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Abstract 

Ulcerative colitis (UC) is a long-lasting disorder of the gastrointestinal tract characterised by 

inflammation, irritation and ulcerations in the inner lining of the colon and rectum. If it is left 

untreated, it can lead to serious life-threatening complications such as colorectal cancer. 

Although the exact aetiology of UC is unknown, mitochondrial dysfunction, oxidative stress, 

endoplasmic reticulum (ER) stress, dysregulated immune response and defective barrier 

integrity are all involved in the pathogenesis of UC. Current evidence suggests that all these 

pathophysiological factors are interlinked, making it extremely difficult to identify a 

therapeutic target. Current treatment regimens involve anti-inflammatory agents, 

corticosteroids, biologicals and immunomodulators, or a combination of all these drugs. 

However, these treatments are associated with various adverse effects and are not curative. For 

many patients, this leaves only surgical interventions as a final therapeutic choice. Therefore, 

there is an urgent need to develop novel, effective treatments that simultaneously target several 

pathophysiological factors associated with UC.  

Quinones are organic compounds consisting of the polycyclic aromatic ring in their structure 

and are known to be involved in many biological activities. They control many cellular redox 

reactions such as in blood coagulation and are also reported to protect mitochondrial function. 

At present, only idebenone, a benzoquinone that belongs to the class of short-chain quinones 

(SCQs), is approved in Europe to treat a rare mitochondrial disease. Although the exact mode 

of action of idebenone has not been confirmed, previous studies suggested it is a potent 

antioxidant that is bioactivated by the detoxifying enzyme NADPH quinone oxidoreductase 1 

(NQO-1). Idebenone is also known to restore cellular energy levels under certain conditions 

by feeding electrons into complex III of the mitochondrial electron transport chain. It is thought 

that both its mitochondrial electron donor and antioxidant properties are responsible for the 

mito-protective effect of idebenone. Apart from these two properties, idebenone has been 

reported to possess numerous associated pharmacological activities including anti-

inflammatory activity.   
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In addition to idebenone, another mito-protective SCQ, UTA77, was recently developed at the 

University of Tasmania. UTA77 showed better cytoprotection and increased metabolic 

stability compared to idebenone in vitro. At present, only one study investigated the in vivo 

therapeutic potential of UTA77 in a rat model of diabetic retinopathy, where it was highly 

effective in restoring vision in diabetic animals. Based on these encouraging data, the current 

study aimed to investigate the efficacy of both mito-protective agents, idebenone and UTA77, 

and their potential mode(s) of action in experimental mouse models of acute and chronic colitis. 

In two mouse models of acute and chronic colitis, idebenone substantially reduced the disease 

activity index (DAI), improved body weight and reduced histopathological damage in both 

proximal and distal colon as compared to untreated animals. Idebenone significantly improved 

colon length, increased mucus staining and effectively suppressed the levels of pro-

inflammatory cytokines confirming its anti-inflammatory effect. In the acute colitis model, 

idebenone preserved intestinal barrier integrity by increasing the expression of TJ proteins 

occludin and zona-occludens 1 (ZO-1). Moreover, idebenone markedly increased the levels of 

the detoxifying enzyme NQO-1, increased superoxide dismutase (SOD) activity, reduced nitric 

oxide levels (NO) and reduced lipid peroxidation, demonstrating its broad antioxidant effects. 

In contrast, in the model of chronic colitis, which was not associated with oxidative stress, 

idebenone disrupted the progression of chronic inflammation by simultaneously suppressing 

ER stress markers and reducing the inflammatory response.  

Similar to idebenone, UTA77 showed a very similar therapeutic profile in vivo. It also 

alleviated DAI, improved colon length, reduced histopathology and strongly suppressed the 

secretion of several pro-inflammatory cytokines in both acute and chronic colitis models. 

Under conditions of acute colitis, UTA77 also increased the expression of TJ proteins, thereby 

maintaining intestinal barrier integrity. For the first time, this study demonstrated the anti-

inflammatory effect of the new mito-protective SCQ UTA77 in vivo, which effectively 

attenuated colonic inflammation.   

Overall, this study has generated the experimental evidence to conclude that SCQs are potent 

mito-protective agents that can effectively ameliorate colonic inflammation by simultaneously 
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targeting multiple pathophysiologies of UC. These pathogenic factors include oxidative stress, 

dysregulated immune response, altered barrier integrity and ER stress. It can be postulated that 

the synergism between the molecular activities of SCQs is likely responsible for reducing the 

severity of colonic inflammation in both acute and chronic colitis. It can also be speculated that 

both SCQs, by protecting mitochondrial function in colitic mice, can disrupt the vicious cycle 

of initiation of inflammation, oxidative damage, ER stress and prolonged inflammatory 

response at multiple levels. The knowledge attained from this study suggests that SCQs could 

be developed as a potent new therapeutic alternative to treat UC patients.  
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Thesis overview 

Chapter 1 reviews the background literature regarding the pathophysiology, current treatment 

options and novel therapeutic approaches to attenuate gut inflammation. This chapter also 

outlines the rationale, hypothesis and aims/objectives of the study.  

Chapter 2 evaluates the in vivo efficacy of idebenone in attenuating colonic inflammation in 

DSS-induced acute colitis. This chapter is published in International Journal of Molecular 

sciences. 

Chapter 3 determines the in vivo efficacy of idebenone in ameliorating chronic inflammation 

utilising Winnie mouse model of spontaneous chronic colitis. This chapter is published in 

Biomedicines.  

Chapter 4 confirms the therapeutic potential of UTA77 in mitigating colonic inflammation in 

DSS-induced acute colitis as well as in Winnie mouse model of spontaneous chronic colitis 

models. This chapter is under review after minor revisions from journal Frontiers in 

Pharmacology.  

Chapter 5 discusses the overall thesis evidence of potential impact of SCQs in different colitis 

models. This chapter also outlines the limitations and potential future directions for SCQs 

application in mitigating colonic inflammation.  
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 Chapter 1. Introduction 

 

 

1.1 Ulcerative Colitis  

Ulcerative Colitis (UC) and Crohn’s disease (CD), two primary forms of inflammatory bowel 

disease (IBD), are chronic, relapsing, idiopathic inflammation of the large intestine, generally 

affecting young adults (males and females) aged 30 to 40 years. UC is often accompanied with 

the clinical symptoms of weight loss, diarrhoea, rectal bleeding, abdominal pain, fissures and 

ulceration (1). UC usually begins from the rectum and extends toward the proximal region of 

the colon. The inflammation in UC is superficial and restricted to the mucosa or submucosa of 

the colon, while in CD, inflammation is transmural and can affect any part of gastrointestinal 

tract (GIT) (2, 3). Previously, epidemiological reports have shown the highest prevalence rate 

of UC among western countries such as Europe (505 per 0.1 million), the United States of 

America (213 per 0.1 million), and Canada (247 per 0.1 million) (4). Presently, few reports 

have reported an increased incidence of UC among Asian-Pacific countries (5). Although the 

complete aetiology of IBD remains unknown, emerging evidence and rise in incidence rate 

among the diverse population worldwide indicated the integrated role of environmental factors, 

genetic predispositions, and immunological responses in the pathogenesis of IBD (3). The 

severe attacks of UC in the undetermined population could be life-threatening and require an 

intensive medical regime, consuming approximately 8 to 15 billion dollars in America, which 

is too expensive for an average patient. Untreated or long-standing UC can lead to life-

threatening colorectal cancer in the later stages of life with higher mortality rates (6).  

 

At present, no cure is available for UC due to its unclear pathogenesis. Therefore, increasing 

incidence and limited therapeutic options reinforce the need to understand the pathogenesis of 

the disease in more detail and develop new cost-effective therapeutic approaches to manage 

UC, which will eventually provide improved quality of life to UC patients and lower the risk 

of developing associated complications.  
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1.2 Pathogenesis of UC 

A remarkable progression in the field of immunology over the last decade has increased our 

understanding of the pathogenesis of UC and provided us with a better opportunity to 

comprehend and explore the pathways involved. Nevertheless, a complete understanding of 

pathogenesis is still ambiguous because of various undetermined inflammatory drivers present 

in different subgroups of IBD patients. Many emerging studies have inter-connected genetics, 

immune dysregulation, altered mucosal barrier integrity, microbial dysbiosis, environmental 

factors, and cellular stresses for the initiation and the development of multifactorial UC. 

Understanding these factors is crucial to identifying novel biomarkers and developing new 

targeted- strategies for the optimal management of UC.  

 

 

The intestinal mucosal layer comprises of intestinal epithelial cells (IECs) as a significant 

barrier between the external environment and the host’s immune system while allowing the 

diffusion of selected ions, nutrients and water into the systemic circulation (7, 8). The IECs are 

interconnected by cytosolic and transmembrane proteins called tight junction (TJ) proteins, 

maintaining intestinal barrier integrity (9). The inner and outer layers of the colonic barrier are 

impregnated with a mucus layer secreted by goblet cells (10). In a healthy colon, the mucus 

layer is crucial to control the exposure of the IECs to harmful microbes (10). In UC, any 

disruption of the mucosal barrier results in the translocation of microbial cells and toxins from 

the gut into the epithelium, activating an uncontrollable inflammatory cascade in the lamina 

propria. Epithelial barrier dysfunction in UC can be attributed to either defective tight junctions 

and or diminished mucin secretion of IECs (11). 

 

The IECs contain goblet cells that secrete mucin, immunoglobulins, and anti-microbial 

peptides to maintain intestinal homeostasis as part of the body’s defence system (12, 13). 

Increased intestinal barrier permeability in UC arises from reduced mucin secretion, reduced 

anti-microbial factor α-defensin and trefoil peptides, and reduced immunoglobulin A (IgA) 

secretion into the mucus layer by goblet cells (14-17). In UC, depletion of goblet cells and the 

absence or thinning of the mucus layer allow microorganisms to contact the epithelial surface 

(18). Animal studies have conferred that deficiency or a point mutation in the MUC2 (mucin) 
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gene leads to spontaneous chronic colitis (19, 20). A study has also revealed decreased 

expression, secretion and mucin synthesis in patients with severe UC (21), which constitutes 

an important pathophysiological factor in the initiation and propagation of intestinal 

inflammation.  

 

The paracellular spaces between the adjacent IECs cells only allow paracellular transportation 

of some selective molecules and strictly restrict the diffusion of microbial peptides, proteins, 

and lipids (22).  These paracellular spaces between epithelial cells are sealed together with TJ 

proteins (23). Any alterations in the TJ proteins permit the entry of harmful microbial toxins 

more profound into the sub-mucosa that triggers the inflammatory response and subsequently 

leads to a sustained diseased state (11, 23). Compromised expression of TJ proteins has been 

reported in several in vivo models of intestinal inflammation and UC patients (24-27). 

Environmental factors and mutation in TJ proteins can impact the integrity of TJ in UC (10, 

28). Several studies have highlighted the detrimental role of cytokines, oxidative stress and 

mitochondrial dysfunction in disrupting barrier integrity through altering TJ proteins (29-32). 

The secretion of interleukins (IL), tumor necrosis factor alpha (TNF-α), and interferon gamma 

(INF-γ) harm intestinal permeability by dissociating TJ proteins (33, 34). Elevated levels of 

reactive oxygen species (ROS) and reactive nitrogen species (RNS) levels disrupt TJ protein-

protein interactions such as occludins with zona-occludens and thereby increase the 

paracellular permeability of intestines during the pathological condition (32). TJ proteins 

require mitochondrial energy to maintain intestinal barrier integrity (35). However, in UC, low 

levels of mitochondrial energy production in the intestinal mucosa modify the expression of TJ 

proteins, disrupt barrier integrity and eventually lead to intestinal inflammation (35, 36). 

Although TJ proteins are considered essential, exact functional role or mechanism in 

maintaining barrier integrity remains elusive.  

 

 

The abnormal immune response in IBD is initiated by defective epithelial barrier and 

translocation of commensal bacteria from the epithelial surface into lamina propria resulting in 

the infiltration of a large number of immune cells into lamina propria such as macrophages, 

neutrophils, dendritic cells, T-cells, and B-cells, leading to the perturbation of intestinal 
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homeostasis and expansion of intestinal inflammation (37). The activation of immune cells into 

the lamina propria releases pro-inflammatory cytokines and chemokines that damage the 

mucosal tissues (38).  

 

Under physiological conditions, mucosal homeostasis is maintained by effector T-helper cells 

(Th1, Th2 and Th17) and T-regulatory cells (Treg) (39). However, this balance is disturbed in 

the mucosa of UC patients. UC is typically associated with a predominant Th2 immune 

response mediated by non-classical natural killer (NK) T cells. Greater numbers of NK T cells 

can be detected in the lamina propria of the inflamed colon in UC patients (39). NK T cells 

produce interleukins 5 and 13 (IL-5 and IL-13) (39). IL-13 is critical in UC as it induces 

apoptosis of epithelial cells, which further disrupts barrier integrity by modifying TJ proteins 

and thus amplifies mucosal injury (40). In contrast, blockade of IL-13 and reduction in NK T 

cell numbers protect against the development of colitis (41).  

 

Furthermore, genome-wide association (GWA) studies have suggested the involvement of 

Th17 cells in the pathogenesis of IBD (42). These cells secrete an array of pro-inflammatory 

cytokines, including IL-17A, IL-22, IL-21, and INF-γ after activation by IL-6/IL-23 and 

transforming growth factor beta (TGF-β) pathways (43, 44). IL-17 exerts a robust chronic 

inflammatory response by activating the signal transducer and activator of the transcription 3 

(STAT3) pathway (45). Elevated levels of IL-17 are present in the inflamed mucosa of both 

CD and UC patients (46). Indeed, IL-17 recruits neutrophils from blood vessels and releases 

the chemokine IL-8 from epithelial cells into the inflamed mucosa, which further expands 

inflammation (47). Besides, activated macrophages produce a prime mediator of inflammation, 

TNF-α, which is elevated in both UC and CD (48). Subsequently, TNF-α mediates the release 

of IL-6 and IL-1β, which are also expressed at high levels in the serum of UC patients (49, 50). 

The use of anti-TNF-α agents like infliximab and its combination with azathioprine have 

improved clinical outcomes and are advantageous for maintaining remission in both CD and 

UC patients (51). Furthermore, another essential pro-inflammatory cytokine, INF-γ, is elevated 

in UC and linked to the severity of the disease (52). Apart from releasing pro-inflammatory 

cytokines, macrophages are also involved in the production of elevated ROS levels in UC, 

which further perpetuates mucosal damage (53). On the other hand, reduced numbers of 

regulatory Treg cells are believed to drive inflammation in UC (54, 55). It is thought Treg cells 
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have anti-inflammatory properties since they produce the anti-inflammatory cytokine IL-10 

and decrease the progression of colitis (56, 57). Although all these studies have demonstrated 

the pathogenic role of pro-inflammatory cytokines and chemokines in the development of 

colitis, more research is needed to better understand their regulation of disease pathophysiology 

to develop effective cytokine-targeted therapies.  

 

 

The endoplasmic reticulum (ER) is a cellular organelle accountable for the folding and 

secretion of proteins, calcium storage, and lipids synthesis. During pathological conditions, 

mutation or overexpression of proteins disbalance the ratio between the capacity and demand 

of ER to fold proteins. This imbalance leads to an accumulation of unfolded or misfolded 

proteins in the ER, causing ER stress (58). To cope up with ER stress, cells have evolved a 

mechanism termed unfolded protein response (UPR) that consists of a cluster of three 

transmembrane proteins including activating transcription factor 6 (ATF6), inositol-requiring 

protein 1 (IRE-1) and protein kinase R-like endoplasmic reticulum kinase (PERK) (59). Under 

normal conditions, PERK, ATF6 and IRE-1 exist in an inactive form by associating with the 

chaperon glucose-regulated protein 78 (GRP78). During abnormal protein misfolding, GRP78 

dissociates and releases PERK, ATF6 and IRE-1 (Figure 1.1). After dissociation, PERK 

activates its autophosphorylation and oligomerisation, inhibiting eukaryotic translation 

initiation factor 2 alpha (eIF2α). This inhibition allows the production of activating 

transcription factor 4 (ATF4)-mediated transcription factors of UPR genes. Similarly, 

oligomerisation and autophosphorylation of IRE-1 trigger the splicing of X-box binding 

protein 1 (XBP-1) and stimulate the transcription of ER stress-related genes. Similar to PERK 

and IRE-1, ATF6 enters into the Golgi apparatus, where it is cleaved via site 1 proteases (S1P) 

and site 2 proteases (S2P). Afterwards, the N-terminal of ATF6 translocates to the nucleus and 

binds to ER stress-responsive elements (ERSE), resulting in the transcription of ER stress-

related genes such as ER chaperons, XBP-1, CCAAT-enhancer-binding protein homologous 

protein (CHOP), and ER-associated protein degradation (ERAD) components (58-61) (Figure 

1.1).   

 

The earliest link between ER stress and intestinal inflammation was reported when conditional 

deletion of XBP-1 resulted in spontaneous intestinal inflammation in mice and made mice more 
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susceptible to dextran sodium sulphate (DSS)-induced colitis (62). Deletion of XBP-1 in mice 

resulted in apoptotic death of paneth and goblet cells, decreased mucin synthesis, and 

stimulation of nuclear factor kappa light chain enhancer of activated B cells (NF-κB) 

inflammatory pathway and other inflammatory mediators in the mucosa (62). Deep gene 

sequencing analysis revealed the single nucleotide polymorphism (SNP) in XBP-1 in both UC 

and CD patients was associated with increased intestinal inflammation (62). Paneth cells are 

one of the intestinal epithelial cells that reside at the bottom of the intestinal crypts and regulate 

the adhesion of microbiota to the intestinal epithelium (63). Goblet cells are the mucus-

secreting cells of the intestinal epithelium and produce a protective mucus layer over the 

mucosal surface of the intestine (64). UC is generally typified by a loss of goblet cells along 

with reduced mucus production (65). Further evidence of ER stress-mediated intestinal 

inflammation was demonstrated in a Winnie mice model of spontaneous colitis. In Winnie 

mice, a missense mutation in the MUC2 (mucin) gene resulted in aberrant mucin biosynthesis 

and accumulation of misfolded proteins leading to ER stress in intestinal goblet cells. (19). 

MUC2 biosynthesis and mucus secretion were restored by glucocorticoids, resulting in the 

reduction of ER stress in Winnie (66). Furthermore, mice deficient in disulphide protein AGR2 

(that aids in protein folding) developed colitis along with UPR activation and dysfunctional 

paneth and goblet cells (67). Several mouse models displayed perturbations in UPR pathway 

proteins including CHOP, S1P, and ATF6, exhibited higher susceptibility to DSS-induced 

colitis (68-70). The transcription factor CHOP is considered as a pro-apoptotic factor and 

becomes implicated during inflammatory conditions. Higher expression of CHOP has been 

found in UC patients and in mouse models deficient in ATF6 and XBP-1 (62, 70). CHOP is 

also responsible for activating NF-κB and secreting pro-inflammatory cytokine IL-8 in human 

intestinal epithelial cells (71). Indeed, CHOP is also linked ROS induction, infiltration of 

macrophages, production of IL-1β, and apoptosis of intestinal epithelial cells during colitis 

(68). Another study displayed the activation of UPR and increased expression of GRP78 in IL-

10 knock-out mice (72). Administration of anti-inflammatory cytokine IL-10 reduced ER 

stress, protein misfolding and enhanced mucus production in the goblet cells of Winnie mouse 

model of spontaneous colitis (73). Collectively, it can be envisioned that a vicious cycle there 

between ER stress and inflammation goes on during intestinal inflammation, therefore 

specifically correcting ER stress can re-establish intestinal homeostasis. 
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radicals are hydrogen peroxide (H2O2), superoxide anion (O2-•), hydroxyl radical (OH•), 

hypochlorite ion (OCl − ), peroxynitrite (OONO −) and nitric oxide (NO). These free radicals 

are very reactive and highly unstable, capable of damaging essential intracellular biomolecules 

such as nucleic acids, proteins, carbohydrates and lipids leading to disruption of cells and body 

homeostasis (75). Excessive generation of oxygen and nitrogen-based free radicals imbalance 

the redox level between harmful free radicals (oxidants) and cellular antioxidants, which result 

in a pathological condition called oxidative stress or nitrosative stress (depending on the radical 

species) (76). The detrimental effects of oxidative stress or redox imbalance have been 

associated with a wide variety of diseases such as IBD, neurodegenerative disorders, 

autoimmune disorders, colorectal cancer and diabetes mellitus (77-79).  

 

During colonic inflammation, disruption of mucosal barriers activates polymorphonuclear 

leukocytes (PMNs), which migrate to the sites of injury. At the site of injury, PMNs secrete 

ROS and pro-inflammatory cytokines mainly via ROS-producing enzyme systems in the 

plasma membrane such as NADPH oxidases (NOX) (80). Consequently, persistent and 

uncontrolled generation of ROS or reduced levels of antioxidants cause tissue injury or 

apoptosis of epithelial cells, which eventually lead to mucosal ulceration (81). Higher levels of 

endogenous ROS are produced by the mitochondrial electron transport chain (mtETC). Under 

pathological conditions, an overabundance of ROS generation damages mitochondria, 

suppresses adenosine triphosphate (ATP) production, causes lipid peroxidation, suppresses 

ETC, damages deoxyribonucleic acid (DNA) and triggers inflammatory responses (53). In IBD 

patients and the DSS-induced colitis mouse model, it was reported that a dysregulated mtETC 

was the origin of excessive ROS production (82). However, the underlying primary mechanism 

of how oxidative stress in mitochondria leads to colitis is still unclear. During inflammation, 

immune cells including neutrophils, leukocytes, macrophages and monocytes also contribute 

to ROS generation leading to further mucosal damage (83). However, loss of 

neutrophils/macrophages reduce ROS/RNS overproduction and ameliorate intestinal 

inflammation in a mouse model of colitis (84). Additionally, several environmental factors 

such as radiation, alcohol, smoking, chemotherapy, xenobiotics and drugs also contribute to 

oxidative stress and, therefore UC. 
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1.2.4.1 Reactive oxygen species 

The superoxide anion (O2- •) is one of the most abundantly produced oxygen free radical in the 

human tissue. However, it is extremely short-lived due to its high reactivity and causes 

oxidation of immediate adjacent biomolecules. It is for example generated in the mitochondria 

by ETC complexes I and III by leaking electrons that react with oxygen (85). In the 

mitochondrial matrix, superoxide radicals react with manganese superoxide dismutase 

(MnSOD) and convert into hydrogen peroxide, which can cross the mitochondrial membranes 

and enter into the cytoplasm (Figure 1.2). This results in the activation of inflammasome, pro-

inflammatory cytokines and redox-mediated transcription factors such as NF-κB and hypoxia-

inducible factor 1 alpha (HIF-1α) (80, 86). 

  

Other sources of generation of superoxide radicals in the intestinal mucosa are xanthine oxidase 

(XO) and NADPH oxidase (NOX) (Figure 1.2). The NOX and XO catalyses molecular oxygen 

into superoxide radicals (53). The enzyme XO, mainly located in the cytoplasm and plasma 

membrane, is released from intestinal tissues or fluids under stress conditions (53). The plasma 

membrane-bound NOX, NOX1, and NOX2 among 5 isoforms have been postulated as novel 

risk factors for IBD (87). They are considered as primary oxidant enzymes for ROS generation 

in the GIT (88, 89). Because of its higher expression in the colon, NOX-1 is also referred to as 

‘colon NADPH oxidase’ (90). NOX-1 catalyses molecular oxygen into superoxide radical at 

the luminal surface of the colon. Another source of superoxide generation is immune cells (91, 

92). The overabundance of superoxide radical generation from neutrophils and macrophages 

alters TJ proteins of intestinal epithelial cells, leading to the disruption of intestinal barrier 

integrity and is considered an early step in the initiation of inflammation (91, 92).  

 

Hydrogen peroxide (H2O2) radical is another powerful contributor of oxidative stress after 

superoxide radical and is continuously generated in cellular organelles such as peroxisomes, 

endoplasmic reticulum (ER), plasma membrane, mitochondria, and cytosol (83). It is long-

lived and can easily diffuse across biological membranes. In GIT, hydrogen peroxide diffusion 

is mediated through aquaporins. At the site of inflammation, hydrogen peroxide converts to a 

highly toxic hydroxyl radical (OH•) through the Fenton’s reaction (83). These hydroxyl 

radicals are accountable for the deactivation of mitochondrial enzymes in GIT, mitochondrial 
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nucleic acids damage and depolymerisation of intestinal mucin (93-95). It has also been 

reported that hydrogen peroxide destroys TJ proteins and colonic epithelial cell membranes, 

resulting in enhanced intestinal permeability both in vivo and in vitro (30, 96). Furthermore, 

hydrogen peroxide converts into harmful hypochlorous acid through the myeloperoxidase 

(MPO) enzyme at the site of inflammation (Figure 1.2). MPO is considered as an active 

oxidative-damage biomarker and is overexpressed in inflamed mucosa of UC patients and a 

mouse model of colitis (97, 98). Intriguingly, the basal level of ROS present varies in different 

tissues, with a higher concentration in the colon and a lower concentration in the small intestine. 

This difference in ROS levels may contribute to the higher susceptibility of the colon to UC. 

                    

1.2.4.2 Reactive nitrogen species 

Reactive nitrogen species or nitrogen-linked free radicals are the by-product of the enzyme 

nitric oxide synthase (NOS) and are highly expressed in mucosa and submucosa of the 

intestines (99). NOS metabolism generates NO•  radicals and has contradictory effects on 

intestinal tissue damage. There are three isoforms of NOS; endothelial nitric oxide synthase 

(eNOS), neuronal nitric oxide synthase (nNOS) and inducible nitric oxide synthase (iNOS) 

(Figure 1.2) (100). The eNOS has protective effects in maintaining GIT mucosal integrity, 

blood flow, and gut motility, while another inducible isoform (iNOS) causes ulceration, 

mucosal damage and also leads to the formation of deleterious RNS (100). iNOS is generally 

present in macrophages, smooth muscles, neutrophils, and epithelial cells, which generate 

elevated levels of NO in the intestinal mucosa during intestinal inflammation (101). The 

reaction between NO and O2
- •  results in forming the peroxynitrite radical (OONO −), a highly 

aggressive oxidising agent responsible for accelerating inflammatory response and tissue 

injury (102). Peroxynitrite is highly toxic and can cause lipid peroxidation, DNA damage, and 

protein oxidation (103). For instance, peroxynitrite reacts with tyrosine to form 3-nitrotyrosine, 

which is associated with impairment of tissue/cellular homeostasis (104, 105). The NO is also 

related to the induction of ER stress by S-Nitrosylation of a cysteine residue of  UPR sensor 

proteins PERK and IRE-1 (106). Overexpression of iNOS exacerbated inflammation and tissue 

injury in IBD patients (107). Multiple studies have reported increased NO levels in the colon 

of UC patients, which supports the hypothesis that NO could act as a potential biomarker in 

IBD (101, 108-111). End products of NO and OONO− metabolism such as nitrites and nitrates 

are present at higher concentrations in the colon, plasma, and faeces of UC patients (112). 
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These nitrite and nitrate ions are highly stable, accumulating in the cells and giving rise to 

highly carcinogenic nitration and nitrosating intermediates (nitrogen peroxide and dinitrogen 

trioxide) (103). These intermediates disrupt the functioning of essential macromolecules such 

as DNA, ribonucleic acid (RNA), proteins and lipids. For instance, nitration of DNA and RNA 

generates 8-nitroguanosine, which is highly mutagenic and pro-oxidant (113).  

 

1.2.4.3 Lipid peroxidation in UC 

Persistently elevated levels of ROS and RNS damage DNA, denature cellular proteins, and in 

particular oxidise lipids of cellular membranes. This process is known as lipid peroxidation 

(LPO) and is considered a significant biomarker of oxidative tissue and cell damage. During 

lipid peroxidation, unstable hydroperoxyl radicals generated from peroxyl-mediated self-

propagating chain reactions mainly attack poly-unsaturated fatty acids (PUFA) of cell 

membranes, resulting in structural and functional alterations of cellular membranes and 

lipoproteins (114). These unstable lipid peroxides rapidly degrade into end-products such as 

malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE), which are highly mutagenic and 

toxic (115, 116). Increased levels of MDA have been found in the plasma of UC patients (117) 

and mouse models of UC (24, 118, 119).  The use of various natural and synthetic exogenous 

antioxidants has been described to alleviate intestinal inflammation, and it is thought that this 

happens by reducing lipid peroxidation and other oxidative damage markers in UC (24, 120-

123).  

 

1.2.4.4 Antioxidant defence machinery in the intestinal epithelium 

Damaging concentrations of ROS/RNS are counteracted by the cellular antioxidant defence 

mechanism in the GIT to achieve physiological concentrations. The cell’s antioxidant defence 

includes intracellular enzymatic antioxidants such as catalase (CAT), superoxide dismutase 

(SOD), and glutathione peroxidases (GPx); non-enzymatic antioxidants such as glutathione 

(GSH) and flavonoids; and some minerals, vitamins, and ceruloplasmin as extracellular 

antioxidants. Notably, in colonic enterocytes, the concentration of ROS/RNS and enzymatic 

antioxidants are much higher as compared to the small intestine (124). SOD is considered one 

of the major endogenous enzymes capable of reducing the majority of superoxide free radicals 

into hydrogen peroxide. SOD exists in three isoforms in mammals:  
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SOD1 as Cu/ZnSOD in the cytosol, SOD2 as MnSOD in the mitochondria and peroxisomes, 

and extracellular SOD3 exist as Cu/ZnSOD (125). SOD1 is the main isoform among the three 

isoforms that metabolizes the majority of cytoplasmic O2-•  into H2O2 whereas SOD2 protects 

mitochondria from cellular damage mediated by superoxide generation (126). The three 

isoforms of SOD have a differential mucosal expression in IBD patients as revealed by a 

clinical study where the expression of SOD2 was highly upregulated while SOD3 expression 

was downregulated in IECs (127). However, the expression of SOD1 was less likely affected 

in IBD patients (127). Overall, during IBD pathogenesis, SOD activity is increased to 

counteract the cellular damage and inflammation induced by oxidative stress (128, 129). 

However, some contradictory reports demonstrated decreased SOD activity or deficiency of 

SOD1 aggravated colonic inflammation in experimental mouse models of colitis and the 

mucosa of active UC patients (24, 130-133). This variation in the reports arises due to different 

experimental conditions and techniques used. Furthermore, another non-enzymatic detoxifying 

agent, glutathione (GSH), is abundantly expressed in mitochondria, cytoplasm and nucleus 

(134). GSH along with GPx, glutathione reductase and glutathione-S-transferase, form an 

antioxidant barrier in the gut mucosa (53, 135). GPx protects cells from peroxide damage by 

oxidising the sulphydryl group of GSH to GSSG, results in the reduction of hydrogen peroxide 

to a water molecule (136). Out of eight isoforms of GPxs, GPx2 is considered the major 

antioxidant, defending against oxidative damage in the intestinal mucosa (136-138). Low 

levels of GSH have been observed in experimental models of colitis which was reversed by 

antioxidant therapies (139-143).  

 

Another antioxidant enzyme, CAT, which is located in the peroxisomes of the lamina propria 

and colonic epithelium, catalyses the reaction where SOD-produced H2O2 is converted into 

water (H2O). Reduced levels of CAT activity can be seen in CD patients and is also associated 

with stomach ulcers and colorectal cancer (53, 144, 145). Higher CAT activity was reported to 

reduce colitis and colon cancer in experimental mouse models of colitis and colorectal cancer 

(146, 147).   
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Mitochondria are vital organelles that regulate cellular functions (ROS generation, 

programmed cell death and stress signals, Ca2+ homeostasis) and produce most of the cellular 

energy in the form of ATP through oxidative phosphorylation. Any alterations in the 

performance of mitochondria can disrupt overall cellular/tissue/organ functions (156). 

Although UC is one condition that impairs mitochondrial performance, the exact causative role 

of mitochondrial dysfunction in UC is still ambiguous. It has been suggested that abnormal 

morphological alterations in mitochondria play a key role in UC pathogenesis. Swollen 

mitochondria with irregular cristae and reduced ATP levels have been reported in UC patients 

(36, 157). Indeed, structural abnormalities in mitochondria have also been observed in an 

animal model of experimental colitis (158). However, although altered morphology can 

illustrate dysfunction but might not be causal to the observed pathology. The current literature 

connects other factors such as ROS generation, mitochondrial membrane integrity, and 

autophagy to mitochondrial stress and its effect on inflammasome activation and subsequent 

tissue inflammation. An overabundance of ROS and its deleterious damaging effects on 

cellular macromolecules that include lipid peroxidation, protein oxidation, and DNA damage 

have been reported in IBD patients which have been replicated in murine models of colitis (82, 

99, 117, 127, 159, 160). Since a specialised antioxidant machinery normally neutralizes 

mitochondrial ROS in the mitochondria (161, 162), destabilization of mitochondrial function 

may result in excessive ROS production leading to reduced cellular bioenergetics and 

ultimately cell and tissue damage. A study by Dashdorj et al. (2013) showed that reduction of 

mitochondrial ROS with a mitochondria-targeted antioxidant protected against DSS-induced 

acute colitis, which suggests that ROS-induced mitochondrial damage is central to the disease 

pathology (82). Mucosal inflammation decreases the availability of oxygen and leads to low 

oxygen concentrations in intestinal epithelial cells, which creates a state of hypoxia (163). In 

UC, hypoxia-related HIF-1 factor is overexpressed in the mucosa of UC patients with different 

expression levels in different sections of the colon (163). Since HIF-1 regulates various 

inflammatory mediators such as iNOS, COX-2, IL-6, and IL-8 (164), prolonged hypoxia 

increases the production of mitochondrial ROS and pro-inflammatory cytokines during colitis 

(165).  
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Furthermore, a mitochondria-mediated pro-inflammatory response has been indirectly linked 

to inflammasome activation. The inflammasome is a multi-protein complex responsible for 

regulating inflammatory responses and seems to play a major role in the progression of UC 

based on preclinical and clinical studies (166, 167). In UC, activation of the inflammasome 

activates caspase-1 and, maturation and secretion of cytokines IL-18 and IL-1β, resulting in 

intestinal inflammation (168-171). Recent studies in a murine model of colitis have shown that 

the inflammasome can be activated by mitochondrial ROS (mtROS) (82, 162, 172). However, 

it is still not clear whether inflammasome is only activated by mtROS as there are some other 

cellular sources of ROS production. More research is needed to clarify the degree of 

involvement of mitochondria and ROS in the propagation and development of UC.  

          

Another danger signal that mediates pro-inflammatory response is mitochondrial DNA 

(mtDNA). MtDNA is released from the mitochondria into the cytoplasm and extracellular 

space during mitochondrial stress and has been implicated in various inflammatory diseases 

such as acute liver injury, atherosclerosis, rheumatoid arthritis, and hypertension (173). 

Circulating mtDNA act as a toll-like receptor 9 (TLR9) agonist and is responsible for the 

activation of various signalling pathways (mitogen-activated protein kinases (MAPK), NF-κB, 

and nucleotide-binding oligomerisation domain, leucine-rich repeat and pyrin domain 3 

(NLRP3) inflammasome) (173). Collin et al. (2004) firstly reported the mtDNA-induced 

secretion of TNF-α and its mediated pro-inflammatory response in arthritis when injected in 

mice joints (174). Another study observed the release of mtDNA into the cytosol of bone 

marrow derived macrophages (BMDMs) when stimulated with LPS and in cells lacking 

autophagy proteins. This study also reported increased activation of caspase 1 and secretion of 

IL-1β and IL-18 in BMDMs deficient in autophagy proteins, which suggests the association 

between mtDNA and inflammasome activation (175). Furthermore, the inflammatory potential 

of mtDNA is also gaining more attention in IBD studies. A recent study by Boyapati et al. 

(2018) for the first time reported that mtDNA is increased in plasma and faeces of UC patients 

and DSS-induced colitic mice (176). This study recognised mtDNA as a damage-associated 

molecular pattern (DAMP) with a pro-inflammatory mechanistic biomarker for UC. Another 

study also showed increased levels of mtDNA in the serum and intestinal tissues of IBD 

patients, which was associated with increased levels of NLRP3 inflammasome and IL-1β 

expression (177). Given the tissue injury observed in UC, it would be of interest to instigate 
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the pathogenic role of mtDNA in gut inflammation to determine whether mtDNA is just a 

general biomarker for UC or is specifically related to UC. 

 

There are a number of neurodegenerative and metabolic diseases that are associated with both 

mitochondrial dysfunctions and ER stress (178-180). This is not surprising as both organelles 

ER and mitochondria are functionally and physically connected and are in direct contact with 

each other via mitochondria-ER-associated membranes (MAMs). MAMs provide a platform 

to regulate various physiological processes such as calcium signalling, autophagy, lipid 

biosynthesis, inflammasome activation, energy metabolism and apoptosis (181, 182). The 

interaction between both organelles is mediated through several proteins and chaperons located 

at MAMs (181). Under stress conditions, likewise, ER stress, accumulation of UPR in the 

mitochondrial matrix also activate the transcription of various mitochondrial stress-responsive 

genes (183-185). UPR ER depends upon the energy exchange between both ER and 

mitochondria (186). Therefore, any alteration in mitochondrial functions may modulate ER 

UPR during a chronic disease state. Recently, several reports described that ER UPR is similar 

to mitochondrial UPR (mtUPR) (187, 188). Most of the mtUPR genes are responsive through 

CHOP induction, suggesting that the CHOP contains mtUPR responsive element activator 

protein 1 (AP-1) (187). The AP-1 site lies alongside with ER stress-responsive element (ERSE) 

site at the promoter region of the CHOP gene. The ERSE site is responsible for ER stress-

induced CHOP activation (189). Although both ER UPR and mtUPR seem to be two different 

pathways with their own sets of chaperones, however, both induce a common transcription 

factor CHOP at ER-mitochondria interface via double stranded-RNA-activated protein kinase 

(PKR) (187, 190). This PKR integrates mtUPR into ER UPR via activation of AP-1 and 

phosphorylation of ER stress-related eIF2α (190). A study by Rath et al. (2012) showed that 

in DSS-treated PKR-deficient mice, IECs were unable to activate mtUPR target gene cpn60 

(190). This was also associated with resistance against DSS-induced colitis. This study 

displayed that mtUPR is involved in the pathogenesis of UC (190). Moreover, in another study, 

IECs of colitic mice revealed aberrant expression of UPR proteins, a fragmented ER and 

deteriorated mitochondria, which further connected mitochondrial dysfunction with ER stress 

(191). These data suggest that both mtUPR and ER UPR might cooperatively contribute to 

intestinal inflammation.  
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Nevertheless, it is still unclear whether mitochondrial dysfunction is the consequence of 

aberrant ER stress or that some external factors impair mitochondrial function, which in turn 

negatively affects the functionality of the ER. At this point, there are minimal pieces of 

evidence that directly associate mitochondrial stress and intestinal inflammation. Elucidating 

the mechanistic connection between mitochondrial and ER stress in UC will facilitate the 

development of a novel therapeutic approach that could target mitochondrial dysfunction, 

which may help to maintain intestinal epithelium homeostasis to treat UC patients.  

 

1.3 Limitations of current management therapies 

The goal of currently used therapies is to achieve induction and maintenance of UC remission 

through medications (192). Still, a more recent trend has been shifted to achieve deep 

remissions and mucosal healing. However, several patients do not respond to existing 

treatments or experience life-threatening impediments such as cancer, perforations, fulminant 

colitis, and refractory rectal bleeding, in that case, surgery is the only therapeutic option (193). 

Since the main root cause of UC is inflammation, pharmacological agents such as 

aminosalicylates (mild to moderate UC) and corticosteroids (UC flares) were just primarily 

used for managing the disease symptoms and providing relief to the patient (194, 195). 

Induction and maintenance therapy with steroids, especially with fast-acting steroids, are 

currently utilised to control aggravated inflammation in UC patients (195, 196). However, 

these agents are usually associated with numerous side effects such as renal toxicity, cataract, 

muscle weakness, diabetes, psychosis, osteoporosis and heartburn (196, 197).  

 

Azathioprine therapy is often accompanied by mucosal healing, but only in 60% of chronic 

colitis patients (198, 199). Azathioprine therapy has also shown unwanted side effects such as 

hepatotoxicity, pancreatitis and myelotoxicity (196). In addition to it, immunosuppressants are 

primarily used to counteract harmful side effects of steroid dependency, infections but not 

ensuring remissions for the long-term in UC patients (192, 200). Considering the long-term 

treatment approach, an immense array of undesirable side effects remains a main concern for 

UC patients. 
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Irrespective of unknown aetiology, it is clear that dysregulated immune response is considered 

as an initial event in the progression of this disease (201). Therefore, current therapies are 

majorly focused on targeting pro-inflammatory cascade, mainly TNF-α signalling in refractory 

and complicated cases. A new emerging trend of using biologicals in UC patients, who do not 

respond to current immunomodulatory therapies or are resistant to steroid therapy, has been 

approved. These biologicals belong to the class of TNF-α inhibitors (golimumab, infliximab, 

and adalimumab and certolizumab pegol) and are associated with significant cost (202). 

Moreover, a risk of developing infections and lymphoma have been reported with their long-

term use (203). Apart from that, another approved biologic agent includes anti-integrin agents 

such as vedolizumab that aims to inhibit lymphocyte migration. However, clinical efficacy and 

safety data are still lacking for this therapy (200). Furthermore, the interleukin blocker 

ustekinumab is considered as the first biologic that targets both IL-12 and IL-23 and was found 

to induce and maintain remissions in mild to moderate UC patients. However, long-term 

exposure to ustekinumab is associated with serious adverse events of cancer, acute respiratory 

distress and haemorrhage (204). It is noteworthy that inhibiting a particular pathway without 

understanding the complete underlying pathophysiological mechanisms may not result in a 

successful outcome or cure of this debilitating disease.  

 

Current treatment approaches have limited ability to sustain long-term remission of symptoms 

and to avert recurrent inflammation. Therefore, developing new effective, affordable, and safe 

therapeutic agents for UC treatment is imperative.  

 

1.4 Antioxidants: novel therapeutic strategy 

It is conventionally hypothesised that antioxidants act by scavenging ROS. However, 

according to kinetics, it is difficult for antioxidants to scavenge ROS adequately at any 

concentration completely (205). An alternating hypothesis advocated that antioxidants either 

decrease ROS generation by targeting mitochondria and NOX or increase antioxidant enzyme 

concentrations or related pathways such as the Nrf2 pathway (205). Non-conventional 

therapeutic options consist of ROS inhibitors, antioxidant enzyme activators, hormones, 

dietary supplements, synthetic or natural substances, gaining more attraction as an alternative 

approach for UC treatment (Table 1.1).  
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Polyphenols consist of about 7000 compounds and are abundantly present in dietary vegetables 

and fruits. Polyphenols demonstrate antioxidant, anti-inflammatory, anti-apoptotic and 

immunomodulatory properties. Polyphenols can also interrupt some targeted pathways 

involved in inflammation involving Nrf2, NLRP3, NF-κB and STAT3 pathways (53, 206). 

