods 

4.2.1. Cell culture conditions 

The murine intestinal epithelial cell line, IEC4.1, was originally isolated from Balb/c mice 

and immortalized through SV-40 large gene transfer190. After isolation, these cells were found to 

exhibit similar characteristics to normal enterocytes190. Cells were cultured in IEC4.1 media 

consisting of high glucose DMEM (Gibco, ThermoFisher Scientific) supplemented with 50mL of 

heat denatured fetal bovine serum (Gibco, U.S), 3mL of L-glutamine (Gibco, ThermoFisher 

Scientific), 5mL of HEPES solution (Gibco, U.S) and 3mL of penicillin-streptomycin solution 

(Gibco, ThermoFisher Scientific). Subculturing of cells occurred every 2 - 3 days when cells were 

80 - 90% confluent with trypsin containing 0.5% EDTA (Gibco, U.S). Trypsinized cells were then 

diluted with culture media at a 1:2 ratio of trypsin to media. The cell solution was then gently 

pipetted, collected and centrifuged at 1100RPM for 10mins. After centrifugation, the 

trypsin/media supernatant was siphoned off and the cell pellet was resuspended in 3mL of culture 

media. Cells were counted and approximately 1 x 106 cells were seeded in 100x20mm culture 

dishes (Falcon, Corning). Changes in cell viability and cell growth were monitored by counts using 

trypan blue (Gibco, ThermoFisher Scientific) during passaging. Experiments were conducted on 

IEC4.1 cells between the passages of 50 and 65. 

 

4.2.2. Optimization of DSS and P110 dosage using the AlamarBlue assay 

Alamar blue, also known as resazurin, is a dye that is commonly used to determine the 

cytotoxicity of chemicals and to optimize the dosage of therapeutic agents191-193. In its oxidized 

form, it exhibits a strong dark blue color, but changes to a light pink, highly fluorescent compound 

called resorufin when reduced by NADH in the presence of mitochondrial diaphorases193. The 

color difference in resazurin and resorufin can be read by fluorescence plate readers and provide 
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information on the concentration of NADH193. IEC4.1 cells were seeded at 2 x 104/well in 96 well 

plates (Nunc Delta, ThermoFisher Scientific) and allowed to incubate for 24h before treatments. 

A pre-treatment of culture media containing P110 (2.5µM) was applied to P110 groups for 45mins. 

This P110 containing media was then diluted to either 0.5µM, 1µM or 1.5µM with untreated IEC4.1 

culture media or DSS culture media, such that the final concentration of DSS (40 kDa, Affymetrix) 

was either 1%, 1.5% or 2% (w/v). Cells were then incubated with the treatments for either 18h or 

24h to assess optimal exposure times. AlamarBlue (Gibco, ThermoFisher Scientific) was added to 

the culture media at a 1:10 ratio and allowed to incubate with the cells for 5.5h prior to 

measurement. After 5.5h, plates were read at 550nm and 590nm for excitation and emission spectra 

respectively (SpectraMax I3, Molecular Devices). Plate and group blanks were subtracted from 

the raw data to get the final values. Based on results obtained, 2% DSS and 1.5µM P110 applied 

in the manner described above, was sufficient for use in further experimentation (Figure A.1) 

 

4.2.3. Measurement of cell viability and normalization of data 
 

Cells were seeded into 12 well plates (Nunc Delta, ThermoFisher Scientific) at 2.4 x 105 

cells per well and treated according to the optimized DSS and P110 treatments (Figure A.1). After 

the P110 and DSS treatments, culture media, PBS rinses and trypsinized cells were collected in 

tubes and centrifuged at 1100RPM for 10mins. The solution was suctioned out and cells were 

resuspended in 100μL IEC4.1 culture media. After resuspending, 10μL of this cell suspension was 

aliquoted and diluted at a 1:1 ratio with trypan blue, then counted on a hemocytometer. 

Normalization of cells for several in-vitro experiments followed a similar manner, with exceptions 

to the volume cells were resuspended in.  
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4.2.4. O2k mitochondrial OXPHOS analysis 

Real-time mitochondrial functional analysis was performed with the Oxygraph-2k C-

series (OROBOROS Instruments, Austria). Titration of mitochondrial relevant chemicals was 

modeled after the “substrate uncoupler inhibitor titration protocol-002” (SUIT-002, OROBOROS 

Instruments, Austria), with modifications to digitonin and FCCP titrations (Figure A.2)195. A total 

of 1.5 x 106 cells were seeded into 100x20mm culture dishes and incubated for 24h. DSS and 

DSS+P110 treated culture media was then applied in the manner previously described (Figure 

A.1). After the DSS±P110 treatments, cells were trypsinized, counted and resuspended at the 

concentration of 1 x 106 cells/mL in MiR05 containing 0.5mM EGTA, 3mM MgCl2.6H2O, 20mM 

taurine, 10mM KH2P04, 20mM HEPES, 1 g/L bovine serum albumin, 60mM potassium-

lactobionate and 110mM sucrose, pH 7.1.  

Two separate protocols were performed to separately examine SCFA and LCFA 

metabolism in IEC4.1 cells. Examination of LCFA metabolism was performed as a component of 

the modified SUIT-002 protocol. Both protocols started out with the permeabilization of cells 

using digitonin (4μg/mL) and followed by a titration of excess ADP (5µM) to ensure state 3 

respiration for future substrates. SCFA and LCFA metabolism was then assessed by titrations of 

malate (0.1mM) and sodium butyrate (NaBut, 2mM) for SCFA or malate (0.1mM) and 

palmitoylcarnitine (PalmC, 0.05mM) for LCFA. After the NaBut and PalmC titrations for the 

SCFA and LCFA protocols respectively, an additional malate (2mM) titration was performed. 

Inclusion of malate titrations is necessary to reduce feedforward inhibition of beta oxidation by 

short chain acyl-CoA accumulation and reduction in the acetyl-CoA pool168,175,196. By titrating 

different concentrations of malate (0.1mM, 2mM), beta oxidation can also be examined under 

different degrees of NADH substrate saturation195. During these titrations, exogenous cytochrome 
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c (10µM) was added to determine OMM integrity after digitonin permeabilization168,195. 

Participation of exogenous cytochrome c in the ETC promotes a rapid increase in O2 flux and 

indicates damage to the OMM from permeabilizing agents168,195.  

At this point, the SCFA protocol ended, while the modified SUIT-002 protocol continued. 

Further titrations of substrates linked to CI (pyruvate, glutamate) and CII (succinate) were used to 

examine specific changes in substrate oxidation by there respective mitochondrial 

complexes168,195. After these titrations, the theoretical maximum capacity for oxidative 

phosphorylation (MAXOX) was identified with careful titrations of FCCP168,195. FCCP is a 

chemical uncoupler that dissipates the proton gradient between the IMS and mitochondrial matrix. 

The dramatic influx of protons into the mitochondrial matrix then react with molecular oxygen, 

resulting in significant O2 flux increases and a theoretical measure of MAXOX. During the protocol, 

MAXOX was identified as the point at which respiration no longer responds to additional FCCP 

titrations. To eliminate non-mitochondrial contributions to oxygen consumption measures, O2 flux 

during complete mitochondrial inhibition by rotenone (0.5µM) and antimycin A (2.5µM) was 

isolated168,175. This O2 flux was then subtracted from all other values to ensure only mitochondrial-

related respiration was examined168,175. 

Activity of CIV was determined through titrations of ascorbate (2mM) and TMPD 

(0.5mM). TMPD reduces cytochrome c, thereby allowing it to serve as a substrate for CIV and 

allow changes in respiration to be related to CIV function. Since TMPD undergoes auto-oxidation 

with oxygen, ascorbate must be added to maintain TMPD in a reduced state168,195. Additions of 

both ascorbate and TMPD lead to dramatic increases in O2 flux due to the combination of increased 

CIV activity and auto-oxidation of ascorbate by oxygen. In order to isolate O2 flux related only to 

CIV, sodium azide (100mM) is titrated to inhibit CIV activity, thereby leaving only the O2 flux 
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related to ascorbate auto-oxidation. Once determined this can be isolated and subtracted from the 

O2 flux of CIV and ascorbate oxidation, leaving only O2 flux related to CIV.  

Upon completion of the analysis, 1mL of cells was collected from the chambers and 10μL 

of the cell suspension was mixed with trypan blue at a 1:1 ratio for counting on a hemocytometer 

and normalization of data. Absolute O2 flux values from these Oxygraph-2k experiments can also 

be found in the Appendix (Figure A.3-A.5). Respirometric tracings and data was recorded with 

DatLab 4 and analyzed using DatLab 7 (OROBOROS Instruments, Austria).  

 

4.2.5. Mitochondrial staining, imaging and morphology quantification 

IEC4.1 cells were seeded into 8-well glass bottom chamber slides (Nunc LabTek II, 

ThermoFisher Scientific) at 5 x 104 cells per well and allowed to incubate for 24h. Prior to P110 

and DSS treatments, mitochondrial networks were stained with MitoTracker Red CMXRos dye 

(50nM) (ThermoFisher Scientific) for 30mins and rinsed three times with PBS. Nuclear staining 

was then performed with Hoescht dye (1μg/mL) (ThermoFisher Scientific) for 10mins and 

followed by two PBS washes. After DSS and P110 treatments, cells were imaged using the Leica 

DMI6000B Diskovery Flex spinning disk microscope (Leica Microsystems). Quantification of 

mitochondrial networks was performed blinded and consisted of counting 20 cells from different 

fields of view per well. Cells were then categorized as either fragmented, intermediate or fused 

mitochondrial morphologies based on visual criteria (Figure A.6)197,198. Cells exhibiting >80% 

spherical mitochondria were categorized as “fragmented”. If the majority of mitochondria present 

in the cell existed as interconnected networks spanning across >50% of the cell, they were 

categorized as “fused”. If cells displayed characteristics of both fragmented and fused 
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mitochondria morphologies or short, separate, mitochondrial tubules, they were categorized as 

“intermediate”.  

 

4.2.6. Cellular ATP content 

Cellular ATP was measured using the Cell-Glo Titer ATP Luciferase kit (Promega, U.S). 

This assay uses firefly luciferase to catalyze the reaction of beetle luciferin, ATP and molecular 

oxygen into a high energy intermediate, oxyluciferin199. The return of oxyluciferin to its ground 

state yields a colorimetric change, which can be measured by a plate reader to determine 

intracellular ATP content199. Cells were seeded at 2.4 x 105 cell/mL into 12 well plates (Cellstar, 

Greiner Bio-One) and treated based on the previously described DSS±P110 protocol (A.1.1). 

DSS±P110 media was then aspirated off and 200μL of ATP luciferase reagent was added to each 

well. Plates were then placed on a shaker for 5min. After shaking, plate wells were pipetted 

vigorously to ensure complete lysis of cells. The lysed cell suspension was collected and plates 

were rinsed with 100μL of luciferase reagent to ensure collection of remaining lysed cells. Samples 

were then added in duplicates (100μL each) to white opaque 96 well plates (Greiner Bio-One). 

Standard curves of known ATP concentrations (500k nM - 5nM) and blanks containing ATP 

luciferase reagent without cells were used to determine ATP concentration of samples in nmol 

units. Plates were equilibrated for 10mins prior to reading at changes in luminescence by the plate 

reader (Victor 3v, Perkin Elmer). ATP concentration was then normalized to protein concentration 

by a Bradford assay. ATP Luciferase samples were diluted 10x in dH2O and 10μL was added in 

duplicates to 96 well plates. Standard curves with bovine serum albumin at known concentrations 

and blanks containing dH2O were generated and used to normalize ATP content to nmol of ATP/pg 

protein. Each sample then received 200μL of 1:5 diluted Bradford reagent (BioRad Laboratories, 
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USA) and plate absorbance were read at 595nM (Victor 3v, Perkin Elmer). Results were analyzed 

using the Workout 2 Software package (Perkin Elmer).  

 

4.2.7. Mitochondrial membrane potential analysis 

Mitochondrial ∆ψm was determined using the red-orange fluorescent probe 

tetramethylrhodamine ethyl ester (TMRE). TMRE is a positively charged dye that migrates to the 

negatively charged mitochondrial matrix, where its accumulation shifts both the absorption and 

emission spectra towards infra-red wavelengths200. Upon IMM damage or chemical uncoupling, 

protons may freely migrate from the IMS to the negatively charged mitochondrial matrix.49,200. As 

the mitochondrial matrix becomes increasingly more positively charged, the localization of the 

cationic TMRE dye is reduced due to electrochemical repulsion, resulting in a lower 

fluorescence49,200. The opposite also holds true, that if the mitochondrial matrix becomes more 

negatively charged, TMRE will accumulate more readily and fluorescence will increase49. 

Inhibition of ATP synthase by oligomycin illustrates this phenomenon since protons cannot be 

transferred into the mitochondrial matrix, leading to increased polarization between the IMS and 

mitochondrial matrix49.  

TMRE dye concentration must be optimized to limit the non-specific binding of the dye 

to mitochondrial proteins49. This can be determined by comparing the fluorescence of TMRE dyes 

under varying concentrations to groups exposed to a positive control for mitochondrial 

depolarization, like FCCP, under similar TMRE dye concentrations. Optimization of TMRE dye 

concentrations identified that concentrations ranging from 0 - 90nM did not show non-specific 

binding (Figure A.7). The concentration of 45nM TMRE was selected for future experiments 
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because it maintained the highest ratio of fluorescence when compared to its depolarized control 

(45nM + FCCP) (Figure A.7).  

To examine the effects of DSS±P110 on mitochondrial polarization, 2 x 104 IEC4.1 cells 

were seeded in 96 well plates, incubated for 24h and treated with DSS±P110 for either 1h or 24h. 

Positive controls for mitochondrial depolarization (FCCP) and mitochondrial hyperpolarization 

(oligomycin) were included to confirm the extent of polarization in DSS±P110 treated cells49. 

FCCP+P110 and oligomycin+P110 groups were also included to determine P110’s potential effect 

during mitochondrial depolarization and hyperpolarization. FCCP and oligomycin treated groups 

had their untreated culture media aspirated off and replaced with culture media containing FCCP 

(10µM) (Sigma) and oligomycin (4μg/mL) (Sigma) and incubated for 30mins. After the 30min 

incubation, treated culture media was siphoned off from the experimental groups and all groups 

then received TMRE dye (45nM) (ThermoFisher Scientific) suspended in cell culture media. Cells 

were then allowed to incubate for 30mins with the dye. Immediately prior to measurement, cells 

were washed twice with PBS containing 0.2% (w/v) bovine serum albumin. Plates were then 

loaded with 100μL of the 0.2% bovine serum albumin+PBS solution. After loading the plate was 

read at 530nM and 580nM for excitation and emission spectra respectively (Spectra Max I3, 

Molecular Devices). Blanks for each group were also generated, measured and subtracted from 

their respective group.  

 

4.2.8. Statistical analysis 

Data is presented as mean ± standard error of the mean (SEM). Analysis and statistical 

tests were performed using GraphPad Prism 6 and the significance level was set at p<0.05. 

Parametric data was analyzed using either One-Way ANOVA, ordinary Two-Way ANOVA or 
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repeated measures Two-Way ANOVA tests. Non-parametric data was analyzed using a Kruskal-

Wallis test. If p<0.05, then either a Tukey’s, Dunn’s or Sidak’s multiple comparison test was 

applied.  

 

4.3. Results 

4.3.1. DSS associated reductions in NADH concentration are prevented with P110 

Prior to examining DSS’s or P110’s effect on IEC4,1 cells, these treatments were 

optimized to ensure appropriate exposure, dosage, and timing for future experiments. Utilizing the 

colorimetric alamarBlue assay, both DSS (1 - 2%) and P110 (0.5 - 1.5µM) concentrations and 

exposure times (18h & 24h) were optimized. At 18h of DSS exposure, there was no significant 

change in alamarBlue metabolism between control and DSS treated cells (data not shown). With 

24h exposure at 2% DSS (85.83 ± 3.44), alamarBlue metabolism was significantly reduced 

compared to control (Control: 100 ± 0) (p<0.05) (Figure 4.1). In contrast, DSS cells given 0.5µM 

P110 showed no difference in alamarBlue metabolism compared to control cells (DSS+P110 0.5 

µM: 88.99 ± 2.53; p>0.05). Furthermore, increasing concentrations of P110 incrementally by 

0.5µM, reduced impairments in AlamarBlue metabolism by DSS, peaking at 1.5µM P110 (95.95 

± 2.23) (p<0.05). As a potential indicator of NADH concentration, reductions in alamarBlue 

metabolism with 2% DSS for 24h, and recovery of this change by the addition of 1.5µM P110 for 

24h, suggested that these doses and concentrations would be appropriate for further mitochondrial 

experiments. Therefore, 2% DSS and 1.5µM P110 for 24h were used in future experiments and 

applied in the same manner described for the alamarBlue assay (Figure A.1.1) 
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Figure 4.1: Dose optimization of 24h DSS±P110 treatments for IEC4.1 cells using alamarBlue.           

D (DSS) + P (P110) represents cells treated with 2% DSS and 0.5μM, 1μM, 1.5μM P110. Data is 

represented as mean ± SEM, n = 8 replicates from 2 independent experiments. *Represents 

significant differences between the control group, #Represents significant differences between the 

2% DSS group, p<0.05, One-Way ANOVA, Tukey’s multiple comparison test.  
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4.3.2. Optimized dosage and exposure of DSS exerts similar cytotoxicity in DSS and 

DSS+P110 IEC4.1 cells 

To determine if 2% DSS exerted any cytotoxic effects on IEC4.1 cells, and if 1.5μM P110 

affected potential DSS cytotoxicity, cell survival was measured through a trypan blue exclusion 

test. The trypan blue dye is permeable to dead cells, thereby marking them easily for separation 

from healthy cells and the determination of cell survival rates. In both DSS (36.88 ± 1.57) and 

DSS+P110 (35.84 ± 1.91) groups a significant increase in cell death was observed when compared 

to control cells (2.28 ± 0.47; p<0.05) (Figure 4.2). When compared to DSS cells, DSS+P110 cells 

were found to have similar rates of cell death (p>0.05) (Figure 4.2). P110 control cells (1.40 ± 

0.19) did not show any changes in cell death when compared to the control group (p>0.05) (Figure 

4.2).  

 

 

 

 

 

 

Figure 4.2: Cytotoxicity of 24h DSS±P110 treatments to IEC4.1 cells based on a trypan blue 

exclusion test. Data is represented as mean ± SEM, n = 8-9 replicates from 3 independent 

experiments. *Represents significant differences between the control group, p<0.05, One-Way 

ANOVA, Tukey’s multiple comparison test.  
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4.3.3. DSS impairments to mitochondrial function can be partially mitigated with P110 

4.3.3.A Basal and non-mitochondrial respiration 

In order to comprehensively examine if mitochondrial function was affected by 

DSS±P110 exposure, O2k respirometric techniques and protocols were employed. After 

permeabilization of cells during both the modified SUIT-002 and SCFA protocols, measurements 

were taken to determine “basal” mitochondria respiration. No differences were observed between 

basal respiration of control and P110 cells during both the modified SUIT-002  protocol (Control: 

65.0 ± 5.21; P110: 68.2 ± 4.41) and the SCFA protocol (Control: 45.9 ± 1.9; P110: 39.4 ± 3.44) 

(p>0.05) (Figure 4.3A & 4.3B). DSS treated cells showed significant reductions in O2 flux during 

basal respiration of both the modified SUIT-002 (43.6 ± 3.75) and SCFA protocols in comparison 

to control cells (32.6 ± 2.36) (p<0.05) (Figure 4.3A & 4.3B). These reductions in basal O2 flux 

were not observed in DSS+P110 cells during the modified SUIT-002 protocol (51.0 ± 3.83; 

p>0.05) and were actually significantly higher than DSS cells (42.4 ± 2.64; p<0.05) during the 

SCFA protocol (Figure 4.3A & 4.3B).  

Non-mitochondrial respiration was examined by inhibiting CI with rotenone and CIII 

with antimycin A, thereby inhibiting mitochondrial OXPHOS168,175. For the modified SUIT-002 

protocol, no significant changes in O2 flux were observed during non-mitochondrial respiration in 

control (12.5 ± 2.36) P110 (14.9 ± 1.56), DSS (6.4 ± 1.36) and DSS+P110 (7.8 ± 1.7) groups 

(p>0.05) (Figure 4.3C). However, with the SCFA protocol, both DSS (3.2 ± 0.51) and DSS+P110 

(3.4 ± 0.48) treated cells showed significantly lower O2 flux in comparison to control cells (24.2 ± 

1.32) (p<0.05) (Figure 4.3D).  
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Figure 4.3: O2 specific flux of IEC4.1 cells during basal and non-mitochondrial respiration after 24h 

DSS±P110 treatments. Graphs A & B represent O2 flux of cells after digitonin permeabilization 

(basal) for the modified SUIT-002 and SCFA protocols respectively. Graph C & D show O2 flux of 

cells after rotenone and antimycin A titrations (Non-mitochondrial) for the modified SUIT-002 and 

SCFA protocols respectively. Data is represented as mean ± SEM, Graphs A & C, n = 6-8 replicates 

from 3 independent experiments; Graphs B & D, n = 6-8 replicates from 2-3 independent experiments. 

*Represents significant differences between the control group, #Represents significant differences 

between the DSS groups, p<0.05, One-Way ANOVA, Tukey’s multiple comparison test. 
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4.3.3B. Beta oxidation and OMM quality control test  

The titration of PalmC in the presence of different concentrations of malate allowed for 

both stimulated (PalmC) and maximal beta oxidation (2mM malate) activity to be determined. O2 

specific flux of control (PalmC: 52.7 ± 4.12; malate 2mM: 64.2 ± 4.04) and P110 (PalmC: 55.5 ± 

4.00; malate 2mM: 68.7 ± 1.99) treated cells did not show any differences between the groups 

(p>0.05). DSS treated cells did not show any changes in O2 flux during stimulated LCFA beta 

oxidation (PalmC = 43.5 ± 5.97; p>0.05) but at maximal beta oxidation, significant reductions in 

O2 flux were observed in comparison to control cells (malate 2mM = 58.8 ± 2.11; p<0.05) (Figure 

4.4A & 4.4B). Similarly, DSS+P110 cells showed no changes in stimulated beta oxidation (PalmC 

= 49.7 ± 6.12; p>0.05), but during maximal beta oxidation DSS+P110 cells showed significantly 

higher O2 flux compared to cells with DSS alone (malate 2mM = 68.3 ± 3.12; p<0.05) (Figure 

4.4A & 4.4B). Quality control checks of the OMM with cytochrome c showed no significant 

changes in O2 flux after these titrations (p>0.05) (Figure 4.4E).   

Similar to the LCFA component previously described, butyrate beta oxidation can be 

measured during stimulated (NaBut) and maximal beta oxidation (2mM malate). O2 flux of control 

(NaBut: 42.1 ± 1.53; 2mM malate: 49.1 ± 0.85) and P110 (NaBut: 31.8 ± 3.05; 2mM malate: 42.3 

± 4.37) cells did not significantly differ during stimulated or maximal beta oxidation conditions 

(p>0.05) (Figure 4.4C & 4.4D). DSS treated cells showed significant O2 flux reductions during 

stimulated (NaBut: 31.7 ± 2.00) and maximal beta oxidation (2mM malate: 40.5 ± 2.62) when 

compared to control cells (p<0.05) (Figure 4.4C & 4.4D). These same O2 flux reductions were not 

seen in DSS+P110 treated cells when compared to control (NaBut: 37.0 ± 1.87; 2mM malate: 44.5 

± 2.57; p>0.05) (Figure 4.4C & 4.4D). OMM quality control checks with cytochrome c showed 

no significant differences between groups (p>0.05) (Figure 4.4F).  
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Figure 4.4: O2 specific flux of IEC4,.1 cells during LCFA/SCFA beta oxidation after 24h DSS±P110 

treatments. Graphs A, B & E represents O2 flux of cells during the LCFA component of the SUIT-

002 protocol: A) 0.05mM PalmC B) 2mM malate E) cytochrome C test. Graphs C, D & F represents 

the O2 flux of cells during a separate SCFA protocol C) 2mM sodium butyrate (NaBut) D) 2mM 

malate  F) cytochrome C test. Graphs E & F present O2 flux of cells after titrations of (P) PalmC and 

(C) cytochrome c or (M) malate and (C) cytochrome c. Data is represented as mean ± SEM, Graphs 

A, B & E, n = 6-8 replicates from 3 independent experiments; Graphs C, D, F, n = 6-8 replicates from 

2-3 independent experiments. *Represents significant differences between the control group, 

#Represents significant differences between the DSS groups, p<0.05, A-D) One-Way ANOVA, 

Tukey’s multiple comparison test, E & F) Repeated measures Two-Way ANOVA, Sidak’s multiple 

comparison test. 
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4.3.3C. Mitochondrial complexes and MAXOX 

Following the LCFA component of the SUIT-002 protocol, substrates linked to complex 

I (pyruvate, glutamate) and complex II (succinate) were titrated in excess to identify complex 

specific function of IEC4.1 cells under DSS±P110 treatments. Pyruvate, glutamate and succinate 

titrations elicited no changes in O2 flux between control (pyruvate: 63.3 ± 3.2; glutamate: 70.5 ± 

4.20; succinate: 96.3 ± 3.34) and P110 (pyruvate: 66.1 ± 1.43; glutamate: 72.0 ± 1.63; succinate: 

91.2 ± 3.41) treated cells (p>0.05) (Figure 4.5A-C). Comparisons of DSS treated cells to control 

cells showed no significant changes in O2 flux during pyruvate (59.7 ± 2.57; p<0.05), glutamate 

(65.9 ± 3.40) or succinate (86.1 ± 6.53) titrations (p>0.05) (Figure 4.5A-C). DSS+P110 cells 

exhibited increased pyruvate O2 flux over DSS cells (70.1 ± 2.93) (p<0.05) but no improvements 

in O2 flux during glutamate (76.4 ± 4.35) and succinate (104.6 ± 7.66) titrations (p>0.05) (Figure 

4.5A-C). 