Polyphenols (flavonoids) such as resveratrol, quercetin, curcumin, and gallic acid have 

antioxidant capabilities and play a protective role in ameliorating colitis in experimental mouse 

models (151, 207-213). These polyphenols reportedly decreased oxidative stress and colonic 

inflammation via activating Nrf2/NQO-1 pathway, reducing lipid peroxidation, reducing NOX 

and COX levels, blocking NLRP3 inflammasome activation and suppressing pro-inflammatory 

cytokines release as listed in Table 1.1. Curcumin was reported beneficial in UC patients 

without serious adverse effects.  

 

Another compound that belongs to polyphenolic diterpene is carnosic acid. Carnosic acid 

obtained from the rosemary plant has recently been shown to prevent DSS-induced colonic 

damage via activating Nrf2/NQO-1 pathway, suppressing NF-κB signalling, decreasing 

NLRP3 inflammasome activation (152). Although polyphenols can be considered promising 

agents in UC treatment, however polyphenols may impart some negative effects due to their 

pro-oxidative nature at higher concentrations. Polyphenols may also interfere with the 

absorption of other drugs and metabolic pathways (53). Proper attention should be paid while 

selecting polyphenols specifically against the GI tract.  

 

Sinomenine, a natural alkaloid extracted from Sinomenium acutum exhibits antioxidant and 

immunomodulatory actions. Sinomenine showed protection against trinitrobenzenesulfonic 

acid (TNBS)-induced colitis by reducing the levels of pro-inflammatory markers (214). Later 

on, another study utilised DSS-induced colitis model to disclose its underlying mechanism 

(130). In this study, sinomenine partly activated Nrf2/NQO-1 pathway and exerted antioxidant 

and anti-inflammatory effects.   

 

Functional food such as camel’s milk is a rich source of vitamins and minerals with excellent 

anti-inflammatory and antioxidant properties, reduced the severity of colonic inflammation in 

an experimental model of colitis (215). It acts as supplementary food during immunodeficiency 
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and may be valuable for UC patients. In addition to it, various nutrients, including vitamins 

and minerals, attained better redox balance in combination than using alone. For instance, a 

combination of vitamin E and selenium increased total antioxidant capacity (TAC), total 

oxidant status (TOS), MPO activity, CAT and total-thiol (TSH) activities, and attenuated 

intestinal inflammation induced by acetic acid in rats (216). Indeed, another category that is 

gaining wider attention in recent years to treat UC is probiotics. Probiotics are supplements 

containing live microbes that are beneficial in maintaining the gut barrier, improving local 

mucosal immune response, and balancing good versus harmful microbial balance in GIT. The 

most commonly used strains of probiotics are Bifidobacterium and Lactobacillus (217). 

Probiotics act as antioxidants as they can secrete antioxidant enzymes and protect against 

intestinal inflammation in an experimental model and can be useful for relieving clinical 

symptoms in UC patients. However, certain factors consisting of disease location, the strain of 

bacteria, and a subtype of disease should be considered while selecting probiotics for UC 

treatment. Recently, a new therapeutic strategy to use faecal microbiota transplantation (FMT) 

has been gaining some attention to restore healthy colonic conditions and correct microbial 

dysbiosis by transplanting “good” microbiota into the intestinal tract of colitis patients (218). 

However, insufficient clinical and safety data at this stage limits its routine use for the treatment 

of colitis.  

 

Apart from natural agents, synthetic agents N-acetylcysteine (NAC) and recombinant SOD 

showed effectiveness in ameliorating intestinal oxidative stress in experimental mouse models 

of acute and chronic colitis, which was associated with the increased levels of glutathione,  

reduced levels of MDA, NO and MPO activity, and improved redox status (219, 220). 

Synthetic drugs such as telmisartan (angiotensin II type 1 receptor blocker), simvastatin, and 

rosuvastatin (hydroxymethylglutaryl CoA reductases inhibitors) suppressed lipid peroxidation, 

iNOS and increased SOD, GPx and GSH levels in an experimental animal model of colitis, all 

of which contributed to the reduction in oxidative stress and thus colonic inflammation (221, 

222).  

Different studies have reported controversial or even contradictory results regarding 

antioxidant levels in preclinical studies, which may be due to different methods or techniques 

followed, different animal models used and various dose/route of administration used.  
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Currently, only a few antioxidants have undergone clinical trials where the potential of 

antioxidants intervention in human UC has been investigated (Table 1.2). For instance, in two 

small open label studies, curcumin showed improvement in UC paediatrics and adult patients 

(226, 227). However, results were marginal due to the small sample size and short duration of 

the study. In other independent double-blinded placebo-controlled (RDBP) studies for a shorter 

duration, curcumin showed beneficial effects when combined with mesalamine, demonstrating 

the usefulness of curcumin in combination for UC treatment (228). Resveratrol from red wine 

reduced pro-inflammatory cytokines levels in serum such as TNF-α, C-reactive protein (CRP), 

and NF-κB and improved quality of life in active UC patients in an RDBP pilot study 

conducted for a shorter duration. No significant changes were observed in the placebo group; 

however, changes observed in the treatment group were small (229). Similarly, NAC combined 

with mesalamine exhibited small benefits in UC patients in the RDBP study (230).  

 

Polyunsaturated fatty acid (PUFA) present in fish oil and flax seeds was extensively studied in 

human clinical studies. In a small RDBP crossover study, PUFA showed marginal 

improvement in active UC patients taking sulfasalazine by enhancing antioxidant status (231). 

Another study showed the effectiveness of PUFA against UC but lesser than sulfasalazine 

(232). Indeed, oral supplements enriching fish oil, vitamin E, gum arabic, vitamin C, and 

selenium reduced the requirement of prednisone and improved clinical response in patients 

with mild to moderate UC (233). However, the study could not clear the role of fish oil because 

of too many ingredients in the supplement. Several other antioxidants were studied, but their 

efficacy in UC is still uncertain (listed below in Table 1.2).  
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None of those above-mentioned antioxidants are in use or combination with current therapies 

because of inadequate information or marginal efficacy in clinical trials. The reason is 

attributable to the small sample size, quality of different antioxidants and their sub-species 

used, short duration of the study, different study and method utilised, different study criteria, 

insufficient information regarding adverse events, and lack of uniformity in the studies.  

 

Among the growing number of investigational therapeutic agents, mito-protective antioxidants 

such as quinones, either derived synthetically or naturally, are currently being explored for the 

UC treatment. The potential link between mitochondrial dysfunction and inflammation has 

already been discussed (129, 176, 245). The initial evidence of using mito-protective 

antioxidants (MitoQ) (82) has opened up a new avenue for an alternative therapeutic approach 

for UC. 

 

1.5 Quinones 

Quinones belong to a class of compounds containing a quinoid ring in their structure such as 

coenzyme 10 (CoQ10) or vitamin K. Naturally occurring quinones are widely distributed in 

plants, animals, bacteria and fungi to perform basic cellular redox reactions such as 

photosynthesis in bacteria, and plants (246, 247). All quinones share the same basic structural 

pattern consisting of a quinoid ring i.e. a para or an ortho-substituted dione conjugated to an 

aromatic structure (benzoquinones) or a polycyclic aromatic structure (naphthoquinones, 

anthraquinones, and so on) (Figure 1.4) (247, 248). Notably, slight differences in their 

physicochemical and chemical properties can extensively modify their pharmacological and 

biological effects. Quinones are mainly involved in carrying out electrophilic and redox 

reactions in biological systems (248). This review will only discuss redox reactions.  
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1.5.1.2 Two-electron reduction               

To protect against semiquinone-induced toxicity, most cells can completely reduce quinones 

by a two-electron reduction. The two-electron reduction generates more stable hydroquinone, 

which is also referred to as quinol. This two-electron reduction is usually mediated by 

ubiquitous flavoprotein enzymes called NA(D)PH quinone oxidoreductases (NQOs) (248). It 

is mainly located in the cytosol, but low levels of NQO-1 can also be seen in the nucleus (253). 

Higher levels of NQO-1 have been reported in epithelial cells, adipocytes, and vascular 

endothelial cells (253). NQO-1 exists as a homodimer and utilises either NADPH or NADH as 

reducing cofactors for catalysing the two-electron reduction of several exogenous and 

endogenous quinones (254). The promoter region of NQO genes contains an antioxidant 

responsive element that controls the rate of expression of NQO-1 under the conditions of 

oxidative stress and at the basal level (255, 256). Therefore, NQOs are considered detoxifying 

enzymes that are induced by stressors such as pro-oxidants and xenobiotics (257). One of the 

well-known and most studied NQO is NQO-1, also called DT-diaphorase. Various 

pharmacologically active compounds such as azo dyes, aromatic nitroso, nitro compounds, and 

quinones epoxides act as chemical substrates for NQO-1, with a higher affinity towards 

quinones (258). The two-electron reduction either activates or deactivates quinones depending 

on the properties of hydroquinone generated through NQO-1 (255). For instance, the biological 

activity (antitumor effect) of the well-studied naphthoquinone β-lapachone and mitomycin C 

solely depend upon NQO-1-mediated reduction (259, 260). In the process of metabolising β-

lapachone to its reduced form, NQO-1 also modulates the cellular NAD+/NADH redox 

balance. The reduced form of β-lapachone is unstable, undergoes auto-oxidation and, converts 

back into its parent quinone form. This cycle elevates cytoplasmic NAD+ levels, which 

stimulate energy metabolism (259). In the case of mitomycin C, its reduced hydroquinone form 

undergoes rearrangement to generate alkylating species that effectively crosslink DNA (260, 

261).  

 

The NQO-1-mediated two-electron reduction does not generate any free radicals by by-passing 

the formation of toxic semiquinone and thus inhibits the generation of ROS derived from the 

interaction of semiquinone with the oxygen molecule (254). A completely reduced form of 

quinone functions as an antioxidant by inhibiting the initiation and propagation step of the 

chain reaction of lipid peroxidation and protects cellular and lipid membranes from oxidation. 
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For example, the reduced form of α-tocopherol quinone, α-tocopherol-hydroquinone, is 

considered a potent antioxidant. Ovary cells with elevated levels of NQO-1 generated higher 

levels of α-tocopherol-hydroquinone and showed better protection against lipid peroxidation 

when transfected with different levels of human recombinant NQO-1 (262, 263). Indeed, NQO-

1 also contributes directly as an antioxidant by scavenging toxic superoxide radicals along with 

the enzyme superoxide reductase (154). The catalytic role of NQO-1 as a superoxide scavenger 

has also been confirmed using EPR spectroscopy and in various superoxide generating systems 

(154, 264). This scavenging activity of NQO-1 provides extra protection in tissues having low 

levels of SOD expression (264). In addition, NQO-1 act as a reductant in the redox system of 

the plasma membrane, protects against free radicals and lipid peroxidation by reducing 

ubiquinone into its hydroquinone form (ubiquinol) (265).  

 

Because of their reversible redox characteristics, quinones are responsible for shuttling 

electrons between ETC complexes I and II to complex III, which is critical for mitochondrial 

ATP synthesis through oxidative phosphorylation. UC is considered an energy deficient 

disease where the reduced activity of mtETC complexes, reduced ATP, swollen mitochondria, 

and higher levels of mtROS have been reported in UC patients (35, 245, 266). Indeed, various 

studies provided mechanistic insights, suggesting that any alteration in mitochondrial function 

and subsequent release of mtROS leads to loss of barrier integrity of IECs, aberrant immune 

responses, and invasion of harmful bacteria perpetuate colonic inflammation (31, 267, 268). 

Therefore, targeting colonic inflammation using mito-protective antioxidants or quinones may 

facilitate an exciting strategy to mitigate intestinal inflammation. 

 

1.6 Short-chain quinones  

 

CoQ10 or ubiquinone (naturally occurring benzoquinone) is largely known for its important role 

in cellular energy production and is mainly located in mtETC, lipoproteins, and cellular 

membranes (269). The reduced form of ubiquinone is considered a strong antioxidant that can 

inhibit lipid peroxidation, protect DNA and proteins from oxidative damage and maintain the 

overall functioning of mitochondria. Because of its poor intestinal absorption and 

bioavailability due to its long lipophilic alkyl chain, a series of short-chain quinones (SCQs) 
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with the same benzoquinone moiety as CoQ10 have been synthesised to improve 

pharmacokinetics while retaining the same biological activities (269).   

 

Idebenone (2-(10-hydroxydecyl)-5,6-dimethoxy-3-methyl-cyclohexa-2,5-diene-1,4-dione), a 

short-chain structural analogue of CoQ10 was first developed by Takeda Pharmaceuticals in 

Japan for treating neurodegenerative disorders (270). Idebenone differs from CoQ10 by a 

comparatively short lipophilic alkyl tail (Figure 1.4E, F), which increases its solubility when 

compared to CoQ10. Apart from the benzoquinone moiety, idebenone has a 10-carbon alkyl 

chain with a terminal hydroxyl group instead of ten isoprenoid units, which makes idebenone 

much less lipophilic in comparison to CoQ10 (271). It is believed that the differences in the 

physicochemical property of idebenone affect its pharmacodynamic profile compared to 

ubiquinone (271). Idebenone can act as a mitochondrial electron carrier in mtETC and act as a 

detoxifying agent. Idebenone is safe and well-tolerated in humans with rapid uptake and 

distribution in the body (272). Idebenone can cross the blood brain barrier and widely 

distributes in the rat brain (273). Studies also demonstrated that 15 min after administration, 

the distribution of radio-labelled idebenone reached its peak level in the blood of rats and dogs 

(274). Administration of a single dose of 750 mg idebenone in humans evoked peak plasma 

levels within 1-2 h but subsequently declined rapidly due to a short half-life. After 4 h, 

idebenone levels were undetectable (272) since idebenone is rapidly metabolised into the 

mostly inactive QS4, QS6, QS8, and QS10 metabolites, which exist as conjugated or free 

forms. Therefore, it is conceptually challenging to explain how idebenone with its extremely 

short half-life can exert any protective effects in vivo at all. One option is a recent report that 

suggests that idebenone metabolites might retain some activity (275). NQO1 can reduced the 

metabolite QS10 in a similar way as idebenone to the hydroquinone. The study reported that 

this quinol form of QS10 could bypass complex 1 of ETC and substitute for CoQ10 even 

though QS10 has a much higher aqueous solubility that may hinder its mitochondrial entry 

(275). Moreover, the study reported that QS10 was more active than idebenone in protecting 

zebrafish against rotenone toxicity. Future detailed studies will be required to study the 

biological activities of idebenone metabolites.  
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1.6.1.1 Idebenone: evidence of mitochondrial mechanisms 

Based on the structural resemblance with CoQ10, idebenone interacts with the enzymes of 

mtETC and acts as a mitochondrial electron donor to generate energy. CoQ10 can only be found 

within cellular and mitochondrial membranes due to its higher lipophilicity (269). 

Contrastingly, idebenone can be equally distributed between the cytoplasm and mitochondria 

of cells due to less lipophilicity. Idebenone is predominantly bioactivated by NQO-1-mediated 

two-electron reduction to its hydroquinone form (idebenol) in the cytoplasm. This reduced 

form of idebenone enters the mitochondria and shuttle electrons from cytoplasmic NAD(P)H 

to ETC complex III, resulting in the restoration of oxygen consumption at complex IV and 

ATP production independent of complex I (276-278). However, in the absence of NQO-1, 

idebenone undergoes one-electron reduction and elevates oxidative stress by generating a 

highly toxic superoxide radical. Several reports displayed the mitochondrial function of 

idebenone independent of its antioxidant role in disease models of coronary syndrome and 

Angelman syndrome (279, 280). Indeed, multiple reports have consistently reported the 

influence of idebenone on complexes I inhibition (281-285). It is believed that reduced 

idebenone is a competitive inhibitor of the CoQ10 binding site present within complex I.  Due 

to the shorter tail size, idebenone completely fits within the pockets of quinone binding sites 

of complex I and inhibits it (271, 282). Furthermore, a study by Lenaz et al. (2001) reported 

that inhibition of complex I by idebenone lead to the generation of deleterious superoxide 

radical, exerting a pro-oxidant effect (286). In contrast, the antioxidant effect of idebenone is 

enhanced in the presence of ETC complex II substrates, which implies that the main reducing 

enzyme within the ETC responsible for its antioxidant effect is complex II (270, 287). 

Moreover, some evidence has shown that idebenone can modify the expression of mtETC 

complexes and can upregulate the copy numbers of mitochondria (279, 288).  

 

Despite affecting complexes, I, II, and III, idebenone also stimulates various other cellular 

electron transport pathways such as activation of glycerophosphate (G3PDH) shuttle. 

Cytoplasmic NADH can be used for additional mitochondrial energy generation using the 

G3PDH shuttle, which transfers cytoplasmic NADH energy equivalents into the mitochondria. 

This pathway is predominantly active in tissues with higher energy demand such as the flying 

muscles of insects. Idebenone activates this pathway very efficiently, even in the presence of 

physiological levels of CoQ10 both in vivo and in vitro, indicating an alternative path for 
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idebenone-mediated mitochondrial respiration (284, 289, 290). Finally, in a yeast model, 

idebenone also improved ATP production under conditions of low oxygen levels by a so far 

unknown mechanism, which was associated with increased mitochondrial membrane potential 

(278). Thus, apart from inhibiting complex I in mitochondria, idebenone also restores 

mitochondrial ATP synthesis. 

 

1.6.1.2 Idebenone: evidence of antioxidant effect 

NQO-1 expression, which is regulated by Keap1/Nrf2 pathway, reduces idebenone to idebenol 

which supplies electrons to free radicals for their detoxification. This reduction allows 

idebenone to act as an antioxidant (Figure 1.5). Since the antioxidant activity of NQO-1 lessens 

the detrimental redox cycling between semiquinone and hydroquinone, it also limits the 

formation of semiquinone or superoxide radicals by quinone at complex I. Therefore, it is 

predicted that apart from supplying idebenol to complex III for electron transfer, NQO-1 

counteracts the superoxide formation by idebenone at complex I, offering an abundance of its 

antioxidant effect surpassing the pro-oxidant effect (291). In mitochondria, the antioxidant 

effect of idebenone solely depends upon the reduction of idebenone to its active hydroquinone 

form by mtETC complex II activity (270, 292). Another process by which idebenone works as 

an antioxidant is by activating various antioxidant enzymes SOD, GPx, and NQO-1, which are 

regulated by Nrf2 (293). Therefore, it is not surprising to say that the idebenone upregulates its 

own bio-activator. Evidence also showed that idebenone activated Nrf2 in fibroblasts of 

Friedreich’s ataxia (FRDA) patients, but the effect was minimal (293). 

 

Idebenone administered intraperitoneally inhibited lipid peroxidation and increased SOD, 

GSH, and catalase levels in a rat model of hypoxia (294). Moreover, idebenone also showed 

marked protection against hypoxia in mice (295), suggesting idebenone also owns the anti-

hypoxic property. Indeed, pre-treatment with idebenone (100 and 200mg/kg) showed 

neuroprotection against pilocarpine-induced hippocampal injury and seizures in rats by 

reducing lipid peroxidation, total nitrate/nitrite, and regulated catalase activity (296). In another 

rat model of stroke, oral administration of idebenone inhibited lipid peroxidation and hence 

preserved membrane integrity (292). A study by Lin et al. (2015) also explored the potential 

of idebenone in treating atherosclerosis. This study showcased inhibition of oxidative stress 

via glycogen synthase kinase 3 beta (GSK3β) /β-catenin pathway through enhancing SOD 
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activity and attenuating lipid peroxidation upon idebenone pre-treatment (297). Idebenone 

treatment increased the NQO-1 expression and ultimately inhibited NLRP3-mediated 

mitochondrial ROS overproduction and hence prevented cerebral ischemia and reperfusion 

under hypoxic conditions (298). However, idebenone was ineffective under normoxic 

conditions which support that the activity of idebenone depends upon hypoxic conditions. This 

means that idebenone could be very effective in diseases associated with hypoxia.  

 

The synergistic effect of idebenone in combination with other drugs has also been postulated 

in multiple reports, which may establish a new scope for idebenone use as a combination 

therapy in the future. Idebenone reduced lipid peroxidation, NOX, and increased total 

antioxidant capacity by increasing the expression of SOD, GPx, NQO-1, CAT, and GSH and 

protected rat from galactose-induced cataract with esculetin (299). In combination with 

quercetin, idebenone inhibited lipid peroxidation and reduced the levels of NO to protect 

against titanium dioxide-induced hepatotoxicity in rats (300).  

 

Buthionine-sulfoximine (BSO) is a GSH-depleting agent that induces oxidative stress and 

promotes cell death. Idebenone rescued FRDA lymphoblast cells from BSO-induced oxidative 

stress and cell death (301). Indeed, idebenone reduced oxidative stress, nitrosative stress, 

mitochondrial swelling and apoptosis induced by ferric iron and bile acid in vitro (302, 303).  

 

Due to proclaimed antioxidant activity, the potential of idebenone has been investigated in a 

series of ailments exhibiting high oxidative stress. The therapeutic effect of idebenone has been 

extensively studied in FRDA, a neurological disorder associated with higher free radicals. 

Positive data from clinical studies revealed the slow progression of the disease, particularly in 

young FRDA patients (304-307). Schulz et al. (2009) also reported the idebenone-mediated 

reduction of 8-hydroxy-2-deoxyguanosine (8-OHDG), an oxidative DNA damage marker in 

FRDA patients at high doses (307). Indeed, some clinical trials also yielded favourable 

outcomes in patients of (mitochondrial encephalopathy, lactic acidosis and stroke-like 

episodes) MELAS, Leigh syndrome, Alzheimer’s disease and Leber hereditary optic 

neuropathy (LHON) when treated with idebenone but without displaying statistically 

significant effects (308-311).  
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The anti-inflammatory effect of idebenone has recently been studied in Parkinson’s disease 

(PD) models (313). Using lipopolysaccharide (LPS)-stimulated BV2 microglial cell idebenone 

was shown to inhibit M1 polarization and promoted a shift from M1 phenotype to M2 

phenotype by blocking MAPK and NF-κB activation both in vivo and in vitro. M1 phenotype 

releases pro-inflammatory cytokines whereas M2 phenotype is responsible for anti-

inflammatory effect. This activity was replicated in a drug-induced mouse model of PD where 

idebenone also inhibited expression of IL-6, TNF-α, and IL-1β in vivo, which suggests that 

idebenone could be helpful to suppress neuroinflammation in neurodegenerative disorders 

(313). 

 

This anti-neuroinflammatory activity was also reported in several other models where 

idebenone attenuated cerebral inflammation and protected against cerebral ischemia and stroke 

in microglial cells as well as in a  rat model of ischemia and reperfusion injury (298). In this 

study, under hypoxic conditions, generation of mitochondrial ROS and accumulation of 

oxidised mtDNA in the cytoplasm due to mitochondrial dysfunction, was associated with the 

activation of NLRP3 inflammasome that augmented the inflammatory response in microglial 

cells. Idebenone blocked ROS, prevented the release of mtDNA, and subsequently suppressed 

the activation of NLRP3 inflammasome and its mediated pro-inflammatory cascade.  Indeed, 

the idebenone-mediated anti-inflammatory response can also be seen when given in 

combination with butyphthalide and quercetin in vascular dementia and hepatotoxicity, 

respectively (314, 315).  

 

Based on these studies, it is unlikely that the anti-inflammatory activity of idebenone can be 

attributed solely to its antioxidant or mito-protective function of idebenone in exerting anti-

inflammatory action. The evidence above implies that the anti-inflammatory activity of 

idebenone could depend on the presence of hypoxia. The connection between inflammation, 

mitochondrial dysfunction, oxidative stress and hypoxia has already been extensively studied 

(316, 317), which implies that idebenone could be used as targeted therapy in additional 

indications characterised by this panel of interlinked pathologies (Figure 1.6).   
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1.6.1.4 Idebenone: ancillary effects 

Interestingly, idebenone modulates some other cellular mechanisms apart from the effects as 

mentioned above. Potential involvement of idebenone in ER stress-related disorder has been 

described where idebenone improved visual impairment in Wolfram Syndrome patients (WS) 

(318). WS is a rare genetic disorder characterised by optical atrophy, neurodegeneration, 

diabetes, and mitochondrial dysfunction (319). In another study, idebenone reduced ER stress 

transcription factor CHOP. This reduction was nearly 50% of untreated mice, resulting in the 

extension of lifespan and improvement in motor functions in HtrA2 knock-out mice (320). This 

inhibition of ER stress by idebenone could be attributed to its mito-protective action. We are 

at a crossroads, whether idebenone directly inhibits ER stress first or just the consequences of 

improvement in mitochondrial functioning. A possible explanation is that mitochondrial 

dysfunction and ER stress are interlinked, as discussed above at the beginning of this review. 

In this context, for an explanation of the above examples, an increase in mitochondrial stress 

upsurges ER stress. Proteins involved in WS, such as Wolframin and ERIS, are localised 

between the mitochondrial-ER interface (319). Also, both mitochondrial stress and ER stress 

share the common transcription factor CHOP at the mitochondrial-ER interface (187). 

Therefore, it could be possible that idebenone improved mitochondrial dysfunction and 

consequently reduced ER stress.  These studies give us a clue that idebenone might be 

protective in patients displaying ER stress-linked pathological conditions like UC, 

neurodegenerative diseases, diabetes mellitus, and ischemic disorder.  

 

The majority of studies are focused on assessing the mitochondrial electron carrier and 

antioxidant activities of idebenone, however, so far, the causative mechanism of action of 

idebenone is still unclear. 
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to induce apoptosis of human bladder cancer cells which was related to ROS and mitochondrial 

related pathways when injected directly into cancer cells (327). Furthermore, in a mouse model 

of DSS-induced colitis, diet deficient in vitamin K resulted in aggravation of disease symptoms 

as compared to DSS mice fed with vitamin K supplemented diet (328). Intriguingly, Vitamin 

K has also been reported to maintain the cellular levels of ATP and act as an electron carrier in 

mitochondria (329). Therefore, it can be assumed vitamin K supplementation or its synthetic 

derivatives may be beneficial in diseases related to mitochondrial dysfunction. In this context, 

a library of more than 148 novel SCQ naphthoquinones (synthetic analogues of Vitamin K) 

has recently been synthesised (330). Out of which 16 novel naphthoquinones showed better 

cytoprotection and metabolic stability than idebenone in vitro under the condition of 

mitochondrial dysfunction (331, 332). Among them, a mito-protective agent UTA77, for the 

first time, has displayed protection against mitochondrial dysfunction-related disease diabetic 

retinopathy in vivo (333). In this study, UTA77 improved vascular integrity of retinal 

ganglionic cells and restored vision loss in a rat model of diabetic retinopathy. However, this 

study was unable to identify the exact mode of action of UTA77. Hence, it would be interesting 

to look into the possible mechanism of action of UTA77 and develop naphthoquinone-based 

therapeutics to treat mitochondrial dysfunction-related diseases such as UC.  

 

1.7 Quinones in UC: Potential mechanisms 

Mounting evidence supports the idea that quinones possess antioxidant, anticancer and anti-

inflammatory activities. Numerous studies have described the potential role of quinones to 

target UC-activated pathways (Table 1.3).  

 

MitoQ is a mitochondrial-targeted benzoquinone antioxidant derived from idebenone. The 

positively charged MitoQ rapidly permeates through lipid bilayers and accumulates within 

mitochondria by a charge-driven mechanism (82). In the mitochondria, MitoQ is reduced to its 

active form by the ETC and protects against oxidative damage. MitoQ was reported to protect 

against pathological conditions with persisting higher levels of oxidative stress, such as in 

preclinical models of cardiovascular diseases, sepsis, diabetes, and Parkinson’s disease (334-

337). In addition, MitoQ attenuated acute colonic injury induced by DSS in mice (82). In this 

study, MitoQ reduced oxidative stress, restored mitochondrial alterations and decreased 
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NLRP3 inflammasome activation, resulted in substantial improvement in clinical and 

histological alterations induced by DSS in mice. Additionally, MitoQ reduced IL-18 and IL-

1β cytokine levels by modulating NLRP3 inflammasome activity and decreasing mitochondrial 

ROS production. MitoQ was reported to be safe and well-tolerated in a few clinical trials (337, 

338), however the long-term safety profile of MitoQ in humans is still unknown, and so far, no 

positive clinical data have been reported for this compound in large, well-controlled studies.   

 

Plumbagin (5-hydroxy-2-methyl-1,4-naphthoquinone) is a natural pigment derived from 

Plumbago zeylanica L. root and black walnut. Plumbagin has been reported to display 

hepatoprotective, cardiotonic, neuroprotective, antimicrobial, antitumor and antiproliferative 

properties (339). Plumbagin has also gained much wider attention due to its anti-inflammatory 

and analgesic effects. The therapeutic effects of oral plumbagin have been investigated in DSS-

induced acute and chronic colitis mouse models (340). A significant reduction of disease 

symptoms was observed in both models. However, no effect on body weight change was 

reported, which could indicate that suboptimal doses were used in this study. Nevertheless, 

plumbagin reduced the percentage of circulatory inflammatory monocytes (CD14+/CD16+) 

and interfered with serum cytokine levels. However, plumbagin exhibited a differential pattern 

of cytokine reduction in different models. While it did not affect the levels of pro-inflammatory 

cytokines in an acute model, it reduced the serum levels of TNF-α, INF-γ, and IL-17 in a 

chronic model of colitis. The authors concluded that although plumbagin reduced the severity 

of the disease, it could not completely reverse the disease physiology. Further investigations 

will be needed to determine the optimal dose of plumbagin to achieve maximum beneficial 

effects in UC.  

 

Shikonin, another natural naphthoquinone, is obtained from the root of Lithospermum 

erythrorhizon and has been used as front-line pharmacotherapy in China to treat sore throats, 

measles, burns and macular eruption (341). Shikonin has various medicinal properties such as 

anti-inflammatory, antitumor, antibacterial, antithrombotic and wound healing effects. 

Shikonin attenuated clinical and histological parameters in DSS-induced acute colitis (325). 

The potential mechanism shikonin followed is by blocking the activation of inflammatory 

targets STAT3 and NF-κB. Shikonin also suppressed NO production and the expression of 

pro-inflammatory cytokines IL-6, IL-1β, and TNF-α in mouse peritoneal macrophages. In a 



 
44 

subsequent study of DSS-induced acute colitis (342), shikonin and its derivatives alkanin, 

acetyl-shikonin, 5, 8-dihydroxy-1, β, β-dimethylacryl-shikonin, and 4-naphthoquinone 

reduced disease severity by inhibiting the activation of NLRP3 inflammasome and NF-κB 

pathway. Shikonin also successfully downregulated the expression of proteins-related to the 

NLRP3 pathway, such as caspase-1, ASC, and IL-1β . Shikonin markedly reduced the mRNA 

expression of IL-1β, IL-6, INF-γ and TNF-α in this model. To oppose inflammation, shikonin 

elevated the mRNA levels of anti-inflammatory cytokines IL-10 and CD206. This study also 

showed that shikonin and its derivates preserved intestinal barrier integrity by increasing the 

expression of TJ proteins occludins, ZO-1 and claudin-1. Although this study offered an 

outlook for the use of shikonin in treating human UC, previous studies reported genotoxicity 

and reproductive toxicity in normal human V79 cells and rats, respectively (343, 344). Toxicity 

data of shikonin in humans is still unknown; therefore, caution should be required while 

utilising shikonin in UC patients. 

 

HM (hydroxynaphthoquinone mixture) is obtained from the root of Arnebia euchroma and has 

been extensively utilised for treating eczema, hepatitis, burns, and bedsores (345). A study 

showed that HM containing shikonin, alkanin and their derivatives, blocked NF-κB activation 

in DSS-induced colonic injury (345). Pharmacological studies reported anti-inflammatory and 

antitumor effects of HM. Potential anti-inflammatory mechanisms of HM are thought to be 

mediated by blocking NF-κB activation and TNF-α production (345). Inhibition of NF-κB 

activation was associated with reduced expression of NF-κB p65 and p-IκBα and increased 

expression of IκB subunit. However, this study could not delineate the effects of each 

ingredient in UC, which adds to the uncertainty of such an approach. Also, the previously 

mentioned toxicity of shikonin will hinder the clinical use of HM in UC patients.  

 

Overall, all these agents point towards the use of quinones UC treatment, which should be 

investigated in more detail.  
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1.8 SCQs as UC therapy: Future prospective and challenges 

Considering the ideology of the treatment approach for UC, the main focus is on reducing 

intestinal inflammation either by directly utilising anti-inflammatory agents or direct or indirect 

targeted therapies such as antioxidants, NLRP3 inhibitors, mitochondrial/ER stress inhibitors, 

etc and so on. Since all the above-mentioned pathophysiological factors of UC are 

interconnected with each other like a circuit wire, targeting one or even more than one factor 

by a single drug can break this circuit more efficiently. Contemplating the multifaceted effects 

of SCQs as mentioned above, it is therefore clear that SCQs have full potential to break the 

recurrent circuit and become an ideal therapeutic agent for UC treatment.  

  

Another concern regarding the use of SCQs is its pro-oxidant effect. For instance, idebenone 

undergoes single-electron reduction by p450 detoxification enzyme which forms unstable 

semiquinone, highly toxic and can further aggravate oxidative stress (291). However, this pro-

oxidant effect is counteracted by forming stable, non-toxic hydroquinone through two-electron 

reduction mediated by NQO-1, as mentioned previously. Thus, the pro-oxidant effect of 

idebenone is solely dependent upon the level of NQO-1 present in the tissues. Furthermore, 

idebenone would be safe only in the presence of NQO-1. Nevertheless, the presence of NQO-

1 polymorphism in the ethnic population results in the limited or loss of NQO-1 activity (346). 

Therefore, it can be predicted that idebenone may not show its effectiveness in all individuals.  

Therefore, caution should be taken while selecting the higher concentration doses of SCQs in 

UC treatment as it might worsen the colonic inflammation or might produce harmful adverse 

events in UC patients. 

 

Gastrointestinal disturbances such as diarrhoea, abdominal pain, and bloody stools are the most 

common clinical symptoms of UC that are often reported in UC patients and mouse models of 

experimental colitis (1, 347). In this regard, some age-related cognitive studies reported that 

patients taking idebenone at higher doses for longer duration frequently complain about 

gastrointestinal disturbances (vomiting, diarrhoea, abdominal pain) along with other 

unsolicited symptoms, including headache, confusions, anxiety, dizziness, and tachycardia 

(304, 348). However, these dose-dependent adverse effects were milder and did not require 

any dose adjustment or adjunctive therapy. Moreover, the possible risk of blood coagulation 
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cannot be ignored with UTA77 administration. Since UC is considered a chronic inflammatory 

condition requiring long-term treatment, it would be more reliable to design an experiment or 

clinical trials for the precise duration of time with an accurate dose of SCQs to attain maximum 

benefits with negligible adverse events in UC treatment.   

 

1.9 Rationale of the study  

UC can be debilitating that not only destroys the quality of life but can also be life-threatening. 

While there is no permanent cure for UC, various treatments aim to reduce symptoms/severity 

of the disease and are unaffordable. Due to the multifactorial nature of UC, treatment has to 

encompass a multifactorial approach to achieve sustainable and more effective outcomes. This 

has highlighted the urgent need for a pragmatic therapeutic approach that can target the 

recurrent inflammatory cycle at multiple points. Supplementation with natural/synthetic agents 

owning potential pharmacological properties is increasingly discerned as preventive and 

curative strategies in UC. These novel therapeutic agents can break the recurrent inflammatory 

circuit by interacting with components of the immune system, cellular stress, and their 

associated metabolic or inflammatory pathways. In this context, different categories of 

antioxidants, either derived naturally/synthetically or drugs/hormones, are thought to be 

advantageous in preventing and resolving UC (210, 216, 221, 349). Their potential in 

ameliorating UC is alleged to be primarily associated with the regulation of immune response 

and activation of antioxidant machinery. To date, the therapeutic effect of very few 

antioxidants has been reported in clinical trials but are also associated with several limitations, 

limited efficacy, and adverse events, and contradictory results (228-230, 232, 235).  

 

Despite unclear mechanisms, the recurrent role of mitochondrial dysfunction in UC and its 

connection with other pathophysiological factors such as oxidative stress, ER stress, immune 

response, barrier integrity and hypoxia have clearly been established in colitis (35, 82, 162, 

174, 176, 177, 190). Therefore, it can be speculated that targeting multifactorial colitis with a 

single mito-protective agent could be an appealing approach in resolving gut inflammation. 

Quinones are redox-active compounds with potent antioxidant and mito-protective properties 

(247). The SCQ idebenone has been shown to provide protection against various 

neurodegenerative, inflammatory, and metabolic diseases, which is mainly attributed to its 
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mito-protective, antioxidant and anti-inflammatory effects (281, 312). Idebenone is safe with 

no potential harmful side effects and is well tolerated in humans (272). Another mito-protective 

agent UTA77 has also proved advantageous in providing protection against diabetic 

retinopathy in vivo but with unclear mode of action (333). The therapeutic potential of 

idebenone and UTA77 has not been explored yet in colitis.  Moreover, studies delineating the 

potential role of quinones in UC are scarce.  Thus, it is imperative to explore and validate the 

potential role of two SCQs derivatives, idebenone and UTA77, with their multi-dimensional 

effects for the safe and cost-effective treatment approach in UC.  

 

1.10 Hypothesis 

Targeting colonic inflammation with mito-protective SCQs may be beneficial in reducing the 

severity of disease symptoms in mouse models of UC.  

 

1.11 Aims and objectives 

The overall aim of this project was to examine and identify the efficacy of mito-protective 

idebenone and its related newly synthesised SCQ-derivative naphthoquinone UTA77 and their 

potential mechanism of action in benefiting gut health in experimental mouse models of 

ulcerative colitis. Although human clinical trials are a vital part of discovering new 

interventions against human pathologies, extensive in vivo and in vitro are required to optimise 

the therapeutic compound and to better understand the mechanistic role before undergoing 

clinical trials. Therefore, this study decided to yield preliminary data utilising in vivo mouse 

models of colitis to better optimise and understand mechanistic functions of idebenone and 

UTA77 for human application. Moreover, this was the first study of idebenone and UTA77 

that portrayed their efficacies in UC, therefore necessitating preclinical studies as a first step 

towards developing promising drug candidates for UC patients.    

 

The objectives were detailed below: 

1) To investigate the mechanism of idebenone in providing beneficial effect in ameliorating 

chemically induced-acute colitis in mice. 



 
50 

2) To determine the protective mechanistic role of idebenone in ameliorating chronic colitis in 

Winnie mouse model of spontaneous colitis.  

3) To examine the beneficial role of UTA77 in alleviating colonic inflammation in both acute 

and chronic mouse models of experimental colitis.  
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 Chapter 2: Idebenone protects against acute murine colitis via 

antioxidant and anti-inflammatory mechanisms 

 

 

2.1 Abstract 

Oxidative stress is a key player of the inflammatory cascade responsible for the initiation of 

ulcerative colitis (UC). Although the short-chain quinone idebenone is considered a potent 

antioxidant and a mitochondrial electron donor, emerging evidence suggests that idebenone 

also displays anti-inflammatory activity. This study evaluated the impact of idebenone in the 

widely used dextran sodium sulphate (DSS)-induced mouse model of acute colitis. Acute 

colitis was induced in C57BL/6J mice via continuous exposure to 2.5% DSS over 7 days. 

Idebenone was co-administered orally at a dose of 200 mg/kg body weight. Idebenone 

significantly prevented body weight loss and improved the disease activity index (DAI), colon 

length, and histopathological score. Consistent with its reported antioxidant function, 

idebenone significantly reduced the colonic levels of malondialdehyde (MDA) and nitric oxide 

(NO) and increased the expression of the redox factor NAD(P)H (nicotinamide adenine 

dinucleotide phosphate) dehydrogenase quinone-1 (NQO-1) in DSS-exposed mice. 

Immunohistochemistry revealed a significantly increased expression of TJ proteins, which 

protect and maintain paracellular intestinal permeability. In support of an anti-inflammatory 

activity, idebenone significantly attenuated the elevated levels of pro-inflammatory cytokines 

in colon tissue. These results suggest that idebenone could represent a promising therapeutic 

strategy to interfere with disease pathology in UC by simultaneously inducing antioxidative 

and anti-inflammatory pathways. 

 

Keywords: Idebenone; cytokines; inflammatory bowel disease; lipid peroxidation; superoxide 

dismutase; tight junction proteins and ulcerative colitis 
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2.2 Introduction 

Inflammatory bowel disease (IBD) is characterised as a chronic, relapsing, multifactorial 

disorder of the gastrointestinal tract with an unknown aetiology. It is primarily divided into two 

major sub-forms: ulcerative colitis (UC) and Crohn’s disease (CD) (1). IBD often presents with 

colonic or extra-colonic manifestations along with clinical symptoms of abdominal pain, 

diarrhoea, bloody stools and weight loss. Both genetic susceptibilities and environmental 

factors lead to the initiation of disease (3). However, the exact underlying mechanisms are yet 

to be elucidated. Many studies implicate a defective immune response, oxidative stress, altered 

barrier integrity and microbial dysbiosis of the gut in the pathogenesis of IBD (350). Numerous 

animal models of IBD have utilised chemicals such as dextran sodium sulphate (DSS), 

oxazolone, acetic acid and trinitrobenzene sulphonic acid (TNBS) to investigate the molecular 

mechanisms of colitis. The potential of these preclinical models of colitis for targeted therapy 

have been widely described (351-355).  

 

The DSS mouse model is one of the well-established indispensable tools to study intestinal 

inflammation that recapitulates morphological and clinical symptoms of human IBD, such as 

weight loss, diarrhoea, rectal bleeding, shortening of colon, depletion of goblet cells and 

ulcerations (356, 357). DSS is thought to exert its action by irritating the epithelium, which 

increases the permeability of intestinal membranes by changing the expression of tight junction 

(TJ) proteins such as zona-occludens 1 (ZO-1), occludin and claudins as early as day 1 of DSS 

administration (358-360). These chronological alterations lead to a defective mucosal defence, 

which results in infiltration of immune cells and release of pro-inflammatory cytokines (361, 

362). Oxidative stress due to overproduction and release of reactive oxygen species (ROS) by 

macrophages and other immune cells also plays a fundamental role in the pathophysiology of 

DSS-induced inflammation (363).  

 

The imbalance between the levels of radicals and antioxidative enzymes contributes to 

oxidative stress and initiates the peroxidation of fatty acids and lipoproteins in cell membranes. 

The end product of lipid peroxidation (malondialdehyde) is highly toxic for cells and tissues 

(53). In response to oxidative stress, the redox sensitive transcription factor nuclear factor-

erythroid 2-related factor 2 (Nrf2) initiates an antioxidant response by activating the expression 
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of phase II detoxifying enzymes such as NADPH quinone oxidoreductase 1 (NQO-1), 

hemeoxygenase 1 (HO-1) and superoxide dismutase (SOD). This adaptive response is 

cytoprotective and enhances desensitization against cytotoxicity and oxidative damage. There 

is some evidence that activation of the Nrf2/NQO-1 redox pathway via pharmacological pre-

conditioning can ameliorate DSS-induced inflammation in mice (130, 153, 364). Current 

treatment of ulcerative colitis with non-steroidal anti-inflammatory drugs (NSAIDS), 

allopurinol, corticosteroids, immunosuppressant and biological agents show potential adverse 

effects, such as steroid dependency and infections (365-368). Given the need to develop new 

therapeutic approaches to treat intestinal inflammation and oxidative damage, therapeutics that 

synergize antioxidant and anti-inflammatory activities could be a promising approach for the 

treatment of UC.  

 

The short-chain quinone idebenone is a potent antioxidant and mitochondrial electron donor 

(369). Idebenone was developed by Takeda Pharmaceuticals for the treatment of dementia in 

the 1980s. At present, it is marketed in Europe by Santhera Pharmaceuticals for the treatment 

of a rare inherited mitochondrial disorder and trials are ongoing in neurodegenerative and 

neuromuscular indications (270). Idebenone is well tolerated and safe as either a single dose or 

multiple dose daily (370). The related molecule MitoQ, a mitochondrial targeted derivative of 

idebenone, was previously reported to ameliorate DSS-induced intestinal inflammation in mice 

(371). In addition, in a rat model of titanium dioxide-induced kidney toxicity, idebenone 

reduced the malondialdehyde (MDA) levels; the pro-inflammatory cytokines interleukins 1, 6 

and tumor necrosis factor-alpha (IL-1, IL-6 and TNF-α); and nitric oxide (NO) levels (315). 

This reduction was associated with improvement in kidney function. In a model of LPS 

(lipopolysaccharide)-induced neuro-inflammation, idebenone alleviated the disease 

phenotype, which was associated with a reduction of pro-inflammatory cytokines, reduction of 

inducible nitric oxide synthase (iNOS) and by maintaining polarisation between M1 and  M2 

macrophages (372). However, there is only limited information about the exact mechanism(s) 

of action of idebenone. In vivo and in vitro evidence suggests that idebenone inhibits lipid 

peroxidation and maintains the redox balance by scavenging free radicals, including 

peroxynitrite, superoxides and peroxyls (287, 292, 373-376). Furthermore, idebenone also 

interacts with mitochondrial electron transport chain and maintains cellular ATP production by 

transferring electrons to complex III of the electron transport chain (377, 378). The 

effectiveness of idebenone depends on the two-electron reduction by the cytoplasmic 
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flavoprotein NQO-1, which also prevents the formation of unstable cytotoxic semi-quinone 

radicals (276). This reduction of idebenone limits the formation of superoxide radicals and 

contributes to its antioxidative activity (247, 379).  

 

We therefore hypothesised that idebenone might be a promising drug to alleviate DSS-induced 

inflammation due to the combination of anti-inflammatory and antioxidant activities. The 

current study demonstrated that idebenone successfully ameliorated intestinal inflammation 

and maintained tissue redox homeostasis, which was associated with an upregulation of the 

antioxidant enzyme NQO-1.  

 

2.3 Material and Methods 

 

All female C57BL/6J mice were purchased from the University of Tasmania animal breeding 

facility. Mice were caged individually with access to standard chow and autoclaved drinking 

water ad libitium. Animals were housed at controlled temperature with 12-h day/night light 

cycle. Individual body weights were assessed daily over an acclimatisation period of 7 days 

before included into any experiments. All procedures were approved by the Animal Ethics 

Committee of University of Tasmania (ethics approval number: A0016166 and approval date; 

6th March 2017). Experiments were conducted according to the Australian code of practise for 

the care and use of animals for scientific purposes (8th edition 2013). 

 

Female C57BL/6J mice aged 6-7 weeks with an average weight around 18g were randomly 

divided into three groups (n=10/group): healthy controls (HC), DSS treatment (DSS) and DSS 

+ idebenone treatment (DSS+I). All animals were acclimatized for 1 week before the start of 

the experiment. Colitis was induced by administering 2.5% of DSS (MP Bio medicals, 30,000-

50,000KDa) in autoclaved drinking water to all groups except HC, continuously over 7 days. 

Idebenone was prepared as wet food mash by mixing it with 0.5% of carboxymethylcellulose 

(CMC), 4% sucrose and autoclaved powdered chow pellets. Idebenone was administered orally 

at a dose of 200 mg/kg of body weight. HC were supplied with normal autoclaved water and 
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standard autoclaved chow pellets in the form of food mash. DSS-treated and DSS + idebenone 

groups were treated with drug vehicle and idebenone (200 mg/kg of body weight), respectively, 

for the treatment period of 7 days. Food mash was aliquoted as 2.5 g per dish and was stored 

at −20 °C until use. 

 

 

The disease activity index (DAI) was calculated as the sum of individual scores for bloody 

stool, stool consistency and body weight loss, as previously described (25, 380). All the three 

parameters were recorded on daily basis for over 7 days until the end of the experiment on day 

8. In brief, scores were determined as follows: stool consistency (0 = normal, 1 = semi-formed, 

2 = very soft/loose stool, 3 = diarrhoea or watery stool), bloody stool (0 = no blood/ negative 

haemoccult, 1= positive haemoccult, 2 = visible blood traces, 3 = gross bleeding) and body 

weight loss (0 = 0%, 1= 1-5%, 2 = 6-10%, 3 = 11-15%). After dissecting the mice on day 8, 

colons were taken out and the lengths were recorded.  The colon was opened and longitudinally 

cut into two halves. One-half was collected for histopathological evaluations using the Swiss 

roll technique and another half was snap- frozen for further molecular assays.  The Swiss roll 

was then fixed in 10% neutral formalin buffer and embedded in paraffin. Paraffin-embedded 

tissue slides were stained with haematoxylin and eosin (H&E) staining and histopathological 

scoring was done in a blinded manner, as described previously (381). Images were captured 

using a Leica DM500 microscope (Leica Microsystems, Mannheim, Germany).  

 

 

An HRP/DAB detection IHC kit from Abcam (ab64261, Abcam, Victoria, Australia) was used 

to perform immunohistochemical analysis, as previously described (382). Briefly, paraffin-

embedded tissues were sectioned into 5-μm slices, were dewaxed in xylene and then rehydrated 

in a series of graded ethanol (100%, 100%, 95% and 70%). Slides were then incubated for 

antigen retrieval at 121° C for 4 min using a citrate buffer (pH 6) in a decloaking chamber. 

After washing in phosphate buffered saline (1x PBS), slides were incubated with hydrogen 

peroxide block in order to block endogenous peroxidase activity for 10 min, followed by 

protein blocking for 30 min at room temperature. Subsequently, slides were incubated 

overnight at 4°C with primary antibodies against occludin (1:600) (NBP1-87402, Novus 



 
57 

Biologicals, Victoria, Australia), ZO-1 (1:400) (NBP1-85046, Novus Biologicals) and NQO-1 

(1:400) (ab34173, Abcam). After washing the slides in PBS, slides were incubated with 

biotinylated goat anti-rabbit IgG and Streptavidin-peroxidase conjugate for 10 min each 

according to the manufacturer’s instructions (Abcam, Australia). Finally, slides were incubated 

with DAB chromogen (3,3’-diaminobenzidine) and substrate for 10 min. Tissues were 

counterstained using haematoxylin before being mounted with DPX medium (Sigma-Aldrich, 

Australia). Images were captured using a Leica DM500 microscope and Image Pro-Plus 7 

software (Media Cybernetics, Inc., Rockville, MD, USA) to analyse the staining intensity by 

randomly choosing four different fields per slide (n=3/group), with the observer being blinded 

to the diagnosis. 

 

 

Briefly, distal colon tissue sections were homogenised and lysed in a RIPA buffer containing 

protease inhibitor cocktails (Complete ULTRA Tablets, Mini, EDTA-free, Roche, New South 

wales, Australia). Protein quantification was done using a DC protein Assay Kit from Biorad. 

The samples were suspended in loading dye and boiled at 95 °C for 5 min. A total of 20 μg of 

protein was separated on 4–15% of SDS-PAGE gel (Mini-PROTEAN TGX Precast Gels (50 

µL), Biorad, New South Wales, Australia) at 100 V for 60 min, then electro-transferred to a 

PVDF membrane at 250 A for 60 min. The membranes were blocked with 5% non-fat milk for 

1 h at room temperature (RT) and then incubated with primary antibodies against NQO-1 

(1:1000) (ab34173, Abcam) and β-actin (1:8000) (NB600-503, Novus Biologicals) overnight 

at 4°C. After washing, membranes were incubated with horseradish peroxidase (HRP)-

conjugated secondary antibody (1:3000, 7074, Cell Signalling Technology, Australia) for 1h 

at RT. The bands were visualised with a chemiluminescence reagent (SuperSignal, West Pico 

PLUS, Chemiluminescent Substrate, Thermo Scientific, Victoria, Australia) and imaged using 

a Fujifilm Luminescent Image Analyzer (LAS-3000 image reader, version 2.2) (Fuji Life 

Sciences, Tokyo, Japan). 

 

 

Alcian blue staining kit (ab150662 Alcian Blue stain kit, pH 2.5 (Mucin Stain), Abcam, 

Australia) was utilised to visualise the sulphated and acidic mucopolysaccharides (MUC2). 
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Staining was performed as described earlier (383). Briefly, paraffin embedded slides were 

dewaxed in xylene and rehydrated in series of graded ethanol. Slides were incubated with alcian 

blue for 30 min at RT. Slides were counterstained with Safranin O for 5 min, dehydrated and 

cleared in xylene before mounting with DPX medium. Images were captured by Leica DM500 

microscope and Image Pro-Plus 7 software (Media Cybernetics, Inc., Rockville, MD, USA) 

was used to analyse the staining intensity by randomly choosing four different fields per slide 

(n=3/group), with the observer being blinded to the diagnosis. 

 

 

The levels of MDA as a marker of lipid peroxidation was determined by using commercially 

available lipid peroxidation colorimetric/fluorometric assay kit (K739, Bio Vision, UK), as 

mentioned previously (384). Briefly, distal colon tissue was homogenised with lysis buffer and 

centrifuged at 13,000xg for 10 min. The resulting supernatants were supplemented with 

thiobarbituric acid (TBA) and were boiled at 95°C in water bath for 60 min. The MDA-TBA 

adduct was formed, which was quantified colorimetrically at 532 nm. The amount of MDA in 

the samples was detected by plotting against an MDA standard (provided in the kit) calibration 

curve. The values were expressed as nmol/mg protein.  

 

 

Total superoxide dismutase SOD activity was measured using a commercially available 

superoxide dismutase activity assay kit (ab65354, Abcam), as described previously (385). 

Briefly, distal colon tissues were homogenised in ice cold Tris/HCl (0.1m, pH-7.4) containing 

Triton X-100 (0.5%), β-mercaptoethanol (5mM) and PMSF (0.1 mg/ml). After centrifugation 

at 14,000x g for 5 min, supernatants (containing cytosolic and mitochondrial SOD enzyme) 

were assayed by adding WST-1 (water soluble tetrazolium 1) solution according to the 

manufacturer’s instructions. The data represents the percentage inhibition of superoxide 

production by SOD and was termed the SOD activity. The more SOD in the samples, more its 

inhibitory activity. 
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For NO generation, a Griess reagent kit (G2930, Promega, Australia) was used to measure 

nitrite, a stable by-product of NO, as described previously (386). Colon tissue explants and 

nitrite standards (100, 50, 25, 12.5, 6.25, 3.13, 1.56 and 0 μM) were pipetted into a 96-well 

plate. The samples and standards were incubated according to the manufacturer’s instructions. 

The detection was based on the chemical reaction between sulphanilamide and N-1-

napthylethylenediamine dihydrochloride (NED) under acidic conditions. The sample 

absorbance was plotted against nitrite standard reference curve at 550nm. The values were 

expressed as a concentration in μM/gram of tissue.  

 

 

Proximal and distal colon samples were excised from the test animals, washed with PBS and 

cultured in 12–well plates containing 500 µl/well of RPMI1640 (In Vitro Technologies Pty 

Ltd, Melbourne, Australia), supplemented with 10% Fetal Bovine Serum (Gibco, Life 

Technologies Pty Ltd, Melbourne, Australia) and 1% antibiotics solution (containing 10 mg/ml 

streptomycin and 10,000 U/ml of penicillin; Sigma-Aldrich Pty Ltd, Australia), as mentioned 

previously (25). After incubating for 24 h, the supernatant was collected, centrifuged and 

analysed for cytokine detection. The concentration of cytokines in the colonic tissue explant 

were measured using a Bio-Plex Pro Mouse cytokine 23-plex kit (#M60009RDPD, Bio-Rad 

Laboratories, Australia) following the manufacturer’s protocol in a Bio-Plex 200 instrument 

(Bio-Rad), and were analysed using the Bioplex Manager software, version 6 (Bio-Rad 

Laboratories).  The cytokine levels were normalised to the measured tissue weight (gram). The 

concentration of cytokines was presented as pg/mL/g of tissue. 

 

 

GraphPad Prism software version 6.0 (GraphPad Software Ltd, La Jolla, California, United 

States of America) was used to perform statistical analysis. Results were expressed as a mean 

± SEM from at least 3 to 10 animals per group. Statistical differences between the groups were 

evaluated using one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc. Two-

way ANOVA followed by Tukey’s post-hoc test was used to analyse DAI and body weight 

changes during the experimental period. Data were considered significant when p<0.0001 

(****), p<0.001(***), p<0.01(**) and p<0.05 (*).   
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2.4 Results 

 

Administration of 2.5 % DSS for 7 days (Figure 2.1A) replicated the early clinical symptoms 

of colitis in mice, such as body weight loss, gross rectal bleeding and diarrhoea.  In comparison 

with healthy controls (HC) (4.5 ± 1.3%), DSS-treated animals continuously lost body weight 

until the end of the experiment till, i.e., till day 8 (-7.6 ± 1.7%) (Figure 2.1B). Under these 

conditions, idebenone effectively prevented body weight loss (-2.5 ± 2.5%) in DSS-treated 

mice till day 8. The disease activity index (DAI), calculated as a composite of occult faecal 

blood, stool consistency and body weight, was significantly (p<0.0001) increased in DSS-

treated mice from day 2 onwards (Figure 2.1C). Idebenone treatment significantly reduced the 

severity of disease symptoms as evidenced by improvements in faecal blood and watery stools 

from day 7 (p<0.05) until the end of the observation period on day 8 (p<0.0001), compared to 

DSS-treated animals. 

 

DSS-induced inflammation significantly (p<0.0001) shortened the colon length (5.3 cm ± 0.2), 

in contrast with HC (7.1 cm ± 0.1). Consistent with the reduction in disease severity, idebenone 

treatment significantly (p<0.0001) normalised the colon length compared to DSS-treated 

animals (6.5 cm ± 0.1) (Figure 2.1C, 2.1D). This data suggests a beneficial effect of idebenone 

treatment on the clinical symptoms of experimental acute colitis.  
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The histopathology of the proximal (PC) and distal colon (DC) was assessed by H&E staining 

of tissue sections (Figure 2.2A). Colon tissues from the HC group displayed the integrity of 

colonic mucosal structures without signs of inflammation. In contrast, DSS-treated mice 

showed severe deterioration of crypts, loss of goblet cells, annihilation of epithelial cells, 

submucosal oedema and massive infiltration of inflammatory cells. These DSS-induced 

changes were associated with a higher cumulative histology scores when compared to HC 

(Figure 2.2B, 2.2C) and affected the DC (17.8 ± 0.8) more than the PC (9.4 ± 0.7) (Fig 2.2B). 

In DSS-treated mice, idebenone treatment markedly protected against colonic inflammation in 

the DC by preventing intestinal injury and significantly lessening the histology score (13.4 ± 

1.2) (Figure 2.2C). Unlike its effect in the DC, idebenone treatment showed no significant 

protection in the PC (6.7 ± 1.1) (Figure 2.2B).  
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Tight junction (TJ) proteins are essential for the maintenance of the intestinal epithelial barrier 

that limits the entry of harmful molecules into the lamina propria. Therefore, the expression of 

TJ proteins occludin and ZO-1 was assessed using immunohistochemistry. In HC, occludin 

and ZO-1 were expressed homogenously and were mainly detected around the surface 

membrane and around the crypts (Figure 2.3A) of the epithelium. However, in response to 

DSS, the colonic barrier integrity and crypt structure was severely affected, resulting in low 

expression of TJ proteins (Figure 2.3A). In contrast, idebenone-treatment preserved and 

maintained intestinal barrier integrity, which was associated with high expression levels of 

occludin and ZO-1 (Figure 2.3B, 2.3C) along the epithelial cell membrane and intact colonic 

crypts (Figure 3A).  

  

Alcian blue staining was performed to quantify mucus level in the intestinal goblet cells. 

Consistent with a general protective effect, idebenone significantly (p<0.05) increased mucus 

levels compared to the reduced mucus levels in DSS-treated animals (Figure 2.4). 
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DSS-induced inflammation is associated with the release of an array of pro-inflammatory 

cytokines. To investigate the anti-inflammatory effects of idebenone, the colon tissue levels of 

pro-inflammatory cytokines and chemokines were quantified in the test animals. In the distal 

colon (DC), idebenone consistently downregulated the levels of IL-1α, IL-6, TNF-α, GM-CSF 

(granulocyte macrophage-colony stimulating factor), G-CSF (granulocyte-colony stimulating 

factor), IL-17, IL-10 and IL-3 (Figure 2.7). In addition, idebenone also significantly lowered 

the levels of chemokines MIP-1α (macrophage inflammatory protein 1 alpha), MIP-1β 

(macrophage inflammatory protein 2 beta), RANTES and eotaxin in the DC (Fig 2.7). In the 

proximal colon (PC), idebenone significantly reduced IL-6, TNF-α, MIP-1α, GM-CSF, 

eotaxin, IL-10 and IL-17 in the PC (Figure 2.7). Thus, in line with its protective activity, the 

immunomodulatory effects of idebenone were more prominent in DC compared to the PC. No 

significant effects were detected for several other cytokines (Supplementary figure 2.1). 
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2.5 Discussion 

For the first time, the current study revealed a protective role for idebenone in a well-described 

and frequently used preclinical murine model of acute colitis. Our results demonstrate the 

substantial therapeutic potential of idebenone in reducing the severity of DSS-induced disease 

by simultaneously exerting both antioxidant and anti-inflammatory activities, while 

concomitantly regulating immune responses and barrier function. 

 

The current study used idebenone at a dose of 200 mg/kg that previously ameliorated oxidative 

stress, pro-inflammatory cytokines and DNA damage in a titanium dioxide induced 

hepatotoxicity model (300), and also improved cardiac function (387). Since administration of 

idebenone with food is known to increase its bioavailability by 5 to 7 times (388), idebenone 

was administered with chow pellets in the present study. It must be acknowledged that the 

present study did not approach the question of finding an optimal drug dose, which should be 

included in future studies. However, based on the Food and Drug administration (FDA)- 

approved conversion factor between mouse and men (389), 200 mg/kg/day in mice would 

translate to a dose of less than 1.2 g/day (based on 70 kg patient body weight). Idebenone at 

doses of up to 2250 mg/day are considered safe and tolerable for human administration  (370), 

which places the dose used in the current study into a possible therapeutic range that could be 

used in clinical trials. Although high idebenone doses can cause gastro-intestinal-related 

adverse effects, such as vomiting, dyspepsia and mild to moderate diarrhoea in patients (374), 

the present study did not observe any gastro-intestinal-related adverse effects. Instead, 

idebenone significantly improved the body weight, DAI and histopathology. Our results 

support the previously reported involvement of oxidative stress in the pathogenesis of disease 

(363) and justify the use of antioxidants to alleviate structural tissue damage (130, 371, 390, 

391).  

 

It is well established that reactive oxygen species and reactive nitrogen species (RONS) at low 

concentrations and over short time intervals are essential signalling molecules involved in a 

multitude of physiological processes (53). However, when cells are exposed to elevated levels 

of ROS and the subsequent lipid peroxidation over longer time periods, they are unable to cope 

with the oxidative damage that can disrupt cell and tissue functions in the gastrointestinal tract 
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(53). It is therefore thought that strengthening the antioxidant defence machinery counteracts 

the harmful effects of ROS in the body. In this context, one of the major events in the cellular 

response to oxidative stress is mediated by the activation of phase II detoxifying enzymes 

NQO-1and SOD. The antioxidants SOD and NQO-1 directly eliminate free superoxide radicals 

to protect against lipid peroxidation (154, 264). Previous reports of acute gut inflammation in 

the DSS-model observed a significant increase in lipid peroxidation and reduced levels of 

antioxidant enzymes (NQO-1 and SOD) (130, 152, 153, 155, 207, 392, 393), which were 

replicated in the present study. We also observed a significant reduction in MDA levels after 

treatment with idebenone, which is consistent with a previous report where idebenone 

effectively suppressed lipid peroxidation in brain mitochondria (394). In line with the 

activation of an endogenous defence mechanism, idebenone increased the NQO-1 expression 

and SOD activity rate in our study (Figure 2.6). Previous reports associated elevated levels of 

NO with the severity of colitis in UC patients and in animal models (108, 395, 396). In line 

with idebenone-dependent protection, idebenone also influenced RNS by reducing NO levels 

in our study. These results indicate that idebenone protects mucosal injury by strengthening 

the antioxidant defence machinery.  

 

However, it must be noted that idebenone has also been associated with a pro-oxidative activity 

in some reports (283), which appears counterintuitive given the abundance of its antioxidant 

effects. Idebenone, like all quinones can be reduced by a single-electron reduction to the 

unstable semiquinone, which can give rise to oxidative radicals (271). This reaction is 

effectively suppressed by NQO-1 through a competing two-electron reduction to the 

hydroquinone. Therefore, cells and tissues with low or absent NQO-1 levels are at risk of 

semiquinone-induced oxidative stress. It is therefore possible that low levels of semiquinones 

could trigger increased NQO-1 expression in an Nrf2-dependent manner to counteract quinone-

induced oxygen radicals until at higher NQO-1 concentrations, where idebenone is fully 

reduced to the hydroquinone to exert its antioxidant activity. More detailed studies will be 

required to investigate this theoretical possibility.  

 

The accumulation of ROS and RNS also disrupt intestinal barrier integrity by redistributing TJ 

proteins complexes involving occludin and ZO-1, which leads to a vicious cycle of intestinal 

inflammation (11, 30, 31, 397-401). Therefore, restoring barrier integrity to mediate the 
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resolution of pro-inflammatory responses could be a beneficial strategy in the treatment of UC. 

In this regard, idebenone was previously reported to decrease the permeability of the blood-

brain-barrier by upregulating occludin and ZO-1 proteins in a rat model of diabetes (402). 

Likewise, our results in the colitis model also suggest that idebenone protected the expression 

of TJ proteins and preserved the integrity of the epithelial barrier. The substantial loss of TJ 

proteins in the DSS-treated mice in the present study mirrored previous reports (25, 403). 

However, it is unclear whether idebenone increased the expression of the TJ proteins or 

protected against their DSS-dependent degradation. Moreover, the present study also 

demonstrated a significant protection of goblet cells by idebenone. The loss of goblet cells 

upon DSS induction replicates the depletion of goblet cells in UC patients and rodents (25, 

404). Indeed, this is the first study that shows a protective effect by idebenone against intestinal 

goblet cell loss. However, to understands the detailed molecular mechanism(s) for this effect 

action, further detailed investigations will be required. 

 

Gut inflammation is characterised by the overproduction of pro-inflammatory cytokines and 

chemokines, along with altered barrier integrity and an oxidative response (11, 38, 53, 362). 

Activation of neutrophils and macrophages in the lamina propria during mucosal injury result 

in inflammation via aberrant secretion of cascades of pro-inflammatory cytokines (405). DSS-

induced acute colitis is a macrophage/Th1/Th17 driven inflammatory mouse model with 

elevated levels of cytokines including TNF-α (a hallmark of DSS-induced inflammation), IL-

6, IL-1β and IL-17 (406-409). Therefore, suppression of pro-inflammatory cytokines is thought 

to represent an essential part of the therapeutic approach against UC. Evidence for idebenone-

induced anti-inflammatory activity was previously proposed in a rat model of titanium dioxide-

induced renal damage and in LPS-induced neuro-inflammation in BV2 microglial cells that 

involved the suppression of IL-1β, TNF-α and IL-6 (315, 372). Our results illustrate a 

substantial suppression of the pro-inflammatory cytokines IL-1α, TNF-α, IL-6 and IL-17 to 

their baseline levels by idebenone (Figure 2.7). In addition, idebenone also reduced the levels 

of  GM-CSF, G-CSF and IL-3, which are responsible for the differentiation and recruitment of 

monocytes to macrophages into the lamina propria during intestinal inflammation (410).  

  

It is well known that the anti-inflammatory cytokine IL-10 is elevated in colitis patients (382, 

391, 411-414) and our study mirrored this effect upon DSS exposure. Elevated levels of IL-10 
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could be interpreted as a compensatory mechanism to counteract the substantial inflammation 

in the colon. In the context of a reduced pro-inflammatory response by idebenone, a reduction 

of IL-10 levels in the present study does therefore not appear surprising. 

 

Our results also align with clinical studies that reported upregulated chemokines such as MIP-

1α, MIP-1β, eotaxin and RANTES, in the colonic biopsies of UC patients (382, 415-417).  

However, profound effects were seen in our study where idebenone downregulated the release 

of these chemokines in the DSS-treated mice. The significant reduction of pro-inflammatory 

cytokine levels by idebenone could be either a direct immunomodulatory effect or indirectly 

reflective of a general protection of antioxidant enzymes and/or barrier integrity. Since 

macrophages seem to be vital players in colitis through the production of many cytokines (410, 

418), detailed studies will be required to elucidate the effect of idebenone on macrophages and 

to identify the functional links between ROS and cytokine levels. 

 

Apart from DC, idebenone administration also showed significant reduction of IL-6, TNF-α, 

GM-CSF, MIP- 1α, eotaxin and IL-17 in the PC. Our results also indicated that the 

inflammation level varied between PC and DC. This has been substantiated by previous studies 

(25, 419, 420), where the DC of DSS controls showed more histological destructions than the 

PC. 

 

Very few randomised controlled clinical trials have reported therapeutic effects of antioxidants 

in UC patients. Trials that tested compounds, such as curcumin and polyunsaturated fatty acids 

(PUFAs), were associated with methodical limitations, including short duration, small subject 

size, or the absence of a healthy control group (227, 349). Other studies that investigated 

compounds such as resveratrol, carnosine and ferrous fumarate were insufficiently sized to 

show any therapeutic benefits. Moreover, some antioxidants showed better efficacy when 

given in combination with other compounds, and mixed treatment outcomes were reported as 

being influenced by the antioxidant potency, dosage, stage of disease and duration (228, 229, 

236, 421, 422). Therefore, at present, it is not possible to align the multiple contradicting results 

of the reported clinical trials. On the other side, a plethora of literature supports the role of 

oxidative stress in UC and consequently justifies the use of antioxidants as a therapeutic 
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strategy (151, 152, 221, 363, 371, 396, 423-426). Since UC is a multifactorial disease, 

pharmacological targeting of individual factors appears of limited use to provide effective and 

sustainable therapy outcomes. In contrast, the present study highlighted that idebenone 

appeared to target not only one, but multiple factors relevant to UC that included barrier 

integrity, mucus production, oxidative stress and inflammatory markers (Figure 2.8). It is 

intriguing to speculate that it was the synergistic effect of these activities that could be 

responsible for the significantly reduced severity of colitis observed in this study.  

 

Accumulation of oxidative stress not only damages the colon, but also stimulates the release 

of pro-inflammatory cytokines and increases intestinal permeability. It must be noted that at 

present, it is still unclear how the different idebenone-dependent events that protect against 

colitis are initiated and regulated, and whether there is a functional or temporal hierarchy 

between the different activities described in the current study.  

 

 

Figure 2.8. Schematic illustration of the proposed mode of action of idebenone in a mouse model 
of DSS-induced acute colitis. 
Induction of DSS disrupts tight junctions (ZO-1 and occludin) and the mucus film covering epithelial 
cells, resulting in the increased infiltration of harmful microbes and toxins into the lamina propria. This 
uptake activates macrophages, neutrophils and lymphocytes, causing the dissemination of pro-
inflammatory cytokines (IL-6, IL-1α, TNF-α, IL-17, IL-3, GM-CSF and G-CSF), chemokines and 
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generates oxidative and nitrosative stress. In colitis, NO is released by immune cells, and IECs, which 
further damages tight junctions. All these factors contribute to the inflammation of the colon. Increased 
levels of oxidative stress via altered redox levels between oxidative molecules and antioxidative 
enzymes (NQO-1 and SOD) damages tissue and cells through oxidative damage to macromolecules, 
including lipids. Supplementation with idebenone maintains the barrier integrity by protecting tight 
junctions and the mucin layer. Idebenone also suppresses the pro-inflammatory cytokines, chemokines, 
NO production and LPO. In addition, by increasing the levels of detoxifying enzyme NQO-1 and SOD, 
idebenone is thought to prevent colonic inflammation by simultaneously protecting against oxidative 
stress and inflammation. IECs—intestinal epithelial cells, G-CSF—granulocyte colony stimulating 
factor, GM-CSF—granulocyte macrophage colony stimulating factor, IL—interleukin, LPO—lipid 
peroxidation, NO—nitric oxide, NQO-1—NAD(P)H dehydrogenase quinone 1, SOD—superoxide 
dismutase, TNF-α—tumor necrosis factor alpha and ZO-1—zona occludens 1. 

 

 

2.6 Conclusion    

To our knowledge, the present study is the first to explore the antioxidative and anti-

inflammatory properties of idebenone in attenuating the pathology of acute colitis. Idebenone 

provides effective cytoprotection against oxidative damage, likely by a SOD/NQO-1-

dependent mechanism, maintains intestinal barrier function and simultaneously preventing the 

upregulation of pro-inflammatory cytokines in a mouse model of DSS-induced acute colitis. 

Therefore, our study strongly suggests that idebenone could be developed as a promising 

therapeutic alternative to treat the acute phases of UC. 
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 Chapter 3: Idebenone protects against spontaneous chronic 

murine colitis by alleviating endoplasmic reticulum stress and 

inflammatory response 

 

 

 Abstract  

Endoplasmic reticulum (ER) stress in intestinal secretory goblet cells has been linked to the 

development of ulcerative colitis (UC). Emerging evidence suggests that the short-chain 

quinone drug idebenone displays anti-inflammatory activity in addition to its potent antioxidant 

and mitochondrial electron donor properties. This study evaluated the impact of idebenone in 

Winnie mice, that are characterised by spontaneous chronic intestinal inflammation and ER 

stress caused by a missense mutation in the mucin MUC2 gene. Idebenone (200 mg/kg) was 

orally administered daily to 5-6 weeks old Winnie mice over a period of 21 days. Idebenone 

treatment substantially improved body weight gain, disease activity index (DAI), colon length 

and histopathology score. Immunohistochemistry revealed increased expression of MUC2 

protein in goblet cells, consistent with increased MUC2 mRNA levels. Furthermore, idebenone 

significantly reduced the expression of the ER stress markers C/EBP homologous protein 

(CHOP), activating transcription factor 6 (ATF6) and X-box binding protein (XBP-1) at both 

mRNA and protein levels. Idebenone also effectively reduced pro-inflammatory cytokine 

levels in colonic explants. Taken together, these results indicate that idebenone could represent 

a potential therapeutic approach against human UC by its strong anti-inflammatory activity and 

its ability to reduce markers of ER stress.  

 

Keywords: Chronic colitis; endoplasmic reticulum stress; idebenone; mucin, pro-

inflammatory cytokines; Winnie  
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 Introduction  

Ulcerative colitis (UC) and Crohn’s disease (CD) are the two major forms of inflammatory 

bowel disease (IBD) which are characterised by chronic and relapsing inflammation of the 

gastrointestinal tract, with an unclear aetiology that involves the interaction of environmental 

and genetic factors (1, 3). Body weight loss, bloody stool, abdominal cramps and diarrhoea are 

the common symptoms often presented in IBD patients (1). Additionally, IBD patients are also 

at risk of developing extra intestinal diseases and other inflammatory diseases such as 

colorectal cancer, asthma, bronchitis and multiple sclerosis (427, 428). Currently, IBD 

treatment primarily focuses on immunosuppressive therapies involving biologicals, 

corticosteroids, and immunomodulators (366, 429, 430). However, the side effects of these 

treatments limit their therapeutic potential (368, 430-432). Hence, there is an urgent need for 

pragmatic treatment options targeting the multifactorial recurrent inflammatory cascade to 

mitigate chronic intestinal inflammation.  

 

Emerging evidence point to the potential presence of a pathophysiological circuit consisting of 

microbial dysbiosis, dysregulated immune response, altered barrier integrity, oxidative stress, 

genetic mutations and aberrant endoplasmic reticulum (ER) stress that all contribute to the 

development of intestinal inflammation (53, 433-437). A number of studies illustrated the 

involvement of defective epithelial secretory goblet cells in the pathogenesis of IBD (19, 404). 

Mucin MUC2 is the major macromolecule synthesised by goblet cells that protects the intestine 

from harmful luminal toxins and microbes by producing a thick mucus layer over the mucosal 

surface (438). The folding and N-glycosylation of MUC2 take place in the ER (439). In UC, a 

decreased secretion of mucus due to a reduced number of functional goblet cells leads to the 

accumulation of unfolded MUC2 precursor protein in the secretory goblet cell. This 

accumulation is responsible for aberrant ER stress via the activation of the unfolded protein 

response (UPR) (65, 440, 441). ER stress has been linked to the pathogenesis of human IBD 

(442). Under physiological conditions, ER chaperon glucose regulated protein 78 (GRP78) is 

sequestered in ER with three transmembrane UPR proteins: activating transcription factor 6 

(ATF6), protein kinase R-like endoplasmic reticulum kinase (PERK) and inositol-requiring 

enzyme 1 (IRE-1). Under stress conditions, GRP78 dissociates from these trans membranous 

proteins and binds to misfolded proteins in the ER (443). This dissociation activates ATF6, 

PERK and IRE-1 and its related downstream signalling, which regulates the release of ER-
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stress associated transcription factors from nucleus such as CCAAT-enhancer-binding protein 

homologous protein (CHOP) and X-box binding protein 1 (XBP-1), leading to the development 

of colitis  (60, 61). Therefore, restoring intestinal homeostasis by ameliorating ER stress could 

be developed as a therapeutic strategy for IBD.   

 

Several murine models connect ER stress with intestinal inflammation (19, 444, 445). Winnie, 

a mouse model of spontaneous chronic inflammation, recapitulates the symptoms associated 

with human UC and includes a prominent innate/adaptive/Th17 immune response (444). The 

chronic inflammation in Winnie is caused by a single point or missense mutation in the mucin 

MUC2 gene which leads to mucin misfolding in the ER, resulting in UPR activation-linked ER 

stress. As a consequence, there is less production of MUC2 from goblet cells, a reduction in 

goblet cell size and numbers and a diminished mucus barrier, similar to human UC (19). The 

inflammation in Winnie mice starts at the age of 6 weeks and progresses to severe colitis by 

the age of 16 weeks (446). Like in human patients, colitis in Winnie is characterised by relapses 

and remissions (447). The colonic damage in distal colon (DC) of Winnie is more prominent 

as compared to that in the proximal colon (PC) due to higher epithelial stress and more 

microbial dysbiosis (19, 448). Histopathology of the distal colon (DC) of Winnie mice revealed 

an UC-like phenotype that includes crypt abscesses, reduced goblet cell numbers, crypt 

elongations, mucosal surface erosion, infiltration of neutrophils and a distorted crypt 

architecture (19). Recently, the Winnie model was successfully used to test several clinical 

drugs such as MCC950, glucocorticoids and thiopurines, and dietary fibres (66, 448-450), that 

showed therapeutic effects comparable to UC patients.  

 

Idebenone, a short chain benzoquinone, is described as a mitochondrial electron donor and a 

potent antioxidant (369). In the 1980s, idebenone was first developed for the treatment of 

dementia. Currently, it is marketed for the treatment of an inherited mitochondrial disorder in 

Europe (270) and is developed for neuromuscular indications. Idebenone is well tolerated and 

safe for human use as either acute or chronic treatment (370). Previously, in a dextran sodium 

sulphate (DSS)-induced mouse model of acute colitis (24), idebenone ameliorated intestinal 

inflammation by an indirect antioxidant effect via upregulating NAD(P)H dehydrogenase 

quinone 1/superoxide dismutase (NQO-1/SOD) detoxifying enzymes, which was associated 

with reduced lipid peroxidation. In the same study, idebenone also preserved the expression of 
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the barrier integrity proteins occludin and zona-occludens 1. In this colitis model, idebenone 

also reduced the levels of several pro-inflammatory cytokines and chemokines down to levels 

found in healthy animals (24). This activity was also reported in a rat model of titanium-

dioxide-induced kidney toxicity, where idebenone reduced the levels of interleukins 1, 6 (IL-

1, IL-6) and tumor necrosis factor alpha (TNF-α), which was associated with improved kidney 

function (315). Idebenone also reduced lipopolysaccharide (LPS) stimulated 

neuroinflammation in BV2 microglial cells by suppressing pro-inflammatory cytokines and 

inducible nitric oxide synthase (iNOS) (313). In addition to its anti-inflammatory properties, 

idebenone reportedly downregulated the expression of the ER marker CHOP in the HtrA2 

knock-out mice, which was associated with protection against neurodegeneration (320). 

 

Based on this evidence and on our previous results (24), we hypothesised that idebenone would 

also confer protection against chronic colitis in the Winnie mouse model of spontaneous colitis. 

The current study highlights the protective role of idebenone in UC to ameliorate chronic 

inflammation by simultaneously suppressing ER stress and pro-inflammatory cytokine levels.  

 

 Materials and Methodology 

 

The C57BL/6J and Winnie mice of both sexes were obtained from animal breeding facility of 

University of Tasmania. All the animals were housed in controlled temperature environment 

with 12-h day and night cycle. All the animals underwent an acclimatisation period of 7 days 

before performing any experiment. All the mice were caged individually with proper access to 

autoclaved drinking water ad libitium and normal chow pellets. All the experiments were 

conducted in accordance with the ethics approval from Animal Ethics Committee of University 

of Tasmania (approval number: A00016166 approved on 6th March 2017).   All the procedures 

were conducted in accordance to the Australian Code of Practise for Care and Use of Animals 

for Scientific Purposes (8th Edition, 2013).  
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Equal number of C57BL/6J mice (aged 5-6 weeks) and Winnie mice (aged 5-6 weeks) were 

divided into three groups: C57BL/6J Healthy Controls without drug (HC), 2) Winnie Controls 

(Winnie) and 3) idebenone treated Winnie (Winnie + I) with eight animals/group. For drug 

preparation, idebenone was suspended in 0.5% of carboxymethylcellulose (CMC), 4% sucrose 

and autoclaved powered chow pellets as mentioned previously (24). The wet food mash 

containing idebenone was aliquoted as 2.5g/dish and stored in -200C. Winnie controls received 

drug vehicle in food mash and idebenone containing food mash was administered to Winnie 

plus idebenone treated group for 21 days daily. Autoclaved normal drinking water was 

provided to all groups. All the mice were sacrificed on day 21.  

 

 

Disease Activity Index (DAI) was calculated daily by adding the individual scores of body 

weight, blood in stool and stool consistency over the whole period of experiment, as mentioned 

previously (24, 25, 448, 449). Briefly, the following parameters were considered such as: body 

weight loss scores (0 = 0-1%, 1= 1-5%, 2 = 6-10% and 3 = 11-15%), stool consistency scores 

(0 = hard/formed stool, 1 = soft/loose stool, 2 = very soft and 3 = watery stool/diarrhoea) and 

bloody stool scores (0 = negative haemoccult/ no traces of blood, 1 = positive haemoccult, 2 = 

visible traces of blood and 3 = gross/rectal bleeding). The mice were dissected, and colons 

were cut longitudinally into two halves from which one half was utilised for histopathological 

analysis using swiss roll technique, while another half was snap-frozen for other molecular 

analysis. All the swiss rolls were fixed in 10% v/v neutral-buffered formalin for 24 h, and 

subsequently transferred to 70% ethanol. They were embedded in paraffin wax and 5-µm thick 

tissue sections were cut using rotary microtome. Paraffin-embedded tissue slides were then 

stained with haematoxylin and eosin (H&E) dyes and were used for evaluating 

histopathological grading in a blinded manner, as described previously (448, 449, 451). Images 

were captured using a Leica microscope (DM500, Leica Microsystems, Mannheim, Germany).  

 

 

Immunohistochemical analysis was performed to detect the localization of mucin MUC2 

proteins using an HRP/DAB Detection IHC kit (ab64621, Abcam, Australia), as mentioned 
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previously (24, 25). Briefly, tissue section slides were dewaxed in xylene and rehydrated 

through series of graded ethanol before incubating in citrate buffer (pH 6) for antigen retrieval 

process in a decloaking chamber at 1210C for 4 min. The endogenous peroxidase activity was 

blocked by incubating the tissue slides with hydrogen peroxide block for 10 min, following 

protein blocking for further 30 min at room temperature. Primary antibodies against MUC2 

(1:1000, NBP1-31231, Novus Biologicals, Victoria, Australia) were used to incubate colonic 

tissue slides overnight at 40C. After washing the slides in phosphate buffer saline (1X PBS), 

slides were first incubated with biotinylated goat anti-rabbit IgG for 10 min, followed by 

incubation with Streptavidin-peroxidase conjugate for further 10 min at room temperature. 

Slides were further incubated using DAB chromogen and substrate for 10 min according to 

manufacturer’s protocol. Slides were counterstained with haematoxylin and bluing in ammonia 

water before dehydrating in graded ethanol and clearing in xylene. Finally, the slides were 

mounted using DPX media and images were taken using Leica DM500 microscope. Image 

Pro-Plus 7 software was used to examine the staining intensity by randomly choosing four 

different areas from one slide where n = 3 slides/group, in a blinded manner.  

 

 

The RNA from colonic tissue was extracted and purified using RNeasy Mini kit (Qiagen, 

Melbourne, Australia) according to the kit manual. The concentration of the extracted RNA 

was calculated using Eppendorf Biophotometer. The extracted RNA was reverse transcribed 

to complementary cDNA using iScript cDNA synthesis kit (Biorad, New South Wales, 

Australia) according to the reaction conditions, as mentioned by manufacturer. Then, 100 

nanogram of cDNA from each sample was added to PCR reaction mixture containing Fast 

Advanced Master Mix (Applied Biosystems, Victoria, Australia) and a single gene-specific 

TaqMan probes or primers set (Thermofisher Scientific, Victoria, Australia). The primers used 

were GRP78 (Assay ID: Mm00517691_m1), CHOP (Assay ID: Mm00492097_m1), ATF6 

(Assay ID: Mm01295319_m1), XBP-1 (Assay ID: Mm00457357_m1) and PERK (Assay ID: 

Mm00438700_m1), MUC2 (Mm01276696_m1) and glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) (Assay ID: Mm99999915_g1). 