Measurement of cells during MAXOX was determined afterward. Both control (156.4 ± 6.52) 

and P110 (170.5 ± 12.47) displayed the lowest O2 flux during MAXOX (p>0.05) (Figure 4.5D). A higher 

trend in O2 flux was observed with DSS cells at MAXOX (200.7 ± 23.49) but this was not significant 

(p>0.05) (Figure 4.5D). With DSS+P110 cells (238.0 ± 18.17) however, O2 flux was significantly higher 

than control cells (p<0.05) (Figure 4.5D). At the end of the protocol, mitochondrial CIV activity was 

identified. Control (214.7 ± 4.15) P110 (215.1 ± 6.82) and DSS (210.4 ± 17.12) treated cells exhibited 

similar CIV O2 flux (p>0.05) (Figure 4.5E). CIV O2 flux in DSS+P110 cells (285.8 ± 24.59) was not 

only significantly higher than DSS treated cells, but also significantly higher than control and P110 cells 

(p<0.05) (Figure 4.5E).  

 

 



 

74  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5: O2 specific flux of 24h DSS±P110 treated IEC4.1 cells in the presence of chemicals linked 

to CI, CII, MAXOX & CIV during the modified SUIT-002 protocol. Graphs represent O2 flux of cells 

after the following titrations: A) 5mM pyruvate B) 10mM glutamate  C) 10mM succinate   D) 0.3-

0.6µM FCCP. Graph E) represents O2 flux in the presence of 2mM ascorbate & 0.5mM TMPD 

subtracted by the O2 flux after CIV inhibition with 100mM sodium azide. Data is represented as mean 

± SEM, n = 6-8 replicates from 3 independent experiments. *Represents significant differences 

between the control group, #Represents significant differences between the DSS groups, p<0.05, One-

Way ANOVA, Tukey’s multiple comparison test. 
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4.3.4. Intracellular ATP content is reduced with DSS and not affected by P110 

administration  

Previously identified changes in alamarBlue metabolism and beta oxidation suggested 

that DSS may exert some effect on IEC4.1 bioenergetics. Furthermore, improvements to these DSS 

related impairments with P110 warranted further investigation. Therefore, changes in cellular ATP 

content were examined to see if they reflected the observed metabolic O2 flux with DSS±P110. 

Control (24.1 ± 0.85) and P110 (23.8 ± 1.28) groups exhibited no change from each other and both 

contained the highest concentration of intracellular ATP (p>0.05) (Figure 4.6). DSS (16.6 ± 1.53) 

and DSS+P110 (18.2 ± 1.5) were both significantly lower than control and did not significantly 

differ from each other (p>0.05) (Figure 4.6). 

 

 

 

 

 

 

 

Figure 4.6: Normalized intracellular ATP concentrations in IEC4.1 cells exposed to DSS±P110 for 

24h. Data is represented as mean ± SEM, n = 10-11 replicates from 3 independent experiments. 

*Represents significant differences between the control group, p<0.05, One-Way ANOVA, 

Tukey’s multiple comparison test. 
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4.3.5. Inhibition of DSS related mitochondrial fission by P110 promotes an intermediate      

mitochondrial morphology 

To understand how mitochondrial dynamics may be perturbed by DSS and if P110 could 

rescue these changes, mitochondrial morphology was examined. Control and P110 treated cells 

exhibited predominantly fused (Control: 45.83 ± 4.55; P110: 49.17 ± 2.39) and intermediate 

networks (Control: 49.17 ± 3.75; P110: 46.67 ± 2.11) (p>0.05) (Figure 4.7). Treatment of cells 

with DSS led to a decreased presence of fused networks (22.00 ± 5.15) and an increased presence 

of fragmented networks (24.00 ± 6.00) (p<0.05) (Figure 4.7). DSS+P110 cells also displayed less 

fused networks (25.00 ± 5.92) when compared to control (p<0.05) (Figure 4.7). Unlike cells treated 

with DSS alone, DSS+P110 displayed no change in fragmented networks (10.00 ± 2.89) when 

compared to control (5.00 ± 1.83) (p>0.05) (Figure 4.7). Interestingly, DSS+P110 also showed a 

significant increase in intermediate mitochondrial networks (65.00 ± 3.87) compared to control 

cells (49.17 ± 3.75) (p<0.05) (Figure 4.7).  
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Figure 4.7: Mitochondrial network morphology of IEC4.1 cells after 24h DSS±P110 treatments. 

A) Representative images were taken for each treated group based on the predominant morphology 

identified B) Mitochondrial network quantification based on group treatments. The predominant 

morphology was determined by counting 20 cells from each well and identifying the networks as 

either fused, intermediate or fragmented (total cells = 100-120 cells from 5-6 wells in 3 

independent experiments). Data is represented as mean ± SEM. *Represents significant differences 

between the control group, p<0.05, Ordinary Two-Way ANOVA, Tukey’s multiple comparison 

test. Quantification of mitochondrial networks was performed by Nicole Mancini.  

A 
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4.3.6 IEC4.1 exhibit different mitochondrial polarization states based on exposure to DSS 

Since mitochondrial polarization events can precede signs of mitochondrial dysfunction, 

changes in mitochondrial polarization were examined at both 1h and 24h DSS exposure times. 

Readings taken after DSS±P110 treatments showed that absolute fluorescence obtained from 

control (4.1 ± 0.03) and P110 cells (4.3 ± 0.14) did not significantly differ from each other (p>0.05) 

(Figure 4.8A). Treatments of cells with either DSS (4.5 ± 0.29) or DSS+P110 (4.7 ± 0.43) for 1h 

led to no changes in fluorescence when compared to control cells at 0min (p>0.05) (Figure 4.8A). 

However, measurements taken at both 40min and 80min showed a large increase in TMRE 

fluorescence for both DSS (40min: 7.7 ± 0.73; 80min: 7.2 ± 0.68) and DSS+P110 (40min: 7.1 ± 

0.55; 80min: 6.6 ± 0.71) groups (p<0.05) (Figure 4.8B). This increase in TMRE fluorescence at 

40min and 80min with 1h DSS was comparable to increases in TMRE fluorescence observed with 

oligomycin treated cells (40min: 7.9 ± 0.41; 80min: 8.0 ± 0.42) (p>0.05) (Figure 4.8B). As 

expected both positive controls for hyperpolarization (oligomycin) and depolarization (FCCP) 

were found to be significantly higher (oligomycin: 6.1 ± 0.34) and lower (FCCP: 1.9 ± 0.13) with 

respect to control cells at 0min (p<0.05) (Figure 4.8A). Unexpectedly, the use of P110 in FCCP 

treated cells (3.7 ± 0.41) led to greater TMRE fluorescence when compared to those given FCCP 

alone at 0min measurements (p>0.05) (Figure 4.8A). Cells exposed to DSS for 24h (0min: 2.5 ± 

0.10; 40min: 3.2 ± 0.22; 80min: 3.0 ± 0.18) had a lower fluorescence when compared to control 

cells (0min: 4.1 ± 0.03; 40min: 4.5 ± 0.21; 80min: 4.2 ± 0.11) during all assessed time points 

(p<0.05) (Figure 4.8C). At 0min readings (3.0 ± 0.18; p<0.05) DSS+P110 cells showed similar 

reductions in fluorescence to DSS treated cells, but not at both 40min (4.2 ± 0.22) and 80min (3.6 

± 0.21) post-treatment (p>0.05) (Figure 4.8C). In fact, measurements taken at 40min showed that 



 

79  

24h DSS+P110 cells had significantly higher fluorescence compared to cells exposed to just DSS 

for 24h (p<0.05).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8: TMRE fluorescence of IEC4.1 cells under DSS±P110 treatments for either 1h or 24h. 

A) TMRE fluorescence measured at 0min B) TMRE fluorescence of 1h DSS±P110 treated cells at 

0, 40 and 80min C) TMRE fluorescence of 24h DSS±P110 treated cells for at 0, 40 and 80min. 

Data is represented as mean ± SEM, n = 8 replicates from 2 independent experiments. *Represents 

significant differences between the control group, #Represents significant differences between the 

DSS groups; bars indicate significant differences between indicated groups, p<0.05, A) One-Way 

ANOVA, Tukey’s multiple comparison test, B & C) Repeated measures Two-Way ANOVA, 

Tukey’s multiple comparison test. 
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4.4. Discussion 

Evidence regarding DSS’s effect on IEC mitochondrial dynamics and function could offer 

interesting insights into not only the animal models of DSS colitis, but also potentially human IBD. 

To that end, we sought to examine the effect that DSS±P110 had on IEC4.1 mitochondrial dynamics 

and function. In support of the studies hypothesis that DSS perturbs mitochondrial function, we 

identified reduced resorufin fluorescence with 2% DSS after 24h exposure (Figure 4.1). 

Furthermore, administration of 1.5μM P110 mitigated these DSS associated impairments in the 

reduction of alamarBlue to its fluorescent product: resorufin (Figure 4.1). Since alamarBlue can 

react with NADH in the presence of mitochondrial diaphorases, differences in the reaction of 

alamarBlue may serve as an indicator for mitochondrial NADH concentrations and potentially 

metabolic processes tied to NADH production193. However, since DSS has been shown to have 

cytotoxic effects, differences in cell death could affect the number of functioning mitochondria 

and subsequent NADH production, thereby accounting for our observed differences in alamarBlue 

reaction rates between control, DSS and DSS+P110 cells132. While we did find that 2% DSS led 

to significant cell death in both DSS and DSS+P110 groups, the similar rates of cell death between 

DSS and DSS+P110 treated cells could not account for the fluorescent differences in resorufin 

observed with DSS and DSS+P110 cells (Figure 4.1 & 4.2). Therefore, differences in the 

conversion of alamarBlue to resorufin between DSS and DSS+P110 cells could be tied to changes 

in NADH concentration or mitochondrial diaphorase activity. In order to identify if there were any 

alterations in NADH linked pathways, we employed mitochondrial respirometric analysis.  

Using O2k respirometric analysis we identified that cells exposed to 2% DSS for 24h 

exhibited lower respiratory activity during basal and beta oxidation conditions (Figure 4.3 & 4.4). 

Given the bioenergetic importance of fatty acids to IECs, reduced beta oxidation could indicate a 
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significant disparity in energy availability between DSS treated and control cells101. P110 not only 

prevented most of these DSS associated metabolic impairments but also led to significant increases 

in pyruvate, MAXOX and CIV linked respiration (Figure 4.5). Since both pyruvate and beta 

oxidation are linked to NADH production, respiratory differences in these pathways between DSS 

and DSS+P110 treated cells could also tie into the previously observed fluorescence differences 

between DSS and DSS+P110 cells during the alamarBlue assay (Figure 4.4 & 4.5). Building on 

this metabolic data, we also identified that 2% DSS for 24h led to decreased intracellular ATP 

content (Figure 4.6).  In summarizing this data, our results suggest that continued metabolic 

deficits (basal, beta oxidation) accrued with DSS exposure, ultimately leads to a significant 

disparity in ATP cellular content. While P110 did not improve intracellular ATP concentrations in 

DSS treated cells, specific measures examining differences in beta oxidation, CI, CIV and MAXOX 

activity suggest that steady-state production of ATP from these pathways would be higher in 

DSS+P110 cells (Figure 4.4 & 4.5). In order to relate DSS±P110 metabolic changes to 

mitochondrial dynamics, we examined mitochondrial morphology changes after 24h DSS±P110 

treatment.  

Cells given DSS alone were found to contain fewer fused mitochondrial networks and 

more fragmented mitochondrial networks compared to control cells (Figure 4.7). Coadministration 

of P110 with DSS cells did not alleviate DSS associated reductions in fused mitochondrial 

networks, but it did appear to limit the fragmentation of mitochondrial networks by DSS (Figure 

4.7). This change in mitochondrial morphology of DSS cells with P110, a known DRP1-Fis1 

inhibitor, suggests that DRP1-Fis1 interactions occur and mediate, in part, excessive mitochondrial 

fission during DSS exposure in IEC4.1. In connecting these results to previous findings, Rambold 

et al. identified that a certain degree of mitochondrial fusion is required for fatty acid metabolism, 
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since Mfn-1 and OPA-1 KO mouse embryonic fibroblasts cells cannot import fatty acids201. 

Therefore, fragmentation of mitochondrial networks in DSS treated cells could affect fatty acid 

import and lead to our observations of reduced beta oxidation activity. Furthermore, preservation 

of mitochondrial network morphology by P110’s inhibition of DRP1-Fis1 binding could limit 

these possible morphological consequences on fatty acid import and subsequent rates of beta 

oxidation. Building on the identified effects of DSS±P110 on mitochondrial networks and function, 

we next examined the degree of mitochondrial dysfunction with DSS treatment.  

Since mitochondrial depolarization is closely tied to mitochondrial dynamic changes and 

often coincides with dysfunctional mitochondrial networks, mitochondrial polarization of 

DSS±P110 treated IEC4.1 cells was examined at both 1h and 24h23,202. Unexpectedly, 1h treatment 

with 2% DSS led to significant increases in TMRE fluorescence at both 40min and 80min post-

treatment (Figure 4.8A & B). Use of P110 was found to not affect these fluorescence changes with 

1h DSS (Figure 4.8A & B). Given that these fluorescence changes with DSS and DSS+P110 were 

comparable to oligomycin, a positive control for mitochondrial hyperpolarization, 1h DSS 

exposure could be leading to mitochondrial hyperpolarization. While evidence on mitochondrial 

hyperpolarization and cellular consequences is relatively unexamined in IEC’s, hyperpolarization 

in T-cells has been shown to precede dramatic depolarization events that lead to ATP depletion 

and increased sensitivity to necrosis52,203. Indeed, TMRE fluorescence of DSS cells after 24h was 

found to be significantly lower than control cells, suggesting that sustained DSS exposure led to 

eventual mitochondrial depolarization (Figure 4.8C). However, DSS cytotoxicity could have 

reduced viable cells and mitochondrial networks, resulting in lower mitochondrial TMRE dye 

uptake and consequently fluorescence output at 24h measurements (Figure 4.2 & 4.8C). In 

interpreting the effects of P110 on mitochondrial polarization within 24h DSS treated cells, 
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increased TMRE fluorescence at 40min would suggest potential benefit (Figure 4.8C). 

Unfortunately, the return of DSS+P110 TMRE fluorescence at 80min to comparably similar values 

to DSS alone, complicate potential conclusions that could be made.     

 
 
4.5. Conclusion 

Incredible progress has been made in the past few decades towards understanding the 

molecular, genetic and environmental factors that affect IBD pathogenesis. This progress, in part, 

has relied heavily on colitis models like DSS to examine molecular sources and consequences of 

colitis on intestinal homeostasis. Despite its wide implementation, the direct mechanism of how 

DSS leads to colitis is unknown. Here we report that murine IECs exposed to DSS undergo early 

mitochondrial hyperpolarization at 1h and possible mitochondrial depolarization at 24h. Addition 

of P110 did not appear to affect these DSS related consequences or DSS cellular cytotoxicity. Cells 

surviving DSS exposure exhibited lower respiration during both basal and beta oxidation 

conditions, which could potentially be attributed to DSS fragmentation of mitochondrial networks. 

P110 was found to limit DSS associated mitochondrial fragmentation, preserving mitochondrial 

networks in an “intermediate” morphology, that exhibited higher beta oxidation rates. These 

findings build upon the current understanding of how DSS may lead to colitis and provide a 

potential explanation for the previously reported findings of mitochondrial dysfunction in DSS 

colitis. More importantly, these results also reflect observed characteristics of mitochondrial 

dysfunction in IBD patients (reduced beta oxidation), with P110 improving several of these 

bioenergetic consequences in this DSS in-vitro model. This suggests that DRP1 and Fis1 mediated 

mitochondrial fission could be a feature in colitis and that targeting mitochondrial dynamic 

imbalances with P110 could exert therapeutic potential in IBD patients. 



 

84  

Chapter 5 

Pharmacological inhibition of DRP1 and Fis1 mediated mitochondrial fission 

reduces murine DSS and DNBS colitis 

5.1. Introduction  

The heterogenic nature and presentation of IBD and its subtypes: UC and CD, makes 

treatment and pharmacological interventions particularly difficult in correcting the observed 

inflammatory imbalances. Disease maintenance has therefore focused on the use of 

immunosuppression in order to shift the aberrant inflammation into a state of remission and reduce 

further tissue damage204. Depending on patient responsiveness and progression, treatment may 

involve the individual or combined use of corticosteroids, thiopurines or biologic therapies204. 

Corticosteroids bind to cytoplasmic glucocorticoid receptors, which upon activation, lead to 

downstream alterations in pro-inflammatory gene transcription by direct binding or protein-protein 

interactions with inflammatory mediators205,206. Short-term use of corticosteroids can be effective 

at shifting IBD into remission, but long term use is not recommended due to the numerous side 

effects207,208. Thiopurines exert a more specific effect, directly targeting immunoregulatory 

elements to modify innate and adaptive immune cell activation, apoptosis, and cytokine release209-

213. Biological therapies employ monoclonal antibodies to bind and inhibit strongly inflammatory 

cytokines like tissue tumor necrosis factor-α214-217. Despite their effectiveness, both thiopurines 

and biologics may show limited or no treatment response during initial administration, with some 

patients also becoming refractory to these medications over time218,219. While the advent of new 

immunotherapies in recent decades has provided a boon for IBD treatment and management, 

examining other targets implicated in IBD pathogenesis could also yield therapeutic benefit, with 

potentially fewer limitations to conventional therapies. One novel target could be attenuating the 
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intestinal epithelial barrier defects frequently reported in IBD patients and animal colitis 

models151,180,220-224.  

Given the plethora of potential inflammatory sources within the intestine, restoration of 

the epithelium could prove useful in limiting both the entry of inflammatory provocateurs to host 

tissues and the resulting inflammation. Since mitochondria have been shown to play a role in both 

epithelial barrier maintenance and breakdown, therapeutics targeting mitochondria may prove 

beneficial in restoring intestinal barrier defects102,103,165. For decades now, it has been understood 

that IECs derive most of their energy from mitochondrial processes like beta oxidation and 

OXPHOS101. Pharmacological disruption to mitochondrial OXPHOS has been shown to adversely 

affect intestinal barrier function and permeability within in-vitro cellular models102,165. When 

taking these findings into account with reports of mitochondrial dysfunction in UC patients and 

murine DSS colitis models, there is evidence that diminished mitochondrial function could 

contribute to the intestinal barrier defects observed in DSS colitis and human IBD141,143,183. 

Mitochondrial dysfunction has also been associated with other molecular consequences tied to 

intestinal barrier disruption and colitis225-230. Interestingly, improvements in mitochondrial 

function or the targeted removal of mitochondrial derived ROS by antioxidants has been shown to 

protect against chemically induced colitis102,104,184,231. Given the bioenergetic importance of 

mitochondria in intestinal barrier function and ultimately intestinal homeostasis, therapeutics 

aimed at maintaining or improving mitochondrial function may prove useful in limiting intestinal 

barrier defects associated with colitis and human IBD. One potential therapeutic, known as P110, 

has shown benefits in numerous cellular and animal disease models by limiting mitochondrial 

dysfunction associated with excessive mitochondrial fission13-19,150,188,189.  
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The dynamic mitochondrial processes of fission and fusion, in coordination with 

mitophagy, facilitate regulation of mitochondrial quality and function23,66,68. While basal levels of 

mitochondrial fission and fusion are required to facilitate this process, excessive mitochondrial 

fission may prove maladaptive and potentially contribute to disease. Studies have demonstrated 

that the binding of DRP1 and Fis1 in particular, is associated with excessive mitochondrial fission 

and the fragmentation of mitochondrial networks15,17-19,150,187,188. These fragmented networks are 

often linked to pathologically associated consequences such as: reduced energy generation, 

elevated ROS, and increased cell death15,17-19,150,187,188. Inhibition of DRP1 and Fis1 binding has 

been shown to limit excessive mitochondrial fission and preserve both mitochondrial morphology 

and function15,17-19,150,187,188. Symptomatic outcomes associated with representative models of 

multiple sclerosis, Alzheimer’s, Parkinson’s, Huntington’s, amyotrophic lateral sclerosis, 

ischemic-reperfusion injury, have also shown improvement with DRP1 and Fis1 

inhibition13,14,15,17,18,188. Current evidence does support the notion that DRP1-Fis1 binding is 

maladaptive, with studies demonstrating a beneficial effect on mitochondrial function through 

inhibition. Given that intestinal barrier function relies on sufficient mitochondrial function and 

could be a novel target for new IBD therapeutics, this study wished to identify if DRP1 and Fis1 

inhibition could reduce colitis in the murine DSS and DNBS models representative of human UC 

and CD.  
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5.2.  Material and Methods 

5.2.1. Animal maintenance 

All experimental procedures were performed under the ethical guidelines and standards 

approved by the University of Calgary Animal Care and Use Committee (Calgary, AB, Canada). 

Experiments were conducted in male Balb/C mice (7-9 wk old; Charles River Laboratories, Senneville, 

QC, Canada). The animals were housed in standard micro-isolator cages with ad libitum access to 

standard chow pellets. Mice were assessed daily in the morning for changes in weight. If mice had 

undergone a >10% weight reduction, a subcutaneous injection of sterile saline was provided and 

if a >20% weight reduction was observed, the mice were immediately euthanized. During the daily 

weighing period, the intraperitoneal injection site was cleaned with rubbing alcohol and 0.5mL 

injections of P110 (3mg/kg/day) was administered using a 30-gauge needle in combination with 

the prepared 1mL syringes. 

 

5.2.2. Murine model of DSS colitis 

Mice were randomly selected into control, P110, DSS and DSS+P110 (n= 8-21 per group, 

2-5 independent experiments). P110 and DSS+P110 treated mice received intraperitoneal saline 

(0.9% w/v) injections containing P110 (3mg/kg/day) for each day of the experiment (Figure 5.1A). 

A pretreatment of P110 injections was also given for the two days prior to DSS administration 

(Figure 5.1A). Day 0 of the experiment started with DSS and DSS+P110 mice receiving 5% w/v 

40 kDa (Affymetrix, Santa Clara, California) orally through their drinking water for 5 days. This 

was followed by a 3-day recovery period with DSS free water (Figure 5.1A). Necropsy occurred 

on the morning of the 8th day (Figure 5.1A). Earlier experiments examined if either sham TAT47-

57 or saline injections provided any extraneous effects, with no significant changes being identified 

(data not shown).  
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5.2.3. Murine model of DNBS colitis 

In addition to the murine DSS colitis model, we wished to identify if P110 exerted any 

therapeutic benefit in a DNBS murine colitis model. Treatment and prophylactic based protocols 

were used to identify if the timing of P110 administration affected DNBS±P110 outcomes. For the 

treatment protocol, mice were randomly selected into either control, DNBS or DNBS+P110 groups 

(n = 7-11 per group, 2 independent experiments). On Day 0, DNBS and DNBS+P110 mice groups 

received DNBS (3mg/kg in 50% EtOH solution, MP Biomedicals, Ohio, USA) intrarectally 

(Figure 5.3A). Afterwards, DNBS+P110 mice were given saline (0.9% w/v) injections containing 

P110 (3mg/kg/day) intraperitoneally, once daily on Days 1-3 (Figure 5.3A). The experiment 

continued for 5 days with necropsy occurring on the morning of the 5th Day (Figure 5.3A).  

For the prophylactic protocol, mice were randomly selected into either control, DNBS or 

DNBS+P110 (n = 11-15 per group, 3 independent experiments). Similar to the treatment protocol, 

DNBS (3mg/kg in 50% EtOH solution, MP Biomedicals, Ohio, USA) was provided intrarectally 

on Day 0 (Figure 5.5A). However, during the prophylactic protocol, intraperitoneal saline (0.9% 

w/v) injections containing P110 (3mg/kg/day) were administered before the DNBS gavage on Day 

0 (Figure 5.5A). These P110 injections were also given on Day 1 and 2 (Figure 5.5A) The 

experiment lasted for 3 days with necropsy occurring on the 3rd day (Figure 5.5A). 
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5.2.4. Bead extrusion test 

Prior to tissue collection, mice were anesthetized using isofluorane. After being 

anesthetized, a blunted and smoothed 20-gauge needle was then used to push PBS lubricated beads 

2cm into the colon231. Colonic motility time was started immediately after withdrawing the needle 

and stopped once the bead was visible at the anal verge231. Time constraints were put on the test 

at 10min.  

 

5.2.5. Assessment of colitis 

During necropsy, the entire colon was excised out from the caeco-colic junction to anus 

for disease activity scoring. Scoring of colonic inflammation included: severity of diarrhea (wet 

anus, fluid in the colon, soft stool, empty colon), tissue damage (bloody anus, fecal blood, 

ulceration) and colon shortening102,232. Maximum scores could not exceed 4, unless the animal did 

not reach experimental endpoints due to disease treatment, at which point, a score of 5 was 

automatically given102,232. 

. 

5.2.6. Hematoxylin and eosin histology preparation 

Once the colon was assessed for disease activity score, 20% of the colon was cut and 

reserved for cross-sectional histology. The tissue selected was cut 2cm above the distal end to 

ensure the bead extrusion test did not influence the histopathology analysis. To see how DSS±P110 

treatments affected a larger portion of the colon, one experiment used the distal 2/3 of the colon in 

a “swiss roll” preparation, rolling from distal to proximal233. The tissues reserved for cross-sections 

and swiss rolls were then fixed in a 10% neutral buffered formalin fixing solution until they could 

be further processed. The tissues were then placed in histology cassettes and run through varying 
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concentrations of ethanol (70-85-90%), toluene (3 baths) and hot paraffin wax baths (60˚C) by a 

tissue processor (Leica TP1020).  Processed samples were then embedded using the (Leica 

EG1160) into histology cassettes with paraffin wax and allowed to solidify before slicing. 