 

Thermal cycling was performed using StepOnePlus RT-qPCR instrument (Applied 

Biosystems, Victoria, Australia). Quantification of gene expression was done using a 
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comparative method (∆∆CT). The threshold cycle (CT) for each gene was normalised to 

GAPDH (house-keeping gene) and expressed as relative to the mean of relevant control group.   

 

 

The amount of malondialdehyde (MDA) levels present in colonic tissue was determined using 

lipid peroxidation colorimetric/fluorometric assay kit (K739, Bio Vision, New South Wales, 

Australia), as described previously (24, 384). The colon tissues were homogenised in lysis 

buffer provided in the kit, followed by centrifugation at 13,000 x g to collect supernatant. Next, 

thiobarbituric acid (TBA) was added to resulting supernatant, which formed MDA-TBA adduct 

after boiling at 950C for 1 h. The absorbance of coloured MDA-TBA adduct was detected 

colorimetrically at wavelength of 532 nm in a spectrophotometer. The amount of MDA in the 

tissue samples was quantified by plotting a graph against the MDA standard calibration curve. 

The data were expressed as nmol/mg protein.  

 

 

For western blot analysis, frozen distal colon tissue sections were washed with PBS and lysed 

in RIPA buffer containing protease inhibitor cocktails (Complete ULTRA Tablets, Mini, 

EDTA-free, New South Wales, Australia). The concentration of protein in supernatants were 

determined according to the protocol described by the DC protein Assay Kit from Biorad. 

Tissue-extracted proteins lysates (20µg) were suspended in loading buffer and separated on 

SDS-PAGE polyacrylamide gels (4-20%, Mini-Protean TGX Precast Gels, Bio-Rad, New 

South Wales, Australia) in 1x electrophoresis buffer run at 100V for 1 h. Subsequently, proteins 

from gel were electro-transferred onto polyvinylidene difluoride membrane (PVDF) using wet-

transfer system. The membranes were then blocked in 5% skim milk prepared in TBST and 

incubated overnight with primary antibody against NQO-1 (1:1000, ab34173, Abcam), GRP78 

(1:1000, NBP1-06274, Novus biologicals) CHOP (1:1000, NBP2-13172, Novus Biologicals) 

and β-actin (1:8000, NB600-503, Novus Biologicals) at 40C. The antibodies were detected by 

incubating with Horseradish peroxidase (HRP)-conjugated secondary antibody (1:3000, 7074, 

Cell Signalling Technology, Australia) at room temperature for 1 h. Protein bands were 

visualised using SuperSignal, West Pico PLUS chemiluminescent substrate (Thermo 

Scientific, Victoria, Australia). The images were captured, and band densities relative to 
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housekeeping gene (β-actin) were measured using LAS-3000 image reader version 2.2 

(Fujifilm Luminescent Image Analyzer, Fuji Life Sciences, Tokyo, Japan).  

 

 

Explants from proximal and distal colon tissues from each group were excised, washed with 

PBS and cultured in RPMI 1640 culture medium containing 1% antibiotics solution (10 mg/mL 

streptomycin and 10,000 U/mL penicillin, Sigma-Aldrich Pty. Ltd., New South Wales, 

Australia) and 10% v/v fetal bovine serum (Gibco Life Technologies Pty. Ltd., Melbourne, 

Australia) in a 12-well plate, as described previously (24, 25, 382, 448, 449).  After overnight 

incubation, supernatant was collected, centrifuged and stored at -800C until further analysis. 

Cytokine concentrations in the colonic explants were determined using Bio-plex Pro Mouse 

cytokine 23-plex kit (catalogue number: #M60009RDPD, Bio-Rad, New South Wales, 

Australia), according to manufacturer’s protocol, using an instrument Bio-plex 200 (Bio-Rad 

Laboratories). Bioplex Manager software version 6 was used to analyse the cytokines 

concentrations, which are presented as pg/mL/g of tissue. The cytokines values were 

normalised to tissue weight by dividing observed cytokine concentration (pg/mL) with tissue 

weight in grams. 

 

 

Statistical analysis was performed using GraphPad Prism Software version 8.0, California, 

United States of America). All the data were presented as average mean value ± standard error 

of mean (SEM) of independent experiments carried out in triplicate or quadruplicate. One-way 

analysis of variance (ANOVA) followed by Tukey’s post-hoc test was used to evaluate the 

statistical difference between the three groups. For analysis of body weight change and DAI, 

Two-way ANOVA followed by Bonferroni’s post-hoc test was used. Data were considered 

significant when p<0.0001 (****), p<0.001(***), p<0.01(**) and p<0.05 (*).  
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 Results 

 

The therapeutic potential of idebenone in spontaneous chronic colitis was determined by 

measuring the change in body weight, disease activity index (DAI) (integral sum of body 

weight, bloody stool and stool consistency) and colon length. Winnie mice administered 

idebenone significantly started gaining body weight as early as day 9 (p<0.01).  In comparison 

to untreated animals, which gained 4.5 ± 2.3 % body weight, idebenone treatment drastically 

increased body weight by 17.5 ± 1.3 % over the observation period of 21 days, equivalent to 

C57BL/6J healthy controls (HC) (Figure 3.1A). As compared to HC, DAI increased with age 

in Winnie animals (day 9: 3.3 ± 0.4 and day 21: 4.4 ± 0.4) (Figure 3.1B). In idebenone-treated 

Winnie, no significant increase of DAI was observed, and from day 9 (2.0 ± 0.2) onwards, DAI 

was indistinguishable from the start of the treatment. 

 

Macroscopic assessment of the colon clearly indicated the severity of inflammation in Winnie; 

colon was visibly inflamed, thickened and shortened on day 21. In contrast, three weeks of oral 

administration of idebenone significantly prevented the shortening of the colon (8.5 ± 0.2 cm) 

when compared to Winnie animals (7.7 ± 0.2 cm) (p<0.05) (Figure 3.1C). 
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Figure 3.1. Effect of idebenone on the clinical symptoms of spontaneous chronic colitis.   
(A)  % body weight change, (B) Disease Activity Index (DAI) and (C) Colon length. Data expressed as 
mean ± SEM (n=8/group). Statistical significance among groups evaluated by Two-way ANOVA 
followed by Bonferroni’s post-test. *p<0.05, **p<0.01 ***p<0.001 and ****p<0.0001 vs Winnie. 
Colon length evaluated by One-way ANOVA followed by Tukey’s post-test. 
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Spontaneous inflammation of the colon in the Winnie model is characterised by severe 

epithelial surface erosion, distortion of crypt architecture/crypt loss, crypt abscesses, loss of 

goblet cells, submucosal oedema and infiltration of inflammatory cells predominantly affecting 

distal colon (DC) than proximal colon (PC) (Figure 3.2A), as revealed from histological 

analysis. Colon tissue from C57BL/6J animals was used as healthy control (HC), with no signs 

of colon damage (Figure 3.2A). Treatment of Winnie mice with idebenone showed significant 

protection, particularly in the DC (p<0.001), by reducing the average histology score of 

untreated Winnie animals from 10.7 ± 0.9 to 7.0 ± 0.6 (Figure 3.2C). In the PC (Figure 3.2B), 

the average histology score (5.5 ± 0.6) was also significantly (p<0.05) reduced by idebenone 

(5.0 ± 0.8).  
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Spontaneous chronic colitis in Winnie mice is the consequence of a missense mutation in the 

mucin (MUC2) gene (19). Immunohistochemical analysis of MUC2 protein expression in the 

colon of Winnie mice confirmed significantly decreased MUC2 expression in both PC and DC 

goblet cells as compared to colon samples from HC animals (Figure 3.3A). In the PC, goblet 

cells containing MUC2 were stained homogenously at the basal as well as the apical surface of 

crypts, whereas in the DC, goblet cells expressed MUC2 mainly in the apical region. Idebenone 

treatment in Winnie significantly increased MUC2 expression in the DC, whereas only a trend 

was observed in the PC (Figure 3.3A). To confirm these results, we examined the MUC2 

mRNA expression (Figure 3.3B). MUC2 mRNA was significantly decreased in both the PC 

and DC of untreated Winnie animals when compared to HC animals. In contrast, idebenone 

treatment upregulated MUC2 mRNA expression by 2.4-fold in the DC. Although MUC2 

mRNA expression in the PC increased by 2.2-fold compared to the untreated mice, this effect 

did not reach statistical significance.  
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Figure 3.3. Effect of idebenone on mucin expression.  
(A) Representative immunohistochemistry images of MUC2 protein expression in the proximal (PC) 
and distal colon (DC) (n=3/group) and (B) MUC2 mRNA expression (n=4/group). MUC2 mRNA levels 
were normalised to GAPDH mRNA and presented as fold change. Statistical significance among groups 
was determined by One-way ANOVA followed by Tukey’s post-test where *p<0.05, ***p<0.001 and 
****p<0.0001. Images were acquired at 40x magnification. Arrows indicate localisation of staining. 
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Misfolding of MUC2 protein due to reduced biosynthesis and secretion triggers aberrant ER 

stress, activation of the unfolded protein response (UPR) and spontaneous chronic intestinal 

inflammation in Winnie mice (19). To explore the influence of idebenone on ER stress, gene 

expression of ER stress markers was determined by qPCR. Relative to healthy control animals, 

untreated Winnie animals showed significantly increased mRNA levels of key regulators of 

ER stress, such as chaperon protein GRP78 (PC: 4.1-fold; DC: 3.5-fold), UPR transcription 

factor CHOP (PC: 3.5-folds; DC: 3.9-fold), UPR signalling molecule ATF6 (PC: 2.9-fold; DC: 

4.5-fold), transcription factor XBP-1 (PC: 1.3-fold; DC: 2.1-fold) and UPR signalling molecule 

PERK (PC: 1.0-fold; DC: 2.0-fold) (Figure 3.4A, B, C, D, E). 

 

In contrast, idebenone-treated Winnie mice displayed in the DC a significant reduction of 

CHOP, ATF6 and XBP-1 mRNAs by 4.3-fold (p<0.01), 4.1-fold (p<0.001) and 4.2-fold 

(p<0.001) respectively, comparable to the levels of healthy control animals. In the PC, a 

substantial reduction of ATF6 mRNA (3.2-folds; p<0.05) was detected, while no significant 

reductions of GRP78 and PERK mRNAs were detected in either PC or DC compared to 

untreated Winnie mice.   
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Figure 3.4. Effect of idebenone on mRNA levels of endoplasmic reticulum stress (ER stress) 
markers in the Winnie model of spontaneous chronic colitis.  
Gene expression of (A) GRP78, (B) CHOP, (C) ATF6, (D) XBP-1 and (E) PERK were determined for 
the proximal (PC) and distal colon (DC) for all the three groups. mRNA levels were normalised to 
GAPDH gene and presented as fold change. Data represents mean ± SEM (n=4/group) using One-way 
ANOVA followed by Tukey’s post-test, where *p<0.05, **p<0.01 and ***p<0.001. 
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Our western blot results of the ER stress markers GRP78 and CHOP also confirmed the 

reduction of ER stress by idebenone in Winnie mice. Idebenone treatment in Winnie prevented 

CHOP upregulation but left the expression of GRP78 unaffected (Figure 3.5A, B). 

Densitometric analysis of CHOP relative to β-actin also displayed a significant (p<0.01) 

decrease in CHOP expression (Figure 3.5C).  

 

To confirm the previously reported antioxidant activity of idebenone (24) in the Winnie model, 

protein expression of the detoxifying enzyme NQO-1 was measured by western blot analysis. 

Similar levels of NQO-1 were observed in healthy controls, untreated Winnie and idebenone-

treated Winnie animals (Figure 3.5A), which was confirmed by densitometric analysis (Figure 

3.5D). In addition, due to lack of elevated levels of MDA (lipid peroxidation marker) in Winnie 

as compared to HC, idebenone treatment in Winnie showed no effect on the basal level of lipid 

peroxidation (Figure 3.5E).  
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Cytokine analysis was performed to ascertain the anti-inflammatory effect of idebenone in 

chronic colitis (Figure 3.6). While colonic explants of untreated Winnie animals vigorously 

secreted pro-inflammatory cytokines (IL-1α, IL-1β, TNF-α, INF-γ, IL-17) and chemokine 

MIP-1α (macrophage inflammatory protein 1), idebenone treatment considerably suppressed 

their release in both PC and DC explants of Winnie mice. IL-1α was significantly reduced by 

idebenone-treated PC tissue (p<0.01), while this effect did not reach significance in the DC 

explants (Figure 6A). A substantial reduction of elevated levels of IL-1β (Figure 3.6B) was 

also observed for both idebenone-treated PC and DC tissues at equivalent levels (p<0.01). In 

addition, idebenone significantly reduced the secretion of TNF-α (p<0.001) and INF-γ 

(p<0.001) in DC tissues (Figure 3.6C, D). In case of idebenone-treated PC sections (Figure 

3.6C, D), the reduction of INF-γ (p<0.01) was more prominent than for TNF-α (p<0.05). 

Furthermore, idebenone treatment significantly suppressed MIP-1α (p<0.05) (Figure 3.6E) 

and IL-17 (Figure 3.6F) secretion (p<0.05) by both PC and DC explants. No substantial effect 

was seen for several other cytokines (Supplementary figure 3.1).   
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Figure 3.6. Effect of idebenone on the levels of pro-inflammatory cytokines and chemokines in 
colonic tissue explants of Winnie mice.  
Tissue levels of (A) IL-1α, (B) IL-1β, (C) TNF-α, (D) INF-γ, (E) MIP-1α and (F) IL-17 in proximal 
colon and distal colon were quantified by Bio-Plex assay. Data expressed as mean ± SEM (n=3/group) 
and statistical significance evaluated by One-way ANOVA followed by Tukey’s post-test where 
*p<0.05, **p<0.01, ***p<0.001 and ns: non-significant.  
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 Discussion  

The current study described the therapeutic potential of idebenone in ameliorating spontaneous 

chronic intestinal inflammation. The most prominent observation was that idebenone inhibited 

ER stress, which represents the main causative pathological feature of the Winnie model of 

chronic colitis. Idebenone also improved histopathology, immune parameters, clinical 

manifestations of colitis, and increased MUC2 levels.  

The current study used idebenone at a dose of 200 mg/kg, which was selected based on a 

previous study where idebenone ameliorated acute colitis, pro-inflammatory cytokines and 

oxidative stress in a mouse model of acute colitis (24). It has to be noted that dose optimisation 

was not the aim of this study, but certainly has to be investigated in future studies to assess the 

therapeutic potential of idebenone in patients. Idebenone was reported to be well tolerated by 

patients, with only minor side effects, and was safely used of up to 2250 mg/day (370). 

According to the FDA conversion factor for drug dosing between human and mice, 200 mg/kg 

in mice would translate to about 1.2 g/day (for 70 kg bodyweight of patient), which is within 

the clinically used dose range and should therefore not limit the translation of our data to colitis 

patients (389). In our preclinical model, idebenone significantly improved body weight, DAI 

and colon length shortening, similar to results from a DSS-induced model of acute colitis (24). 

Similar to the model of acute colitis (24), the histopathology in the present study demonstrated 

that idebenone protected Winnie mice against surface erosion, crypt abscesses, loss of goblet 

cells, elongation or distortion of crypt architecture and infiltration of immune cells. 

Surprisingly, at high doses, i.e., >1g/day, idebenone has been reported to cause gastro-intestinal 

disturbances such as diarrhoea, vomiting and dyspepsia in some patients (374); these symptoms 

were not detected in the current study. The reason for this discrepancy is not known at the 

moment and given that this adverse effect was only observed in some rare cases, the number 

of mice used in this study might have been insufficient to detect it.  

In the Winnie model, spontaneous chronic intestinal inflammation arises as a consequence of 

a missense mutation in MUC2 gene, which leads to MUC2 protein misfolding and significantly 

decreased mucin biosynthesis (19). Decreased mucus biosynthesis reduces the layer thickness 

of the mucus barrier, which enables harmful microbes and toxins to penetrate through this 

intestinal barrier (65). Consequently, protecting against goblet cell depletion and/or increasing 

mucus secretion appears essential to protect against intestinal inflammation. The present study 

showed that idebenone increased the mRNA levels of mucin, and also restored mucus 
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production in goblet cells, which confirms a previous study where idebenone also protected 

mucus expression and prevented loss of goblet cells in a model of acute colitis (24). In contrast 

to our study, dexamethasone  significantly restored the biosynthesis of mucus in goblet cells 

by directly reducing UPR and ER stress in Winnie mice (66). Since the present study did not 

test a direct connection between MUC2 biosynthesis, ER stress and UPR, this restoration of 

mucus by idebenone could either be a consequence of its anti-inflammatory activity or a direct 

effect of idebenone on goblet cells to increase MUC2 biosynthesis. A detailed understanding 

of the molecular mode of action of idebenone should be sought in future studies that should 

include a detailed analysis of MUC2 biosynthesis, as well as goblet cell 

differentiation/maturation. 

 

Several preclinical and clinical studies support a central role of ER stress in the pathogenesis 

of UC (61, 62, 452, 453). During ER stress, the heat shock protein GRP78 is upregulated and 

dissociated from the UPR mediator ATF6, which activates a cascade of molecular events that 

lead to the transcription of UPR genes. After release from GRP78, ATF6 migrates to the Golgi 

apparatus, where it is proteolytically activated before it translocates to the nucleus, where it 

induces the expression of transcription factors CHOP and XBP-1 (454-456). Previous reports 

of increased expression of GRP78, PERK, CHOP, XBP-1 and ATF6 in colonic tissues of IBD 

patients and in Winnie mice (19, 62, 66), support the data presented in this study. However, 

idebenone treatment did not significantly reduce GRP78 and PERK expression, which makes 

them unlikely targets for idebenone. Therefore, it appears unlikely that GRP78 and PERK were 

involved in reducing ER stress in the present study. 

 

Upregulation of ATF6 induced transcription factor CHOP plays a major role in mediating ER 

stress-induced apoptosis and epithelial cells proliferation (457), which is replicated in the 

Winnie mouse model (19). Interestingly, idebenone was reported to reduce CHOP expression 

in a mouse model of mitochondrial disease, which was associated with improved motor 

function (320). Moreover, a recent study confirmed the reduction of CHOP expression by 

idebenone in mutant myocilin cells, which was associated with anti-apoptotic effects (458). 

The present study supports this effect by demonstrating the downregulation of CHOP mRNA 

and its protein levels. In addition, it adds to the previous studies by providing a mechanistic 

clue that idebenone also downregulates the expression of ATF6, which is the upstream 
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signalling molecule of CHOP. This effect was confirmed by the fact that idebenone also 

reducing XBP-1 expression, which is also controlled by ATF6. A previous study reported that 

glucocorticoids also reduce the  expression of CHOP, XBP-1 and ATF6 in Winnie mice, as 

well in an in vitro model of tunicamycin-induced ER stress, which parallels our results in the 

present study (66). Overall, our results suggest that idebenone alleviates ER stress by targeting 

the ATF6/CHOP/XBP-1 axis. However, this study did not clarify whether idebenone targets 

CHOP directly or indirectly by affecting genes upstream of CHOP; which will have to be 

addressed by future studies. 

 

Excessive accumulation of ROS disrupts cellular functions by the peroxidation of lipids, a 

process that can lead to gastrointestinal disturbances (53). Under physiological conditions, the 

harmful effects of excess ROS production are counteracted by endogenous antioxidant defence 

mechanism (76). This cellular antioxidant machinery includes phase II detoxifying enzymes 

such as NQO-1, SOD and glutathione reductase, glutathione peroxidase and hemeoxygenase-

1 (HO-1), which are regulated by the transcription factor nuclear factor erythroid 2-related 

factor 2 (Nrf2) (53). Previous results in a model of acute colitis associated increased lipid 

peroxidation (MDA) with decreased levels of NQO-1 and SOD (24). However, the present 

study did not observe increased levels of lipoperoxidation in the Winnie mice. In line with this 

result, NQO-1 levels of and SOD activity were indistinguishable between healthy control and 

Winnie mice, which indicates that the Winnie model in the early stages is not associated with 

excess levels of ROS. Consequently, idebenone did not affect the basal levels of lipid 

peroxidation and NQO-1 in Winnie mice. Overall, our results therefore indicate that idebenone 

either utilises different protective pathways in models of acute versus chronic colitis or that a 

common, as yet undiscovered mode of action is responsible for initiating different protective 

responses. 

 

Immune system dysregulation due to abnormal secretion of pro-inflammatory cytokines and 

chemokines is the hallmark of UC pathogenesis (38). Intestinal inflammation involves immune 

cells of both the innate and adaptive immune systems, and is characterised by marked increases 

in pro-inflammatory cytokines IL-1β, TNF-α, IL-12, IL-17, IL-1β and INF-γ (459). 

Specifically, the increased levels of cytokine IL-1β and the correlation of this with disease 

severity have been reported in IBD patients (460). TNF-α, a pleiotropic cytokine, instigates its 
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inflammatory action by inducing the secretion of additional pro-inflammatory cytokines such 

as IL-1β in mice as well as in IBD patients (461, 462). Similarly, INF-γ and chemokine MIP-

1α have also been observed to be highly overexpressed in the mucosa of UC patients (416, 

463). The contribution of pro-inflammatory cytokine IL-17 is well defined in IBD. Elevated 

levels of IL-17-producing immune cells and excessive production of Th-17 cells-mediated pro-

inflammatory cytokines have been reported in UC patients (464, 465). In this study, Winnie 

mice displayed substantially elevated level of IL-1α, IL-1β, TNF-α, INF-γ, IL-17 and MIP-1α 

as compared to C57BL/6J healthy controls, which is in alignment with previous reports (19, 

66, 444, 448, 449). Idebenone treatment suppressed elevated levels of these cytokines to their 

baseline level in Winnie colon. This idebenone-induced anti-inflammatory property was also 

observed in multiple disease models including DSS-induced acute colitis, LPS-mediated 

neuroinflammation in BV2 microglial cells and in renal damage induced by titanium-di-oxide 

in rat, where idebenone suppressed certain pro-inflammatory cytokines and chemokines (24, 

313, 315). Our results in Winnie further support the reports mentioned above regarding the 

anti-inflammatory action of idebenone. 

 

Growing evidence points to a direct intersection between immune response and ER stress in 

inflammatory disorders (19, 62, 466, 467), whereby inflammation induces ER stress and vice 

versa. The ER stress-inflammation connection results in a vicious cycle that propagates chronic 

inflammation. For example, elevated levels of TNF-α and INF-γ initiated ER stress via 

increasing the expression of GRP78 in Caco2 intestinal cell lines (468). Furthermore, IL-17A 

signalling induced ER stress by increasing the expression of CHOP and GRP78 in LPS-induced 

lung injury (469) . On the other hand, UPR mediated ER stress directly activates nuclear factor 

kappa-light-chain-enhancer of activated B cells (NF-κB) transcription factor and pro-

inflammatory cytokines (470-474). Based on our research, it was hypothesised that idebenone 

provides protection against chronic intestinal inflammation by simultaneously suppressing ER 

stress and pro-inflammatory cytokines. However, we still do not know the hierarchical order, 

i.e., whether idebenone first exerts an immunomodulatory action directly or indirectly through 

general protection against ER stress. Overall, we believe that idebenone has properties that act 

against existing ER stress, potentially allowing the goblet cells in the colon to retain their 

function in addition to mopping up the milieu of cytokines in the mucosa.  
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 Conclusion 

To our knowledge, the present study is the first to highlight the potential of idebenone to 

ameliorate chronic intestinal inflammation by effectively reducing ER stress. The beneficial 

effects of idebenone in this model of spontaneous chronic colitis were associated with the 

suppression of ER stress, the restoration of MUC2 mucin expression and the simultaneous 

reduction of increased levels of pro-inflammatory cytokines (Figure 3.7). It can be speculated 

that the synergism between these activities was responsible for remarkably reducing the 

severity of chronic intestinal inflammation in Winnie mice. Despite the strong anti-

inflammatory effect and mucosal healing that was observed with the administration of 

idebenone, the major shortcoming is the lack of molecular target. Studies designed to 

specifically address each component (ER stress, mitochondrial stress and cytokines) will be 

required to identify the specific pathways targeted by oral administration of idebenone. The 

results of the present study establish the possible importance of idebenone therapy, i.e., in 

targeting multiple factors linked to UC pathology including epithelial ER stress, mucin 

production and inflammatory markers. Therefore, idebenone could be considered a promising 

therapeutic alternative to treat the chronic phases of multifaceted UC.     
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 Chapter 4: Short chain naphthoquinone protects against both 

acute and spontaneous chronic murine colitis by alleviating 

inflammatory response 

 

 

4.1 Abstract 

Ulcerative Colitis (UC) is characterised by chronic, relapsing, idiopathic, and multifactorial 

colon inflammation. Recent evidence suggests that mitochondrial dysfunction plays a critical 

role in the onset and recurrence of this disease. Previous reports highlighted the potential of 

short-chain quinones (SCQs) for the treatment of mitochondrial dysfunction due to their 

reversible redox characteristics. We hypothesised that a recently described potent mito-

protective SCQ (UTA77) could ameliorate UC symptoms and pathology. In a dextran sodium 

sulphate (DSS)- induced acute colitis model in C57BL/6J mice, UTA77 substantially improved 

DSS-induced body weight loss, disease activity index (DAI), colon length and histopathology. 

UTA77 administration also significantly increased the expression of tight junction proteins 

occludin, and zona-occludens 1 (ZO-1), which preserved intestinal barrier integrity. Similar 

responses were observed in the spontaneous Winnie model of chronic colitis, where UTA77 

significantly improved DAI, colon length and histopathology. Furthermore, UTA77 potently 

suppressed elevated levels of pro-inflammatory cytokines and chemokines in colonic explants 

of both DSS-treated and Winnie mice. These results strongly suggest that UTA77 or its 

derivatives could be a promising novel therapeutic approach for the treatment of human UC. 

 

Keywords: cytokines; endoplasmic reticulum stress; inflammatory bowel disease; 

naphthoquinones and tight junction proteins 
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4.2 Introduction  

Ulcerative colitis (UC) and Crohn’s disease (CD) are the two basic forms of inflammatory 

bowel disease (IBD) (1, 2). Despite an unclear aetiology, environmental and genetic factors are 

known risk factors associated with the initiation of IBD (3). IBD patients usually present with 

clinical manifestations of bloody stool, diarrhoea, abdominal pain, fatigue and body weight 

loss. Patients are also often at higher risk of developing extra intestinal diseases (spondylitis, 

cholangitis), colorectal cancer if left untreated, and other inflammatory diseases such as 

multiple sclerosis, bronchitis, renal diseases and asthma (427, 428). Current treatment 

approaches of IBD include the use of corticosteroids, biologicals, 5-aminosalicylates and 

immunomodulators (199, 200). However, none of these approaches are curative but are 

associated with a risk of adverse events such as steroid dependency, infertility, blood disorders 

and liver diseases (366, 368, 424, 429, 431, 475, 476). The limitations of current IBD therapies 

highlight the need to identify and test novel therapeutic strategies that aim to target causative 

pathophysiological pathways. Recently advances in understanding the pathogenesis of UC 

support a pathophysiological circuit that involves reduced intestinal barrier integrity, a 

dysregulated immune response, endoplasmic reticulum stress (ER stress), oxidative stress, 

microbial dysbiosis and mitochondrial dysfunction, which cooperatively initiate and sustain 

the inflammation of the gut (53, 433, 435, 442, 477). This new understanding opens the door 

to identify new therapeutic targets for the treatment of UC that interferes with one or several 

of the components of this vicious pathological cycle.   

 

Several studies independently delineated the role of mitochondrial dysfunction in UC patients 

and animal models of intestinal inflammation (82, 157, 158, 478-480). Although the exact 

underlying mechanism for the mitochondrial dysfunction in the pathogenesis UC is unclear, it 

was suggested that abnormal mitochondrial morphology, oxidative stress, ER stress and the 

presence of hypoxia play key roles. It was also established that maintenance of intestinal barrier 

integrity by tight junction (TJ) proteins is an energy-dependent process that requires 

mitochondrial adenosine triphosphate (ATP) (35, 481). However, in UC, low levels of 

mitochondrial ATP synthesis in the intestinal mucosa (36, 482), therefore, reduce the 

expression of TJ proteins, which disrupts barrier integrity and eventually leads to intestinal 

inflammation (483). Furthermore, mitochondrial-derived oxidative stress in the intestinal 

epithelium significantly contributes to the progression of UC (53, 483, 484). Mucosal 
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inflammation decreases oxygen availability to intestinal epithelial cells to create a pathological 

state of hypoxia (165). Prolonged hypoxia further increases mitochondrial reactive oxygen 

species (ROS) and pro-inflammatory cytokines in colitis (165). Excessive oxidative stress 

further destabilises mitochondria and damages DNA, protein and lipids in the colonic plasma, 

which was demonstrated in tissues of colitic patients and preclinical mouse models of colitis 

(24, 82, 176, 350, 485-487). Based on the tight functional and spatial interactions between 

mitochondria and endoplasmic reticulum (488) the presence of ER stress in goblet cells was 

confirmed in preclinical and clinical studies (19, 62, 489). In addition, ER stress was reported 

to play a significant role in the inflammatory process of UC (19, 62, 66, 467). A fragmented 

ER along with deteriorating mitochondria implicate both mitochondrial dysfunction and 

aberrant ER stress in the pathological cascade of UC (191). Many clinical and preclinical 

studies have described the altered secretion of cytokines by immune cells as a causative factor 

in the pathogenesis of UC (38, 406, 490-495), where mitochondrial function regulates the 

release of pro-inflammatory cytokines such as interleukin beta and 18 (IL-1β and IL-18) 

through inflammasome activation (82, 162, 496). Therefore, simultaneous targeting of all 

pathophysiological factors by pharmacological targeting of mitochondrial function could be a 

promising new therapeutic approach for UC treatment.  

 

Naphthoquinones, occurring either naturally or as synthetic derivatives, are gaining wider 

attention due to their mito-protective, antioxidant, anticancer and antiparasitic properties (329, 

497-499). Natural naphthoquinones have been reported to possess potent anti-inflammatory 

properties (325, 340, 342, 500, 501). As such, 1,4-naphthoquinones inhibited tumor necrosis 

factor-alpha (TNF-α) in lipopolysaccharide (LPS)-induced acute inflammation in mice and 

proved to be more potent than benzoquinones (502). The derivatives of 1,4-naphthoquinones 

also reduced the expression of IL-1β, interleukin 6 (IL-6) and TNF-α in a murine macrophage 

cell line (503). The naphthoquinone shikonin and its derivatives attenuated inflammation by 

reducing IL-6, TNF-α and IL-1β levels in the colon and serum of colitic mice (325). 

Furthermore, shikonin also protected TJ proteins occludin and claudin-1 and preserved the 

intestinal barrier integrity in DSS-induced colitis (325). In addition to its anti-inflammatory 

property, shikonin also suppressed ER stress in isoproterenol-induced heart injury (504). 

Furthermore, another naphthoquinone, plumbagin, inhibited intestinal inflammation by 

downregulating pro-inflammatory cytokines, which was associated with improved disease 

histology (340). Recently, more than 148 novel naphthoquinones derivatives of short-chain 
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quinones (SCQs) have been synthesised and screened in vitro for their cytoprotective activity 

against mitochondrial dysfunction (330). Among them, 16 amide-linked naphthoquinones 

showed high metabolic stability, low toxicity and better cytoprotection in vitro (330-332).  

 

We previously showed that a benzoquinone ameliorated intestinal inflammation by exerting 

antioxidant and anti-inflammatory effects in acute and chronic colitis (24, 505). Therefore, this 

study hypothesised that the newly developed mito-protective naphthoquinone-based SCQ 

(UTA77) could be an effective therapeutic drug candidate to combat intestinal inflammation 

by simultaneously targeting multiple pathophysiological factors.   

 

For the first time, this study utilised two validated mouse models of ulcerative colitis (DSS-

induced acute colitis model and Winnie mouse model of spontaneous chronic colitis), to assess 

the therapeutic potential of a novel mito-protective naphthoquinone (UTA77). The results of 

the current study consistently demonstrate significant protection by UTA77 in both models. In 

addition, UTA77 reduced intestinal inflammation by directly suppressing pro-inflammatory 

cytokines and by preserving intestinal barrier integrity.  
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4.3 Materials and Methodology 

 

All female C57BL/6J mice and Winnie mice of both sexes were obtained from the animal 

breeding facility of the University of Tasmania. All the animals were housed in a controlled 

temperature environment with 12-h day and night cycle. Before including in any experiment, 

all the animals had undergone through acclimatisation period of 7 days. All the mice were 

caged individually with proper access to autoclaved drinking water ad libitium and normal 

chow pellets. Also, individual body weights were recorded daily during the acclimatisation 

period. All the animal trials were performed according to the ethics approval from the Animal 

Ethics Committee of University of Tasmania (approval number: A00016166; date of approval: 

6th March 2017).   All the procedures were conducted in accordance to the Australian Code of 

Practise for Care and Use of Animals for Scientific Purposes (8th Edition, 2013).  

 

 

After one week of acclimatisation, all the C57BL/6J (aged 7 weeks) were randomly allocated 

into 3 groups: 1) Healthy Controls without DSS and drug (HC), 2) DSS controls (DSS) and 3) 

UTA77 treated group (DSS+UTA77) having 10 animals/group. In the case of chronic colitis 

Winnie model, groups were divided as follows: Healthy controls (C57BL/6J) without the drug 

(HC), 2) Winnie Controls (Win) and 3) UTA77 treated Winnie (Win+UTA77) having 6 

animals/group. UTA77 (provided by UTAS) was administered orally at a dose of 200 mg/kg 

of body weight of mice. UTA77 was suspended in 0.5% of carboxymethylcellulose (CMC), 

4% sucrose and mixed with autoclaved powered chow pellets for wet food mash preparation. 

The wet food mash of UTA77 was aliquoted as 2.5g/dish and stored at -200C. For DSS-induced 

acute colitis, 2.5% of DSS with a molecular weight of 30,000-50,000KDa (MP Biomedicals, 

New South Wales, Australia) was administered continuously for 7 days in autoclaved drinking 

water to all the C57BL/6J groups except HC. The drug vehicle and drug UTA77 were also co-

administered orally for 7 days continuously to DSS controls and DSS+UTA77 treated groups, 

respectively. In spontaneous chronic colitis, UTA77 drug was administered to UTA77 treated 

Winnie and drug vehicle to Winnie controls for continuously 21 days provided with autoclaved 

normal drinking water to all groups.  
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Disease Activity Index (DAI) was calculated daily by adding the individual scores of body 

weight, bloody stool and stool consistency over the whole period of the experiment. Briefly, 

scoring was done, as described previously (24, 25): body weight loss (score 0 = %, score 1 = 

1-5%, score 2 = 6-10% and score 3 = 11-15%), stool consistency (score 0 = hard/formed stool, 

score 1 = soft/loose stool, score 2 = very soft and score 3 = watery stool/diarrhoea) and bloody 

stool (score 0 = negative haemoccult/ no traces of blood, score 1 = positive haemoccult, score 

2 = visible traces of blood and score 3 = gross/rectal bleeding). The colons were taken out, 

opened and bisected longitudinally into two halves on day 8 (acute colitis model) and day 21 

(spontaneous chronic colitis model) after dissection. One half was stored for histopathological 

analysis using the Swiss roll technique while another half was collected and snap-frozen for 

further molecular analysis.  Swiss rolls were fixed in 10% v/v neutral-buffered formalin for 24 

h and later transferred to 70% ethanol before embedded in paraffin wax. 5-µm tissue sections 

embedded in paraffin wax were cut using a microtome. Paraffin-embedded tissue slides were 

then stained with haematoxylin and eosin (H&E) dyes and were used for evaluating 

histopathological grading in a blinded manner, as described previously for DSS-induced acute 

colitis and spontaneous chronic colitis in Winnie (449, 451). Images were captured using a 

Leica microscope (DM500, Leica Microsystems, Mannheim, Germany).  

 

 

Alcian Blue staining was performed to visualize the sulphated and acidic mucopolysaccharide 

mucin (MUC2) secretion from goblet cells using Alcian Blue staining kit pH 2.5 (ab150662, 

Abcam, Australia), as described previously (24, 25, 383).  Briefly, tissue embedded slides were 

dewaxed in Xylene and rehydrated in graded ethanol series in descending order (100%, 100%, 

95% and 70%). Slides were first incubated with Alcian blue stain for 30 min at room 

temperature before counterstained with Safranin O for 5 min. Stained slides were further 

dehydrated in graded ethanol in ascending order (70%, 95%, 100% and 100%) and cleared in 

Xylene before mounting with DPX medium (Sigma-Aldrich, New South Wales, Australia). 

Image Pro-Plus 7 software (Media Cybernetics, Inc., Rockville, Maryland, United States of 

America) was used to analyse the staining intensity by randomly capturing images (DM500, 

Leica Microsystems, Mannheim, Germany) from four different area /slides (n=3 slides/group) 

in a blinded fashion.   
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Immunohistochemical analysis was performed to detect the localization of TJ proteins: 

occludin and ZO-1 using an HRP/DAB Detection IHC kit (ab64621, Abcam, Australia) as 

mentioned previously (24) and according to the manufacturer’s instructions. Briefly, paraffin- 

embedded tissue section slides were dewaxed in xylene and rehydrated through a series of 

graded ethanol before incubating in citrate buffer (pH 6) for antigen retrieval process in a 

decloaking chamber at 1210C for 4 min. The endogenous peroxidase activity was blocked by 

incubating the tissue slides with hydrogen peroxide block for 10 min, following protein 

blocking for a further 30 min at room temperature. Primary antibodies against occludin (1:600, 

NBP-1-87402, Novus Biologicals, Victoria, Australia) and ZO-1 (1:400, NBP1-85046, Novus 

Biologicals, Victoria, Australia) were used to incubate colonic tissue slides overnight at 40C. 

After washing the slides in phosphate buffer saline (1X PBS), subsequently, slides were first 

incubated with biotinylated goat anti-rabbit IgG for 10 min, followed by incubation with 

Streptavidin-peroxidase conjugate for a further 10 min at room temperature. Slides were further 

incubated using DAB chromogen and substrate for 10 min according to the manufacturer’s 

protocol. Slides were counterstained with haematoxylin and bluing in ammonia water before 

dehydrating in graded ethanol and clearing in xylene. Finally, the slides were mounted using 

DPX media and images were taken using Leica DM500 microscope. Image Pro-Plus 7 software 

was used to examine the staining intensity by randomly choosing four different areas from one 

slide where (n = 3 slides/group), in a blinded manner. 

 

 

The amount of malondialdehyde (MDA) levels present in colonic tissue was determined using 

a lipid peroxidation colorimetric/fluorometric assay kit (K739, Bio Vision, New South Wales, 

Australia), as described previously (384). The colon tissues were homogenised in lysis buffer 

provided in the kit followed by centrifugation at 13,000 x g to collect supernatant. Afterward, 

thiobarbituric acid (TBA) was added to the resulting supernatant, which formed MDA-TBA 

adduct after boiling at 950C for 1 h. The absorbance of coloured MDA-TBA adduct was 

detected colorimetrically at the wavelength of 532 nm in a spectrophotometer. The amount of 

MDA in the tissue samples was quantified by plotting a graph against MDA standard 

calibration curve provided in the kit. The values were expressed as nmol/mg protein.  
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The percentage of total superoxide dismutase activity in colonic tissues was calculated using a 

commercially available superoxide dismutase activity assay kit (ab65354, Abcam, Australia), 

as mentioned earlier (24). Briefly, followed by homogenisation of colonic tissues in ice-cold 

Tris/HCl (pH - 7.4, 0.1M containing Triton X-100, phenylmethylsulfonyl (PMSF) and β-

mercaptoethanol) and centrifugation for 5 min at 14,000 x g, supernatants containing total SOD 

activity of cytosolic as well as mitochondrial SOD were collected. The detection depends upon 

the formation of yellow formazan crystals upon reduction with superoxide anions by adding 

WST-1 (water-soluble tetrazolium-1) to the collected supernatant. The data was calculated by 

measuring the absorbance at 450 nm colorimetrically, where SOD activity represents the 

percentage inhibition of superoxide production. The more SOD in sample the more is the 

inhibition activity.  

 

 

Griess reagent kit (G2930, Promega, Victoria, Australia) was used to detect the nitrite (by-

product of nitric oxide (NO)) levels, as described previously (24). The assay was performed 

according to the manufacturer’s instructions. The nitrite standards at various concentrations 

(100, 50, 225, 12.5, 6.25, 3.13, 1.56 and 0 µM) and colonic tissue explants were pipetted into 

a 96-well plate and incubated according to instructions.  The absorbance of the sample was 

plotted against the nitrite reference curve at 550 nm. The values were expressed as a 

concentration in µM/gram of tissue.  

 

 

Briefly, frozen colon tissue sections were lysed in RIPA buffer containing protease inhibitor 

cocktails (Complete ULTRA Tablets, Mini, EDTA-free, New South Wales, Australia). The 

concentration of protein in supernatants was determined according to the protocol described 

by DC protein Assay Kit from Biorad. Tissue-extracted proteins lysates (20µg) were suspended 

in loading buffer and separated on SDS-PAGE polyacrylamide gels (4-20%, Mini-Protean 

TGX Precast Gels, Bio-Rad, New South Wales, Australia) in 1x electrophoresis buffer run at 

100 V for 1 h. Subsequently, proteins from the gel were electro-transferred onto polyvinylidene 

difluoride membrane (PVDF) using a wet-transfer system. The membranes were then blocked 
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in 5% skim milk prepared in TBST and incubated overnight with primary antibody against 

GRP78 (1:1000, NBP1-06274, Novus biologicals) CHOP (1:1000, NBP2-13172, Novus 

Biologicals) and β-actin (1:8000, NB600-503, Novus Biologicals) at 40C. The antibodies were 

detected by incubating with Horseradish peroxidase (HRP)-conjugated secondary antibody 

(1:3000, 7074, Cell Signalling Technology, Australia) at room temperature for 1 h. Protein 

bands were visualised using SuperSignal, West Pico PLUS chemiluminescent substrate 

(Thermo Scientific, Victoria, Australia). The images were captured and band densities relative 

to a housekeeping gene (β-actin) were measured using a LAS-3000 image reader version 2.2 

(Fujifilm Luminescent Image Analyzer, Fuji Life Sciences, Tokyo, Japan).  