Histology slices were cut at 5-7µm by microtome (Leica RM2125) and placed into a lukewarm 

bath to minimize wrinkling of samples. Glass slides were used to collect the samples and dry 

overnight on a slide warmer. Hematoxylin and eosin (H&E) staining of histology slides involved 

immersion in neoclear (2-3min), decreasing concentrations (100-95-90-80-70) of ethanol (3-5min 

each), de-ionized water (3-5min), Gill 2 hematoxylin (5min), de-ionized water (20min) and eosin 

(2-3min). Slides were then rinsed with decreasing concentrations of ethanol (100-95-90-80-70) for 

10 seconds each and finished with a 2-3min bath in neoclear. If adequate staining was observed, 

slides were given 2-3 drops of permount and a coverslip. 

 

5.2.7. Histopathological scoring 

Cross-sectional scoring was performed by individuals blinded to the treatments and 

scored based on: architecture destruction (0-3), cellular infiltration (0-3), smooth muscle 

thickening (0-2), presence of crypt abscesses (0-1), level of global cell depletion (0-1), ulceration 

(0-1) and severity of edema (0-2)102,232. Representative images were taken using the Olympus 

BX41 Confocal microscope with a 4X objective lens and processed using Q-Capture Pro 7 

(QImaging, Canada).  
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5.2.8. Blood smear 

During necropsy, a single drop of blood was extracted from the tail of mice samples and 

placed on glass slides. A clean slide was used to spread the blood droplet over the surface and then 

left to air dry for two days prior to staining. Staining was performed with a Wright-Giesma stain 

and allowed to air dry for 24h before applying a coverslip. Coverslips were mounted using 

permount and allowed to dry for 24h before viewing. Slides were viewed under 20X magnification 

with the Olympus BX41 Confocal microscope and white blood cells present were categorized as 

either monocytes, neutrophils or eosinophils until a total of 300 white blood cells were counted.  

 

5.2.9. Myeloperoxidase activity 

MPO activity serves as an indicator of neutrophil migration to tissues during 

inflammation and can be assessed using a colorimetric assay234,235.  To determine the degree of 

neutrophil infiltration in DSS and DNBS mice, the distal 10-20% of colon tissue was homogenized 

in 50mM hexa-decyl-trimethyl ammonium bromide buffer235. Sample homogenate was then 

centrifuged (13,500RPM, 30min) and the pellet was discarded. The remaining supernatant was 

deposited into a 96-well plate along with o-dianisidine dihydrochloride buffer (0.167mg/ml, 

Sigma) and 1.2% H2O2. Absorbance was read immediately using a spectrophotometer (3 readings, 

30-second intervals, 450nm) and the maximum slope was used to calculate the units of MPO 

activity/mg of tissue (1 unit MPO = 1μmol of H2O2 split)235.   
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5.2.10. Statistical analysis 

Data is presented as mean ± SEM. Analysis and statistical tests were performed using 

GraphPad Prism 6 and the significance level was set at p<0.05. Parametric data was analyzed using 

either One-Way ANOVA, ordinary Two-Way ANOVA or repeated measures Two-Way ANOVA 

tests. Non-parametric data was analyzed using a Kruskal-Wallis test. If p<0.05, then either a 

Tukey’s or Dunn’s multiple comparison test was applied.  

 

5.3.  Results 

5.3.1. P110 reduces DSS colitis based on improvements in weight recovery, disease 

severity and motility 

No differences were observed between control and P110 mice for percent weight 

change (control Day 8: 103.6 ± 0.67; P110 Day 8: 104.1 ± 0.76), colon length (control: 9.8 ± 

0.23; P110: 9.5 ± 0.22), and macroscopic disease score (control: 0.0 ± 0.03; P110: 0.1 ± 0.06) 

(p>0.05) (Figure 5.1B-D). In contrast, DSS mice showed significant weight loss at Day 8 (99.3 

± 0.76), greater colon shortening (7.5 ± 0.25), higher disease score (3.1 ± 0.19) and dysmotility 

(251 ± 54.8) when compared to control animals (p<0.05) (Figure 5.1B-E). DSS associated 

weight loss and dysmotility was not observed in DSS+P110 mice (p>0.05) (Figure 5.1B & 1E). 

Additionally, DSS+P110 mice were found to have greater weight gain, when compared to DSS 

mice by Day 8 (DSS+P110: 101.8 ± 0.75), improved motility (120.0  ± 24.3), longer colon 

length (8.5 ± 0.29) and lower macroscopic disease score (1.5  ± 0.24) (p<0.05) (Figure 5.1B & 

E). Signs of colitis were still observed in DSS+P110 mice, since colon shortening and 

macroscopic disease score were significantly worse than control (p<0.05).  
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Figure 5.1: Macroscopic assessment of murine colitis after DSS±P110 trial. A) Experimental 

protocol  B) Percent weight change during experiment C) Colon length D) Macroscopic disease 

score E) Colon motility. Data is represented as mean ± SEM, n = 8-21, 2-4 independent 

experiments. *Represents significant differences between the control group, #Represents 

significant differences between the DSS group, p<0.05, B) Repeated measures Two-Way 

ANOVA, Tukey’s multiple comparison test, C & E) One-Way ANOVA, Tukey’s multiple 

comparison test, D) Kruskal-Wallis, Dunn’s multiple comparison test. 
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5.3.2. DSS associated changes in inflammatory markers are not mitigated with P110 

Inflammatory changes associated with DSS colitis were determined through changes in 

circulating lymphocytes, MPO activity in colon tissues and histopathology of colon tissue. No 

changes in circulating lymphocytes or histopathology were observed between control and P110 

animals (p>0.05) (Figure 5.2A & C). DSS and DSS+P110 mice had proportionally lower 

circulating monocytes (DSS: 181 ± 7.5; DSS+P110: 166 ± 10.0) and higher circulation of 

neutrophils (DSS: 112 ± 6.4; DSS+P110: 129  ± 10.3) compared to control mice (monocytes: 

208 ± 6.6; neutrophils: 78 ± 6.0; p<0.05) (Figure 5.2A). A higher trend in MPO activity for both 

DSS and DSS+P110 groups (DSS: 2.5 ± 0.82; DSS+P110: 1.8 ± 1.16) suggested a greater 

presence of neutrophils within colon tissues compared to control (0.2 ± 0.24) (p>0.05) (Figure 

5.2B). Trends in MPO activity were also mirrored by increases in histopathology for both DSS 

(7.7 ± 0.55) and DSS+P110 (7.4 ± 0.72) mice compared to control (0.2 ± 0.08) (p<0.05) (Figure 

5.2Ci-iii). No changes were seen in blood smear counts, MPO activity or histopathology scoring 

between DSS and DSS+P110 mice (p>0.05).  
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Figure 5.2: Immunological assessment of murine colitis after DSS±P110 trial. A) Blood smear 

cell counts, n = 8-12, 3 independent experiments B) MPO activity, n = 3-4, 1 independent 

experiment C) Histopathological score of H&E stained colon tissue with representative images of: 

i) Control, ii) DSS & iii) DSS+P110 groups. Data is represented as mean ± SEM, n = 8-21, 2-4 

independent experiments. *Represents significant differences between the control group, p<0.05, 

A) Ordinary Two-Way ANOVA, Tukey’s multiple comparison test, B) One-Way ANOVA, 

Tukey’s multiple comparison test, C) Kruskal-Wallis, Dunn’s multiple comparison test. 
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5.3.3. Administration of P110 after DNBS induction offers mild protection 

Comparatively to DSS colitis, DNBS manifests quicker and more aggressively due to 

the inherent immunogenic response generated by DNBS’s binding to intestinal proteins134. In 

support of this, DNBS mice showed significant weight loss by Day 3 (91.1 ± 1.38) compared to 

control (100.4 ± 0.68), which continued until Day 5 (control: 100.6 ± 1.03; DNBS: 90.8 ± 2.99) 

(p<0.05) (Figure 5.3B). Similarly, DNBS+P110 mice showed significant weight loss at Day 3 

(92.7 ± 3.49; p<0.05) compared to control, but no differences on Days 4 (94.8 ± 2.43) & 5 (94.6 

± 2.50) (p>0.05) (Figure 5.3A).  Looking at other indicators of colitis severity, DNBS mice were 

found to have significantly greater colon shortening (8.3 ± 0.43) and macroscopic disease scores 

(3.0 ± 0.49), which also related to a lower animal survival rate (73%) (p<0.05) (Figure 5.3C, 

5.3D & 5.3F). DNBS mice given P110 did not show these significant changes and exhibited no 

premature death from DNBS colitis (p>0.05) (Figure 5.3C, 5.3D & 5.3F). Changes in colon 

motility were not identified between control, DNBS and DNBS+P110 treatment groups (p>0.05) 

(Figure 5.3E). 
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Figure 5.3: Macroscopic assessment of murine colitis after DNBS±P110 treatment protocol.   A) 

Experimental protocol B) Percent weight change during experiment C) Colon length D) 

Macroscopic disease score E) Colon motility, n = 4-7, 2 independent experiments F) Animal 

survival rates. Data is represented as mean ± SEM, n = 7-11, 2 independent experiments. 

*Represents significant differences between the control group, p<0.05, B) Repeated measure Two-

Way ANOVA, Tukey’s multiple comparison test, C & E) One-Way ANOVA, Tukey’s multiple 

comparison test, D) Kruskal-Wallis, Dunn’s multiple comparison test. 
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5.3.4. Inflammatory markers associated with DNBS colitis are not prevented with P110 

treatment 

 Control mice exhibited no colitis associated changes to circulating lymphocytes, MPO 

activity or histopathology (Figure 5.4A-C). Both DNBS and DNBS+P110 groups showed 

dramatic increases in circulating neutrophils (DNBS: 172 ± 20.1; DNBS+P110: 145 ± 13.9), and 

proportionally lower amounts of circulating monocytes (DNBS: 124 ± 19.6; DNBS+P110: 151 

± 13.7), when compared to control groups (neutrophils: 89 ± 15.0; monocytes: 206 ± 14.5) 

(p<0.05) (Figure 5.4A). This increase in circulating neutrophils was also identified at the tissue 

level based on increases in MPO activity for both DNBS (1.5 ± 0.44) and DNBS+P110 mice 

(1.4 ± 0.31) compared to control (0.2 ± 0.10) (p<0.05) (Figure 5.4B). Increased histopathology 

was also observed in DNBS (7.3 ± 0.80) but not DNBS+P110 mice (4.6 ± 0.43) compared to 

control (1.0 ± 0.53) (p<0.05) (Figure 5.4Ci-iii).   
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Figure 5.4: Immunological assessment of murine colitis after DNBS±P110 treatment  

protocol. A) Blood smear cell counts B) MPO activity C) Histopathological score of H&E stained 

colon tissue with representative images of: i) Control, ii) DNBS & iii) DNBS+P110 treatment 

groups. Data is represented as mean ± SEM, n = 7-11, 2 independent experiments. *Represents 

significant differences between the control group, p<0.05, A) Ordinary Two-Way ANOVA, 

Tukey’s multiple comparison test, B) One-Way ANOVA, Tukey’s multiple comparison test, C) 

Kruskal-Wallis, Dunn’s multiple comparison test. 
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5.3.5. Prophylactic administration of P110 yields greater efficacy against DNBS colitis 
 

Similar to the DNBS±P110 treatment protocols, DNBS mice showed significant weight 

loss in comparison to control mice, albeit at an earlier timepoint at Day 2 (control: 100.1 ± 0.25; 

DNBS: 86.6 ± 2.26; p<0.05) (Figure 5.5B). DNBS mice also presented with greater colon 

shortening (7.5 ± 0.46), macroscopic disease scores (4.0 ± 0.22) and reduced survival rates (73%) 

compared to control (p<0.05) (Figure 5.5C, 5.5D & 5.5F). In comparison to DNBS mice, 

DNBS+P110 mice also lost significant weight by Day 2 (92.5 ± 1.45; p<0.05), but this weight loss 

was not as severe as mice with DNBS alone (p<0.05) (Figure 5.5B). This same trend was also seen 

for colon length (8.7 ± 0.27) and macroscopic disease score (1.9 ± 0.35) showing a much milder 

presentation of colitis compared to mice provided DNBS alone (p<0.05) (Figure 5.5C & 5.5D). 

P110 use in DNBS mice also led to increased survival (93%) (Figure 5.5F). Although no 

significance was observed between any experimental groups for colon motility, DNBS mice 

showed a large trend towards dysmotility (261 ± 117.2) which was not seen in the DNBS+P110 

group (76 ± 27.6) (p>0.05) (Figure 5.5E). 
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Figure 5.5: Macroscopic assessment of murine colitis after DNBS±P110 prophylactic  

protocol. A) Experimental protocol B) Percent weight change during experiment C) Colon length 

D) Macroscopic disease score E) Colon motility, n = 5-6, 2 independent experiments. Data is 

represented as mean ± SEM, n = 8-16, 3 independent experiments. *Represents significant 

differences between the control group, #Represents significant differences between the DNBS 

group, p<0.05, B) Repeated measures Two-Way ANOVA, Tukey’s multiple comparison test, C & 

E) One-Way ANOVA, Tukey’s multiple comparison test, D) Kruskal-Wallis, Dunn’s multiple 

comparison test. 
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5.3.6. DNBS associated histopathology presents with less severity when P110 is applied 

prophylactically 

Since no prior evidence suggested a change in circulating lymphocytes or MPO with P110 

during the previous DSS and DNBS trials, these measures were omitted during the DNBS±P110 

prophylactic protocol. Previous improvements in DNBS histology with P110 treatment, however, 

supported further histopathological investigation. DNBS mice exhibited significantly worse 

histological damage (10.8 ± 0.48) in comparison to control mice (0.3 ± 0.21), with DNBS+P110 

mice showing much milder histological damage (4.8 ± 1.66) (p<0.05) (Figure 5.6). 

 

 

 

 

 

 

 

 

 

 

Figure 5.6: Histopathological assessment of murine colitis after DNBS±P110 prophylactic  

protocol. A) Histopathological score of H&E stained colon tissue with representative images of:   

i) Control, ii) DNBS & iii) DNBS+P110 prophylactic groups. Data is represented as mean ± SEM, 

n = 4-6, 2 independent experiments. *Represents significant differences between the control group, 

p<0.05, Kruskal-Wallis, Dunn’s multiple comparison test. 
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5.4.  Discussion 

Through exploration and investigation of different therapeutic targets, the evolution of 

immunosuppressive treatments for IBD has allowed for a transition from systemic methods of 

immunosuppression (corticosteroids) to more specific methods (biologics)236,237. While resolving 

inflammation is important in limiting tissue damage and disease progression, there are still other 

targets for intervention that may elicit benefit for IBD patients in a manner independent of 

immunosuppression. Sufficient intestinal barrier function is critical to limiting inflammation by 

reducing the penetrance of luminal microbes and their products to the host’s tissues. This 

functional property depends on energy contribution from mitochondrial processes, with 

impairments to mitochondrial function potentially leading to compromised barrier function102,165. 

Therefore, processes tied to mitochondrial function and dysfunction, could affect intestinal barrier 

function in disease and likewise be targeted for therapeutic benefit. Evidence has suggested that 

excessive fission mediated by DRP1 and Fis1, promotes mitochondrial dysfunction and 

contributes to disease, with additional evidence suggesting that inhibition may exert therapeutic 

potential. Based on this notion, we examined if inhibition of DRP1 and Fis1 binding by P110 could 

limit murine DSS and DNBS colitis.   

Given the similarities in histopathological presentation of murine DSS and DNBS colitis 

to human UC and CD respectively, both of these models were used to examine P110’s potential 

effect against murine colitis131,136. Since no adverse effects were identified in P110 control mice 

during the DSS trial, this group was omitted in DNBS treatment and prophylactic experiments. As 

expected, DSS and DNBS mice manifested with worse colitis than control mice based on 

macroscopic indicators (weight loss, colon shortening, disease score, and motility) and assessed 

inflammatory changes (blood smears, MPO, histopathology). DSS and DNBS mice receiving P110 
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prophylactically were found to have greater colitis protection than mice that had P110 applied as 

a treatment (Figure 5.1, 5.3 & 5.5). This suggests that P110 would be better applied as a 

prophylactic prior to colitis onset, rather than as a treatment option for colitis that has already 

manifested. Indeed, it makes sense that prophylactic use of P110 could limit excessive DRP1 and 

Fis1 mediated fission at inflammation onset, thereby preserving mitochondrial networks and 

function more effectively than if it was administered after the onset of inflammation. However, 

since IBD presents in an unpredictable, relapse-remission fashion, timing of P110 administration 

as a “prophylactic”, would remain difficult.  

Interestingly, the observed improvements in macroscopic parameters of DSS and DNBS 

prophylactic protocols occurred despite limited changes in inflammatory measures indicative of 

neutrophil recruitment to tissues (MPO) (Figure 5.2, 5.4 & 5.6). Since neutrophils are key 

mediators of intestinal inflammation during murine DSS/DNBS colitis, lack of differences 

between systemic recruitment (blood smear counts) and intestinal tissue localization (MPO) of 

neutrophils suggests a similar inflammatory burden in P110 treated animals and their disease 

positive counterparts238,239. Histopathological differences were found to be negligible with P110 

in DSS trials, but some reductions were observed in DNBS mice independent of the timing of P110 

administration (ie: prophylactic/treatment) (Figure 5.2, 5.4 & 5.6). Differences in the mechanism 

of how DSS and DNBS induce colitis could possibly account for why P110 exerted 

histopathological benefit in DNBS, but not DSS colitis trials. Because DSS has been shown to 

directly interact with one of the hypothesized targets of P110, the epithelium, DSS could be 

exerting additional effects to the epithelium that ablate potential histopathological benefit with 

P110133,180,181. In contrast, although DNBS colitis still exerts epithelial damage, its mechanism 

action for colitis induction occurs through a delayed hypersensitivity response, rather than direct 
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molecular interactions with the epithelium240. Indeed, observations of mitochondrial dysfunction 

within the epithelium of DSS and DNBS treated animals, and amelioration of similar consequences 

by P110, suggest that the epithelium would benefit if it was the recipient of P110’s inhibitory 

action13-15,18,150,183,241.     

Previous studies utilizing P110 have shown beneficial effects including: improved 

mitochondrial function, reduced oxidative stress and lower cell apoptosis13-15,18,150,187. Selectively 

targeting and resolving some of these mitochondrial related consequences has previously shown 

benefit in both DSS and DNBS models, with P110 possibly exerting benefit by inhibiting DRP1 

and Fis1 interactions and these associated downstream consequences102,104,183,241-244. Observations 

of mitochondrial dysfunction have been identified in colitis models based on structural 

abnormalities (DSS, DNBS), reduced mitochondrial function (DSS), increased mitochondrial-

mediated apoptosis (DSS) and elevated mtROS production (DSS, DNBS)102,104,183,241-244. 

Numerous studies have demonstrated that targeting excessive mtROS in DSS and DNBS colitis 

with antioxidants is beneficial and while only examined in DSS colitis, evidence of enhancing or 

restoring mitochondrial function has similarly shown benefit102,104,183,241-244. Limiting mtROS 

through antioxidants has also been shown to reduce mitochondrial-mediated apoptosis after DSS 

exposure183,245. Based on previous studies demonstrating therapeutic outcomes with P110, 

inhibition of DRP1 and Fis1 could be mitigating DSS and DNBS associated characteristics of 

mitochondrial dysfunction (increase ROS, reduced function, disrupted structure), thereby assisting 

in the maintenance of the epithelium after chemical and inflammatory injury.  
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5.6. Conclusion  

In this study, we show that prophylactic and systemic delivery of the DRP1-Fis1 inhibitor: 

P110, reduced colitis according to macroscopic indices in both DSS and DNBS murine colitis 

models. Importantly, these observations occurred despite there being limited changes in the 

assessed acute inflammatory markers, suggesting that P110 exerted anti-colitic benefit in animals, 

despite similar disease burden. Observations of anti-colitic benefit with P110 in two commonly 

employed colitis models (DSS & DNBS) lends support that further examination of mitochondrial 

dynamics, and more specifically DRP1-Fis1 binding, could yield new therapeutic targets for 

colitis. Ideally, this research could open new therapeutic options for the treatment and management 

of IBD, with potentially less risk of drug tolerance and resistance compared to current 

immunosuppressive treatments.  
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Chapter 6 

General Discussion 

 

6.1. Summary of Project Rationale 

IBD consequences are numerous, exerting significant burden to patients (inherent 

inflammation, extraintestinal manifestations, personal costs) and healthcare systems (medications, 

surgeries, treatment of co-morbidities and extraintestinal manifestations)1,6,8,9,246,247. In treating the 

disease, research has extensively focused within the niche of immunosuppressive medications and 

has opened up numerous treatment options (biologics, corticosteroids, thiopurines) that assist in 

shifting active disease to remission248,249. However, subpopulations of IBD patients can show no 

response to biologics, thiopurines or become refractory to biologic and corticosteroid with 

prolonged use248,250,251. Therefore, other potential targets should be explored to either supplement 

or replace current pharmacological options. 

 Mounting evidence supports mitochondrial involvement and dysfunction in IBD. Direct 

consequences related to mitochondrial dysfunction (lower energy production, higher oxidative 

stress, and increased cell death) have been shown to exist in representative models of colitis and 

in human IBD101,141,143,145,179,183. Furthermore, improving mitochondrial energy production or 

reducing ROS production has proven beneficial in animal colitis models102,104,184,241-245. Regulation 

of mitochondrial function and quality occurs through the dynamic processes of fusion and fission, 

with evidence suggesting that excessive mitochondrial fission could be a maladaptive response to 

consistent cellular stress,66,68,150. Inhibition of two mediators of this process: DRP1 and Fis1, by 

P110, was demonstrated to be beneficial by Qi et al.150, with further studies in other disease models 

showing similar benefit13-19.  
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Investigation of mitochondrial dynamics within the context of colitis is nearly non-existent 

and techniques to explore in depth functional characteristics of mitochondria are minimal. 

Therefore, this project sought to i) develop a protocol for highly specific measurements of 

mitochondrial function to supplement current investigative techniques in IBD research ii) examine 

in-vitro effects of DSS on IEC4.1 mitochondria and if use of a DRP1 and Fis1 inhibitor could 

ameliorate potentially adverse DSS consequences iii) identify if DRP1 and Fis1 inhibition exerted 

any anti-colitic benefit in DSS and DNBS murine colitis. In testing these aims, we wished to 

identify if excessive mitochondrial fission mediated by DRP1 and Fis1 binding is an inherent 

feature of colitis and if this could act as a novel target for the treatment of IBD.  

 

6.2. Assessment of mitochondrial function in intestinal epithelial cells: a novel tool to 

explore mitochondrial involvement in inflammatory bowel disease 

The Oxygraph-2k was an ideal platform to examine mitochondrial function within IECs, 

owing to its measurement sensitivity and flexibility in both protocol design and titration 

application. While established protocols are readily available for other cell types, to the best of our 

knowledge, this is the first O2k protocol for murine IECs177. Specific to the IEC4.1 cell population, 

it was determined that the concentration of digitonin required for permeabilization (4μg/mL) was 

lower than the recommended amount of 5μg/mL, with further titrations leading to respiratory 

decline in cells252. This emphasizes the importance of optimizing digitonin titrations prior to 

experiments, to ensure cells are both sufficiently permeabilized and the OMM is not damaged. 

Future experiments utilizing this digitonin concentration confirmed it was appropriate since the 

exogenous addition of cell-impermeable substrates (succinate, ADP) were able to stimulate 

respiration. Additionally, at this digitonin concentration, observations of OMM damage (as 
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indicated by a cytochrome c test) remained infrequent if cell suspensions were between 7 x 105 

cells /mL and 1 x 106 cells/mL.  

Another particularly important and relevant pathway for intestinal homeostasis is the 

mitochondrial process of beta oxidation. Protocols detailing how to perform beta oxidation 

analysis with the O2k are available for medium and LCFA, but there are currently no protocols 

detailing how to examine beta oxidation of SCFA metabolites like butyrate167,168,175. Since butyrate 

represents a far more physiologically relevant substrate to IECs, we developed an optional protocol 

for the analysis of butyrate beta oxidation through the titration of 4μL of 1M NaBut (2mM)101. 

This substrate concentration was specifically selected since a previous colon cancer cell line: HT-

29, reached saturation of butyrate beta oxidation at 2mM based on the conversion of 14C-butyrate 

to 14C-CO2
176. Additionally, since butyrate can affect gene transcription by its action on histone 

deacetylase, concentrations exceeding mitochondrial oxidative capacities could lead to variable 

cellular responses during measurement253,254. This presents a particular concern since cells are 

permeabilized and butyrate has increased cellular access, even if cellular exposure to butyrate is 

relatively transient. Optional tailoring of the complex specific protocol to include beta oxidation 

analysis, highlights the flexibility of O2k protocol design and allows tremendous amounts of 

mitochondrial bioenergetic data to be garnered from experiments. Such a wealth of information 

could be useful in understanding if/how mitochondrial bioenergetic decrements affect epithelial 

cellular and functional outcomes during intestinal inflammation.  

By pairing the developed O2k protocols with measures of barrier function (transepithelial 

resistance), the relationship of intestinal barrier function and mitochondrial energetics could be 

more thoroughly examined and potentially elucidate molecular targets for pharmacological 

development106,165. Mitochondrial bioenergetics is also important in regulating cell death, since 
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inflammatory quiescent modes of cell death, like apoptosis, require ATP to proceed255,256. Given 

that the epithelium exhibits a high turnover with cells constantly undergoing apoptosis and being 

replaced, reduced mitochondrial function and energy availability could shift apoptosis to the much 

more inflammatory provocative cell death pathway of necrosis84. Therefore, in-depth analysis of 

mitochondrial function could prove useful in studies examining apoptosis or necrosis cell fate 

decision, by providing a bioenergetic justification for shifts from apoptosis to necrosis. Indeed, 

development and utilization of these protocols could prove to be a particularly novel tool in the 

study of IBD.  