 

 

Explants from proximal and distal colon tissue from each group were excised, washed with 

PBS, and cultured in RPMI 1640 culture medium containing 1% antibiotics solution (10 

mg/mL streptomycin and 10,000 U/mL penicillin, Sigma-Aldrich Pty. Ltd., New South Wales, 

Australia) and 10% v/v fetal bovine serum (Gibco Life Technologies Pty. Ltd., Melbourne, 

Australia) in a 12-well plate, as described previously (25, 382).  After overnight incubation, 

the supernatant was collected, centrifuged and stored at -800C until further analysis. Cytokine 

concentrations in the colonic explants were determined using Bio-plex Pro Mouse cytokine 23-

plex kit (catalogue number: #M60009RDPD, Bio-Rad, New South Wales, Australia) according 

to manufacturer’s protocol using an instrument Bio-plex 200 (Bio-Rad Laboratories). Bioplex 

Manager software version 6 was used to analyse the concentrations of the cytokines and 

presented as pg/mL/g of tissue. The cytokines values were normalised to tissue weight by 

dividing observed cytokine concentration (pg/mL) with tissue weight in grams. 

 

 

Statistical analysis was performed using GraphPad Prism Software version 8.0, California, 

United States of America). All the data was presented as average mean value ± standard error 

of mean (SEM) of independent experiments carried out in triplicate. One-way analysis of 

variance (ANOVA) followed by Tukey’s post-hoc test was used to evaluate the statistical 

difference between the three groups. For comparison between the two groups, nonparametric, 

unpaired, two-tailed t-test was performed. For analysis of body weight change and DAI, Two-



 
117 

way ANOVA followed by Tukey’s post-hoc test was used. Data were considered significant 

when p<0.0001 (****), p< 0.001(***), p<0.01(**), p<0.05 (*).  

 

4.4 Results 

 

Induction of DSS for 7 days in mice resulted in a drastic increase in colonic inflammation, 

evident by severe body weight loss (-8.1 ± 1.7%) with higher disease activity index (DAI) (7.6 

± 0.5) at the end of the experiment on day 8, while healthy mice in control (HC) group 

maintained stable body weight and DAI during the observation period (Figure 4.1A, B). In 

contrast, UTA77 intervention protected against body weight loss from day 7 (p<0.05) till day 

8 (-3.4 ± 1.7%, p<0.01) in comparison to the untreated DSS-control group. UTA77 treatment 

also significantly (p<0.001) reduced the DAI (which is the integrated index of bloody stool/ 

stool consistency and body weight loss) on day 7 and 8 (4.5 ± 0.5) when compared to the 

untreated DSS-control group (Figure 4.1B). Furthermore, macroscopic evaluation of colon 

segments on day 8 unveiled a significant colon shortening by DSS administration (5.0 ± 0.2 

cm) in comparison to HC group (7.2 ± 0.1 cm). Consistent with the previous results, UTA77 

administration also significantly protected against colon shortening (6.4 ± 0.1 cm) (Figure 

4.1C).     
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Figure 4.1. Effect of UTA77 on the pathology of DSS-induced experimental colitis.  
(A)  % body weight change, (B) Disease Activity Index (DAI). Statistical significance among groups 
evaluated by Two-way ANOVA followed by Tukey’s post-test. *p<0.05, **p<0.01 and ****p<0.0001 
vs DSS. (C) Colon length evaluated by One-way ANOVA followed by Tukey’s post-test. Data 
expressed as mean ± SEM (n=10/group).  
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The H&E staining of mouse proximal colon (PC) and distal colon (DC) sections showed 

extensive histological damage upon DSS induction (Figure 4.2A). Colon tissues of the 

untreated DSS-control group showed a severe loss of crypts, epithelial erosion, submucosal 

oedema, infiltration of inflammatory cells and goblet cells loss, which were more prominent in 

DC than PC. While the cumulative histological score for the untreated DSS-control group was 

16.9 ± 0.8 for the DC (Figure 4.2C) and 8.4 ± 1.3 for the PC (Figure 4.2B), histological scores 

for the DC and PC were 0 for the HC group, as they showed no sign of colonic damage. UTA77 

treatment substantially protected against damage of colonic crypts and goblet cells, infiltration 

of inflammatory cells and loss of epithelial structure.  This resulted in a significant reduction 

(p<0.01) of the cumulative histological score (12.8 ± 1.1) for the DC in comparison to the 

untreated DSS-control group. In contrast, UTA77 treatment showed no significant protection 

in the PC, as demonstrated by a histological score of 6.6 ± 0.9.                                                     

To examine the protective effect of UTA77 on goblet cells, alcian blue staining was performed. 

A substantial increase in mucus staining (blue) in the goblet cells was observed in the UTA77-

treated DSS group, whereas in the untreated DSS-control group where goblet cells were lost, 

staining was almost negligible (Figure 4.3).  
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Since the DSS-induced acute colitis model showed remarkable protection against colitis by 

UTA77, we also examined the effects of UTA77 in the Winnie mouse model of spontaneous 

chronic colitis. Comparable to untreated Winnie control mice (Win), which had gained 7.3% 

body weight on day 21, UTA77 treated Winnie (Win+UTA77) gained on average 8.9% of body 

weight, which was not significantly different (Figure 4.6A). However, UTA77-treatment 

significantly improved the DAI score from day 7 (p<0.05) with the highest significance level 

from day 15 onwards (p<0.0001) (Figure 4.6B). At the end of the observation period, the colon 

of untreated Winnie mice was visibly inflamed, thickened and shortened compared to healthy 

animals (HC). Consistent with the results from the acute colitis model, UTA77 significantly 

(p<0.05) increased colon length in the UTA77-treated Winnie mice (8.6 ± 0.2 cm) compared 

to the Winnie control group (7.6 ± 0.2 cm) (Figure 4.6C).  

 

Histological analysis revealed a distorted crypt architecture, crypt abscesses with neutrophils 

inside the lumen, mucosal surface erosion, goblet cell loss and infiltration of inflammatory 

cells in the lamina propria in mainly the DC of untreated Winnie mice (Figure 4.7A). These 

histological results were reflected in a high histological score of 10.7 ± 0.9 for the DC in 

untreated Winnie mice (Figure 4.7C), whereas UTA77treated Winnie mice showed a 

significantly (p<0.01) lower histological score of 7.0 ± 0.5. Comparatively, the histological 

score for UTA77-treated Winnie mice in the PC was low (5.0 ± 0.8) and not significantly 

different from untreated Winnie mice (5.5 ± 0.6) (Figure 4.7B). 
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Figure 4.6. Effect of UTA77 on the pathology of spontaneous chronic colitis in Winnie mice.  
(A)  % body weight change, (B) Disease Activity Index (DAI) of healthy controls (HC), Winnie controls 
(Win) and UTA77 treated Winnie group (Win+UTA77). Statistical significance among groups 
evaluated by Two-way ANOVA followed by Tukey’s post-test. *p<0.05, **p<0.01 ***p<0.001 and 
****p<0.0001 vs Winnie. (C) Colon length evaluated by One-way ANOVA followed by Tukey’s post-
test. Data expressed as mean ± SEM (n=6/group). 
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INF-γ and MIP-1α (macrophage inflammatory protein 1 alpha) were detected in the PC and 

DC of untreated Winnie mice. UTA77 effectively normalised these to the levels of the HC 

group (Figure 4.9). TNF-α (Figure 4.9C) was strikingly reduced by UTA77 treatment in DC 

(p<0.01) and in PC (p<0.05) while IL-1α (Figure 4.9A) was significantly suppressed in PC but 

not in DC. IL-1β (Figure 4.9B) was also remarkably suppressed in both UTA77 treated PC 

(p<0.05) and DC (p<0.01). In addition, INF-γ (Figure 4.9D) was very significantly reduced in 

both PC and DC (p<0.01) by UTA77. Furthermore, UTA77 treated Winnie also showed 

decreased levels of MIP-1α (Figure 4.9E) in both PC and DC (p<0.05).  

 

 

 

.  

 

 

 

 

 

 

 

 

 

 

 
Figure 4.9. Effect of UTA77 on the level of pro-inflammatory cytokines and chemokines in colonic 
tissue explants of Winnie mice.  
Tissue levels of (A) IL-1α, (B) IL-1β, (C) TNF-α, (D) INF-γ and (E) MIP-1α in proximal colon and 
distal colon were quantified by Bio-Plex assay. Data expressed as mean ± SEM (n=3/group) and 
statistical significance evaluated by One-way ANOVA followed by Tukey’s post-test where *p<0.05 
and **p<0.01. 
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We also assessed the antioxidant activity of UTA77 in the colon (Figure 4.10). While DSS 

administration significantly increased malondialdehyde (MDA) content in the DC of the 

untreated DSS-group compared to the HC group (p<0.001), UTA77-treatment significantly 

reduced MDA levels in the UTA77-treated DSS group (p<0.001) (Figure 10A). Based on the 

results from the model of acute colitis, the potential antioxidant activity of UTA77 was also 

assessed in the model of chronic colitis (Figure 4.10B). In contrast to the model of acute colitis, 

no increased levels of lipid peroxidation (MDA) were detected in untreated Winnie mice 

compared to the HC group. Therefore, no inhibitory effect on MDA by UTA77 could be 

observed in the UTA77-treated Winnie group (Figure 4.10B).  

 

Later on, to characterise a possible mechanism of action of UTA77 in DSS-induced acute 

colitis, we also assessed the and activity of the antioxidant enzyme superoxide dismutase 

(SOD) (Figure 4.10C) and nitric oxide (NO) levels in the colon tissue. (Figure 4.10D). The 

SOD activity and NO levels were unaltered between the untreated DSS-control group and the 

UTA77-treated DSS group.  
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naphthoquinones that were reported to ameliorate disease severity in models of colitis (325, 

342, 500), UTA77 successfully improved body weight loss, DAI and colon length in acute 

colitis, while in chronic colitis, UTA77 improved DAI and colon length but not body weight. 

This selectivity to affect only some pathologies of the model mirrors an earlier study where the 

NLRP3 inhibitor MCC950 did not affect body weight but significantly suppressed DAI and 

colon length shortening in the Winnie model (449). The reason for this discrepancy could be 

attributed to the more severe damage to colon tissue in Winnie mice compared to the acute 

colitis model or that the dose used in the Winnie model was not optimized. Since UTA77 

effectively alleviated histological alterations seen in both acute and chronic colitis in this study, 

it suggests that the UTA77 dose used in these models was effective. However, it cannot be 

excluded that lower doses might have resulted in similar efficacy. It has to be acknowledged 

that this study was not intended as a dose-finding study, and hence, future studies will have to 

address this knowledge gap. It also opens the possibility that dose optimisation might lead to 

different results in different models.  

 

Intestinal barrier dysfunction is thought to be an initial event in the propagation of UC. Loss 

of barrier integrity alters the expression of TJ proteins of the intestinal epithelium. As a 

consequence, altered expression of TJ proteins increases intestinal permeability that allows the 

entry of harmful bacteria-derived molecules and luminal toxins into the mucosa, resulting in 

an uncontrolled inflammatory cascade (11, 477). Over-activation of pro-inflammatory 

signalling further reduces barrier integrity and propagates this vicious cycle (38). Under 

physiological conditions, intestinal structural integrity is maintained by the mucosal layer, 

composed of mucin, which protects and lubricates the intestinal tract (440). Previous studies 

reported altered expression or loss of TJ proteins occludin and ZO-1 and reduced mucin 

expression in colitis patients and in mouse models of intestinal inflammation (11, 358, 506-

510), which the present study confirmed. Since UTA77 dramatically alleviated these 

pathologies, this could indicate that the protective effect of UTA77 might be associated with 

protection of mucosal barrier integrity that paralleled the protection against pro-inflammatory 

cytokine release. The present study did not assess whether UTA77 directly increased the 

expression of TJ proteins or protected against their DSS-mediated degradation. This study did 

not directly quantify protein or mRNA levels of barrier integrity proteins apart from its  

immunohistochemical detection. Therefore, there it cannot be ruled out that UTA77 mediated 

protection against barrier integrity could be indirectly related to the protection against other 



 
132 

factors such as pro-inflammatory cytokines. Cytokines play an indisputable role in the 

maintenance of colonic barrier integrity (33) and the presence of elevated levels of pro-

inflammatory cytokines could be detrimental and might have dissociated TJ proteins in DSS 

colitic mice. Further studies will be required to better understand this UTA77-mediated 

protection against disrupted barrier integrity.  

 

During inflammation, oxidative stress arises due to the overproduction of ROS and the 

weakening of antioxidant defence machinery (53). Increased levels of ROS in the intestinal 

epithelium damage colonic mucosal tissues by mediating lipid peroxidation and free radicals 

(53, 154). Previously, naphthoquinones also showed protection against oxidative stress in 

preclinical models (329, 499, 511). In this study, treatment with UTA77 inhibited lipid 

peroxidation by lowering MDA levels only under conditions of acute colitis. Under conditions 

of chronic colitis in Winnie mice, MDA levels were indistinguishable between all the three 

groups, indicating a lack of ROS accumulation in young Winnie mice. Our data, therefore, 

suggest that oxidative stress might not be causative or act as a central event in the development 

of colitis but instead represents an additional pathological factor along with the major 

components of intestinal inflammation such as barrier dysfunction, cytokine dysregulation and 

microbial dysbiosis. Furthermore, UTA77 was unable to alter the SOD activity and the levels 

of NO in DSS-induced mice, which suggests that UTA77 adopted other mode of action in 

ameliorating colitis.  

 

The transcription factor CHOP is highly expressed during the dysregulation of ER and 

mitochondrial function (472, 512). CHOP is strongly implicated in the development of colitis 

as it is upregulated in response to TNBS or DSS administration, while CHOP-deficient mice 

resist the development of colitis (68). Indeed, increased expression of CHOP and CHOP-

mediated apoptosis was reported in Winnie mouse previously, where intestinal inflammation 

arises as a direct consequence of aberrant ER stress (19, 66, 505). UTA77 markedly reduced 

CHOP expression in Winnie mice and therefore may have ameliorated inflammation by 

reducing ER stress and cell death of epithelial cells. Although a single study reported an 

increase in CHOP expression in response to the natural naphthoquinone plumbagin in the 

treatment of prostate cancer (513). This discrepancy could be due to the different 

pathophysiology of tissue and disease and the very different chemical structure of the 
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naphthoquinone used in this study compared to UTA77. Given the close steric and functional 

connectivity between mitochondria and ER, the presence of mitochondrial dysfunction and ER 

stress in IBD does not come as a surprise, with increased CHOP levels associated with the 

unfolded protein responses in both mitochondria and ER (187, 190). Therefore, the mito-

protective activity of UTA77 might have preferentially targeted mitochondrial dysfunction and 

downregulated CHOP expression, the protective effect of which could have extended to the 

ER. Extended studies will be required to explore the association of mitochondrial and ER stress 

in Winnie and how this is regulated by CHOP to initiate chronic UC.  

Defective barrier integrity, oxidative and ER stress mediate colonic inflammation by increased 

release of pro-inflammatory mediators from immune cells and mitochondria (10, 19, 61, 162, 

442, 496). Anti-inflammatory activity of natural naphthoquinones was previously reported in 

LPS-induced neuroinflammation in BV-2 microglial cells, in the DSS colitis model of acute 

colitis and in LPS-induced inflammation in mice. This anti-inflammatory activity involved the 

downregulation of pro-inflammatory cytokines such as IL-1β, TNF-α, and INF- γ, IL-1α, IL-

6, G-CSF and IL-12p70 cytokines (325, 342, 501, 514). The present study confirmed and 

extended this effect by detecting a substantial reduction of IL-1α, IL-1β, IL-6, TNF-α, INF-γ, 

G-CSF, IL-13, GM-CSF, IL-3, MIP-1α, RANTES and eotaxin cytokines in response to UTA77 

treatment in both colitis models. Although this confirms the general anti-inflammatory property 

of some naphthoquinones and UTA77, some cytokines remained unaffected by UTA77 

administration (Supplementary figures 4.1 and 4.2). While it is possible that sub-optimal 

dosing of UTA77 restricted the suppression of these cytokines, it may also be possible that the 

specific mode of action of UTA77 only affects some signalling pathways. Amongst the 

cytokines inhibited by UTA77, IL-1β and TNF-α were specifically downregulated in the distal 

colon. Both these cytokines are produced by pro-inflammatory M1 macrophages at the mucosal 

surfaces. Considering the amount of IL-1β secreted in the distal colon of Winnie mice together 

with our earlier results that a small molecule inhibitor of the NLRP3 inflammasome 

ameliorates colitis in Winnie mice (449), it is possible that UTA77 also prevents NLRP3 

inflammasome activation. Future studies will investigate if inflammasome activation is 

affected by UTA77 to assess this possibility.  

 

Interestingly, IL-10, which is well known for its anti-inflammatory response, was elevated by 

DSS induction in the present and previous studies and in UC patients (24, 382, 412, 413). Since 
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increased IL-10 levels could represent a compensatory mechanism to reduce colon 

inflammation, the overall reduction of pro-inflammatory cytokines by UTA77 could have 

reduced the elevated level of IL-10 as a compensatory mechanism.  

 

Although there is no clinical evidence at present that would support the therapeutic potential 

of naphthoquinones in human UC, encouraging data with some natural naphthoquinones have 

been reported in mouse models of colitis (325, 340, 342, 500). These studies typically only 

focused on some limited parameters of disease pathology utilising DSS or TNBS mouse 

models of colitis. In contrast, as an extension, the present study demonstrated protection by 

UTA77 with regards to increased intestinal barrier integrity, mucus secretion and reduced ER 

stress and lipid peroxidation. This suggests that pharmaceuticals that target all these factors 

simultaneously may be more effectively reducing the severity of intestinal inflammation than 

the drug that target only a single aspect of the pathology. In this context, UTA77 may achieve 

this by protecting mitochondrial function and bioenergetics. However, the current study did 

not identify the direct molecular target that is responsible for the observed protective activity. 

Future studies will address the potential role of UTA77 in intestinal mucosal healing by 

specifically addressing the role of UTA77 in the nexus of ER-mitochondria interactions. 

 

4.6 Conclusion 

Overall, our study provided vital information towards understanding the therapeutic role of the 

novel mito-protective UTA77 naphthoquinone in colitis. Due to its low toxicity, metabolic 

stability and therapeutic efficacy in both acute and chronic models of colitis, UTA77 may also 

be considered as a promising drug candidate to mitigate intestinal inflammation in human UC.  
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Chapter 5: Discussion 

 

 

5.1 Summary  

Dysfunctional mitochondria have been implicated in a large number of pathological conditions 

along with the altered immune response, epithelial barrier function, cellular stress, oxidative 

damage, hypoxia and tissue regeneration in many different diseases, including ulcerative colitis 

(UC) (162, 177). Unfortunately, the current therapeutic options for UC patients are far from 

effective and are associated with adverse effects (192, 196, 200, 202). Although targeting 

mitochondrial dysfunction in UC would seem a promising strategy, there are surprisingly few 

pharmacological agents available that specifically target mitochondrial dysfunction. Therefore, 

identifying new drug candidates that can counteract mitochondrial dysfunction could prove 

beneficial to a large number of disorders. In particular, in UC patients, these agents have the 

potential to mitigate gut inflammation and improve gut health. The chemical class of quinones 

is well known for their mito-protective and antioxidant effects (247). The short-chain quinone 

(SCQ) idebenone, a structural analogue of CoQ10, was first developed by Takeda 

Pharmaceuticals to treat dementia and other cognitive disorders, which are known to be 

associated with mitochondrial dysfunction. It was anticipated that idebenone, like CoQ10, 

would restore cellular energy levels and act as a potent antioxidant. However, since idebenone 

did not produce consistent therapeutic results in AD patients (311, 515) its clinical development 

by Takeda ended. Subsequently, small clinical trials of idebenone and structurally related 

molecules in different mitochondrial diseases generated some evidence that quinones, 

particularly SCQ, could be advantageous in treating selected diseases associated with 

mitochondrial dysfunction (516-520). Although the related SCQ UTA77, which was recently 

developed at the University of Tasmania, efficiently protected against mitochondrial 

dysfunction-related pathologies both in vivo and in vitro, its mechanism of action is still unclear 

(330, 332, 333). Therefore, this thesis aimed to use both idebenone and UTA77 in acute and 

chronic experimental murine models of colitis to generate valuable information regarding their 

therapeutic potential and possible molecular activities to work towards safe and effective 

therapies for UC patients.  
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In this study, I successfully investigated the possible role of two mito-protective SCQs in 

attenuating colonic inflammation in mice. The initial in vivo study undoubtedly supported the 

premise that oral administration of both SCQs can be extremely beneficial to attenuate disease 

symptoms and severity of inflammation in DSS-induced acute and also chronic colitis. This 

study successfully recognised idebenone and UTA77 as effective anti-inflammatory agents in 

the mouse models of acute/chronic colitis.  

 

The acute colitis model is associated with severe and rapid loss of body weight, a progressive 

increase in disease activity index (DAI), and disruption of colonic epithelial architecture. In 

this model, both SCQs substantially improved DAI from day 7 onwards, while UTA77 

prevented body weight loss from day 7 compared to idebenone that achieved the same by day 

8. However, idebenone was more effective in restoring the body weight as compared to UTA77 

on day 8. Both SCQs also differed regarding maintaining body weight in Winnie mouse model 

of spontaneous chronic colitis where only idebenone successfully improved body weight gain. 

This result is surprising since UTA77 is not only associated with increased mito-protective 

activity (331) but also showed significantly increased metabolic stability compared to 

idebenone in vitro (332). In the model of chronic colitis, idebenone reduced histological 

damage in both PC and DC, while UTA77 displayed histological protection only in DC. The 

reason for this discrepancy is unknown at this moment. Further studies will be required to fill 

this gap. Also, having a limited number of Winnie mice in the UTA77 study (n=6) compared 

to the idebenone study (n=8) might have accounted for this discrepancy.  

 

The epithelial cell layer with the mucosal layer forms the intestinal barrier. A leaky gut due to 

a disruption of intestinal barrier integrity is considered the initial step in the progression of 

colitis (23). Epithelial cells are joined to each other by TJ proteins (21). During tissue injury or 

a chemical insult, alteration in TJ proteins and disruption of the mucosal layer allow the 

penetration of harmful microbes into the lamina propria, initiating uncontrollable pro-

inflammatory signalling cascades that subsequently lead to colonic inflammation (21). In this 

thesis, both mito-protective agents, idebenone and UTA77, remarkably maintained the barrier 

integrity in acute colitis, which was associated with increased expression of the TJ proteins 

occludin and ZO-1. However, this effect was more pronounced for UTA77 than idebenone, 

which is consistent with a previous in vivo study in a rat model of diabetic retinopathy (333). 
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In this model, UTA77 effectively prevented vascular leakage in the retina, compared to 

idebenone, which showed no effect. Why and how some SCQs can restore barrier function in 

general and tight junctions, in particular, is still not clear. What is known is that TJ proteins 

require energy in the form of ATP to maintain barrier integrity (36). In this context, the ability 

of some SCQs to restore cellular ATP levels in some tissues (271, 276) might enable them to 

preserve barrier integrity under pathological conditions where ATP levels might otherwise be 

reduced. Consistent with this hypothesis is that UTA77 was reported far superior to idebenone 

to protect cellular function under conditions of mitochondrial dysfunction and, therefore, 

reduced ATP synthesis. However, why this superiority with regards to cytoprotection and 

barrier integrity did not also translate into increased protection against changes to bodyweight 

is unknown at this stage and will require further detailed investigations.  

 

As another mode of action, idebenone reduced oxidative stress via upregulating cellular 

antioxidant enzymes (NQO-1 levels and SOD activity), reduced nitric oxide (NO) production 

and, inhibited lipid peroxidation, which supports previous studies (270, 292, 294, 295, 298). 

Idebenone has also been shown to mediate anti-inflammatory under hypoxic conditions in a 

model of cerebral ischemia associated with mitochondria dysfunction (298). To understand this 

effect, it is important to understand the connection between the different pathologies. Colitis is 

strongly associated with hypoxic conditions (163). This is not only due to the mostly hypoxic 

conditions in the colon but also due to the fact that inflammation can induce and worsen 

hypoxic conditions (164, 165). The lack of oxygen in the tissue is likely a major contributor to 

mitochondrial dysfunction, which counterintuitively leads to excessive ROS generation and 

impaired ATP synthesis (162, 521). Therefore, the protective effects of SCQs may likely be 

related directly to their mito-protective activity, which would prevent the release of mtDNA 

and the subsequent activation of the inflammasome, as shown for idebenone (26). Although 

this hypothesis was not tested for UTA77 in the current study, this activity would nicely explain 

the significant anti-inflammatory effects with strong suppression of pro-inflammatory 

cytokines. The hypoxia-induced mitochondrial dysfunction hypothesis would also explain why 

protective effects were predominantly observed in the distal colon, which is associated with 

higher hypoxic levels than the proximal colon (522, 523).  
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At this stage, we cannot exclude a second possibility of why the protective effects of idebenone 

differ from those of UTA77. It has been described that under certain conditions, idebenone can 

also act as a pro-oxidant. This would imply that idebenone-generated oxygen radicals could 

trigger the activation of Nrf2-mediated upregulation of antioxidant enzymes NQO-1 and SOD 

in a hormetic fashion. Although we have not measured the potential pro-oxidative potential of 

UTA77, the currently available data (331, 332, 524) do not suggest a major difference in the 

redox activity for both compounds, which makes this possibility unlikely.  

 

In fact, our data conversely indicate that the antioxidant function of SCQs might be less 

relevant than anticipated. In contrast to idebenone, while effectively reducing lipid 

peroxidation, UTA77 did not alter SOD activity or NO levels, which suggests that in our study 

UTA77 did not exert its protective activities by the same molecular activities of idebenone. 

This result is supported by a previous in vivo study where UTA77 did not show significant 

antioxidant effects while effectively restoring vision loss in a rat model of diabetic retinopathy. 

In the same model, idebenone did not protect against oxidative protein damage but restored 

visual function and protected against loss of retinal neurons (333). These data combined, 

therefore strongly, suggest that SCQ-dependent protection does not require antioxidant 

function per se but instead that protection against ROS-dependent macromolecular damage 

might just be an additional but non-essential characteristic of the molecular activities of SCQs 

in some test systems.   

 

Furthermore, unlike the acute colitis model, Winnie model of spontaneous chronic colitis is 

not associated with excessive ROS levels at this early age. Instead, in this model, idebenone 

simultaneously suppressed the levels of ER stress markers (CHOP, ATF6 and XBP-1) and pro-

inflammatory cytokines, which conferred protection against chronic colonic inflammation 

(Figure 5.1). Direct and bidirectional interaction between ER stress and activation of 

inflammatory response suggests that ER stress can directly promote inflammation and vice 

versa (19, 62, 466). In Winnie, it is believed that UPR-mediated ER stress triggers pro-

inflammatory cytokines release, which may further exacerbate ER stress (19). In fact, growing 

pieces of evidence have also connected mitochondrial dysfunction and ER stress to colonic 

inflammation (181). It is established that both mitochondrial stress and ER stress are physically 

and functionally connected via mitochondria-ER-associated membranous proteins (MAMs) 
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(181, 182). Therefore, any modulation in ER stress may consequently affect the functioning of 

the mitochondria. Indeed, the indirect association between the initiation of inflammation and 

mitochondrial dysfunction has previously been described in colitis (176). During mitochondrial 

stress, mtDNA is released from mitochondria into the cytoplasm that triggers the activation of 

NLRP3 inflammasome, which eventually lead to the secretion of pro-inflammatory cytokines. 

Based on my research, it can be anticipated that in Winnie, SCQs suppressed ER stress, which 

might result in improved mitochondrial functioning. This mito-protection might prevent the 

release of mtDNA from mitochondria and subsequently mtDNA-mediated pro-inflammatory 

response via inhibiting inflammasome activation. Detailed mechanistic studies will be required 

to unravel this vicious cycle of the mitochondrial dysfunction-ER stress-inflammation 

pathway.  

 

Similar to idebenone, UTA77 also reduced a marker of ER stress CHOP at the same levels of 

idebenone in the chronic colitis model, which compelled further exploration/investigation into 

the mechanistic role of UTA77 on ER stress pathway. Nonetheless, this study was unable to 

unravel the mechanism of action of UTA77 in ameliorating intestinal inflammation, and the 

molecular target for both SCQs remains elusive.  

 

Mitochondrial dysfunction is also related to the activation of uncontrollable immunological 

cascade signalling (162). In our study, enhanced production of pro-inflammatory cytokines and 

chemokines was observed at different levels in the DC compared to the PC. After DSS 

induction, the DC produced much higher levels of pro-inflammatory mediators than the PC. 

This suggests that the DC is more inflamed and more significantly affected by DSS than the 

PC, which is in line with previously published reports (19, 25, 419, 448, 449). This difference 

can relate to the severe histological damage induced by DSS in the DC, which is also reflected 

by the higher histology score in the DC compared to the PC in our study. Notably, the 

mechanism by which DSS induces severe colonic inflammation particularly in DC is not 

unravelled yet. Nevertheless, its related pro-inflammatory cytokines are considered as an 

important therapeutic target against colonic inflammation. In our study, the anti-inflammatory 

effects of both idebenone and UTA77 is more predominant in the DC as compared to the PC, 

highlighting their potential as an effective therapeutic approach in the treatment of UC. 
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Idebenone and UTA77 are different in terms of their structural and biochemical make-up; 

therefore, both SCQs imparted unique effects at the immunological level. Idebenone 

particularly significantly reduced IL-17 levels, while UTA77 substantially reduced IL-13 in 

the acute colitis model. Both IL-17 and IL-13 are pro-inflammatory cytokines and are known 

to be involved in the pathogenesis of UC (38). Idebenone-mediated reduction of IL-17 has also 

been reported in a mouse model of lupus erythematosus, which was associated with improved 

mitochondrial function (525). Overexpression of IL-13 in UC has been related to the disruption 

of barrier integrity (40). It is therefore not surprising that UTA77, which particularly reduced 

IL-13 secretion, increased the expression of TJ protein occludin more than idebenone. In fact, 

UTA77 increased TJ protein ZO-1 levels even more than its expression in healthy control mice. 

Nevertheless, it is not known whether UTA77-mediated barrier integrity protection is directly 

related to IL-13 inhibition or linked to another activity. Idebenone substantially reduced the 

secretion of macrophages-related chemokines such as MIP-1α, MIP-1β, and IL-17-stimulated 

growth factors such as G-CSF and GM-CSF. Notably, IL-17 is also linked to increased levels 

of oxidative stress (526, 527). Consistent with this connection, idebenone reduced both IL-17 

and oxidative stress levels in the model of acute colitis. However, the mechanism of how 

idebenone directly suppresses IL-17 and its mediated oxidative stress has not been investigated 

in this study. In contrast, UTA77 caused a more significant reduction of TNF-α, IL-6 and INF-

γ, whereas no reduction of INF-γ was noticeable for idebenone in the acute colitic model. 

However, the opposite role can be seen in chronic colitis, where the idebenone-mediated 

reduction of TNF-α and INF-γ was more pronounced compared to UTA77. The anti-

inflammatory effect of UTA77 has neither been detected in vivo nor in vitro.  Our is the first-

ever study that detected the anti-inflammatory effect of UTA77 in vivo.  

 

Although this study did not aim to compare the efficacies of idebenone and UTA77 directly, 

some interesting results were detected in the comparison. UTA77 was developed to counteract 

the limitations of idebenone such as low metabolic stability due to extensive first-pass 

metabolism and should therefore be superior in this protective activity as demonstrated in 

another disease model (333). However, both idebenone and UTA77 provided almost similar 

results and at this point, due to their unclear detailed mechanism of action, it is not possible to 

determine which SCQ might be best suited to ameliorate colonic inflammation.  
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Overall, the SCQs idebenone and UTA77 successfully ameliorated colonic inflammation in 

two different experimental murine models of colitis. These protective effects were associated 

with reduced oxidative stress, reduced markers of ER stress, altered barrier integrity, and 

reduced pro-inflammatory cytokine levels to different extents. While the exact molecular 

mechanisms of action for both SCQs remain unclear, our data strongly suggest that all the 

protective effects of idebenone and UTA77 are likely related to the protection of mitochondrial 

function in the mouse models used in this study (Figure 5.1). Thus, our results strongly imply 

that both idebenone and UTA77 have the potential to be developed into promising drug 

candidates to mitigate the clinical effects of UC.   
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Figure 5.1. Schematic illustration of hypothetical mode(s) of action of mito-protective SCQs in colonic inflammation.  

(A) Tissue injury/chemical insult destroys epithelial barrier integrity that allows dissemination of harmful microbes/toxins into the lamina propria, which 
initiates a cascade of pro-inflammatory signals. During inflammation, low availability of molecular oxygen to epithelial cells creates the state of hypoxia which 
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can disrupt mitochondrial functioning. Dysfunctional mitochondria can produce an overabundance of ROS/RNS, reduce ATP production, cause aberrant ER 
stress (connected via MAMs), release mtDNA, all of which contribute to colonic inflammation. TJ proteins may also require the cellular energy in the form of 
ATP to maintain the integrity of epithelial barrier. The overabundance of ROS generation and inflammatory mediators disbalance antioxidant defence machinery 
cause depletion of antioxidant enzymes NQO-1and SOD activity, resulting in oxidative stress. (B) Administration of mito-protective idebenone under hypoxic 
conditions may protect mitochondria, which might restore ATP levels, suppress pro-inflammatory cytokine release, reduce ER stress markers, and ROS/RNS 
generation. Idebenone upregulated Nrf2-driven antioxidant defence enzymes NQO-1 and SOD activity in the cytoplasm, which may be the result of pro-oxidant 
or other effects. On the other hand, UTA77 protected barrier integrity, reduced a marker of ER stress CHOP, and suppressed pro-inflammatory cytokine release, 
which may also be related to the restoration of mitochondrial functioning under hypoxia. Overall, both SCQs attenuated colonic inflammation, which may be 
related to their mito-protection activity. ATP-adenosine triphosphate; CHOP- CCAAT-enhancer-binding protein homologous protein; ER-endoplasmic 
reticulum; MAMs- mitochondria-ER-associated membranes; mtDNA-mitochondrial deoxyribonucleic acid; NQO-1- NADPH quinone oxidoreductases 1; Nrf2-
nuclear erythroid factor 2; ROS-reactive oxygen species; RNS-reactive nitrogen species; SCQs-short-chain quinones; SOD-superoxide dismutase; TJ-tight 
junction. 
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5.2 Limitation of the study 

The current study evaluated the efficacy of SCQs idebenone and UTA77 in two different mouse 

models of acute and chronic colitis. Although we addressed all the aims and objectives, several 

limitations need to be considered.  

 

This study utilised the DSS-induced mouse model of acute colitis, which is a highly 

reproducible, robust, cost-effective, and most widely used animal model to identify the 

potential of novel therapeutic candidates. Notably, there is no animal model that can 

completely recapitulate all the clinical and histological characteristics of UC patients. Due to 

the disparity between the evolved biology of humans and mice (528), the results of preclinical 

studies cannot be directly translated into human trials. Also, this study only opted for 7 days 

co-treatment approach instead of a post-treatment strategy after DSS-induction due to ethical 

concerns, which intended to reduce the discomfort and pain to the animals. In Winnie mice, 

the early stages of clinical symptoms of colitis usually appear at 5-6 weeks. Therefore, we 

examined the effect of both idebenone and UTA77 for 3 weeks from the day when Winnie 

mice were 5-6 weeks old. Colitis in Winnie is typically presented as age-progressive disease 

severity. Hence, at 16 weeks of age, Winnie mice show severe symptoms of colitis with a more 

complex pathophysiology. Therefore, it would be interesting to investigate the efficacy of both 

SCQs in the established and advanced stages of colitis at the age of 12 and 16 weeks, 

respectively.  

 

Another drawback of the study includes the use of only female mice in the DSS model of acute 

colitis. Sex-specific effects have already been described in various mouse models of 

experimental colitis. For instance, male mice are more susceptible to DSS-induced 

inflammation (529, 530), while in the case of TNBS-induced colitis, female mice are more 

affected (531). Indeed, DeVoss et al (2014) recommended the use of female mice over male 

mice in colitis studies as male mice are more prone to aggressive behaviour (stress and fighting) 

that can negatively impact the study outcomes (532). Therefore, to remove the bias, this study 

preferred female mice for the DSS-induced acute colitis model. However, in the case of the 

chronic colitic Winnie model, the study included both male and female mice due to the 



 
149 

availability of only a limited number of mice at the time of the study. Although we could not 

see gender-differences in the results, this possibility remains to be explored further for the 

colitis susceptibility in the Winnie model.  

 

A further limitation of our current study is the absence of detectable levels of lipid peroxidation 

(MDA) in the Winnie mouse model. Our results showed comparable levels of MDA between 

healthy C57BL/6J mice and Winnie mice which might have arisen from the shorter duration 

of the study design. This study was conducted when the Winnie were at the initial stage of 

developing colitis i.e. 5-6 weeks old for 3 weeks and we have concluded that at this early stage, 

Winnie are not characterised by excess levels of ROS. Therefore, further longer duration 

studies will be required to unveil this hypothesis. For this purpose, ROS levels could be 

measured in 12 weeks old Winnie mice. From this age onwards, Winnie mice develop 

established colonic inflammation that might increase the chances to identify elevated ROS 

levels that could sustain colonic inflammation in Winnie.  

 

It is assumed that idebenone under certain conditions (absent or low NQO-1 levels) may act as 

a pro-oxidant and can trigger Nrf2-mediated NQO-1 upregulation. In fact, there is no single 

report that has directly evidenced the idebenone-mediated oxidative stress in different test 

systems (312). On the contrary, there is a multitude of studies that reported the antioxidant 

properties of idebenone by increasing the expression of endogenous antioxidant enzymes 

consisting such as GSH, SOD and GPx (312). Our study also reported the idebenone-mediated 

increased SOD activity and expression of NQO-1, which both could contribute to its 

antioxidant effect in DSS model. However, based on the above assumption, one might 

hypothesise that idebenone-mediated prolonged increased NQO-1 expression in vivo could be 

detrimental if driven by a pro-oxidative activity of idebenone. In contrast, several compounds 

have by now reported that activate Nrf-2 by a mechanism that does not involve ROS formation. 

Therefore, the effects of idebenone on healthy control animals should be taken into 

consideration for future studies. Although the purpose of the current study was to determine 

the efficacy of quinones only under pathological conditions, the inclusion of control groups 

will certainly extend our understanding of the molecular mechanisms involved in the protective 

effects of quinones, provide useful information about their use as therapeutics and prevent the 

misinterpretation of experimental results.  



 
150 

 

Our SCQs did not show any adverse effects over the entire duration of treatment. This research 

only assessed the disease-related parameters such as body weight change, bloody stools, and 

stool consistency. Since UTA77 is naphthoquinone which has structural similarity with vitamin 

K, it may also affect blood coagulation. While this potential effect was not assessed 

experimentally in the current study and no overt signs were detected, this possibility should be 

excluded experimentally in dedicated experiments. It was described that idebenone is 

associated with mild gastric disturbances at higher doses (304). Although no such adverse 

events were observed in the current study, dedicated in-depth studies are required to exclude 

the presence of these possibilities.  

       

Another major limitation is the lack of in vitro cell culture study. In IBD studies, in vitro cell 

culture is very useful as intestinal mucosa contains a large variety of cells that can alter the 

intestinal epithelium. The epithelial cells not only secrete cytokines but can also generate 

chemokines that infiltrate into the lamina propria to worsen the inflammatory state. Therefore, 

in vitro cell cultures can provide clear, comprehensive, and precise insights into the specific 

cell types that directly affect epithelial cells and inflammatory mediators produced by IECs 

either constitutively or in response to any mucosal insult/injury. Cell culture is also helpful in 

screening new drug candidates for complex diseases like UC and mechanistically 

understanding their mode of action. Therefore, future studies should include the in vitro culture 

of intestinal cells, as individual cells or as co-cultures, to identify the specific drug targets and 

to delineate their mode(s) of action. In addition, another future approach is to employ 3D 

organoid culture derived from pluripotent stem cells of colonic fibroblast to investigate the 

specific mechanism of action of both SCQs ex vivo. The UC patient-derived organoid culture 

technique will allow the therapeutic evaluation of SCQs in treating UC. 

 

 

5.3 Future Directions 

The findings of the current study, for the first time, demonstrated the multitargeted nature of 

idebenone and UTA77 in two mouse models of colitis. It is essential to characterise further 

their potential mode(s) of action that breaks the vicious cycle of inflammation, mitochondrial 

dysfunction, and ER stress. The preliminary results indicate that SCQs-mediated protection 

against inflammation in this study could be related to mito-protective effects of both SCQs. 
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Future studies will be needed to confirm this and delineate the involvement of specific 

signalling pathways affected by SCQs to exert their mito-protective activity. Although 

evidence for a causative association between UC and mitochondrial dysfunction is limited, 

targeting mitochondrial dysfunction using mito-protective molecules such as 

idebenone/UTA77 may represent a novel therapeutic approach to treatment and possibly 

prevent the pathologies associated with UC.   

 

Recent studies featured epithelial tissue regeneration/mucosal healing as a prognostic factor 

for epithelial repair after mucosal injury in UC. Intestinal epithelial stem cells, located at the 

bottom of crypts, possess the ability for self-renewal every 3-4 days. However, some studies 

proposed that the loss of the intestinal stem cells may retard the regeneration of damaged 

epithelial cells during UC (533, 534).  Interestingly, a new mode of action of idebenone was 

proposed recently that might affect this self-renewal. Under hypoxic conditions, idebenone  

upregulated the expression of the Lin28a gene, which is associated with tissue regeneration 

(535). Lin28a is mainly expressed during early embryonic development and declines during 

postnatal tissue development, except in reproductive tissues and stem cells (536). 

Overexpression of Lin28a was reported to lead to repair and regeneration of tissues that are 

normally unable to do this such as cartilage tissue in the ear of mice (537). This effect of Lin28a 

in tissue regeneration is thought to be related to improved mitochondrial function, increased 

metabolism, glucose uptake, reduced autophagy, and activation of the Akt pathway (312, 537). 

Therefore, it would be of great interest to look into whether tissue regeneration capability by 

idebenone is transmitted through the upregulation of Lin28a in intestinal stem cells.  

 

Another essential aspect of developing treatments more efficiently is to generate the 

pharmacokinetic profile of UTA77. A thorough analysis of drug-drug interactions, in vivo 

stability, toxicology, and safety profiles of UTA77 are required to form the basis for the clinical 

development of UTA77.  

 

The study was designed to assess the therapeutic effect of quinones on the severity of onset of 

colonic inflammation by co-administering quinones along with DSS. In prophylactic studies, 

quinones should be at least given 1 week prior to DSS administration. Therefore, the approach 

of the current study seems to be more therapeutical nature than prophylactic. However, to 

further explore their therapeutic effects in terms of human UC, quinones could also be given 
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after 1 week of DSS administration from day 7 onwards. With regards to the Winnie model, 

where colonic inflammation is spontaneous and resembles human UC, a similar therapeutic 

approach could also be employed. Treatment with quinones later in the disease can potentially 

provide relevant information to predict the therapeutic potential of thses drug candidates in 

human UC patients.  

 

In conclusion, our study has generated crucial information that emphasizes the potential of 

using mito-protective agents to ameliorate colonic inflammation and highlights the urgent need 

to fully unravel the role of mitochondrial dysfunction in UC to rationalise this possibly new 

therapeutic approach.  