 

6.3. Inhibiting DRP1-Fis1 mediated mitochondrial fission reduces DSS associated 

bioenergetic impairments in intestinal epithelial cells 

Within the DSS animal model, signs of epithelial barrier deterioration and increased 

intestinal permeability have been shown to precede inflammation and tissue damage257,258. As 

demonstrated by in-vitro studies, intestinal barrier function and permeability are tied to sufficient 

mitochondrial function, with pharmacological disruption leading to adverse outcomes in these 

parameters102,104,165. Therefore, early features of DSS colitis (intestinal barrier defects, increased 

intestinal permeability) could be a consequence of mitochondrial dysfunction within epithelial 

cells. In exploring the effects of DSS in an in-vitro IEC4.1 model, we wished to identify if DSS 

induced mitochondrial dysfunction and if this dysfunction could be ameliorated by DRP1 and Fis1 

inhibition through P110. 

Indeed, signs that DSS could affect mitochondrial function, were identified with the 

alamarBlue assay during the optimization of DSS and P110 dosage and exposure. Reduced 

fluorescence with 2% DSS for 24h suggests that NADH concentration was lower within cells. 
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Furthermore, the addition of 1.5μM P110 prevented this fluorescence decrease, thereby providing 

evidence that P110 could mitigate DSS’s effect on NADH concentration and potentially metabolic 

processes tied to NADH production. However, further experiments were required to determine 

whether the differences in NADH concentration were due to DSS cytotoxicity or actual production 

of NADH. Interestingly, significant cell death for DSS treated cells provided a reason for lower 

alamarBlue fluorescence changes, but under similar rates of cell death, DSS+P110 treated cells 

showed no comparable reductions in alamarBlue fluorescence. This showed that in spite of 

significant cell death, DSS+P110 cells were able to produce sufficient amounts of NADH, such 

that the concentrations of NADH rivaled control cell populations. Since NADH may be produced 

through different mitochondrial pathways (beta oxidation, oxidation of 

malate/pyruvate/glutamate), we investigated which pathway could account for reduced NADH 

production in DSS cells.  

Using the developed O2k protocols we were able to assess which NADH pathways could 

be affected with DSS administration. Rates of O2 flux were found to be significantly lower in DSS 

treated cells after the titration of beta oxidation linked substrates.  Coadministration of P110 with 

DSS cells lead to higher O2 flux during measurement of these same beta oxidation substrates. 

However, changes in O2 flux based on DSS and P110 treatments cannot indicate if this is due to 

actual functional defects in CI, or just a lack of NADH available for oxidation by CI. A study by 

Ahmad et al., showed that DSS impairs butyrate beta oxidation in mice, but that this change 

occurred within the beta oxidation pathway259. If DSS is behaving similarly in our in-vitro model, 

then alterations within beta oxidation could lead to reduced production of NADH and therefore 

lower O2 flux related to CI. In agreement, our alamarBlue results also support that differences in 
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NADH concentrations could be tied to the observed oxygen flux decreases in DSS cells and 

improvements in oxygen flux for DSS+P110 cells.  

In order to identify if DSS induced mitochondrial fragmentation and if P110 exerted its 

purported benefit of limiting mitochondrial fragmentation, by DRP1-Fis1 inhibition, we needed to 

look at mitochondrial morphology under DSS±P110 treatments. As predicted, DSS led to 

significant fragmentation of mitochondrial networks, with co-treatment of P110 resulting in a shift 

from fragmented morphology to a more intermediate morphology. Importantly, these results 

support that P110 does not completely inhibit fission, since some level of fission was required to 

shift mitochondrial networks from a fused morphology to an intermediate morphology in response 

to DSS treatment. Additionally, the differences in fragmented networks between DSS and 

DSS+P110 cells, demonstrates that P110 can limit the excessive fission related to DRP1-Fis1 

binding, thereby supporting its inhibitory effect. Interestingly, beta oxidation requires a certain 

degree of fused mitochondrial networks, and preservation of mitochondrial networks in an 

intermediate state by P110 could be related to our observed increases in beta oxidation with P110 

in DSS treated cells201. Lack of fusion in Mfn1 KO cells leads to fragmentation of mitochondrial 

networks and lack of fatty acid uptake by mitochondria201. These findings could explain why DSS 

cells containing fragmented mitochondrial networks also exhibit reduced beta oxidation, resulting 

from a lack of fatty acid import rather than dysfunction within the beta oxidation pathway201. In 

order to examine additional characteristics of mitochondrial dysfunction, mitochondrial 

polarization was examined. 

Unexpectedly, DSS promoted dramatic increases in fluorescence after 1h DSS 

incubation, and decreased fluorescence at 24h. Coadministration of P110 did not prevent the DSS 

associated changes in TMRE fluorescence. Considering previous observations of cell death in both 
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DSS and DSS+P110 groups after 24h, reductions in viable cells and by extension mitochondrial 

networks, would be associated with less TMRE mitochondrial uptake and fluorescence. Therefore, 

the presumption that “depolarization” occurred with DSS exposures could be incorrect and rather 

be a consequence of DSS induced cell death. However, the increased fluorescence with 1h DSS 

exposure would not be affected by DSS associated cell death and suggests that mitochondrial 

hyperpolarization could be occurring early on with DSS application. Mitochondrial 

hyperpolarization could be related to inhibition of ATP synthase or changes in mitochondrial ion 

concentrations39,49,260,261. In examining the literature, no published observations have identified an 

inhibitory effect by DSS on ATP synthase. However, there is some evidence that DSS could lead 

to changes in mitochondrial ion concentrations, through its influence on cytosolic Ca2+ 

concentrations262,263.   

The presence of a ∆ψm within mitochondria allows them to absorb or release various ions 

in response to cytosolic changes, allowing them to buffer against fluctuations that may otherwise 

lead to cell death261,264. In response to numerous stimuli, mitochondrial hyperpolarization has been 

reported to coincide with Ca2+ mitochondrial uptake265-269. With neurons, in particular, 

hyperpolarization after oxygen-glucose deprivation allows mitochondria to buffer against dramatic 

changes in cytosolic Ca2+ that would otherwise lead to cell death270,271. Specific to our model, 

Samak et al.262 and Gangwar et al.263 have shown that 3% DSS led to increased cytosolic Ca2+ as 

early as 10-30min and that this process was associated with dramatic ROS production, alterations 

in tight junction and reduced barrier function. Therefore, mitochondria could be altering their ∆ψm, 

prior to, or as a consequence of, cytosolic Ca2+ changes in order to increase their uptake. However, 

in the case of prolonged and sustained Ca2+ uptake, mitochondrial Ca2+ overload can lead to 

numerous consequences including ROS production, the formation of the mitochondrial 
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permeability transition pore (mPTP) and initiation of the intrinsic apoptotic pathway by 

cytochrome c release272,273. In the study by Gangwar et al. depletion of Ca2+ by BAPTA-AM or 

inhibition of mPTP by cyclosporin A, ameliorated DSS consequences of ROS production and 

barrier deterioration, suggesting that these processes are linked263. Interestingly, Ca2+ overload and 

hyperpolarization have also been shown to increase DRP1-Fis1 binding in prostate and hepatic 

cancer cells, as well as human T-cells274-276. Therefore, our observations of DSS induced 

fragmentation could also result from mitochondrial Ca2+ overload and hyperpolarization, with 

P110 limiting the DRP1-Fis1 binding. In summary, hyperpolarization of mitochondria may be 

indicative of an adaptive response to high cytosolic Ca2+ changes with DSS, allowing increased 

mitochondrial Ca2+ uptake that over longer periods of time could lead to Ca2+ overload and 

initiation of mitochondrial-mediated apoptosis and DRP1-Fis1 mitochondrial fission.  

 

6.4. Pharmacological inhibition of DRP1 and Fis1 mediated mitochondrial fission reduces 

murine DSS and DNBS colitis 

While no animal colitis model appropriately replicates the complexity of human IBD 

presentation and progression (ie: spontaneous, relapse-remitting), the establishment of certain 

models, allow key aspects of the disease to be examined277,278. The acute DSS colitis model is 

typically utilized to examine treatment effectiveness after epithelial damage, barrier disruption and 

subsequent inflammation278-280. In contrast, the DNBS model is useful for identifying treatment 

responses to acute and aggressive inflammation, instigated after recognition of either colon or 

microbial antigens within the colon134. These models are also frequently utilized as representative 

models for UC (DSS) and CD (DNBS), given their similar histopathological presentation136,280. 

Therefore, these models seemed appropriate for examining the possible anti-colitic benefit of 
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DRP1 and Fis1 inhibition by P110, and potentially additional inferences regarding its use in human 

IBD.  

Signs of colitis were observed in both DSS and DNBS models based on macroscopic 

characteristics (weight loss, colon shortening, disease score, and motility) and immunological 

changes (MPO, blood smears). Administration of P110 in a prophylactic manner showed 

macroscopic benefit in DSS and DNBS mice, while the use of P110 as a treatment in DNBS mice 

showed much milder changes in macroscopic indices. While macroscopic benefit was observed 

with P110, DSS and DNBS associated inflammatory changes remained unchanged with P110.  

DSS histopathology remained nearly identical between DSS and DSS+P110 groups, but some 

benefit was identified in DNBS mice with treatment and prophylactic administered P110. Based 

on our original hypothesis that P110 exerts benefit on the IECs within the epithelium, changes in 

histopathology could be tied to characteristics of the disease models. Since DSS has shown to be 

directly cytotoxic to IECs in our in-vitro model, remaining unaffected by DRP1-Fis1 inhibition, 

breaches in the epithelium by DSS in-vivo and lack of prevention by P110, could have led to our 

histopathological observations. In contrast, while DNBS colitis manifests in an acute and severe 

manner, it may not exhibit the same degree of targeted epithelial damage as DSS, thereby allowing 

P110 to exhibit its potential benefit on preserving mitochondrial morphology and beta oxidation. 

Despite these findings, since the localization of P110 was not determined in-vivo we cannot 

conclusively state that these changes were due to DRP1-Fis1 inhibition at the epithelium.  

In administering P110 intraperitoneally, P110 would most likely be absorbed across the 

visceral peritoneum and enter portal circulation281,282. Therefore, P110 would encounter several 

tissues prior to its hypothesized target of the colon epithelium, including the liver, heart, lungs, 

brain and numerous abdominal organs. The conjugation of P110 to the cell-penetrating peptide 
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TAT47-57, also mires which specific cell/tissue could be the recipient of DRP1-Fis1 inhibition due 

to its ability to pass through normally inaccessible areas like the blood-brain barrier283,284. In 

treatment naïve mice, fluorescein isothiocyanate (FITC) labeled P110 given through subcutaneous 

osmotic pumps (3mg/kg/day) was shown to localize within brain striatum tissues, demonstrating 

P110’s reach following systemic administration18.  

Multiple studies have shown that intraperitoneal P110 administration leads to beneficial 

effects in multiple sclerosis, stroke and myocardial infarction rodent models13,14,18. However, 

localization of P110 was not confirmed in these studies, and rather the presence of P110 at afflicted 

tissues was only inferred based on beneficial outcomes and decreased DRP1 protein expression in 

mitochondrial isolates13,14,18.  While our study similarly demonstrates beneficial outcomes with 

P110 against DSS and DNBS colitis, it is difficult for us to determine exactly the tissue and or 

cellular recipient(s) without labeling of P110 and tracing its migration in-vivo. Because P110 was 

shown to localize in brain tissues with subcutaneous osmotic pump administration, and given its 

beneficial findings in numerous neurodegenerative models, inhibition of DRP1 and Fis1 could be 

occurring in neuronal cells13,14,17,19,188,189. 

Due to the intimate and bidirectional interactions of the gut and brain, experimental colitis 

could also lead to neuronal changes285,286. Studies have observed neurological consequences after 

DSS and DNBS colitis, including increases in anxiety and depressive-like behaviors136,287-290. 

Interestingly, Haj et al. showed that DNBS related anxiety and depressive-like behaviors were tied 

to dysfunctional hippocampal mitochondria that produced less energy and greater ROS136. 

Therefore, intraperitoneally administered P110 could also be limiting mitochondrial dysfunction 

within brain mitochondria and possibly mediating some of our DNBS and/or DSS findings. 

Several papers utilizing P110 in-vivo have demonstrated neurological benefit within Parkinson’s, 



 

117  

multiple sclerosis, amyotrophic lateral sclerosis, and Huntington’s animal models13,14,17,19,188,189. 

Our findings of reduced DSS and DNBS colon dysmotility by P110 could also support this notion, 

however, it cannot be conclusively said if this benefit is from limiting DRP1-Fis1 binding in 

neurons of the central, enteric or peripheral nervous system, smooth muscle or potentially another 

cell type.  
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Chapter 7 

Conclusions 

7.1. Summary 

The overall goal of this thesis was to examine the relevance of DRP1-Fis1 mediated 

mitochondrial fission to disease in both an in-vitro DSS epithelial cell model and in-vivo through 

DSS and DNBS murine colitis models. Key findings of this thesis were as follows: 

1) O2k respirometric analysis can be utilized to examine in-depth mitochondrial functional 

changes in IECs and could prove useful in supplementing current investigative techniques for 

epithelial cells. 