           

 

  

 

 



 

 

 

 

References 



 
154 

References 

 

1. Ghosh S, Mitchell R. Impact of inflammatory bowel disease on quality of life: Results 
of the European Federation of Crohn's and Ulcerative Colitis Associations (EFCCA) patient 
survey. Journal of Crohn's and Colitis. 2007;1(1):10-20. 

2. Hanauer SB. Inflammatory bowel disease: epidemiology, pathogenesis, and 
therapeutic opportunities. Inflammatory bowel diseases. 2006;12(5):S3-S9. 

3. Khor B, Gardet A, Xavier RJ. Genetics and pathogenesis of inflammatory bowel 
disease. Nature. 2011;474(7351):307-17. 

4. Ye Y, Pang Z, Chen W, Ju S, Zhou C. The epidemiology and risk factors of inflammatory 
bowel disease. Int J Clin Exp Med. 2015;8(12):22529-42. 

5. Ng SC, Tang W, Ching JY, Wong M, Chow CM, Hui AJ, et al. Incidence and phenotype 
of inflammatory bowel disease based on results from the Asia-pacific Crohn's and colitis 
epidemiology study. Gastroenterology. 2013;145(1):158-65.e2. 

6. Stidham RW, Higgins PDR. Colorectal Cancer in Inflammatory Bowel Disease. Clinics in 
colon and rectal surgery. 2018;31(3):168-78. 

7. Groschwitz KR, Hogan SP. Intestinal barrier function: molecular regulation and disease 
pathogenesis. The Journal of allergy and clinical immunology. 2009;124(1):3-20; quiz 1-2. 

8. Kiela PR, Ghishan FK. Ion transport in the intestine. Current opinion in 
gastroenterology. 2009;25(2):87-91. 

9. Tsukita S, Furuse M, Itoh M. Multifunctional strands in tight junctions. Nature reviews 
Molecular cell biology. 2001;2(4):285-93. 

10. Chelakkot C, Ghim J, Ryu SH. Mechanisms regulating intestinal barrier integrity and its 
pathological implications. Exp Mol Med. 2018;50(8):103-. 

11. Turner JR. Intestinal mucosal barrier function in health and disease. Nature reviews 
Immunology. 2009;9(11):799-809. 

12. Yu Y, Sitaraman S, Gewirtz AT. Intestinal epithelial cell regulation of mucosal 
inflammation. Immunologic research. 2004;29(1-3):55-68. 

13. Specian RD, Oliver MG. Functional biology of intestinal goblet cells. The American 
journal of physiology. 1991;260(2 Pt 1):C183-93. 

14. MacDermott RP, Nash GS, Nahm MH. Antibody secretion by human intestinal 
mononuclear cells from normal controls and inflammatory bowel disease patients. 
Immunological investigations. 1989;18(1-4):449-57. 

15. Ramasundara M, Leach ST, Lemberg DA, Day AS. Defensins and inflammation: the role 
of defensins in inflammatory bowel disease. Journal of gastroenterology and hepatology. 
2009;24(2):202-8. 



 
155 

16. Aamann L, Vestergaard EM, Grønbæk H. Trefoil factors in inflammatory bowel disease. 
World journal of gastroenterology. 2014;20(12):3223-30. 

17. Shirazi T, Longman RJ, Corfield AP, Probert CS. Mucins and inflammatory bowel 
disease. Postgrad Med J. 2000;76(898):473-8. 

18. van der Post S, Jabbar KS, Birchenough G, Arike L, Akhtar N, Sjovall H, et al. Structural 
weakening of the colonic mucus barrier is an early event in ulcerative colitis pathogenesis. 
Gut. 2019;68(12):2142. 

19. Heazlewood CK, Cook MC, Eri R, Price GR, Tauro SB, Taupin D, et al. Aberrant mucin 
assembly in mice causes endoplasmic reticulum stress and spontaneous inflammation 
resembling ulcerative colitis. PLoS Med. 2008;5(3):e54. 

20. Wenzel UA, Magnusson MK, Rydström A, Jonstrand C, Hengst J, Johansson ME, et al. 
Spontaneous colitis in Muc2-deficient mice reflects clinical and cellular features of active 
ulcerative colitis. PloS one. 2014;9(6):e100217. 

21. Dorofeyev AE, Vasilenko IV, Rassokhina OA, Kondratiuk RB. Mucosal barrier in 
ulcerative colitis and Crohn's disease. Gastroenterol Res Pract. 2013;2013:431231-. 

22. Baum B, Georgiou M. Dynamics of adherens junctions in epithelial establishment, 
maintenance, and remodeling. The Journal of cell biology. 2011;192(6):907-17. 

23. Edelblum KL, Turner JR. The tight junction in inflammatory disease: communication 
breakdown. Current opinion in pharmacology. 2009;9(6):715-20. 

24. Shastri S, Shinde T, Sohal SS, Gueven N, Eri R. Idebenone Protects against Acute 
Murine Colitis via Antioxidant and Anti-Inflammatory Mechanisms. International journal of 
molecular sciences. 2020;21(2). 

25. Shinde T, Perera AP, Vemuri R, Gondalia SV, Karpe AV, Beale DJ, et al. Synbiotic 
Supplementation Containing Whole Plant Sugar Cane Fibre and Probiotic Spores Potentiates 
Protective Synergistic Effects in Mouse Model of IBD. Nutrients. 2019;11(4). 

26. Huang Y, Wang C, Tian X, Mao Y, Hou B, Sun Ye, et al. Pioglitazone Attenuates 
Experimental Colitis-Associated Hyperalgesia through Improving the Intestinal Barrier 
Dysfunction. Inflammation. 2020;43(2):568-78. 

27. Gitter AH, Wullstein F, Fromm M, Schulzke JD. Epithelial barrier defects in ulcerative 
colitis: Characterization and quantification by electrophysiological imaging. 
Gastroenterology. 2001;121(6):1320-8. 

28. Takeuchi K, Maiden L, Bjarnason I. Genetic aspects of intestinal permeability in 
inflammatory bowel disease. Novartis Foundation symposium. 2004;263:151-8; discussion 9-
63, 211-8. 

29. Nusrat A, Turner JR, Madara JL. Molecular physiology and pathophysiology of tight 
junctions. IV. Regulation of tight junctions by extracellular stimuli: nutrients, cytokines, and 
immune cells. American journal of physiology Gastrointestinal and liver physiology. 
2000;279(5):G851-7. 



 
156 

30. Rao RK, Baker RD, Baker SS, Gupta A, Holycross M. Oxidant-induced disruption of 
intestinal epithelial barrier function: role of protein tyrosine phosphorylation. The American 
journal of physiology. 1997;273(4):G812-23. 

31. Rao R. Oxidative stress-induced disruption of epithelial and endothelial tight junctions. 
Front Biosci. 2008;13:7210-26. 

32. Rao RK, Basuroy S, Rao VU, Karnaky KJ, Jr., Gupta A. Tyrosine phosphorylation and 
dissociation of occludin-ZO-1 and E-cadherin-beta-catenin complexes from the cytoskeleton 
by oxidative stress. The Biochemical journal. 2002;368(Pt 2):471-81. 

33. Capaldo CT, Nusrat A. Cytokine regulation of tight junctions. Biochimica et biophysica 
acta. 2009;1788(4):864-71. 

34. Wang F, Graham WV, Wang Y, Witkowski ED, Schwarz BT, Turner JR. Interferon-
gamma and tumor necrosis factor-alpha synergize to induce intestinal epithelial barrier 
dysfunction by up-regulating myosin light chain kinase expression. The American journal of 
pathology. 2005;166(2):409-19. 

35. Roediger WE. The colonic epithelium in ulcerative colitis: an energy-deficiency 
disease? Lancet (London, England). 1980;2(8197):712-5. 

36. Kameyama J, Narui H, Inui M, Sato T. Energy level in large intestinal mucosa in patients 
with ulcerative colitis. The Tohoku journal of experimental medicine. 1984;143(2):253-4. 

37. Choy MC, Visvanathan K, De Cruz P. An Overview of the Innate and Adaptive Immune 
System in Inflammatory Bowel Disease. Inflamm Bowel Dis. 2017;23(1):2-13. 

38. Strober W, Fuss IJ. Proinflammatory cytokines in the pathogenesis of inflammatory 
bowel diseases. Gastroenterology. 2011;140(6):1756-67. 

39. Fuss IJ, Heller F, Boirivant M, Leon F, Yoshida M, Fichtner-Feigl S, et al. Nonclassical 
CD1d-restricted NK T cells that produce IL-13 characterize an atypical Th2 response in 
ulcerative colitis. The Journal of clinical investigation. 2004;113(10):1490-7. 

40. Heller F, Florian P, Bojarski C, Richter J, Christ M, Hillenbrand B, et al. Interleukin-13 is 
the key effector Th2 cytokine in ulcerative colitis that affects epithelial tight junctions, 
apoptosis, and cell restitution. Gastroenterology. 2005;129(2):550-64. 

41. Heller F, Fuss IJ, Nieuwenhuis EE, Blumberg RS, Strober W. Oxazolone colitis, a Th2 
colitis model resembling ulcerative colitis, is mediated by IL-13-producing NK-T cells. 
Immunity. 2002;17(5):629-38. 

42. Thompson AI, Lees CW. Genetics of ulcerative colitis. Inflamm Bowel Dis. 
2011;17(3):831-48. 

43. Acosta-Rodriguez EV, Napolitani G, Lanzavecchia A, Sallusto F. Interleukins 1beta and 
6 but not transforming growth factor-beta are essential for the differentiation of interleukin 
17-producing human T helper cells. Nature immunology. 2007;8(9):942-9. 

44. Gálvez J. Role of Th17 Cells in the Pathogenesis of Human IBD. ISRN inflammation. 
2014;2014:928461. 



 
157 

45. Yang XO, Panopoulos AD, Nurieva R, Chang SH, Wang D, Watowich SS, et al. STAT3 
regulates cytokine-mediated generation of inflammatory helper T cells. The Journal of 
biological chemistry. 2007;282(13):9358-63. 

46. Fujino S, Andoh A, Bamba S, Ogawa A, Hata K, Araki Y, et al. Increased expression of 
interleukin 17 in inflammatory bowel disease. Gut. 2003;52(1):65-70. 

47. Raza A, Yousaf W, Giannella R, Shata MT. Th17 cells: interactions with predisposing 
factors in the immunopathogenesis of inflammatory bowel disease. Expert review of clinical 
immunology. 2012;8(2):161-8. 

48. Stucchi A, Reed K, O'Brien M, Cerda S, Andrews C, Gower A, et al. A new transcription 
factor that regulates TNF-alpha gene expression, LITAF, is increased in intestinal tissues from 
patients with CD and UC. Inflamm Bowel Dis. 2006;12(7):581-7. 

49. Stevens C, Walz G, Singaram C, Lipman ML, Zanker B, Muggia A, et al. Tumor necrosis 
factor-alpha, interleukin-1 beta, and interleukin-6 expression in inflammatory bowel disease. 
Digestive diseases and sciences. 1992;37(6):818-26. 

50. Sanchez-Munoz F, Dominguez-Lopez A, Yamamoto-Furusho JK. Role of cytokines in 
inflammatory bowel disease. World journal of gastroenterology. 2008;14(27):4280-8. 

51. Cohen BL, Sachar DB. Update on anti-tumor necrosis factor agents and other new 
drugs for inflammatory bowel disease. BMJ (Clinical research ed). 2017;357:j2505. 

52. Rafa H, Amri M, Saoula H, Belkhelfa M, Medjeber O, Boutaleb A, et al. Involvement of 
interferon-γ in bowel disease pathogenesis by nitric oxide pathway: a study in Algerian 
patients. Journal of interferon & cytokine research : the official journal of the International 
Society for Interferon and Cytokine Research. 2010;30(9):691-7. 

53. Tian T, Wang Z, Zhang J. Pathomechanisms of Oxidative Stress in Inflammatory Bowel 
Disease and Potential Antioxidant Therapies. Oxid Med Cell Longev. 2017;2017:4535194-. 

54. Bacchetta R, Passerini L, Gambineri E, Dai M, Allan SE, Perroni L, et al. Defective 
regulatory and effector T cell functions in patients with FOXP3 mutations. The Journal of 
clinical investigation. 2006;116(6):1713-22. 

55. Maul J, Loddenkemper C, Mundt P, Berg E, Giese T, Stallmach A, et al. Peripheral and 
intestinal regulatory CD4+ CD25(high) T cells in inflammatory bowel disease. 
Gastroenterology. 2005;128(7):1868-78. 

56. Rubtsov YP, Rasmussen JP, Chi EY, Fontenot J, Castelli L, Ye X, et al. Regulatory T cell-
derived interleukin-10 limits inflammation at environmental interfaces. Immunity. 
2008;28(4):546-58. 

57. Uhlig HH, Coombes J, Mottet C, Izcue A, Thompson C, Fanger A, et al. Characterization 
of Foxp3+CD4+CD25+ and IL-10-secreting CD4+CD25+ T cells during cure of colitis. Journal of 
immunology (Baltimore, Md : 1950). 2006;177(9):5852-60. 

58. Hetz C. The unfolded protein response: controlling cell fate decisions under ER stress 
and beyond. Nature reviews Molecular cell biology. 2012;13(2):89-102. 

59. Cao SS, Kaufman RJ. Unfolded protein response. Current biology : CB. 
2012;22(16):R622-6. 



 
158 

60. Chen X, Shen J, Prywes R. The luminal domain of ATF6 senses endoplasmic reticulum 
(ER) stress and causes translocation of ATF6 from the ER to the Golgi. The Journal of biological 
chemistry. 2002;277(15):13045-52. 

61. Ma X, Dai Z, Sun K, Zhang Y, Chen J, Yang Y, et al. Intestinal Epithelial Cell Endoplasmic 
Reticulum Stress and Inflammatory Bowel Disease Pathogenesis: An Update Review. Frontiers 
in immunology. 2017;8:1271-. 

62. Kaser A, Lee A-H, Franke A, Glickman JN, Zeissig S, Tilg H, et al. XBP1 Links ER Stress to 
Intestinal Inflammation and Confers Genetic Risk for Human Inflammatory Bowel Disease. 
Cell. 2008;134(5):743-56. 

63. Peterson LW, Artis D. Intestinal epithelial cells: regulators of barrier function and 
immune homeostasis. Nature Reviews Immunology. 2014;14(3):141-53. 

64. McGuckin MA, Hasnain SZ. Goblet cells as mucosal sentinels for immunity. Mucosal 
Immunology. 2017;10(5):1118-21. 

65. Hanski C, Born M, Foss HD, Marowski B, Mansmann U, Arastéh K, et al. Defective post-
transcriptional processing of MUC2 mucin in ulcerative colitis and in Crohn's disease increases 
detectability of the MUC2 protein core. The Journal of pathology. 1999;188(3):304-11. 

66. Das I, Png CW, Oancea I, Hasnain SZ, Lourie R, Proctor M, et al. Glucocorticoids 
alleviate intestinal ER stress by enhancing protein folding and degradation of misfolded 
proteins. The Journal of experimental medicine. 2013;210(6):1201-16. 

67. Zhao F, Edwards R, Dizon D, Afrasiabi K, Mastroianni JR, Geyfman M, et al. Disruption 
of Paneth and goblet cell homeostasis and increased endoplasmic reticulum stress in Agr2-/- 
mice. Developmental biology. 2010;338(2):270-9. 

68. Namba T, Tanaka K-I, Ito Y, Ishihara T, Hoshino T, Gotoh T, et al. Positive Role of 
CCAAT/Enhancer-Binding Protein Homologous Protein, a Transcription Factor Involved in the 
Endoplasmic Reticulum Stress Response in the Development of Colitis. The American journal 
of pathology. 2009;174(5):1786-98. 

69. Brandl K, Rutschmann S, Li X, Du X, Xiao N, Schnabl B, et al. Enhanced sensitivity to 
DSS colitis caused by a hypomorphic Mbtps1 mutation disrupting the ATF6-driven unfolded 
protein response. Proceedings of the National Academy of Sciences of the United States of 
America. 2009;106(9):3300-5. 

70. Cao SS, Zimmermann EM, Chuang BM, Song B, Nwokoye A, Wilkinson JE, et al. The 
unfolded protein response and chemical chaperones reduce protein misfolding and colitis in 
mice. Gastroenterology. 2013;144(5):989-1000.e6. 

71. Park SH, Choi HJ, Yang H, Do KH, Kim J, Lee DW, et al. Endoplasmic reticulum stress-
activated C/EBP homologous protein enhances nuclear factor-kappaB signals via repression 
of peroxisome proliferator-activated receptor gamma. The Journal of biological chemistry. 
2010;285(46):35330-9. 

72. Kühn R, Löhler J, Rennick D, Rajewsky K, Müller W. Interleukin-10-deficient mice 
develop chronic enterocolitis. Cell. 1993;75(2):263-74. 



 
159 

73. Hasnain SZ, Tauro S, Das I, Tong H, Chen AC, Jeffery PL, et al. IL-10 promotes 
production of intestinal mucus by suppressing protein misfolding and endoplasmic reticulum 
stress in goblet cells. Gastroenterology. 2013;144(2):357-68.e9. 

74. Cheeseman KH, Slater TF. An introduction to free radical biochemistry. British medical 
bulletin. 1993;49(3):481-93. 

75. Lobo V, Patil A, Phatak A, Chandra N. Free radicals, antioxidants and functional foods: 
Impact on human health. Pharmacogn Rev. 2010;4(8):118-26. 

76. McCord JM. The evolution of free radicals and oxidative stress. The American journal 
of medicine. 2000;108(8):652-9. 

77. Pham-Huy LA, He H, Pham-Huy C. Free radicals, antioxidants in disease and health. Int 
J Biomed Sci. 2008;4(2):89-96. 

78. Chiurchiù V, Maccarrone M. Chronic inflammatory disorders and their redox control: 
from molecular mechanisms to therapeutic opportunities. Antioxidants & redox signaling. 
2011;15(9):2605-41. 

79. Inokuma T, Haraguchi M, Fujita F, Tajima Y, Kanematsu T. Oxidative stress and tumor 
progression in colorectal cancer. Hepato-gastroenterology. 2009;56(90):343-7. 

80. Mittal M, Siddiqui MR, Tran K, Reddy SP, Malik AB. Reactive oxygen species in 
inflammation and tissue injury. Antioxidants & redox signaling. 2014;20(7):1126-67. 

81. Oshitani N, Sawa Y, Hara J, Adachi K, Nakamura S, Matsumoto T, et al. Functional and 
phenotypical activation of leucocytes in inflamed human colonic mucosa. Journal of 
gastroenterology and hepatology. 1997;12(12):809-14. 

82. Dashdorj A, Jyothi KR, Lim S, Jo A, Nguyen MN, Ha J, et al. Mitochondria-targeted 
antioxidant MitoQ ameliorates experimental mouse colitis by suppressing NLRP3 
inflammasome-mediated inflammatory cytokines. BMC medicine. 2013;11:178. 

83. Babbs CF. Oxygen radicals in ulcerative colitis. Free radical biology & medicine. 
1992;13(2):169-81. 

84. Muthupalani S, Ge Z, Feng Y, Rickman B, Mobley M, McCabe A, et al. Systemic 
macrophage depletion inhibits Helicobacter bilis-induced proinflammatory cytokine-
mediated typhlocolitis and impairs bacterial colonization dynamics in a BALB/c Rag2-/- mouse 
model of inflammatory bowel disease. Infection and immunity. 2012;80(12):4388-97. 

85. Miller DM, Buettner GR, Aust SD. Transition metals as catalysts of "autoxidation" 
reactions. Free radical biology & medicine. 1990;8(1):95-108. 

86. Naik E, Dixit VM. Mitochondrial reactive oxygen species drive proinflammatory 
cytokine production. J Exp Med. 2011;208(3):417-20. 

87. O'Neill S, Brault J, Stasia MJ, Knaus UG. Genetic disorders coupled to ROS deficiency. 
Redox biology. 2015;6:135-56. 

88. Brandes RP, Weissmann N, Schröder K. Nox family NADPH oxidases: Molecular 
mechanisms of activation. Free radical biology & medicine. 2014;76:208-26. 



 
160 

89. Dutta S, Rittinger K. Regulation of NOXO1 activity through reversible interactions with 
p22 and NOXA1. PloS one. 2010;5(5):e10478. 

90. Geiszt M, Lekstrom K, Brenner S, Hewitt SM, Dana R, Malech HL, et al. NAD(P)H 
oxidase 1, a product of differentiated colon epithelial cells, can partially replace glycoprotein 
91phox in the regulated production of superoxide by phagocytes. Journal of immunology 
(Baltimore, Md : 1950). 2003;171(1):299-306. 

91. Banan A, Choudhary S, Zhang Y, Fields JZ, Keshavarzian A. Ethanol-induced barrier 
dysfunction and its prevention by growth factors in human intestinal monolayers: evidence 
for oxidative and cytoskeletal mechanisms. The Journal of pharmacology and experimental 
therapeutics. 1999;291(3):1075-85. 

92. Rao R, Baker RD, Baker SS. Inhibition of oxidant-induced barrier disruption and protein 
tyrosine phosphorylation in Caco-2 cell monolayers by epidermal growth factor. Biochemical 
pharmacology. 1999;57(6):685-95. 

93. Halliwell B. Oxygen and nitrogen are pro-carcinogens. Damage to DNA by reactive 
oxygen, chlorine and nitrogen species: measurement, mechanism and the effects of nutrition. 
Mutation research. 1999;443(1-2):37-52. 

94. Takeuchi T, Nakajima M, Morimoto K. Relationship between the intracellular reactive 
oxygen species and the induction of oxidative DNA damage in human neutrophil-like cells. 
Carcinogenesis. 1996;17(8):1543-8. 

95. Tabatabaie T, Potts JD, Floyd RA. Reactive oxygen species-mediated inactivation of 
pyruvate dehydrogenase. Archives of biochemistry and biophysics. 1996;336(2):290-6. 

96. Grisham MB, Gaginella TS, von Ritter C, Tamai H, Be RM, Granger DN. Effects of 
neutrophil-derived oxidants on intestinal permeability, electrolyte transport, and epithelial 
cell viability. Inflammation. 1990;14(5):531-42. 

97. Pattison DI, Davies MJ. Reactions of myeloperoxidase-derived oxidants with biological 
substrates: gaining chemical insight into human inflammatory diseases. Current medicinal 
chemistry. 2006;13(27):3271-90. 

98. Kim JJ, Shajib MS, Manocha MM, Khan WI. Investigating intestinal inflammation in 
DSS-induced model of IBD. Journal of visualized experiments : JoVE. 2012(60). 

99. Palatka K, Serfozo Z, Veréb Z, Hargitay Z, Lontay B, Erdodi F, et al. Changes in the 
expression and distribution of the inducible and endothelial nitric oxide synthase in mucosal 
biopsy specimens of inflammatory bowel disease. Scandinavian journal of gastroenterology. 
2005;40(6):670-80. 

100. Barrachina MD, Panes J, Esplugues JV. Role of Nitric Oxide in Gastrointestinal 
Inflammatory and Ulcerative Diseases: Perspective for Drugs Development. Current 
Pharmaceutical Design. 2001;7(1):31-48. 

101. Kolios G, Valatas V, Ward SG. Nitric oxide in inflammatory bowel disease: a universal 
messenger in an unsolved puzzle. Immunology. 2004;113(4):427-37. 



 
161 

102. Calcerrada P, Peluffo G, Radi R. Nitric oxide-derived oxidants with a focus on 
peroxynitrite: molecular targets, cellular responses and therapeutic implications. Curr Pharm 
Des. 2011;17(35):3905-32. 

103. Koppenol WH. The basic chemistry of nitrogen monoxide and peroxynitrite. Free 
radical biology & medicine. 1998;25(4-5):385-91. 

104. Lorch SA, Foust R, Gow A, Arkovitz M, Salzman AL, Szabo C, et al. 
Immunohistochemical Localization of Protein 3-Nitrotyrosine and S-nitrosocysteine in a 
Murine Model of Inhaled Nitric Oxide Therapy. Pediatric Research. 2000;47(6):798-805. 

105. Radi R. Protein tyrosine nitration: biochemical mechanisms and structural basis of 
functional effects. Acc Chem Res. 2013;46(2):550-9. 

106. Nakato R, Ohkubo Y, Konishi A, Shibata M, Kaneko Y, Iwawaki T, et al. Regulation of 
the unfolded protein response via S-nitrosylation of sensors of endoplasmic reticulum stress. 
Scientific reports. 2015;5(1):14812. 

107. Roediger WE, Lawson MJ, Nance SH, Radcliffe BC. Detectable colonic nitrite levels in 
inflammatory bowel disease--mucosal or bacterial malfunction? Digestion. 1986;35(4):199-
204. 

108. Avdagić N, Zaćiragić A, Babić N, Hukić M, Seremet M, Lepara O, et al. Nitric oxide as a 
potential biomarker in inflammatory bowel disease. Bosn J Basic Med Sci. 2013;13(1):5-9. 

109. Kimura H, Miura S, Shigematsu T, Ohkubo N, Tsuzuki Y, Kurose I, et al. Increased nitric 
oxide production and inducible nitric oxide synthase activity in colonic mucosa of patients 
with active ulcerative colitis and Crohn's disease. Digestive diseases and sciences. 
1997;42(5):1047-54. 

110. Boughton-Smith NK, Evans SM, Hawkey CJ, Cole AT, Balsitis M, Whittle BJ, et al. Nitric 
oxide synthase activity in ulcerative colitis and Crohn's disease. Lancet (London, England). 
1993;342(8867):338-40. 

111. Reynolds PD, Middleton SJ, Hansford GM, Hunter JO. Confirmation of nitric oxide 
synthesis in active ulcerative colitis by infra-red diode laser spectroscopy. European journal 
of gastroenterology & hepatology. 1997;9(5):463-6. 

112. Oudkerk Pool M, Bouma G, Visser JJ, Kolkman JJ, Tran DD, Meuwissen SG, et al. Serum 
nitrate levels in ulcerative colitis and Crohn's disease. Scandinavian journal of 
gastroenterology. 1995;30(8):784-8. 

113. Kaneko K, Akuta T, Sawa T, Kim HW, Fujii S, Okamoto T, et al. Mutagenicity of 8-
nitroguanosine, a product of nitrative nucleoside modification by reactive nitrogen oxides, in 
mammalian cells. Cancer letters. 2008;262(2):239-47. 

114. Piechota-Polanczyk A, Fichna J. Review article: the role of oxidative stress in 
pathogenesis and treatment of inflammatory bowel diseases. Naunyn-Schmiedeberg's 
Archives of Pharmacology. 2014;387(7):605-20. 

115. Esterbauer H, Eckl P, Ortner A. Possible mutagens derived from lipids and lipid 
precursors. Mutation Research/Reviews in Genetic Toxicology. 1990;238(3):223-33. 



 
162 

116. Marnett LJ, Riggins JN, West JD. Endogenous generation of reactive oxidants and 
electrophiles and their reactions with DNA and protein. The Journal of clinical investigation. 
2003;111(5):583-93. 

117. Alzoghaibi M, Al Mofleh I, Al-Jebreen A. Lipid peroxides in patients with inflammatory 
bowel disease. Saudi Journal of Gastroenterology. 2007;13(4):187-90. 

118. Camacho-Barquero L, Villegas I, Sánchez-Calvo JM, Talero E, Sánchez-Fidalgo S, 
Motilva V, et al. Curcumin, a Curcuma longa constituent, acts on MAPK p38 pathway 
modulating COX-2 and iNOS expression in chronic experimental colitis. International 
immunopharmacology. 2007;7(3):333-42. 

119. Ukil A, Maity S, Karmakar S, Datta N, Vedasiromoni JR, Das PK. Curcumin, the major 
component of food flavour turmeric, reduces mucosal injury in trinitrobenzene sulphonic 
acid-induced colitis. British journal of pharmacology. 2003;139(2):209-18. 

120. Seguí J, Gironella M, Sans M, Granell S, Gil F, Gimeno M, et al. Superoxide dismutase 
ameliorates TNBS-induced colitis by reducing oxidative stress, adhesion molecule expression, 
and leukocyte recruitment into the inflamed intestine. Journal of Leukocyte Biology. 
2004;76(3):537-44. 

121. Dodda D, Chhajed R, Mishra J. Protective effect of quercetin against acetic acid 
induced inflammatory bowel disease (IBD) like symptoms in rats: Possible morphological and 
biochemical alterations. Pharmacological Reports. 2014;66(1):169-73. 

122. Koppikar SJ, Jagtap SD, Devarshi PP, Jangle NM, Awad VB, Wele AA, et al. Triphala, an 
Ayurvedic formulation improves the antioxidant status on TNBS induced IBD in rats. European 
Journal of Integrative Medicine. 2014;6(6):646-56. 

123. Mousavizadeh K, Rahimian R, Fakhfouri G, Aslani FS, Ghafourifar P. Anti-inflammatory 
effects of 5-HT3 receptor antagonist, tropisetron on experimental colitis in rats. European 
Journal of Clinical Investigation. 2009;39(5):375-83. 

124. Sanders LM, Henderson CE, Hong MY, Barhoumi R, Burghardt RC, Carroll RJ, et al. Pro-
oxidant environment of the colon compared to the small intestine may contribute to greater 
cancer susceptibility. Cancer letters. 2004;208(2):155-61. 

125. Nozik-Grayck E, Suliman HB, Piantadosi CA. Extracellular superoxide dismutase. The 
international journal of biochemistry & cell biology. 2005;37(12):2466-71. 

126. Fridovich I. Superoxide anion radical (O2-.), superoxide dismutases, and related 
matters. The Journal of biological chemistry. 1997;272(30):18515-7. 

127. Kruidenier L, Kuiper I, van Duijn W, Marklund SL, van Hogezand RA, Lamers CB, et al. 
Differential mucosal expression of three superoxide dismutase isoforms in inflammatory 
bowel disease. The Journal of pathology. 2003;201(1):7-16. 

128. Sakthivel KM, Guruvayoorappan C. Protective effect of Acacia ferruginea against 
ulcerative colitis via modulating inflammatory mediators, cytokine profile and NF-κB signal 
transduction pathways. Journal of environmental pathology, toxicology and oncology : official 
organ of the International Society for Environmental Toxicology and Cancer. 2014;33(2):83-
98. 



 
163 

129. Beltrán B, Nos P, Dasí F, Iborra M, Bastida G, Martínez M, et al. Mitochondrial 
dysfunction, persistent oxidative damage, and catalase inhibition in immune cells of naïve and 
treated Crohn's disease. Inflamm Bowel Dis. 2010;16(1):76-86. 

130. Zhou Y, Liu H, Song J, Cao L, Tang L, Qi C. Sinomenine alleviates dextran sulfate 
sodium‑induced colitis via the Nrf2/NQO‑1 signaling pathway. Mol Med Rep. 
2018;18(4):3691-8. 

131. Chao L, Zheng P, Xia L, Yong Y, Lu G, Tang F, et al. Calycosin attenuates dextran sulfate 
sodium (DSS)-induced experimental colitis. Iran J Basic Med Sci. 2017;20(9):1056-62. 

132. Ishihara T, Tanaka K, Tasaka Y, Namba T, Suzuki J, Ishihara T, et al. Therapeutic effect 
of lecithinized superoxide dismutase against colitis. The Journal of pharmacology and 
experimental therapeutics. 2009;328(1):152-64. 

133. Hwang J, Jin J, Jeon S, Moon SH, Park MY, Yum D-Y, et al. SOD1 suppresses pro-
inflammatory immune responses by protecting against oxidative stress in colitis. Redox 
biology. 2020;37:101760. 

134. Meister A, Anderson ME. Glutathione. Annual review of biochemistry. 1983;52:711-
60. 

135. Tsunada S, Iwakiri R, Ootani H, Aw TY, Fujimoto K. Redox imbalance in the colonic 
mucosa of ulcerative colitis. Scandinavian journal of gastroenterology. 2003;38(9):1002-3. 

136. Dayer R, Fischer BB, Eggen RI, Lemaire SD. The peroxiredoxin and glutathione 
peroxidase families in Chlamydomonas reinhardtii. Genetics. 2008;179(1):41-57. 

137. Te Velde AA, Pronk I, de Kort F, Stokkers PC. Glutathione peroxidase 2 and aquaporin 
8 as new markers for colonic inflammation in experimental colitis and inflammatory bowel 
diseases: an important role for H2O2? European journal of gastroenterology & hepatology. 
2008;20(6):555-60. 

138. Hiller F, Besselt K, Deubel S, Brigelius-Flohé R, Kipp AP. GPx2 Induction Is Mediated 
Through STAT Transcription Factors During Acute Colitis. Inflamm Bowel Dis. 
2015;21(9):2078-89. 

139. V VP, C G. Protective effect of marine mangrove Rhizophora apiculata on acetic acid 
induced experimental colitis by regulating anti-oxidant enzymes, inflammatory mediators and 
nuclear factor-kappa B subunits. International immunopharmacology. 2014;18(1):124-34. 

140. Rise CL, Prabhu VV, Guruvayoorappan C. Effect of marine mangrove Avicennia marina 
(Forssk.) Vierh against acetic acid-induced ulcerative colitis in experimental mice. Journal of 
environmental pathology, toxicology and oncology : official organ of the International Society 
for Environmental Toxicology and Cancer. 2012;31(2):179-92. 

141. Socca EA, Luiz-Ferreira A, de Faria FM, de Almeida AC, Dunder RJ, Manzo LP, et al. 
Inhibition of tumor necrosis factor-alpha and cyclooxigenase-2 by Isatin: a molecular 
mechanism of protection against TNBS-induced colitis in rats. Chemico-biological 
interactions. 2014;209:48-55. 



 
164 

142. Ruan EA, Rao S, Burdick JS, Stryker SJ, Telford GL, Otterson MF, et al. Glutathione levels 
in chronic inflammatory disorders of the human colon. Nutrition Research. 1997;17(3):463-
73. 

143. Oz HS, Chen TS, McClain CJ, de Villiers WJ. Antioxidants as novel therapy in a murine 
model of colitis. The Journal of nutritional biochemistry. 2005;16(5):297-304. 

144. Monari M, Foschi J, Calabrese C, Liguori G, Di Febo G, Rizzello F, et al. Implications of 
antioxidant enzymes in human gastric neoplasms. International journal of molecular 
medicine. 2009;24(5):693-700. 

145. Iborra M, Moret I, Rausell F, Bastida G, Aguas M, Cerrillo E, et al. Role of oxidative 
stress and antioxidant enzymes in Crohn's disease. Biochemical Society transactions. 
2011;39(4):1102-6. 

146. LeBlanc JG, del Carmen S, Miyoshi A, Azevedo V, Sesma F, Langella P, et al. Use of 
superoxide dismutase and catalase producing lactic acid bacteria in TNBS induced Crohn's 
disease in mice. Journal of biotechnology. 2011;151(3):287-93. 

147. de Moreno de LeBlanc A, LeBlanc JG, Perdigón G, Miyoshi A, Langella P, Azevedo V, et 
al. Oral administration of a catalase-producing Lactococcus lactis can prevent a chemically 
induced colon cancer in mice. Journal of medical microbiology. 2008;57(Pt 1):100-5. 

148. Sabzevary-Ghahfarokhi M, Shohan M, Shirzad H, Rahimian G, Soltani A, Ghatreh-
Samani M, et al. The regulatory role of Nrf2 in antioxidants phase2 enzymes and IL-17A 
expression in patients with ulcerative colitis. Pathology - Research and Practice. 
2018;214(8):1149-55. 

149. Ishii T, Itoh K, Yamamoto M. [18] Roles of Nrf2 in activation of antioxidant enzyme 
genes via antioxidant responsive elements. In: Sies H, Packer L, editors. Methods in 
Enzymology. 348: Academic Press; 2002. p. 182-90. 

150. Khor TO, Huang M-T, Prawan A, Liu Y, Hao X, Yu S, et al. Increased susceptibility of 
Nrf2 knockout mice to colitis-associated colorectal cancer. Cancer prevention research. 
2008;1(3):187-91. 

151. Pandurangan AK, Mohebali N, Norhaizan ME, Looi CY. Gallic acid attenuates dextran 
sulfate sodium-induced experimental colitis in BALB/c mice. Drug design, development and 
therapy. 2015;9:3923-34. 

152. Yang N, Xia Z, Shao N, Li B, Xue L, Peng Y, et al. Carnosic acid prevents dextran sulfate 
sodium-induced acute colitis associated with the regulation of the Keap1/Nrf2 pathway. 
Scientific reports. 2017;7(1):11036. 

153. Wang K, Lv Q, Miao Y-m, Qiao S-m, Dai Y, Wei Z-f. Cardamonin, a natural flavone, 
alleviates inflammatory bowel disease by the inhibition of NLRP3 inflammasome activation 
via an AhR/Nrf2/NQO1 pathway. Biochemical pharmacology. 2018;155:494-509. 

154. Siegel D, Gustafson DL, Dehn DL, Han JY, Boonchoong P, Berliner LJ, et al. 
NAD(P)H:Quinone Oxidoreductase 1: Role as a Superoxide Scavenger. Molecular 
Pharmacology. 2004;65(5):1238. 



 
165 

155. Nam ST, Hwang JH, Kim DH, Park MJ, Lee IH, Nam HJ, et al. Role of NADH: quinone 
oxidoreductase-1 in the tight junctions of colonic epithelial cells. BMB Rep. 2014;47(9):494-
9. 

156. Tait SW, Green DR. Mitochondria and cell signalling. Journal of cell science. 
2012;125(Pt 4):807-15. 

157. Delpre G, Avidor I, Steinherz R, Kadish U, Ben-Bassat M. Ultrastructural abnormalities 
in endoscopically and histologically normal and involved colon in ulcerative colitis. The 
American journal of gastroenterology. 1989;84(9):1038-46. 

158. Rodenburg W, Keijer J, Kramer E, Vink C, van der Meer R, Bovee-Oudenhoven IM. 
Impaired barrier function by dietary fructo-oligosaccharides (FOS) in rats is accompanied by 
increased colonic mitochondrial gene expression. BMC genomics. 2008;9:144. 

159. Guan G, Lan S. Implications of Antioxidant Systems in Inflammatory Bowel Disease. 
Biomed Res Int. 2018;2018:1290179-. 

160. Balmus IM, Ciobica A, Trifan A, Stanciu C. The implications of oxidative stress and 
antioxidant therapies in Inflammatory Bowel Disease: Clinical aspects and animal models. 
Saudi journal of gastroenterology : official journal of the Saudi Gastroenterology Association. 
2016;22(1):3-17. 

161. Haddad JJ. Antioxidant and prooxidant mechanisms in the regulation of redox(y)-
sensitive transcription factors. Cellular signalling. 2002;14(11):879-97. 

162. Novak EA, Mollen KP. Mitochondrial dysfunction in inflammatory bowel disease. Front 
Cell Dev Biol. 2015;3:62-. 

163. Giatromanolaki A, Sivridis E, Maltezos E, Papazoglou D, Simopoulos C, Gatter KC, et al. 
Hypoxia inducible factor 1alpha and 2alpha overexpression in inflammatory bowel disease. J 
Clin Pathol. 2003;56(3):209-13. 

164. Xu C, Dong W. Role of hypoxia-inducible factor-1α in pathogenesis and disease 
evaluation of ulcerative colitis. Exp Ther Med. 2016;11(4):1330-4. 

165. Shah YM. The role of hypoxia in intestinal inflammation. Molecular and cellular 
pediatrics. 2016;3(1):1. 

166. Davis BK, Philipson C, Hontecillas R, Eden K, Bassaganya-Riera J, Allen IC. Emerging 
significance of NLRs in inflammatory bowel disease. Inflamm Bowel Dis. 2014;20(12):2412-
32. 

167. Bauer C, Duewell P, Mayer C, Lehr HA, Fitzgerald KA, Dauer M, et al. Colitis induced in 
mice with dextran sulfate sodium (DSS) is mediated by the NLRP3 inflammasome. Gut. 
2010;59(9):1192-9. 

168. Kwon KH, Murakami A, Hayashi R, Ohigashi H. Interleukin-1beta targets interleukin-6 
in progressing dextran sulfate sodium-induced experimental colitis. Biochemical and 
biophysical research communications. 2005;337(2):647-54. 

169. Ishihara N, Otera H, Oka T, Mihara K. Regulation and physiologic functions of GTPases 
in mitochondrial fusion and fission in mammals. Antioxidants & redox signaling. 
2013;19(4):389-99. 



 
166 

170. Al-Sadi R, Guo S, Dokladny K, Smith MA, Ye D, Kaza A, et al. Mechanism of interleukin-
1β induced-increase in mouse intestinal permeability in vivo. Journal of interferon & cytokine 
research : the official journal of the International Society for Interferon and Cytokine 
Research. 2012;32(10):474-84. 

171. Siegmund B, Lehr HA, Fantuzzi G, Dinarello CA. IL-1 beta -converting enzyme (caspase-
1) in intestinal inflammation. Proceedings of the National Academy of Sciences of the United 
States of America. 2001;98(23):13249-54. 

172. Shimada K, Crother TR, Karlin J, Dagvadorj J, Chiba N, Chen S, et al. Oxidized 
mitochondrial DNA activates the NLRP3 inflammasome during apoptosis. Immunity. 
2012;36(3):401-14. 

173. West AP, Shadel GS. Mitochondrial DNA in innate immune responses and 
inflammatory pathology. Nature reviews Immunology. 2017;17(6):363-75. 

174. Collins LV, Hajizadeh S, Holme E, Jonsson IM, Tarkowski A. Endogenously oxidized 
mitochondrial DNA induces in vivo and in vitro inflammatory responses. J Leukoc Biol. 
2004;75(6):995-1000. 

175. Nakahira K, Haspel JA, Rathinam VA, Lee SJ, Dolinay T, Lam HC, et al. Autophagy 
proteins regulate innate immune responses by inhibiting the release of mitochondrial DNA 
mediated by the NALP3 inflammasome. Nature immunology. 2011;12(3):222-30. 

176. Boyapati RK, Dorward DA, Tamborska A, Kalla R, Ventham NT, Doherty MK, et al. 
Mitochondrial DNA Is a Pro-Inflammatory Damage-Associated Molecular Pattern Released 
During Active IBD. Inflammatory bowel diseases. 2018;24(10):2113-22. 

177. Siow VS, Novak E, Vincent G, Cunningham KE, Griffith B, Mollen KP. Mitochondrial DNA 
Promotes Intestinal Inflammation via Activation of NLRP3. Journal of the American College of 
Surgeons. 2017;225(4, Supplement 1):S42. 

178. Fukushima K, Fiocchi C. Paradoxical decrease of mitochondrial DNA deletions in 
epithelial cells of active ulcerative colitis patients. American journal of physiology 
Gastrointestinal and liver physiology. 2004;286(5):G804-13. 

179. Haga N, Saito S, Tsukumo Y, Sakurai J, Furuno A, Tsuruo T, et al. Mitochondria regulate 
the unfolded protein response leading to cancer cell survival under glucose deprivation 
conditions. Cancer science. 2010;101(5):1125-32. 

180. Rath E, Haller D. Inflammation and cellular stress: a mechanistic link between immune-
mediated and metabolically driven pathologies. European journal of nutrition. 
2011;50(4):219-33. 

181. Malhotra JD, Kaufman RJ. ER stress and its functional link to mitochondria: role in cell 
survival and death. Cold Spring Harb Perspect Biol. 2011;3(9):a004424-a. 

182. Marchi S, Patergnani S, Pinton P. The endoplasmic reticulum–mitochondria 
connection: One touch, multiple functions. Biochimica et Biophysica Acta (BBA) - 
Bioenergetics. 2014;1837(4):461-9. 

183. Papa L, Germain D. SirT3 regulates the mitochondrial unfolded protein response. 
Molecular and cellular biology. 2014;34(4):699-710. 



 
167 

184. Haynes CM, Petrova K, Benedetti C, Yang Y, Ron D. ClpP mediates activation of a 
mitochondrial unfolded protein response in C. elegans. Developmental cell. 2007;13(4):467-
80. 

185. Baker MJ, Tatsuta T, Langer T. Quality control of mitochondrial proteostasis. Cold 
Spring Harb Perspect Biol. 2011;3(7). 

186. Simmen T, Lynes EM, Gesson K, Thomas G. Oxidative protein folding in the 
endoplasmic reticulum: tight links to the mitochondria-associated membrane (MAM). 
Biochimica et biophysica acta. 2010;1798(8):1465-73. 

187. Horibe T, Hoogenraad NJ. The chop gene contains an element for the positive 
regulation of the mitochondrial unfolded protein response. PloS one. 2007;2(9):e835. 

188. Aldridge JE, Horibe T, Hoogenraad NJ. Discovery of genes activated by the 
mitochondrial unfolded protein response (mtUPR) and cognate promoter elements. PloS one. 
2007;2(9):e874. 

189. Ubeda M, Habener JF. CHOP gene expression in response to endoplasmic-reticular 
stress requires NFY interaction with different domains of a conserved DNA-binding element. 
Nucleic Acids Res. 2000;28(24):4987-97. 

190. Rath E, Berger E, Messlik A, Nunes T, Liu B, Kim SC, et al. Induction of dsRNA-activated 
protein kinase links mitochondrial unfolded protein response to the pathogenesis of intestinal 
inflammation. Gut. 2012;61(9):1269-78. 

191. Cao SS, Wang M, Harrington JC, Chuang BM, Eckmann L, Kaufman RJ. Phosphorylation 
of eIF2α is dispensable for differentiation but required at a posttranscriptional level for 
paneth cell function and intestinal homeostasis in mice. Inflamm Bowel Dis. 2014;20(4):712-
22. 

192. Ungaro R, Mehandru S, Allen PB, Peyrin-Biroulet L, Colombel JF. Ulcerative colitis. 
Lancet (London, England). 2017;389(10080):1756-70. 

193. Danese S, Fiocchi C. Ulcerative colitis. The New England journal of medicine. 
2011;365(18):1713-25. 

194. Punchard NA, Greenfield SM, Thompson RP. Mechanism of action of 5-arninosalicylic 
acid. Mediators of inflammation. 1992;1(3):151-65. 

195. Puckett Y, Gabbar A, Bokhari AA. Prednisone.  StatPearls. Treasure Island (FL): 
StatPearls Publishing 

Copyright © 2021, StatPearls Publishing LLC.; 2021. 

196. Mishra R, Dhawan P, Srivastava AS, Singh AB. Inflammatory bowel disease: 
Therapeutic limitations and prospective of the stem cell therapy. World journal of stem cells. 
2020;12(10):1050-66. 

197. Patel H, Barr A, Jeejeebhoy KN. Renal effects of long-term treatment with 5-
aminosalicylic acid. Canadian journal of gastroenterology = Journal canadien de 
gastroenterologie. 2009;23(3):170-6. 



 
168 

198. Pugliese D, Aratari A, Festa S, Ferraro PM, Monterubbianesi R, Guidi L, et al. Sustained 
Clinical Efficacy and Mucosal Healing of Thiopurine Maintenance Treatment in Ulcerative 
Colitis: A Real-Life Study. Gastroenterol Res Pract. 2018;2018:4195968. 

199. Frei P, Biedermann L, Nielsen OH, Rogler G. Use of thiopurines in inflammatory bowel 
disease. World journal of gastroenterology. 2013;19(7):1040-8. 

200. Triantafillidis JK, Merikas E, Georgopoulos F. Current and emerging drugs for the 
treatment of inflammatory bowel disease. Drug design, development and therapy. 
2011;5:185-210. 

201. Rogler G, Andus T. Cytokines in inflammatory bowel disease. World journal of surgery. 
1998;22(4):382-9. 

202. Nielsen OH, Ainsworth MA. Tumor necrosis factor inhibitors for inflammatory bowel 
disease. The New England journal of medicine. 2013;369(8):754-62. 

203. Ferrante M, Vermeire S, Fidder H, Schnitzler F, Noman M, Van Assche G, et al. Long-
term outcome after infliximab for refractory ulcerative colitis. Journal of Crohn's & colitis. 
2008;2(3):219-25. 

204. Sands BE, Sandborn WJ, Panaccione R, O’Brien CD, Zhang H, Johanns J, et al. 
Ustekinumab as Induction and Maintenance Therapy for Ulcerative Colitis. New England 
Journal of Medicine. 2019;381(13):1201-14. 

205. Forman HJ, Davies KJ, Ursini F. How do nutritional antioxidants really work: 
nucleophilic tone and para-hormesis versus free radical scavenging in vivo. Free radical 
biology & medicine. 2014;66:24-35. 

206. Romier B, Schneider YJ, Larondelle Y, During A. Dietary polyphenols can modulate the 
intestinal inflammatory response. Nutrition reviews. 2009;67(7):363-78. 

207. Pandurangan AK, Mohebali N, Esa NM, Looi CY, Ismail S, Saadatdoust Z. Gallic acid 
suppresses inflammation in dextran sodium sulfate-induced colitis in mice: Possible 
mechanisms. International immunopharmacology. 2015;28(2):1034-43. 

208. Dong Y, Hou Q, Lei J, Wolf PG, Ayansola H, Zhang B. Quercetin Alleviates Intestinal 
Oxidative Damage Induced by H(2)O(2) via Modulation of GSH: In Vitro Screening and In Vivo 
Evaluation in a Colitis Model of Mice. ACS Omega. 2020;5(14):8334-46. 

209. Arafa HM, Hemeida RA, El-Bahrawy AI, Hamada FM. Prophylactic role of curcumin in 
dextran sulfate sodium (DSS)-induced ulcerative colitis murine model. Food and chemical 
toxicology : an international journal published for the British Industrial Biological Research 
Association. 2009;47(6):1311-7. 

210. Martín AR, Villegas I, Sánchez-Hidalgo M, de la Lastra CA. The effects of resveratrol, a 
phytoalexin derived from red wines, on chronic inflammation induced in an experimentally 
induced colitis model. British journal of pharmacology. 2006;147(8):873-85. 

211. Yildiz G, Yildiz Y, Ulutas PA, Yaylali A, Ural M. Resveratrol Pretreatment Ameliorates 
TNBS Colitis in Rats. Recent Pat Endocr Metab Immune Drug Discov. 2015;9(2):134-40. 

212. Topcu-Tarladacalisir Y, Akpolat M, Uz YH, Kizilay G, Sapmaz-Metin M, Cerkezkayabekir 
A, et al. Effects of curcumin on apoptosis and oxidoinflammatory regulation in a rat model of 



 
169 

acetic acid-induced colitis: the roles of c-Jun N-terminal kinase and p38 mitogen-activated 
protein kinase. Journal of medicinal food. 2013;16(4):296-305. 

213. Gong Z, Zhao S, Zhou J, Yan J, Wang L, Du X, et al. Curcumin alleviates DSS-induced 
colitis via inhibiting NLRP3 inflammsome activation and IL-1β production. Mol Immunol. 
2018;104:11-9. 

214. Cheng H, Xia B, Guo Q, Zhang L, Wang F, Jiang L, et al. Sinomenine attenuates 2, 4, 6-
trinitrobenzene sulfonic acid-induced colitis in mice. International immunopharmacology. 
2007;7(5):604-11. 

215. Arab HH, Salama SA, Eid AH, Omar HA, Arafa el SA, Maghrabi IA. Camel's milk 
ameliorates TNBS-induced colitis in rats via downregulation of inflammatory cytokines and 
oxidative stress. Food and chemical toxicology : an international journal published for the 
British Industrial Biological Research Association. 2014;69:294-302. 

216. Bitiren M, Karakilcik AZ, Zerin M, Ozardali I, Selek S, Nazligül Y, et al. Protective effects 
of selenium and vitamin E combination on experimental colitis in blood plasma and colon of 
rats. Biological trace element research. 2010;136(1):87-95. 

217. Amaretti A, di Nunzio M, Pompei A, Raimondi S, Rossi M, Bordoni A. Antioxidant 
properties of potentially probiotic bacteria: in vitro and in vivo activities. Applied microbiology 
and biotechnology. 2013;97(2):809-17. 

218. Lopez J, Grinspan A. Fecal Microbiota Transplantation for Inflammatory Bowel 
Disease. Gastroenterol Hepatol (N Y). 2016;12(6):374-9. 

219. Amrouche-Mekkioui I, Djerdjouri B. N-acetylcysteine improves redox status, 
mitochondrial dysfunction, mucin-depleted crypts and epithelial hyperplasia in dextran 
sulfate sodium-induced oxidative colitis in mice. European journal of pharmacology. 
2012;691(1-3):209-17. 

220. You Y, Fu JJ, Meng J, Huang GD, Liu YH. Effect of N-acetylcysteine on the murine model 
of colitis induced by dextran sodium sulfate through up-regulating PON1 activity. Digestive 
diseases and sciences. 2009;54(8):1643-50. 

221. Arab HH, Al-Shorbagy MY, Abdallah DM, Nassar NN. Telmisartan attenuates colon 
inflammation, oxidative perturbations and apoptosis in a rat model of experimental 
inflammatory bowel disease. PloS one. 2014;9(5):e97193. 

222. Maheshwari RA, Balaraman R, Sailor GU, Sen DB. Protective effect of simvastatin and 
rosuvastatin on trinitrobenzene sulfonic acid-induced colitis in rats. Indian J Pharmacol. 
2015;47(1):17-21. 

223. Ju S, Ge Y, Li P, Tian X, Wang H, Zheng X, et al. Dietary quercetin ameliorates 
experimental colitis in mouse by remodeling the function of colonic macrophages via a heme 
oxygenase-1-dependent pathway. Cell Cycle. 2018;17(1):53-63. 

224. Şengül N, Işık S, Aslım B, Uçar G, Demirbağ AE. The Effect of Exopolysaccharide-
Producing Probiotic Strains on Gut Oxidative Damage in Experimental Colitis. Digestive 
diseases and sciences. 2011;56(3):707-14. 



 
170 

225. Hou CL, Zhang J, Liu XT, Liu H, Zeng XF, Qiao SY. Superoxide dismutase recombinant 
Lactobacillus fermentum ameliorates intestinal oxidative stress through inhibiting NF-κB 
activation in a trinitrobenzene sulphonic acid-induced colitis mouse model. Journal of applied 
microbiology. 2014;116(6):1621-31. 

226. Suskind DL, Wahbeh G, Burpee T, Cohen M, Christie D, Weber W. Tolerability of 
curcumin in pediatric inflammatory bowel disease: a forced-dose titration study. Journal of 
pediatric gastroenterology and nutrition. 2013;56(3):277-9. 

227. Holt PR, Katz S, Kirshoff R. Curcumin therapy in inflammatory bowel disease: a pilot 
study. Digestive diseases and sciences. 2005;50(11):2191-3. 

228. Lang A, Salomon N, Wu JC, Kopylov U, Lahat A, Har-Noy O, et al. Curcumin in 
Combination With Mesalamine Induces Remission in Patients With Mild-to-Moderate 
Ulcerative Colitis in a Randomized Controlled Trial. Clinical gastroenterology and hepatology 
: the official clinical practice journal of the American Gastroenterological Association. 
2015;13(8):1444-9.e1. 

229. Samsami-Kor M, Daryani NE, Asl PR, Hekmatdoost A. Anti-Inflammatory Effects of 
Resveratrol in Patients with Ulcerative Colitis: A Randomized, Double-Blind, Placebo-
controlled Pilot Study. Archives of medical research. 2015;46(4):280-5. 

230. Guijarro LG, Mate J, Gisbert JP, Perez-Calle JL, Marin-Jimenez I, Arriaza E, et al. N-
acetyl-L-cysteine combined with mesalamine in the treatment of ulcerative colitis: 
randomized, placebo-controlled pilot study. World journal of gastroenterology. 
2008;14(18):2851-7. 

231. Barbosa DS, Cecchini R, El Kadri MZ, Rodríguez MA, Burini RC, Dichi I. Decreased 
oxidative stress in patients with ulcerative colitis supplemented with fish oil omega-3 fatty 
acids. Nutrition (Burbank, Los Angeles County, Calif). 2003;19(10):837-42. 

232. Dichi I, Frenhane P, Dichi JB, Correa CR, Angeleli AY, Bicudo MH, et al. Comparison of 
omega-3 fatty acids and sulfasalazine in ulcerative colitis. Nutrition (Burbank, Los Angeles 
County, Calif). 2000;16(2):87-90. 

233. Seidner DL, Lashner BA, Brzezinski A, Banks PL, Goldblum J, Fiocchi C, et al. An oral 
supplement enriched with fish oil, soluble fiber, and antioxidants for corticosteroid sparing in 
ulcerative colitis: a randomized, controlled trial. Clinical gastroenterology and hepatology : 
the official clinical practice journal of the American Gastroenterological Association. 
2005;3(4):358-69. 

234. Singla V, Pratap Mouli V, Garg SK, Rai T, Choudhury BN, Verma P, et al. Induction with 
NCB-02 (curcumin) enema for mild-to-moderate distal ulcerative colitis - a randomized, 
placebo-controlled, pilot study. Journal of Crohn's & colitis. 2014;8(3):208-14. 

235. Kamali M, Tavakoli H, Khodadoost M, Daghaghzadeh H, Kamalinejad M, Gachkar L, et 
al. Efficacy of the Punica granatum peels aqueous extract for symptom management in 
ulcerative colitis patients. A randomized, placebo-controlled, clinical trial. Complementary 
therapies in clinical practice. 2015;21(3):141-6. 



 
171 

236. Erichsen K, Ulvik RJ, Nysaeter G, Johansen J, Ostborg J, Berstad A, et al. Oral ferrous 
fumarate or intravenous iron sucrose for patients with inflammatory bowel disease. 
Scandinavian journal of gastroenterology. 2005;40(9):1058-65. 

237. Järnerot, Ström, Danielsson, Kilander, Lööf, Hultcrantz, et al. Allopurinol in addition to 
5-aminosalicylic acid based drugs for the maintenance treatment of ulcerative colitis. 
Alimentary Pharmacology & Therapeutics. 2000;14(9):1159-62. 

238. Seinen ML, de Boer NK, Smid K, van Asseldonk DP, Bouma G, van Bodegraven AA, et 
al. Allopurinol enhances the activity of hypoxanthine-guanine phosphoribosyltransferase in 
inflammatory bowel disease patients during low-dose thiopurine therapy: preliminary data of 
an ongoing series. Nucleosides, nucleotides & nucleic acids. 2011;30(12):1085-90. 

239. M. Joelsson MATBKGTHHJIMYRRSBöTö. Allopurinol as Prophylaxis Against Pouchitis 
Following Ileal Pouch-Anal Anastomosis for Ulcerative Colitis: A Randomized Placebo-
controlled Double-blind Study. Scandinavian journal of gastroenterology.36(11):1179-84. 

240. Fernández-Bañares F, Hinojosa J, Sánchez-Lombraña JL, Navarro E, Martínez-Salmerón 
JF, García-Pugés A, et al. Randomized clinical trial of Plantago ovata seeds (dietary fiber) as 
compared with mesalamine in maintaining remission in ulcerative colitis. Spanish Group for 
the Study of Crohn's Disease and Ulcerative Colitis (GETECCU). The American journal of 
gastroenterology. 1999;94(2):427-33. 

241. Dryden GW, Lam A, Beatty K, Qazzaz HH, McClain CJ. A pilot study to evaluate the 
safety and efficacy of an oral dose of (-)-epigallocatechin-3-gallate-rich polyphenon E in 
patients with mild to moderate ulcerative colitis. Inflamm Bowel Dis. 2013;19(9):1904-12. 

242. Almallah YZ, Ewen SW, El-Tahir A, Mowat NA, Brunt PW, Sinclair TS, et al. Distal 
proctocolitis and n-3 polyunsaturated fatty acids (n-3 PUFAs): the mucosal effect in situ. 
Journal of clinical immunology. 2000;20(1):68-76. 

243. Langmead L, Feakins RM, Goldthorpe S, Holt H, Tsironi E, De Silva A, et al. Randomized, 
double-blind, placebo-controlled trial of oral aloe vera gel for active ulcerative colitis. 
Alimentary Pharmacology & Therapeutics. 2004;19(7):739-47. 

244. Karimi S, Tabataba-vakili S, Yari Z, Alborzi F, Hedayati M, Ebrahimi-Daryani N, et al. The 
effects of two vitamin D regimens on ulcerative colitis activity index, quality of life and 
oxidant/anti-oxidant status. Nutrition Journal. 2019;18(1):16. 

245. Mancini NL, Goudie L, Xu W, Sabouny R, Rajeev S, Wang A, et al. Perturbed 
Mitochondrial Dynamics Is a Novel Feature of Colitis That Can Be Targeted to Lessen Disease. 
Cellular and Molecular Gastroenterology and Hepatology. 2020;10(2):287-307. 

246. Thomson RH. Distribution of naturally occurring quinones. Pharmaceutisch weekblad 
Scientific edition. 1991;13(2):70-3. 

247. O'Brien PJ. Molecular mechanisms of quinone cytotoxicity. Chemico-biological 
interactions. 1991;80(1):1-41. 

248. Monks TJ, Hanzlik RP, Cohen GM, Ross D, Graham DG. Quinone chemistry and toxicity. 
Toxicology and applied pharmacology. 1992;112(1):2-16. 



 
172 

249. Holtz KM, Rockwell S, Tomasz M, Sartorelli AC. Nuclear overexpression of 
NADH:cytochrome b5 reductase activity increases the cytotoxicity of mitomycin C (MC) and 
the total number of MC-DNA adducts in Chinese hamster ovary cells. The Journal of biological 
chemistry. 2003;278(7):5029-34. 

250. Yan C, Kepa JK, Siegel D, Stratford IJ, Ross D. Dissecting the role of multiple reductases 
in bioactivation and cytotoxicity of the antitumor agent 2,5-diaziridinyl-3-(hydroxymethyl)-6-
methyl-1,4-benzoquinone (RH1). Mol Pharmacol. 2008;74(6):1657-65. 

251. Bailey SM, Lewis AD, Patterson LH, Fisher GR, Knox RJ, Workman P. Involvement of 
NADPH: cytochrome P450 reductase in the activation of indoloquinone EO9 to free radical 
and DNA damaging species. Biochemical pharmacology. 2001;62(4):461-8. 

252. Kostrzewa-Nowak D, Paine MJ, Wolf CR, Tarasiuk J. The role of bioreductive activation 
of doxorubicin in cytotoxic activity against leukaemia HL60-sensitive cell line and its 
multidrug-resistant sublines. British journal of cancer. 2005;93(1):89-97. 

253. Siegel D, Ross D. Immunodetection of NAD(P)H:quinone oxidoreductase 1 (NQO1) in 
human tissues11This work is dedicated to the memory of Professor Lars Ernster, who 
provided us with enthusiastic support, scientific insight, and constant encouragement in our 
many interactions. Free Radical Biology and Medicine. 2000;29(3):246-53. 

254. Dinkova-Kostova AT, Talalay P. NAD(P)H:quinone acceptor oxidoreductase 1 (NQO1), 
a multifunctional antioxidant enzyme and exceptionally versatile cytoprotector. Archives of 
biochemistry and biophysics. 2010;501(1):116-23. 

255. Cadenas E. Antioxidant and prooxidant functions of DT-diaphorase in quinone 
metabolism. Biochemical pharmacology. 1995;49(2):127-40. 

256. Nioi P, Hayes JD. Contribution of NAD(P)H:quinone oxidoreductase 1 to protection 
against carcinogenesis, and regulation of its gene by the Nrf2 basic-region leucine zipper and 
the arylhydrocarbon receptor basic helix-loop-helix transcription factors. Mutation research. 
2004;555(1-2):149-71. 

257. Long DJ, 2nd, Jaiswal AK. NRH:quinone oxidoreductase2 (NQO2). Chemico-biological 
interactions. 2000;129(1-2):99-112. 

258. Colucci MA, Moody CJ, Couch GD. Natural and synthetic quinones and their reduction 
by the quinone reductase enzyme NQO1: from synthetic organic chemistry to compounds 
with anticancer potential. Organic & biomolecular chemistry. 2008;6(4):637-56. 

259. Pink JJ, Planchon SM, Tagliarino C, Varnes ME, Siegel D, Boothman DA. 
NAD(P)H:Quinone oxidoreductase activity is the principal determinant of beta-lapachone 
cytotoxicity. The Journal of biological chemistry. 2000;275(8):5416-24. 

260. Adikesavan AK, Barrios R, Jaiswal AK. In vivo role of NAD(P)H:quinone oxidoreductase 
1 in metabolic activation of mitomycin C and bone marrow cytotoxicity. Cancer research. 
2007;67(17):7966-71. 

261. Kennedy KA, Rockwell S, Sartorelli AC. Preferential activation of mitomycin C to 
cytotoxic metabolites by hypoxic tumor cells. Cancer research. 1980;40(7):2356-60. 



 
173 

262. Ross D, Siegel D. Functions of NQO1 in Cellular Protection and CoQ10 Metabolism and 
its Potential Role as a Redox Sensitive Molecular Switch. Frontiers in Physiology. 2017;8(595). 

263. Siegel D, Bolton EM, Burr JA, Liebler DC, Ross D. The reduction of alpha-
tocopherolquinone by human NAD(P)H: quinone oxidoreductase: the role of alpha-
tocopherolhydroquinone as a cellular antioxidant. Mol Pharmacol. 1997;52(2):300-5. 

264. Zhu H, Jia Z, Mahaney JE, Ross D, Misra HP, Trush MA, et al. The highly expressed and 
inducible endogenous NAD(P)H:quinone oxidoreductase 1 in cardiovascular cells acts as a 
potential superoxide scavenger. Cardiovascular toxicology. 2007;7(3):202-11. 

265. Crane FL. Biochemical functions of coenzyme Q10. Journal of the American College of 
Nutrition. 2001;20(6):591-8. 

266. Santhanam S, Rajamanickam S, Motamarry A, Ramakrishna BS, Amirtharaj JG, 
Ramachandran A, et al. Mitochondrial electron transport chain complex dysfunction in the 
colonic mucosa in ulcerative colitis. Inflamm Bowel Dis. 2012;18(11):2158-68. 

267. Gangwar R, Meena AS, Shukla PK, Nagaraja AS, Dorniak PL, Pallikuth S, et al. Calcium-
mediated oxidative stress: a common mechanism in tight junction disruption by different 
types of cellular stress. The Biochemical journal. 2017;474(5):731-49. 

268. Lopes F, Keita Å V, Saxena A, Reyes JL, Mancini NL, Al Rajabi A, et al. ER-stress 
mobilization of death-associated protein kinase-1-dependent xenophagy counteracts 
mitochondria stress-induced epithelial barrier dysfunction. The Journal of biological 
chemistry. 2018;293(9):3073-87. 

269. Geromel V, Darin N, Chrétien D, Bénit P, DeLonlay P, Rötig A, et al. Coenzyme Q(10) 
and idebenone in the therapy of respiratory chain diseases: rationale and comparative 
benefits. Molecular genetics and metabolism. 2002;77(1-2):21-30. 

270. Suno M, Nagaoka A. Inhibition of Lipid Peroxidation by a Novel Compound, Idebenone 
(CV-2619). The Japanese Journal of Pharmacology. 1984;35(2):196-8. 

271. Gueven N, Woolley K, Smith J. Border between natural product and drug: comparison 
of the related benzoquinones idebenone and coenzyme Q10. Redox biology. 2015;4:289-95. 

272. Bodmer M, Vankan P, Dreier M, Kutz KW, Drewe J. Pharmacokinetics and metabolism 
of idebenone in healthy male subjects. European Journal of Clinical Pharmacology. 
2009;65(5):493. 

273. Nagai Y, Yoshida K, Narumi S, Tanayama S, Nagaoka A. Brain distribution of idebenone 
and its effect on local cerebral glucose utilization in rats. Archives of Gerontology and 
Geriatrics. 1989;8(3):257-72. 

274. Torii H, Yoshida K, Kobayashi T, Tsukamoto T, Tanayama S. Disposition of idebenone 
(CV-2619), a new cerebral metabolism improving agent, in rats and dogs. Journal of 
pharmacobio-dynamics. 1985;8(6):457-67. 

275. Giorgio V, Schiavone M, Galber C, Carini M, Da Ros T, Petronilli V, et al. The idebenone 
metabolite QS10 restores electron transfer in complex I and coenzyme Q defects. Biochimica 
et biophysica acta Bioenergetics. 2018;1859(9):901-8. 



 
174 

276. Haefeli RH, Erb M, Gemperli AC, Robay D, Courdier Fruh I, Anklin C, et al. NQO1-
dependent redox cycling of idebenone: effects on cellular redox potential and energy levels. 
PloS one. 2011;6(3):e17963. 

277. Gueven N, Faldu D. Idebenone treatment in Leber's hereditary optic neuropathy: 
rationale and efficacy. Expert Opinion on Orphan Drugs. 2013;1(4):331-9. 

278. Chapela SP, Burgos HI, Salazar AI, Nievas I, Kriguer N, Stella CA. Biochemical study of 
idebenone effect on mitochondrial metabolism of yeast. Cell Biology International. 
2008;32(1):146-50. 

279. Llewellyn KJ, Nalbandian A, Gomez A, Wei D, Walker N, Kimonis VE. Administration of 
CoQ10 analogue ameliorates dysfunction of the mitochondrial respiratory chain in a mouse 
model of Angelman syndrome. Neurobiology of disease. 2015;76:77-86. 

280. Perry JB, Davis GN, Allen ME, Makrecka-Kuka M, Dambrova M, Grange RW, et al. 
Cardioprotective effects of idebenone do not involve ROS scavenging: Evidence for 
mitochondrial complex I bypass in ischemia/reperfusion injury. Journal of molecular and 
cellular cardiology. 2019;135:160-71. 

281. Sugiyama Y, Fujita T, Matsumoto M, Okamoto K, Imada I. Effects of idebenone (CV-
2619) and its metabolites on respiratory activity and lipid peroxidation in brain mitochondria 
from rats and dogs. Journal of pharmacobio-dynamics. 1985;8(12):1006-17. 

282. King MS, Sharpley MS, Hirst J. Reduction of hydrophilic ubiquinones by the flavin in 
mitochondrial NADH:ubiquinone oxidoreductase (Complex I) and production of reactive 
oxygen species. Biochemistry. 2009;48(9):2053-62. 

283. Esposti MD, Ngo A, Ghelli A, Benelli B, Carelli V, McLennan H, et al. The Interaction of 
Q Analogs, Particularly Hydroxydecyl Benzoquinone (Idebenone), with the Respiratory 
Complexes of Heart Mitochondria. Archives of biochemistry and biophysics. 1996;330(2):395-
400. 

284. Rauchová H, Mrácek T, Novák P, Vokurková M, Soukup T. Glycerol-3-phosphate 
dehydrogenase expression and oxygen consumption in liver mitochondria of female and male 
rats with chronic alteration of thyroid status. Hormone and metabolic research = Hormon- 
und Stoffwechselforschung = Hormones et metabolisme. 2011;43(1):43-7. 

285. Brière JJ, Schlemmer D, Chretien D, Rustin P. Quinone analogues regulate 
mitochondrial substrate competitive oxidation. Biochemical and biophysical research 
communications. 2004;316(4):1138-42. 

286. Lenaz G, Bovina C, D'Aurelio M, Fato R, Formiggini G, Genova ML, et al. Role of 
mitochondria in oxidative stress and aging. Annals of the New York Academy of Sciences. 
2002;959:199-213. 

287. Mordente A, Martorana GE, Minotti G, Giardina B. Antioxidant properties of 2,3-
dimethoxy-5-methyl-6-(10-hydroxydecyl)-1,4-benzoquinone (idebenone). Chemical research 
in toxicology. 1998;11(1):54-63. 

288. Augustyniak J, Lenart J, Zychowicz M, Stepien PP, Buzanska L. Mitochondrial 
biogenesis and neural differentiation of human iPSC is modulated by idebenone in a 
developmental stage-dependent manner. Biogerontology. 2017;18(4):665-77. 



 
175 

289. James AM, Cochemé HM, Smith RA, Murphy MP. Interactions of mitochondria-
targeted and untargeted ubiquinones with the mitochondrial respiratory chain and reactive 
oxygen species. Implications for the use of exogenous ubiquinones as therapies and 
experimental tools. The Journal of biological chemistry. 2005;280(22):21295-312. 

290. Rauchová H, Drahota Z, Bergamini C, Fato R, Lenaz G. Modification of respiratory-chain 
enzyme activities in brown adipose tissue mitochondria by idebenone (hydroxydecyl-
ubiquinone). Journal of bioenergetics and biomembranes. 2008;40(2):85-93. 

291. Jaber S, Polster BM. Idebenone and neuroprotection: antioxidant, pro-oxidant, or 
electron carrier? Journal of bioenergetics and biomembranes. 2015;47(1-2):111-8. 

292. Suno M, Nagaoka A. Inhibition of lipid peroxidation by idebenone in brain 
mitochondria in the presence of succinate. Arch Gerontol Geriatr. 1989;8(3):291-7. 

293. Petrillo S, D'Amico J, La Rosa P, Bertini ES, Piemonte F. Targeting NRF2 for the 
Treatment of Friedreich's Ataxia: A Comparison among Drugs. International journal of 
molecular sciences. 2019;20(20). 

294. Baky NAA, Zaidi ZF, Fatani AJ, Sayed-Ahmed MM, Yaqub H. Nitric oxide pros and cons: 
The role of l-arginine, a nitric oxide precursor, and idebenone, a coenzyme-Q analogue in 
ameliorating cerebral hypoxia in rat. Brain Research Bulletin. 2010;83(1):49-56. 

295. Kiyota Y, Miyamoto M, Nagaoka A. Protective effect of idebenone against hypoxia in 
mice. Archives of Gerontology and Geriatrics. 1989;8(3):241-6. 

296. Ahmed MA. Neuroprotective effects of idebenone against pilocarpine-induced 
seizures: modulation of antioxidant status, DNA damage and Na(+), K (+)-ATPase activity in 
rat hippocampus. Neurochemical research. 2014;39(2):394-402. 

297. Lin P, Liu J, Ren M, Ji K, Li L, Zhang B, et al. Idebenone protects against oxidized low 
density lipoprotein induced mitochondrial dysfunction in vascular endothelial cells via 
GSK3β/β-catenin signalling pathways. Biochemical and biophysical research communications. 
2015;465(3):548-55. 

298. Peng J, Wang H, Gong Z, Li X, He L, Shen Q, et al. Idebenone attenuates cerebral 
inflammatory injury in ischemia and reperfusion via dampening NLRP3 inflammasome 
activity. Molecular Immunology. 2020;123:74-87. 

299. Sadik NAH, El-Boghdady NA, Omar NN, Al-Hamid HA. Esculetin and idebenone 
ameliorate galactose-induced cataract in a rat model. Journal of food biochemistry. 
2020;44(7):e13230. 

300. Fadda LM, Hagar H, Mohamed AM, Ali HM. Quercetin and Idebenone Ameliorate 
Oxidative Stress, Inflammation, DNA damage, and Apoptosis Induced by Titanium Dioxide 
Nanoparticles in Rat Liver. Dose Response. 2018;16(4):1559325818812188-. 

301. Jauslin ML, Vertuani S, Durini E, Buzzoni L, Ciliberti N, Verdecchia S, et al. Protective 
effects of Fe-Aox29, a novel antioxidant derived from a molecular combination of Idebenone 
and vitamin E, in immortalized fibroblasts and fibroblasts from patients with Friedreich Ataxia. 
Molecular and Cellular Biochemistry. 2007;302(1):79-85. 



 
176 

302. Yerushalmi B, Dahl R, Devereaux MW, Gumpricht E, Sokol RJ. Bile acid-induced rat 
hepatocyte apoptosis is inhibited by antioxidants and blockers of the mitochondrial 
permeability transition. Hepatology (Baltimore, Md). 2001;33(3):616-26. 

303. Gumpricht E, Dahl R, Yerushalmi B, Devereaux MW, Sokol RJ. Nitric oxide ameliorates 
hydrophobic bile acid-induced apoptosis in isolated rat hepatocytes by non-mitochondrial 
pathways. The Journal of biological chemistry. 2002;277(28):25823-30. 

304. Di Prospero NA, Sumner CJ, Penzak SR, Ravina B, Fischbeck KH, Taylor JP. Safety, 
tolerability, and pharmacokinetics of high-dose idebenone in patients with Friedreich ataxia. 
Archives of neurology. 2007;64(6):803-8. 

305. Hausse AO, Aggoun Y, Bonnet D, Sidi D, Munnich A, Rötig A, et al. Idebenone and 
reduced cardiac hypertrophy in Friedreich's ataxia. Heart (British Cardiac Society). 
2002;87(4):346-9. 

306. Buyse G, Mertens L, Di Salvo G, Matthijs I, Weidemann F, Eyskens B, et al. Idebenone 
treatment in Friedreich's ataxia: neurological, cardiac, and biochemical monitoring. 
Neurology. 2003;60(10):1679-81. 

307. Schulz JB, Di Prospero NA, Fischbeck K. Clinical experience with high-dose idebenone 
in Friedreich ataxia. J Neurol. 2009;256 Suppl 1(0 1):42-5. 

308. Napolitano A, Salvetti S, Vista M, Lombardi V, Siciliano G, Giraldi C. Long-term 
treatment with idebenone and riboflavin in a patient with MELAS. Neurological sciences : 
official journal of the Italian Neurological Society and of the Italian Society of Clinical 
Neurophysiology. 2000;21(5 Suppl):S981-2. 

309. Haginoya K, Miyabayashi S, Kikuchi M, Kojima A, Yamamoto K, Omura K, et al. Efficacy 
of idebenone for respiratory failure in a patient with Leigh syndrome: a long-term follow-up 
study. Journal of the neurological sciences. 2009;278(1-2):112-4. 

310. Lyseng-Williamson KA. Idebenone: A Review in Leber's Hereditary Optic Neuropathy. 
Drugs. 2016;76(7):805-13. 

311. Gutzmann H, Hadler D. Sustained efficacy and safety of idebenone in the treatment of 
Alzheimer's disease: update on a 2-year double-blind multicentre study. Journal of neural 
transmission Supplementum. 1998;54:301-10. 

312. Gueven N, Ravishankar P, Eri R, Rybalka E. Idebenone: When an antioxidant is not an 
antioxidant. Redox biology. 2021;38:101812. 

313. Yan A, Liu Z, Song L, Wang X, Zhang Y, Wu N, et al. Idebenone Alleviates 
Neuroinflammation and Modulates Microglial Polarization in LPS-Stimulated BV2 Cells and 
MPTP-Induced Parkinson's Disease Mice. Frontiers in cellular neuroscience. 2018;12:529. 

314. Qi FX, Hu Y, Kang LJ, Li P, Gao TC, Zhang X. Effects of Butyphthalide Combined with 
Idebenone on Inflammatory Cytokines and Vascular Endothelial Functions of Patients with 
Vascular Dementia. Journal of the College of Physicians and Surgeons--Pakistan : JCPSP. 
2020;30(1):23-7. 

315. Al-Rasheed NM, Faddah LM, Mohamed AM, Abdel Baky NA, Al-Rasheed NM, 
Mohammad RA. Potential Impact of Quercetin and Idebenone against Immuno- inflammatory 



 
177 

and Oxidative Renal Damage Induced in Rats by Titanium Dioxide Nanoparticles Toxicity. 
Journal of Oleo Science. 2013;62(11):961-71. 

316. McGarry T, Biniecka M, Veale DJ, Fearon U. Hypoxia, oxidative stress and 
inflammation. Free radical biology & medicine. 2018;125:15-24. 

317. Aguilar-López BA, Moreno-Altamirano MMB, Dockrell HM, Duchen MR, Sánchez-
García FJ. Mitochondria: An Integrative Hub Coordinating Circadian Rhythms, Metabolism, 
the Microbiome, and Immunity. Front Cell Dev Biol. 2020;8:51. 

318. Bababeygy SR, Wang MY, Khaderi KR, Sadun AA. Visual improvement with the use of 
idebenone in the treatment of Wolfram syndrome. Journal of neuro-ophthalmology : the 
official journal of the North American Neuro-Ophthalmology Society. 2012;32(4):386-9. 

319. Pallotta MT, Tascini G, Crispoldi R, Orabona C, Mondanelli G, Grohmann U, et al. 
Wolfram syndrome, a rare neurodegenerative disease: from pathogenesis to future 
treatment perspectives. Journal of Translational Medicine. 2019;17(1):238. 

320. Gerhardt E, Gräber S, Szego EM, Moisoi N, Martins LM, Outeiro TF, et al. Idebenone 
and resveratrol extend lifespan and improve motor function of HtrA2 knockout mice. PloS 
one. 2011;6(12):e28855. 

321. Kumagai Y, Shinkai Y, Miura T, Cho AK. The chemical biology of naphthoquinones and 
its environmental implications. Annual review of pharmacology and toxicology. 2012;52:221-
47. 

322. Shilnikova K, Piao MJ, Kang KA, Ryu YS, Park JE, Hyun YJ, et al. Shikonin induces 
mitochondria-mediated apoptosis and attenuates epithelial-mesenchymal transition in 
cisplatin-resistant human ovarian cancer cells. Oncol Lett. 2018;15(4):5417-24. 

323. Shindo S, Hosokawa Y, Hosokawa I, Ozaki K, Matsuo T. Shikonin Inhibits Inflammatory 
Cytokine Production in Human Periodontal Ligament Cells. Inflammation. 2016;39(3):1124-9. 

324. Liao P-L, Lin C-H, Li C-H, Tsai C-H, Ho J-D, Chiou GCY, et al. Anti-inflammatory 
properties of shikonin contribute to improved early-stage diabetic retinopathy. Scientific 
reports. 2017;7(1):44985. 

325. Andújar I, Ríos JL, Giner RM, Miguel Cerdá J, Recio MDC. Beneficial effect of shikonin 
on experimental colitis induced by dextran sulfate sodium in BALB/c mice. Evid Based 
Complement Alternat Med. 2012;2012:271606-. 

326. Li J, Wang H, Rosenberg PA. Vitamin K prevents oxidative cell death by inhibiting 
activation of 12-lipoxygenase in developing oligodendrocytes. J Neurosci Res. 
2009;87(9):1997-2005. 

327. Duan F, Yu Y, Guan R, Xu Z, Liang H, Hong L. Vitamin K2 Induces Mitochondria-Related 
Apoptosis in Human Bladder Cancer Cells via ROS and JNK/p38 MAPK Signal Pathways. PloS 
one. 2016;11(8):e0161886-e. 

328. Shiraishi E, Iijima H, Shinzaki S, Nakajima S, Inoue T, Hiyama S, et al. Vitamin K 
deficiency leads to exacerbation of murine dextran sulfate sodium-induced colitis. Journal of 
gastroenterology. 2016;51(4):346-56. 



 
178 

329. Vos M, Esposito G, Edirisinghe JN, Vilain S, Haddad DM, Slabbaert JR, et al. Vitamin K2 
is a mitochondrial electron carrier that rescues pink1 deficiency. Science (New York, NY). 
2012;336(6086):1306-10. 

330. Woolley KL, Nadikudi M, Koupaei MN, Corban M, McCartney P, Bissember AC, et al. 
Amide linked redox-active naphthoquinones for the treatment of mitochondrial dysfunction. 
MedChemComm. 2019;10(3):399-412. 

331. Feng Z, Sedeeq M, Daniel A, Corban M, Woolley KL, Condie R, et al. Comparative In 
Vitro Toxicology of Novel Cytoprotective Short-Chain Naphthoquinones. Pharmaceuticals 
(Basel, Switzerland). 2020;13(8). 

332. Feng Z, Smith JA, Gueven N, Quirino JP. Metabolic Stability of New Mito-Protective 
Short-Chain Naphthoquinones. Pharmaceuticals (Basel, Switzerland). 2020;13(2). 

333. Daniel A, Premilovac D, Foa L, Feng Z, Shah K, Zhang Q, et al. Novel Short-Chain 
Quinones to Treat Vision Loss in a Rat Model of Diabetic Retinopathy. International journal of 
molecular sciences. 2021;22(3):1016. 

334. Escribano-Lopez I, Diaz-Morales N, Rovira-Llopis S, de Marañon AM, Orden S, Alvarez 
A, et al. The mitochondria-targeted antioxidant MitoQ modulates oxidative stress, 
inflammation and leukocyte-endothelium interactions in leukocytes isolated from type 2 
diabetic patients. Redox biology. 2016;10:200-5. 

335. Supinski GS, Murphy MP, Callahan LA. MitoQ administration prevents endotoxin-
induced cardiac dysfunction. American journal of physiology Regulatory, integrative and 
comparative physiology. 2009;297(4):R1095-102. 

336. Lowes DA, Thottakam BM, Webster NR, Murphy MP, Galley HF. The mitochondria-
targeted antioxidant MitoQ protects against organ damage in a lipopolysaccharide-
peptidoglycan model of sepsis. Free radical biology & medicine. 2008;45(11):1559-65. 

337. Snow BJ, Rolfe FL, Lockhart MM, Frampton CM, O'Sullivan JD, Fung V, et al. A double-
blind, placebo-controlled study to assess the mitochondria-targeted antioxidant MitoQ as a 
disease-modifying therapy in Parkinson's disease. Movement disorders : official journal of the 
Movement Disorder Society. 2010;25(11):1670-4. 

338. Gane EJ, Weilert F, Orr DW, Keogh GF, Gibson M, Lockhart MM, et al. The 
mitochondria-targeted anti-oxidant mitoquinone decreases liver damage in a phase II study 
of hepatitis C patients. Liver international : official journal of the International Association for 
the Study of the Liver. 2010;30(7):1019-26. 