2) Exposure of IECs to 2% DSS for 1h led to mitochondrial hyperpolarization, which was 

unaffected by P110 (1.5μM). At 24h, 2% DSS exposure increased cell death and reduced 

mitochondrial NADH concentrations, beta oxidation linked respiration and cellular ATP content. 

Morphological changes were also observed with 2% DSS leading to increased mitochondrial 

network fragmentation. Of these DSS related consequences, inhibition of DRP1-Fis1 binding by 

P110 ameliorated reductions in cellular NADH and beta oxidation respiration, in addition to 

limiting mitochondrial fragmentation.  

3) Inhibition of DRP1-Fis1 in-vivo with prophylactic and systemic administration of P110, 

led to macroscopic improvement in both DSS and DNBS murine colitis models. These benefits 

occurred despite a lack of change in markers associated with neutrophil recruitment and tissue 

migration.  

A schematic illustrating these conclusions may be found in Figure 7.1. In summary, these 

results provide important insight into the role of DRP1 and Fis1 mediated mitochondrial fission 

and the functional implications of their interaction within a colitis framework.  
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Figure 7.1: Schematic summary of key findings with regard to the thesis aims 
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7.2. Study Limitations 

In translating results obtained from the DSS in-vitro model to in-vivo DSS colitis and 

subsequently to human IBD, there are several limitations that must be highlighted.  

 

7.2.1. Relevance of in-vitro DSS epithelial cell model to in-vivo DSS colitis model 

As a frequent consequence of using cellular models, translatability to in-vivo findings can 

be difficult. By optimizing the dosage of DSS and P110 with alamarBlue prior to further 

experimentation, the effects of DSS±P110 on IECs could be more appropriately examined and 

tested in-vitro. However, whether these concentrations are truly representative of in-vivo 

conditions is not known, thereby limiting translatability of our results. The in-vitro model also 

lacks numerous factors pertaining to the extremely complex colon microenvironment including 

gut microbiota, presence of other cell types, microarchitecture of the mucosa and 

microbial/cellular secreted factors. Specific to the epithelial cell line we used, its isolation and 

immortalization could have also changed its original phenotype and introduced malignancy. Since 

cancer cells exhibit dramatically different metabolic characteristics, particularly in regard to 

mitochondrial metabolism, the metabolic results obtained may not be truly representative of a non-

transformed epithelial cell population291,292.  

 

7.2.2. Quantification of mitochondrial networks 

 In categorizing mitochondrial network morphology, specific criteria were set to ensure a 

degree of objectivity in measures. Unfortunately, these criteria do not account for the numerous 

other characteristics of mitochondrial morphology (aspect ratio, mitochondrial branching, 

mitochondrial area, mitochondrial number) that could be pertinent to this study293. Additionally, 
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in characterizing differences of mitochondrial networks by nominal data (ie: “fused”, 

“intermediate” or “fragmented”), specific numerical differences between treatment groups are lost. 

In performing mitochondrial morphological quantification with recently developed software 

programs like Mitograph, these limitations could have been accounted for294.  

 

7.2.3. Translation of murine colitis model findings to human IBD 

Ease in experimental reproducibility and cost-effectiveness make murine chemically 

induced colitis models an ideal choice for the testing of a therapeutics anti-colitic potential. Despite 

these benefits, chemically induced animal colitis models do not properly recapitulate the key 

aspects of human IBD (spontaneous, relapse-remitting). Specific to the DSS model used, 

inflammation within the acute DSS protocol has been shown to be mediated predominantly by 

neutrophils and eosinophils, lacking the immunological complexity observed during the chronic 

inflammation of human IBD (macrophages, T-cells, B-cells)295. In contrast, DNBS colitis occurs 

largely due to a delayed hypersensitivity reaction from the recognition of self-antigens, showing 

greater immunological complexity, but still no spontaneous or relapse remission symptom 

presentation240. Sex differences to P110 treatments were also not examined, since females tend to 

not survive DNBS colitis. Lastly, these models also lack the input of genetic and environmental 

variables often associated with human IBD. Regardless of these limitations, both DSS and DNBS 

models are appropriate for identifying if inhibition of DRP1-Fis1 could yield any anti-colitic 

benefit. 
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7.2.4. P110 localization in-vivo 

By employing cell-penetrating peptides like TAT47-57, the effectiveness of compound 

delivery and bioavailability can be dramatically increased296,297. However, because TAT47-57 can 

initiate endocytosis mediated uptake of the cargo P110 molecule with numerous cellular types, 

identifying cellular recipients for P110’s beneficial effect remains difficult296,297. Indeed, several 

cellular targets could be the recipients of P110’s inhibitory effect, long before it reaches its 

hypothesized target of the colonic epithelium (liver, brain, heart, lungs). Additionally, while we 

did not see changes in markers of neutrophil recruitment and tissue migration with P110, other 

immunological cells could still be affected by P110 and mediate our anti-colitic observations. 

Degradation of P110 prior to, or after cell entry could also be a likely outcome, since “escape” of 

molecules from the endosome after entry requires specific design elements to be incorporated into 

the original molecule. It has been suggested that the half-life of P110 could be as short as 1h, but 

these claims have not been substantiated with evidence15. Therefore, tracing P110’s migration and 

localization in-vivo is paramount to identifying the fate of P110-TAT47-57 molecules in-vivo and 

relating the observed anti-colitic effects by P110 to possible cellular and tissue mediators. 
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7.3. Future Directions 

7.3.1. Functional assessment of murine colonoid monolayers exposed to DSS±P110 

In order to more appropriately examine the effects of DSS±P110 in-vitro, future 

experiments could utilize 2D monolayers established from the isolation of murine colonic 

crypts298. Preparation of isolated colonocytes into murine colonoid monolayers could allow 

epithelial barrier function (transepithelial resistance) to be assessed under DSS±P110 conditions. 

These findings could then be supplemented with mitochondrial bioenergetic data and build a 

more holistic picture of how mitochondrial function/dysfunction affects epithelial barrier 

maintenance/deterioration. 2D monolayers also exhibit microarchitecture and cellular 

composition that is more representative of in-vivo conditions298. Fresh isolation of murine crypts 

also ensures that genetic drift and risk of malignancy is limited, thereby making the model more 

phenotypically representative in comparison to immortalized cultured cells.  

 

7.3.2. Application of P110 to IBD human colonoids with active and inactive disease 

It has been previously demonstrated that human colon crypts can be isolated and cultured 

into monolayers for in-vitro experimentation299. This technique could possibly be utilized to 

examine P110’s effect on human colonoid monolayers from individuals with active and inactive 

disease, ideally from the same patients. While this in-vitro model would still lack in-vivo features 

like: gut microbiota, supporting structures and cell types to the epithelium (blood and lymph 

vessels, neurons, smooth muscle) and the presence of inflammation (active disease), it provides 

greater ease in translating the results of P110’s effect on the colon epithelium to human IBD.  

 

 



 

124  

7.3.3. Measurement of steady-state ATP and NADH production after DSS±P110 

treatments 

In exploring several metabolic pathways with the O2k we identified potentially important 

bioenergetic disparities between DSS and DSS+P110 treated cells during beta oxidation. While 

we did not find improvements in intracellular ATP content with P110 in DSS treated cells, our 

specific respirometric measures do suggest that there would be differences in steady-state ATP 

production between DSS and DSS+P110 cells during beta oxidation. To examine this more 

closely, a fluorescent biosensor could be utilized to measure steady-state ATP production after 

DSS±P110 treatments in the presence of beta oxidation linked substrates300,301. Additionally, by 

pairing this technique with the measurement of NADH production by fluorescence microscopy, 

results could be obtained that bridge the gap between the observed respiratory changes and 

potential bioenergetic consequences with DSS±P110302.  
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Appendix A 

 

 
 

Figure A.1: Schematic of in-vitro DSS±P110 treatment regime for IEC4.1 cells prior to further 

experimentation. Cells were seeded at 62 500 cells/cm2. 
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Figure A.2: Control cell representative tracing during the modified SUIT-002 protocol for analysis 

of mitochondrial respiration in IEC4.1 cells treated with DSS±P110. Protocol begins with Panel A 

and is continued in Panel B. Panel A shows respirometric changes associated with 

permeabilization, fatty acid oxidation (FAO), CI and CII linked titrations, while Panel B shows 

respirometric changes during maximum oxidative phosphorylation (MAXOX), non-mitochondrial 

respiration (Non-Mito) and CIV assessment. Cells were permeabilized with digitonin (4μg/mL) 

and allowed to respire for 5 mins prior to further titrations. This was followed by ADP (2.5mM) 

to ensure state 3 respiration for future substrates. Long chain fatty acid oxidation (FAO) was 

examined next with titrations of malate (0.1mM) and palmitoylcarnitine (PalmC, 50μM). 

Cytochrome c (5mM) was then added to identify if OMM damage occurred from digitonin 

permeabilization. Saturating concentrations of malate (2mM) allowed maximal FAO to be 
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examined, at the expense of some CI involvement. Titrations of pyruvate (5mM) and glutamate 

(10mM) were added to saturate NADH linked substrates and associated CI activity. Addition of 

succinate (>10mM) saturates FADH2 linked respiration associated with CII. Sequential titrations 

of FCCP (μM) allow Max OXPHOS to be identified. Rotenone (0.5μM) allows the CII exclusive 

respiration to be identified by inhibiting CI. After rotenone, titration of antimycin A (2.5μM) leads 

to mitochondrial respiratory inhibition. Activity of mitochondrial complex IV can be determined 

by the titration of ascorbate (2mM) and (TMPD, 0.5mM). Due to dramatic shifts in oxygen 

consumption from autoxidation of ascorbate/TMPD and activity of CIV, the Oxygraph-2k 

chambers were opened for 20 mins to limit hypoxia. After 20 mins, Oxygraph-2k chambers were 

closed and oxygen consumption related to CIV+ ascorbate autoxidation was allowed to proceed 

for 4-5 mins. To correct for auto-oxidation of ascorbate and TMPD, sodium azide (100mM) was 

titrated to inhibit CIV. Once inhibited oxygen consumption related to ascorbate and TMPD 

autoxidation can be isolated and subtracted from oxygen consumption obtained during 

CIV+ascorbate+TMPD to get CIV activity.  
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Figure A.3: O2 flux of IEC4.1 cells during basal and non-mitochondrial respiration after 24h 

DSS±P110 treatments. Graphs A & B represent O2 flux of cells after digitonin permeabilization 

(basal) for the modified SUIT-002 and SCFA protocols respectively. Graph C & D show O2 flux of 

cells after rotenone and antimycin A titrations (Non-mitochondrial respiration) for the modified 

SUIT-002 and SCFA protocols respectively. Data is represented as mean ± SEM, Graphs A & C, n = 

6-8 replicates from 3 independent experiments; Graphs B & D, n = 6-8 replicates from 2-3 

independent experiments. *Represents significant differences between the control group, #Represents 

significant differences between the DSS groups, p<0.05, One-Way ANOVA, Tukey’s multiple 

comparison test. 
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Figure A.4: O2 flux of IEC4.1 cells during LCFA/SCFA beta oxidation after 24h DSS±P110 

treatments. Graphs A, B & E represents O2 flux of cells during the LCFA component of the SUIT-

002 protocol: A) 0.05mM PalmC B) 2mM malate E) cytochrome C test. Graphs C, D & F 

represents the O2 flux of cells during a separate SCFA protocol C) 2mM sodium butyrate (NaBut) 

D) 2mM malate  F) cytochrome C test. Graphs E & F present O2 flux of cells after titrations of (P) 

PalmC and (C) cytochrome c or (M) malate and (C) cytochrome c. Data is represented as mean ± 

SEM, Graphs A, B & E, n = 6-8 replicates from 3 independent experiments; Graphs C, D, F, n = 

6-8 replicates from 2-3 independent experiments. *Represents significant differences between the 

control group, #Represents significant differences between the DSS groups, p<0.05, A-D) One-

Way ANOVA, Tukey’s multiple comparison test, E & F) Repeated measures Two-Way ANOVA, 

Sidak’s multiple comparison test. 
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Figure A.5: O2 flux of 24h DSS±P110 treated IEC4.1 cells in the presence of chemicals linked to 

CI, CII, MAXOX & CIV during the modified SUIT-002 protocol. Graphs represent O2 flux of cells 

after the following titrations: A) 5mM pyruvate B) 10mM glutamate  C) 10mM succinate   D) 0.3-

0.6µM FCCP. Graph E) represents O2 flux in the presence of 2mM ascorbate & 0.5mM TMPD 

subtracted by the O2 flux after CIV inhibition with 100mM sodium azide. Data is represented as 

mean ± SEM, n = 6-8 replicates from 3 independent experiments. *Represents significant 

differences between the control group, #Represents significant differences between the DSS 

groups, p<0.05, One-Way ANOVA, Tukey’s multiple comparison test. 
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Figure A.6: Representative images for the categorization of mitochondrial networks: A) Fused  B) 

Intermediate  C) Fragmented. Images were taken and provided by Nicole Mancini. 

 

 

 
 
 
 
 
 
 
 
 

 

 

Figure A.7: Optimization of TMRE dye concentration to ensure limited non-specific binding of 

TMRE49 