339. Sandur SK, Ichikawa H, Sethi G, Ahn KS, Aggarwal BB. Plumbagin (5-hydroxy-2-methyl-
1,4-naphthoquinone) suppresses NF-kappaB activation and NF-kappaB-regulated gene 
products through modulation of p65 and IkappaBalpha kinase activation, leading to 
potentiation of apoptosis induced by cytokine and chemotherapeutic agents. The Journal of 
biological chemistry. 2006;281(25):17023-33. 

340. Pile JE, Navalta JW, Davis CD, Sharma NC. Interventional effects of plumbagin on 
experimental ulcerative colitis in mice. J Nat Prod. 2013;76(6):1001-6. 



 
179 

341. Lu L, Qin A, Huang H, Zhou P, Zhang C, Liu N, et al. Shikonin extracted from medicinal 
Chinese herbs exerts anti-inflammatory effect via proteasome inhibition. European journal of 
pharmacology. 2011;658(2-3):242-7. 

342. Sun W, Han H, Wang Z, Wen Z, Yang M, Wang Y, et al. Natural naphthoquinones 
isolated from <em>Lithospermum erythrorhizon</em> suppress dextran sulfate sodium-
induced murine experimental colitis. bioRxiv. 2019:830224. 

343. He Y, Li Q, Su M, Huang W, Zhu B. Acetylshikonin from Zicao exerts antifertility effects 
at high dose in rats by suppressing the secretion of GTH. Biochemical and biophysical research 
communications. 2016;476(4):560-5. 

344. Figat R, Zgadzaj A, Geschke S, Sieczka P, Pietrosiuk A, Sommer S, et al. Cytotoxicity and 
antigenotoxicity evaluation of acetylshikonin and shikonin. Drug and Chemical Toxicology. 
2021;44(2):140-7. 

345. Zhang Z-L, Fan H-Y, Yang M-Y, Zhang Z-K, Liu K. Therapeutic effect of a 
hydroxynaphthoquinone fraction on dextran sulfate sodium-induced ulcerative colitis. World 
journal of gastroenterology. 2014;20(41):15310-8. 

346. Nebert DW, Roe AL, Vandale SE, Bingham E, Oakley GG. NAD(P)H:quinone 
oxidoreductase (NQO1) polymorphism, exposure to benzene, and predisposition to disease: 
A HuGE review. Genetics in Medicine. 2002;4(2):62-70. 

347. Perše M, Cerar A. Dextran sodium sulphate colitis mouse model: traps and tricks. 
Biomed Res Int. 2012;2012. 

348. Gillis JC, Benefield P, McTavish D. Idebenone. A review of its pharmacodynamic and 
pharmacokinetic properties, and therapeutic use in age-related cognitive disorders. Drugs & 
aging. 1994;5(2):133-52. 

349. Barbosa DS, Cecchini R, El Kadri MZ, Rodriguez MA, Burini RC, Dichi I. Decreased 
oxidative stress in patients with ulcerative colitis supplemented with fish oil omega-3 fatty 
acids. Nutrition (Burbank, Los Angeles County, Calif). 2003;19(10):837-42. 

350. Biasi F, Leonarduzzi G, Oteiza PI, Poli G. Inflammatory bowel disease: mechanisms, 
redox considerations, and therapeutic targets. Antioxidants & redox signaling. 
2013;19(14):1711-47. 

351. Wirtz S, Neufert C, Weigmann B, Neurath MF. Chemically induced mouse models of 
intestinal inflammation. Nature protocols. 2007;2(3):541-6. 

352. Sann H, Erichsen J, Hessmann M, Pahl A, Hoffmeyer A. Efficacy of drugs used in the 
treatment of IBD and combinations thereof in acute DSS-induced colitis in mice. Life sciences. 
2013;92(12):708-18. 

353. Chiou YS, Ma NJ, Sang S, Ho CT, Wang YJ, Pan MH. Peracetylated (-)-epigallocatechin-
3-gallate (AcEGCG) potently suppresses dextran sulfate sodium-induced colitis and colon 
tumorigenesis in mice. Journal of agricultural and food chemistry. 2012;60(13):3441-51. 

354. Sanchez-Fidalgo S, Cardeno A, Sanchez-Hidalgo M, Aparicio-Soto M, de la Lastra CA. 
Dietary extra virgin olive oil polyphenols supplementation modulates DSS-induced chronic 
colitis in mice. The Journal of nutritional biochemistry. 2013;24(7):1401-13. 



 
180 

355. Holma R, Salmenpera P, Virtanen I, Vapaatalo H, Korpela R. Prophylactic potential of 
montelukast against mild colitis induced by dextran sulphate sodium in rats. Journal of 
physiology and pharmacology : an official journal of the Polish Physiological Society. 
2007;58(3):455-67. 

356. Okayasu I, Hatakeyama S, Yamada M, Ohkusa T, Inagaki Y, Nakaya R. A novel method 
in the induction of reliable experimental acute and chronic ulcerative colitis in mice. 
Gastroenterology. 1990;98(3):694-702. 

357. Chassaing B, Aitken JD, Malleshappa M, Vijay-Kumar M. Dextran sulfate sodium (DSS)-
induced colitis in mice. Curr Protoc Immunol. 2014;104:Unit-15.25. 

358. Poritz LS, Garver KI, Green C, Fitzpatrick L, Ruggiero F, Koltun WA. Loss of the tight 
junction protein ZO-1 in dextran sulfate sodium induced colitis. The Journal of surgical 
research. 2007;140(1):12-9. 

359. Perse M, Cerar A. Dextran sodium sulphate colitis mouse model: traps and tricks. 
Journal of biomedicine & biotechnology. 2012;2012:718617. 

360. Kyoko OO, Kono H, Ishimaru K, Miyake K, Kubota T, Ogawa H, et al. Expressions of tight 
junction proteins Occludin and Claudin-1 are under the circadian control in the mouse large 
intestine: implications in intestinal permeability and susceptibility to colitis. PloS one. 
2014;9(5):e98016. 

361. Tokoi S, Ohkusa T, Okayasu I, Nakamura K. Population changes in immunoglobulin-
containing mononuclear cells in dextran sulfate sodium-induced coltitis. Journal of 
gastroenterology. 1996;31(2):182-8. 

362. Li YH, Adam R, Colombel JF, Bian ZX. A characterization of pro-inflammatory cytokines 
in dextran sulfate sodium-induced chronic relapsing colitis mice model. International 
immunopharmacology. 2018;60:194-201. 

363. Damiani CR, Benetton CAF, Stoffel C, Bardini KC, Cardoso VH, Di Giunta G, et al. 
Oxidative stress and metabolism in animal model of colitis induced by dextran sulfate sodium. 
Journal of gastroenterology and hepatology. 2007;22(11):1846-51. 

364. Li Y, Shen L, Luo H. Luteolin ameliorates dextran sulfate sodium-induced colitis in mice 
possibly through activation of the Nrf2 signaling pathway. International 
immunopharmacology. 2016;40:24-31. 

365. Beaugerie L, Brousse N, Bouvier AM, Colombel JF, Lémann M, Cosnes J, et al. 
Lymphoproliferative disorders in patients receiving thiopurines for inflammatory bowel 
disease: a prospective observational cohort study. The Lancet. 2009;374(9701):1617-25. 

366. Faubion WA, Loftus EV, Harmsen WS, Zinsmeister AR, Sandborn WJ. The natural 
history of corticosteroid therapy for inflammatory bowel disease: A population-based study. 
Gastroenterology. 2001;121(2):255-60. 

367. Govani SM, Higgins PDR. Combination of thiopurines and allopurinol: Adverse events 
and clinical benefit in IBD ☆. Journal of Crohn's and Colitis. 2010;4(4):444-9. 

368. Stallmach A, Hagel S, Bruns T. Adverse effects of biologics used for treating IBD. Best 
Practice & Research Clinical Gastroenterology. 2010;24(2):167-82. 



 
181 

369. Briere JJ, Schlemmer D, Chretien D, Rustin P. Quinone analogues regulate 
mitochondrial substrate competitive oxidation. Biochemical and biophysical research 
communications. 2004;316(4):1138-42. 

370. Becker C, Bray-French K, Drewe J. Pharmacokinetic evaluation of idebenone. Expert 
Opinion on Drug Metabolism & Toxicology. 2010;6(11):1437-44. 

371. Dashdorj A, KR J, Lim S, Jo A, Nguyen MN, Ha J, et al. Mitochondria-targeted 
antioxidant MitoQ ameliorates experimental mouse colitis by suppressing NLRP3 
inflammasome-mediated inflammatory cytokines. BMC medicine. 2013;11(1):178. 

372. Yan A, Liu Z, Song L, Wang X, Zhang Y, Wu N, et al. Idebenone Alleviates 
Neuroinflammation and Modulates Microglial Polarization in LPS-Stimulated BV2 Cells and 
MPTP-Induced Parkinson’s Disease Mice. Frontiers in cellular neuroscience. 2019;12(529). 

373. Muscoli C, Fresta M, Cardile V, Palumbo M, Renis M, Puglisi G, et al. Ethanol-induced 
injury in rat primary cortical astrocytes involves oxidative stress: effect of idebenone. 
Neuroscience letters. 2002;329(1):21-4. 

374. Di Prospero NA, Baker A, Jeffries N, Fischbeck KH. Neurological effects of high-dose 
idebenone in patients with Friedreich's ataxia: a randomised, placebo-controlled trial. The 
Lancet Neurology. 2007;6(10):878-86. 

375. Yamada K, Tanaka T, Han D, Senzaki K, Kameyama T, Nabeshima T. Protective effects 
of idebenone and alpha-tocopherol on beta-amyloid-(1-42)-induced learning and memory 
deficits in rats: implication of oxidative stress in beta-amyloid-induced neurotoxicity in vivo. 
The European journal of neuroscience. 1999;11(1):83-90. 

376. Miyamoto M, Coyle JT. Idebenone attenuates neuronal degeneration induced by 
intrastriatal injection of excitotoxins. Experimental neurology. 1990;108(1):38-45. 

377. Giorgio V, Petronilli V, Ghelli A, Carelli V, Rugolo M, Lenaz G, et al. The effects of 
idebenone on mitochondrial bioenergetics. Biochimica et Biophysica Acta (BBA) - 
Bioenergetics. 2012;1817(2):363-9. 

378. Rauchová H, Vrbacký M, Bergamini C, Fato R, Lenaz G, Houštěk J, et al. Inhibition of 
glycerophosphate-dependent H2O2 generation in brown fat mitochondria by idebenone. 
Biochemical and biophysical research communications. 2006;339(1):362-6. 

379. Lind C, Hochstein P, Ernster L. DT-diaphorase as a quinone reductase: a cellular control 
device against semiquinone and superoxide radical formation. Archives of biochemistry and 
biophysics. 1982;216(1):178-85. 

380. Murthy SN, Cooper HS, Shim H, Shah RS, Ibrahim SA, Sedergran DJ. Treatment of 
dextran sulfate sodium-induced murine colitis by intracolonic cyclosporin. Digestive diseases 
and sciences. 1993;38(9):1722-34. 

381. Koelink PJ, Wildenberg ME, Stitt LW, Feagan BG, Koldijk M, van 't Wout AB, et al. 
Development of Reliable, Valid and Responsive Scoring Systems for Endoscopy and Histology 
in Animal Models for Inflammatory Bowel Disease. Journal of Crohn's & colitis. 
2018;12(7):794-803. 



 
182 

382. Lean QY, Eri RD, Fitton JH, Patel RP, Gueven N. Fucoidan Extracts Ameliorate Acute 
Colitis. PloS one. 2015;10(6):e0128453. 

383. Sovran B, Lu P, Loonen LM, Hugenholtz F, Belzer C, Stolte EH, et al. Identification of 
Commensal Species Positively Correlated with Early Stress Responses to a Compromised 
Mucus Barrier. Inflamm Bowel Dis. 2016;22(4):826-40. 

384. Das A, Durrant D, Koka S, Salloum FN, Xi L, Kukreja RC. Mammalian target of rapamycin 
(mTOR) inhibition with rapamycin improves cardiac function in type 2 diabetic mice: potential 
role of attenuated oxidative stress and altered contractile protein expression. The Journal of 
biological chemistry. 2014;289(7):4145-60. 

385. Ojalvo AG, Acosta JB, Mari YM, Mayola MF, Perez CV, Gutierrez WS, et al. Healing 
enhancement of diabetic wounds by locally infiltrated epidermal growth factor is associated 
with systemic oxidative stress reduction. International wound journal. 2017;14(1):214-25. 

386. Waitumbi J, Warburg A. Phlebotomus papatasi saliva inhibits protein phosphatase 
activity and nitric oxide production by murine macrophages. Infection and immunity. 
1998;66(4):1534-7. 

387. Buyse GM, Van der Mieren G, Erb M, D'Hooge J, Herijgers P, Verbeken E, et al. Long-
term blinded placebo-controlled study of SNT-MC17/idebenone in the dystrophin deficient 
mdx mouse: cardiac protection and improved exercise performance. European heart journal. 
2009;30(1):116-24. 

388. Heitz FD, Erb M, Anklin C, Robay D, Pernet V, Gueven N. Idebenone protects against 
retinal damage and loss of vision in a mouse model of Leber's hereditary optic neuropathy. 
PloS one. 2012;7(9):e45182-e. 

389. Nair AB, Jacob S. A simple practice guide for dose conversion between animals and 
human. J Basic Clin Pharm. 2016;7(2):27-31. 

390. Moura FA, de Andrade KQ, Dos Santos JCF, Araújo ORP, Goulart MOF. Antioxidant 
therapy for treatment of inflammatory bowel disease: Does it work? Redox biology. 
2015;6:617-39. 

391. Yu XT, Xu YF, Huang YF, Qu C, Xu LQ, Su ZR, et al. Berberrubine attenuates mucosal 
lesions and inflammation in dextran sodium sulfate-induced colitis in mice. PloS one. 
2018;13(3):e0194069. 

392. Xu L, Yang Z-l, Li P, Zhou Y-q. Modulating effect of Hesperidin on experimental murine 
colitis induced by dextran sulfate sodium. Phytomedicine. 2009;16(10):989-95. 

393. Shafik NM, Gaber RA, Mohamed DA, Ebeid AM. Hesperidin modulates dextran sulfate 
sodium-induced ulcerative colitis in rats: Targeting sphingosine kinase-1- sphingosine 1 
phosphate signaling pathway, mitochondrial biogenesis, inflammation, and apoptosis. 
Journal of Biochemical and Molecular Toxicology.0(0):e22312. 

394. Mellors A, Tappel AL. The inhibition of mitochondrial peroxidation by ubiquinone and 
ubiquinol. The Journal of biological chemistry. 1966;241(19):4353-6. 

395. Tomita R, Tanjoh K. Role of nitric oxide in the colon of patients with ulcerative colitis. 
World journal of surgery. 1998;22(1):88-91; discussion 2. 



 
183 

396. Moura RM, Hartmann RM, Licks F, Schemitt EG, Colares JR, do Couto Soares M, et al. 
Antioxidant effect of mesalazine in the experimental colitis model induced by acetic acid. 
Journal of Coloproctology. 2016;36(3):139-48. 

397. RAO RK, BASUROY S, RAO VU, KARNAKY KJ, GUPTA A. Tyrosine phosphorylation and 
dissociation of occludin–ZO-1 and E-cadherin–β-catenin complexes from the cytoskeleton by 
oxidative stress. Biochemical Journal. 2002;368(2):471-81. 

398. Kevil CG, Oshima T, Alexander B, Coe LL, Alexander JS. H2O2-mediated permeability: 
role of MAPK and occludin. American Journal of Physiology-Cell Physiology. 2000;279(1):C21-
C30. 

399. Oshima T, Sasaki M, Kataoka H, Miwa H, Takeuchi T, Joh T. Wip1 protects hydrogen 
peroxide-induced colonic epithelial barrier dysfunction. Cellular and Molecular Life Sciences. 
2007;64(23):3139-47. 

400. Fink MP. Intestinal epithelial hyperpermeability: update on the pathogenesis of gut 
mucosal barrier dysfunction in critical illness. Current opinion in critical care. 2003;9(2):143-
51. 

401. Ischiropoulos H, Zhu L, Beckman JS. Peroxynitrite formation from macrophage-derived 
nitric oxide. Archives of biochemistry and biophysics. 1992;298(2):446-51. 

402. Sun YN, Liu LB, Xue YX, Wang P. Effects of insulin combined with idebenone on blood-
brain barrier permeability in diabetic rats. J Neurosci Res. 2015;93(4):666-77. 

403. Li M, Wang B, Sun X, Tang Y, Wei X, Ge B, et al. Upregulation of Intestinal Barrier 
Function in Mice with DSS-Induced Colitis by a Defined Bacterial Consortium Is Associated 
with Expansion of IL-17A Producing Gamma Delta T Cells. Frontiers in Immunology. 
2017;8(824). 

404. Gersemann M, Becker S, Kubler I, Koslowski M, Wang G, Herrlinger KR, et al. 
Differences in goblet cell differentiation between Crohn's disease and ulcerative colitis. 
Differentiation; research in biological diversity. 2009;77(1):84-94. 

405. Geremia A, Biancheri P, Allan P, Corazza GR, Di Sabatino A. Innate and adaptive 
immunity in inflammatory bowel disease. Autoimmunity reviews. 2014;13(1):3-10. 

406. Strober W, Fuss IJ, Blumberg RS. The immunology of mucosal models of inflammation. 
Annual review of immunology. 2002;20:495-549. 

407. Alex P, Zachos NC, Nguyen T, Gonzales L, Chen TE, Conklin LS, et al. Distinct cytokine 
patterns identified from multiplex profiles of murine DSS and TNBS-induced colitis. Inflamm 
Bowel Dis. 2009;15(3):341-52. 

408. Neurath MF. Cytokines in inflammatory bowel disease. Nature Reviews Immunology. 
2014;14:329. 

409. Yan Y, Kolachala V, Dalmasso G, Nguyen H, Laroui H, Sitaraman SV, et al. Temporal and 
spatial analysis of clinical and molecular parameters in dextran sodium sulfate induced colitis. 
PloS one. 2009;4(6):e6073. 

410. Heinsbroek SE, Gordon S. The role of macrophages in inflammatory bowel diseases. 
Expert reviews in molecular medicine. 2009;11:e14. 



 
184 

411. Mu HX, Liu J, Fatima S, Lin CY, Shi XK, Du B, et al. Anti-inflammatory Actions of (+)-
3'alpha-Angeloxy-4'-keto-3',4'-dihydroseselin (Pd-Ib) against Dextran Sulfate Sodium-Induced 
Colitis in C57BL/6 Mice. J Nat Prod. 2016;79(4):1056-62. 

412. Melgar S, Yeung MM, Bas A, Forsberg G, Suhr O, Oberg A, et al. Over-expression of 
interleukin 10 in mucosal T cells of patients with active ulcerative colitis. Clinical and 
experimental immunology. 2003;134(1):127-37. 

413. Tsuchiya K, Ikeda T, Batmunkh B, Choijookhuu N, Ishizaki H, Hotokezaka M, et al. 
Frequency of CD4+CD161+ T Cell and Interleukin-10 Expression in Inflammatory Bowel 
Diseases. Acta histochemica et cytochemica. 2017;50(1):21-8. 

414. SCHREIBER S. Interleukin-10 in the intestine. Gut. 1997;41(2):274-5. 

415. Ajuebor MN, Swain MG. Role of chemokines and chemokine receptors in the 
gastrointestinal tract. Immunology. 2002;105(2):137-43. 

416. Banks C, Bateman A, Payne R, Johnson P, Sheron N. Chemokine expression in IBD. 
Mucosal chemokine expression is unselectively increased in both ulcerative colitis and 
Crohn's disease. The Journal of pathology. 2003;199(1):28-35. 

417. Adar T, Shteingart S, Ben-Ya'acov A, Shitrit AB, Livovsky DM, Shmorak S, et al. The 
Importance of Intestinal Eotaxin-1 in Inflammatory Bowel Disease: New Insights and Possible 
Therapeutic Implications. Digestive diseases and sciences. 2016;61(7):1915-24. 

418. Castaneda OA, Lee S-C, Ho C-T, Huang T-C. Macrophages in oxidative stress and 
models to evaluate the antioxidant function of dietary natural compounds. Journal of Food 
and Drug Analysis. 2017;25(1):111-8. 

419. Shinde T, Perera AP, Vemuri R, Gondalia SV, Beale DJ, Karpe AV, et al. Synbiotic 
supplementation with prebiotic green banana resistant starch and probiotic Bacillus 
coagulans spores ameliorates gut inflammation in mouse model of inflammatory bowel 
diseases. European journal of nutrition. 2020;59(8):3669-89. 

420. Lean QY, Eri RD, Randall-Demllo S, Sohal SS, Stewart N, Peterson GM, et al. Orally 
Administered Enoxaparin Ameliorates Acute Colitis by Reducing Macrophage-Associated 
Inflammatory Responses. PloS one. 2015;10(7):e0134259-e. 

421. Baraniuk JN, El-Amin S, Corey R, Rayhan R, Timbol C. Carnosine treatment for gulf war 
illness: a randomized controlled trial. Global journal of health science. 2013;5(3):69-81. 

422. Hoentjen F, Seinen ML, Hanauer SB, de Boer NK, Rubin DT, Bouma G, et al. Safety and 
effectiveness of long-term allopurinol-thiopurine maintenance treatment in inflammatory 
bowel disease. Inflamm Bowel Dis. 2013;19(2):363-9. 

423. Seril DN, Liao J, Yang G-Y, Yang CS. Oxidative stress and ulcerative colitis-associated 
carcinogenesis: studies in humans and animal models. Carcinogenesis. 2003;24(3):353-62. 

424. Oz HS, Chen T, de Villiers WJ. Green Tea Polyphenols and Sulfasalazine have Parallel 
Anti-Inflammatory Properties in Colitis Models. Front Immunol. 2013;4:132. 

425. El Morsy EM, Kamel R, Ahmed MA. Attenuating effects of coenzyme Q10 and 
amlodipine in ulcerative colitis model in rats. Immunopharmacology and immunotoxicology. 
2015;37(3):244-51. 



 
185 

426. Youn J, Lee JS, Na HK, Kundu JK, Surh YJ. Resveratrol and piceatannol inhibit iNOS 
expression and NF-kappaB activation in dextran sulfate sodium-induced mouse colitis. 
Nutrition and cancer. 2009;61(6):847-54. 

427. Bernstein CN, Blanchard JF, Rawsthorne P, Yu N. The prevalence of extraintestinal 
diseases in inflammatory bowel disease: a population-based study. The American journal of 
gastroenterology. 2001;96(4):1116-22. 

428. Bernstein CN, Wajda A, Blanchard JF. The Clustering of Other Chronic Inflammatory 
Diseases in Inflammatory Bowel Disease: A Population-Based Study. Gastroenterology. 
2005;129(3):827-36. 

429. Rutgeerts P, Sandborn WJ, Feagan BG, Reinisch W, Olson A, Johanns J, et al. Infliximab 
for induction and maintenance therapy for ulcerative colitis. The New England journal of 
medicine. 2005;353(23):2462-76. 

430. Zenlea T, Peppercorn MA. Immunosuppressive therapies for inflammatory bowel 
disease. World journal of gastroenterology. 2014;20(12):3146-52. 

431. Govani SM, Higgins PD. Combination of thiopurines and allopurinol: adverse events 
and clinical benefit in IBD. Journal of Crohn's & colitis. 2010;4(4):444-9. 

432. Meyer L, Simian D, Lubascher J, Acuña R, Figueroa C, Silva G, et al. [Adverse events 
associated with the treatment of inflammatory bowel disease]. Revista medica de Chile. 
2015;143(1):7-13. 

433. Ott SJ, Musfeldt M, Wenderoth DF, Hampe J, Brant O, Folsch UR, et al. Reduction in 
diversity of the colonic mucosa associated bacterial microflora in patients with active 
inflammatory bowel disease. Gut. 2004;53(5):685-93. 

434. Kaser A, Martínez-Naves E, Blumberg RS. Endoplasmic reticulum stress: implications 
for inflammatory bowel disease pathogenesis. Current opinion in gastroenterology. 
2010;26(4):318-26. 

435. Targan SR, Karp LC. Defects in mucosal immunity leading to ulcerative colitis. 
Immunological reviews. 2005;206:296-305. 

436. Antoni L, Nuding S, Wehkamp J, Stange EF. Intestinal barrier in inflammatory bowel 
disease. World journal of gastroenterology. 2014;20(5):1165-79. 

437. Bianco AM, Girardelli M, Tommasini A. Genetics of inflammatory bowel disease from 
multifactorial to monogenic forms. World journal of gastroenterology. 2015;21(43):12296-
310. 

438. McGuckin MA, Eri R, Simms LA, Florin TH, Radford-Smith G. Intestinal barrier 
dysfunction in inflammatory bowel diseases. Inflamm Bowel Dis. 2009;15(1):100-13. 

439. Asker N, Axelsson MA, Olofsson SO, Hansson GC. Dimerization of the human MUC2 
mucin in the endoplasmic reticulum is followed by a N-glycosylation-dependent transfer of 
the mono- and dimers to the Golgi apparatus. The Journal of biological chemistry. 
1998;273(30):18857-63. 



 
186 

440. Tytgat KM, van der Wal JW, Einerhand AW, Büller HA, Dekker J. Quantitative analysis 
of MUC2 synthesis in ulcerative colitis. Biochemical and biophysical research 
communications. 1996;224(2):397-405. 

441. Van Klinken BJ, Van der Wal JW, Einerhand AW, Büller HA, Dekker J. Sulphation and 
secretion of the predominant secretory human colonic mucin MUC2 in ulcerative colitis. Gut. 
1999;44(3):387-93. 

442. Kaser A, Blumberg RS. Endoplasmic reticulum stress in the intestinal epithelium and 
inflammatory bowel disease. Seminars in immunology. 2009;21(3):156-63. 

443. Bertolotti A, Zhang Y, Hendershot LM, Harding HP, Ron D. Dynamic interaction of BiP 
and ER stress transducers in the unfolded-protein response. Nature cell biology. 
2000;2(6):326-32. 

444. Eri R, Adams R, Tran T, Tong H, Das I, Roche D, et al. An intestinal epithelial defect 
conferring ER stress results in inflammation involving both innate and adaptive immunity. 
Mucosal immunology. 2011;4(3):354-64. 

445. Hino K, Saito A, Asada R, Kanemoto S, Imaizumi K. Increased susceptibility to dextran 
sulfate sodium-induced colitis in the endoplasmic reticulum stress transducer OASIS deficient 
mice. PloS one. 2014;9(2):e88048-e. 

446. Robinson AM, Rahman AA, Carbone SE, Randall-Demllo S, Filippone R, Bornstein JC, et 
al. Alterations of colonic function in the Winnie mouse model of spontaneous chronic colitis. 
American journal of physiology Gastrointestinal and liver physiology. 2017;312(1):G85-g102. 

447. Rahman AA, Robinson AM, Jovanovska V, Eri R, Nurgali K. Alterations in the distal 
colon innervation in Winnie mouse model of spontaneous chronic colitis. Cell and tissue 
research. 2015;362(3):497-512. 

448. Shinde T, Vemuri R, Shastri S, Perera AP, Gondalia SV, Beale DJ, et al. Modulating the 
Microbiome and Immune Responses Using Whole Plant Fibre in Synbiotic Combination with 
Fibre-Digesting Probiotic Attenuates Chronic Colonic Inflammation in Spontaneous Colitic 
Mice Model of IBD. Nutrients. 2020;12(8). 

449. Perera AP, Fernando R, Shinde T, Gundamaraju R, Southam B, Sohal SS, et al. MCC950, 
a specific small molecule inhibitor of NLRP3 inflammasome attenuates colonic inflammation 
in spontaneous colitis mice. Scientific reports. 2018;8(1):8618. 

450. Florin T, Movva R, Begun J, Duley J, Oancea I, Cuív PÓ. Colonic thioguanine pro-drug: 
Investigation of microbiome and novel host metabolism. Gut Microbes. 2018;9(2):175-8. 

451. Randall-Demllo S, Fernando R, Brain T, Sohal SS, Cook AL, Guven N, et al. 
Characterisation of colonic dysplasia-like epithelial atypia in murine colitis. World journal of 
gastroenterology. 2016;22(37):8334-48. 

452. Bertolotti A, Wang X, Novoa I, Jungreis R, Schlessinger K, Cho JH, et al. Increased 
sensitivity to dextran sodium sulfate colitis in IRE1beta-deficient mice. The Journal of clinical 
investigation. 2001;107(5):585-93. 



 
187 

453. Bogaert S, De Vos M, Olievier K, Peeters H, Elewaut D, Lambrecht B, et al. Involvement 
of endoplasmic reticulum stress in inflammatory bowel disease: a different implication for 
colonic and ileal disease? PloS one. 2011;6(10):e25589. 

454. Ye J, Rawson RB, Komuro R, Chen X, Davé UP, Prywes R, et al. ER Stress Induces 
Cleavage of Membrane-Bound ATF6 by the Same Proteases that Process SREBPs. Molecular 
cell. 2000;6(6):1355-64. 

455. Senkal CE, Ponnusamy S, Bielawski J, Hannun YA, Ogretmen B. Antiapoptotic roles of 
ceramide-synthase-6-generated C16-ceramide via selective regulation of the ATF6/ CHOP 
arm of ER-stress-response pathways. The FASEB Journal. 2010;24(1):296-308. 

456. Yoshida H, Okada T, Haze K, Yanagi H, Yura T, Negishi M, et al. ATF6 Activated by 
Proteolysis Binds in the Presence of NF-Y (CBF) Directly to the &lt;em&gt;cis&lt;/em&gt;-
Acting Element Responsible for the Mammalian Unfolded Protein Response. Molecular and 
cellular biology. 2000;20(18):6755. 

457. Tabas I, Ron D. Integrating the mechanisms of apoptosis induced by endoplasmic 
reticulum stress. Nature cell biology. 2011;13(3):184-90. 

458. Guan Y, Li J, Zhan T, Wang J-W, Yu J-B, Yang L. Idebenone Maintains Survival of Mutant 
Myocilin Cells by Inhibiting Apoptosis. Chin Med J (Engl). 2016;129(16):2001-4. 

459. Kmieć Z, Cyman M, Ślebioda TJ. Cells of the innate and adaptive immunity and their 
interactions in inflammatory bowel disease. Advances in medical sciences. 2017;62(1):1-16. 

460. Ligumsky M, Simon PL, Karmeli F, Rachmilewitz D. Role of interleukin 1 in 
inflammatory bowel disease--enhanced production during active disease. Gut. 
1990;31(6):686-9. 

461. Keshav S, Lawson L, Chung LP, Stein M, Perry VH, Gordon S. Tumor necrosis factor 
mRNA localized to Paneth cells of normal murine intestinal epithelium by in situ hybridization. 
Journal of Experimental Medicine. 1990;171(1):327-32. 

462. Breese EJ, Michie CA, Nicholls SW, Murch SH, Williams CB, Domizio P, et al. Tumor 
necrosis factor alpha-producing cells in the intestinal mucosa of children with inflammatory 
bowel disease. Gastroenterology. 1994;106(6):1455-66. 

463. Bisping G, Lügering N, Lütke-Brintrup S, Pauels HG, Schürmann G, Domschke W, et al. 
Patients with inflammatory bowel disease (IBD) reveal increased induction capacity of 
intracellular interferon-gamma (IFN-gamma) in peripheral CD8+ lymphocytes co-cultured 
with intestinal epithelial cells. Clinical and experimental immunology. 2001;123(1):15-22. 

464. Rovedatti L, Kudo T, Biancheri P, Sarra M, Knowles CH, Rampton DS, et al. Differential 
regulation of interleukin 17 and interferon γ production in inflammatory bowel disease. Gut. 
2009;58(12):1629. 

465. Zenewicz LA, Antov A, Flavell RA. CD4 T-cell differentiation and inflammatory bowel 
disease. Trends in Molecular Medicine. 2009;15(5):199-207. 

466. Bettigole SE, Glimcher LH. Endoplasmic reticulum stress in immunity. Annual review 
of immunology. 2015;33:107-38. 



 
188 

467. Cao SS, Luo KL, Shi L. Endoplasmic Reticulum Stress Interacts With Inflammation in 
Human Diseases. Journal of Cellular Physiology. 2016;231(2):288-94. 

468. Hao X, Yao A, Gong J, Zhu W, Li N, Li J. Berberine Ameliorates Pro-inflammatory 
Cytokine-Induced Endoplasmic Reticulum Stress in Human Intestinal Epithelial Cells In Vitro. 
Inflammation. 2012;35(3):841-9. 

469. Kim SR, Kim HJ, Kim DI, Lee KB, Park HJ, Jeong JS, et al. Blockade of Interplay between 
IL-17A and Endoplasmic Reticulum Stress Attenuates LPS-Induced Lung Injury. Theranostics. 
2015;5(12):1343-62. 

470. Pahl HL, Baeuerle PA. Activation of NF-kappa B by ER stress requires both Ca2+ and 
reactive oxygen intermediates as messengers. FEBS letters. 1996;392(2):129-36. 

471. Deng J, Lu PD, Zhang Y, Scheuner D, Kaufman RJ, Sonenberg N, et al. Translational 
Repression Mediates Activation of Nuclear Factor Kappa B by Phosphorylated Translation 
Initiation Factor 2. Molecular and cellular biology. 2004;24(23):10161. 

472. Zhang K, Kaufman RJ. From endoplasmic-reticulum stress to the inflammatory 
response. Nature. 2008;454(7203):455-62. 

473. Cláudio N, Dalet A, Gatti E, Pierre P. Mapping the crossroads of immune activation and 
cellular stress response pathways. EMBO J. 2013;32(9):1214-24. 

474. Schmitz ML, Shaban MS, Albert BV, Gökçen A, Kracht M. The Crosstalk of Endoplasmic 
Reticulum (ER) Stress Pathways with NF-κB: Complex Mechanisms Relevant for Cancer, 
Inflammation and Infection. Biomedicines. 2018;6(2):58. 

475. Linares V, Alonso V, Domingo JL. Oxidative stress as a mechanism underlying 
sulfasalazine-induced toxicity. Expert opinion on drug safety. 2011;10(2):253-63. 

476. Carty E, Rampton DS. Evaluation of new therapies for inflammatory bowel disease. Br 
J Clin Pharmacol. 2003;56(4):351-61. 

477. Holmberg FEO, Pedersen J, Jorgensen P, Soendergaard C, Jensen KB, Nielsen OH. 
Intestinal barrier integrity and inflammatory bowel disease: Stem cell-based approaches to 
regenerate the barrier. Journal of tissue engineering and regenerative medicine. 
2018;12(4):923-35. 

478. Söderholm JD, Yang PC, Ceponis P, Vohra A, Riddell R, Sherman PM, et al. Chronic 
stress induces mast cell-dependent bacterial adherence and initiates mucosal inflammation 
in rat intestine. Gastroenterology. 2002;123(4):1099-108. 

479. Nazli A, Yang PC, Jury J, Howe K, Watson JL, Söderholm JD, et al. Epithelia under 
metabolic stress perceive commensal bacteria as a threat. The American journal of pathology. 
2004;164(3):947-57. 

480. Ho GT, Aird RE, Liu B, Boyapati RK, Kennedy NA, Dorward DA, et al. MDR1 deficiency 
impairs mitochondrial homeostasis and promotes intestinal inflammation. Mucosal 
Immunology. 2018;11(1):120-30. 

481. Lewis K, McKay DM. Metabolic stress evokes decreases in epithelial barrier function. 
Annals of the New York Academy of Sciences. 2009;1165:327-37. 



 
189 

482. Schürmann G, Brüwer M, Klotz A, Schmid KW, Senninger N, Zimmer KP. Transepithelial 
transport processes at the intestinal mucosa in inflammatory bowel disease. International 
journal of colorectal disease. 1999;14(1):41-6. 

483. Wang A, Keita Å V, Phan V, McKay CM, Schoultz I, Lee J, et al. Targeting mitochondria-
derived reactive oxygen species to reduce epithelial barrier dysfunction and colitis. The 
American journal of pathology. 2014;184(9):2516-27. 

484. Zhang H, Kuai XY, Yu P, Lin L, Shi R. Protective role of uncoupling protein-2 against 
dextran sodium sulfate-induced colitis. Journal of gastroenterology and hepatology. 
2012;27(3):603-8. 

485. Rezaie A, Parker RD, Abdollahi M. Oxidative stress and pathogenesis of inflammatory 
bowel disease: an epiphenomenon or the cause? Digestive diseases and sciences. 
2007;52(9):2015-21. 

486. Du G, Mouithys-Mickalad A, Sluse FE. Generation of superoxide anion by mitochondria 
and impairment of their functions during anoxia and reoxygenation in vitro. Free radical 
biology & medicine. 1998;25(9):1066-74. 

487. Farhadi A, Keshavarzian A, Van de Kar LD, Jakate S, Domm A, Zhang L, et al. Heightened 
responses to stressors in patients with inflammatory bowel disease. The American journal of 
gastroenterology. 2005;100(8):1796-804. 

488. Giorgi C, De Stefani D, Bononi A, Rizzuto R, Pinton P. Structural and functional link 
between the mitochondrial network and the endoplasmic reticulum. The international 
journal of biochemistry & cell biology. 2009;41(10):1817-27. 

489. Shkoda A, Ruiz PA, Daniel H, Kim SC, Rogler G, Sartor RB, et al. Interleukin-10 blocked 
endoplasmic reticulum stress in intestinal epithelial cells: impact on chronic inflammation. 
Gastroenterology. 2007;132(1):190-207. 

490. Powrie F, Leach MW, Mauze S, Menon S, Caddle LB, Coffman RL. Inhibition of Th1 
responses prevents inflammatory bowel disease in scid mice reconstituted with CD45RBhi 
CD4+ T cells. Immunity. 1994;1(7):553-62. 

491. Duerr RH, Taylor KD, Brant SR, Rioux JD, Silverberg MS, Daly MJ, et al. A genome-wide 
association study identifies IL23R as an inflammatory bowel disease gene. Science (New York, 
NY). 2006;314(5804):1461-3. 

492. Franke A, Balschun T, Karlsen TH, Sventoraityte J, Nikolaus S, Mayr G, et al. Sequence 
variants in IL10, ARPC2 and multiple other loci contribute to ulcerative colitis susceptibility. 
Nature genetics. 2008;40(11):1319-23. 

493. Nemeth ZH, Bogdanovski DA, Barratt-Stopper P, Paglinco SR, Antonioli L, Rolandelli 
RH. Crohn's Disease and Ulcerative Colitis Show Unique Cytokine Profiles. Cureus. 
2017;9(4):e1177-e. 

494. Pearl DS, Shah K, Whittaker MA, Nitch-Smith H, Brown JF, Shute JK, et al. Cytokine 
mucosal expression in ulcerative colitis, the relationship between cytokine release and 
disease activity. Journal of Crohn's & colitis. 2013;7(6):481-9. 



 
190 

495. Alex P, Zachos NC, Nguyen T, Gonzales L, Chen T-E, Conklin LS, et al. Distinct Cytokine 
Patterns Identified from Multiplex Profiles of Murine DSS and TNBS-Induced Colitis. 
Inflammatory Bowel Diseases. 2008;15(3):341-52. 

496. Guo W, Liu W, Jin B, Geng J, Li J, Ding H, et al. Asiatic acid ameliorates dextran sulfate 
sodium-induced murine experimental colitis via suppressing mitochondria-mediated NLRP3 
inflammasome activation. International immunopharmacology. 2015;24(2):232-8. 

497. Pinto AV, de Castro SL. The trypanocidal activity of naphthoquinones: a review. 
Molecules (Basel, Switzerland). 2009;14(11):4570-90. 

498. Pereyra CE, Dantas RF, Ferreira SB, Gomes LP, Silva-Jr FP. The diverse mechanisms and 
anticancer potential of naphthoquinones. Cancer Cell International. 2019;19(1):207. 

499. Rahn JJ, Bestman JE, Josey BJ, Inks ES, Stackley KD, Rogers CE, et al. Novel Vitamin K 
analogs suppress seizures in zebrafish and mouse models of epilepsy. Neuroscience. 
2014;259:142-54. 

500. Fan HY, Zhang ZL, Liu K, Yang MY, Lv WH, Che X, et al. Effectiveness of a 
hydroxynaphthoquinone fraction from Arnebia euchroma in rats with experimental colitis. 
World journal of gastroenterology. 2013;19(48):9318-27. 

501. Lomba LA, Vogt PH, Souza VEP, Leite-Avalca MCG, Verdan MH, Stefanello MEA, et al. 
A Naphthoquinone from Sinningia canescens Inhibits Inflammation and Fever in Mice. 
Inflammation. 2017;40(3):1051-61. 

502. Kobayashi K, Nishiumi S, Nishida M, Hirai M, Azuma T, Yoshida H, et al. Effects of 
quinone derivatives, such as 1,4-naphthoquinone, on DNA polymerase inhibition and anti-
inflammatory action. Medicinal chemistry (Shariqah (United Arab Emirates)). 2011;7(1):37-
44. 

503. Liu H, Yan C, Li C, You T, She Z. Naphthoquinone Derivatives with Anti-Inflammatory 
Activity from Mangrove-Derived Endophytic Fungus Talaromyces sp. SK-S009. Molecules 
(Basel, Switzerland). 2020;25(3):576. 

504. Yang J, Wang Z, Chen DL. Shikonin ameliorates isoproterenol (ISO)-induced myocardial 
damage through suppressing fibrosis, inflammation, apoptosis and ER stress. Biomedicine & 
pharmacotherapy = Biomedecine & pharmacotherapie. 2017;93:1343-57. 

505. Shastri S, Shinde T, Perera AP, Gueven N, Eri R. Idebenone Protects against 
Spontaneous Chronic Murine Colitis by Alleviating Endoplasmic Reticulum Stress and 
Inflammatory Response. Biomedicines. 2020;8(10). 

506. Li X, Wang Q, Xu H, Tao L, Lu J, Cai L, et al. Somatostatin regulates tight junction 
proteins expression in colitis mice. International journal of clinical and experimental 
pathology. 2014;7(5):2153-62. 

507. Kucharzik T, Walsh SV, Chen J, Parkos CA, Nusrat A. Neutrophil transmigration in 
inflammatory bowel disease is associated with differential expression of epithelial 
intercellular junction proteins. The American journal of pathology. 2001;159(6):2001-9. 

508. Poritz LS, Harris LR, 3rd, Kelly AA, Koltun WA. Increase in the tight junction protein 
claudin-1 in intestinal inflammation. Digestive diseases and sciences. 2011;56(10):2802-9. 



 
191 

509. Nighot P, Al-Sadi R, Rawat M, Guo S, Watterson DM, Ma T. Matrix metalloproteinase 
9-induced increase in intestinal epithelial tight junction permeability contributes to the 
severity of experimental DSS colitis. American journal of physiology Gastrointestinal and liver 
physiology. 2015;309(12):G988-97. 

510. Das P, Goswami P, Das TK, Nag T, Sreenivas V, Ahuja V, et al. Comparative tight 
junction protein expressions in colonic Crohn's disease, ulcerative colitis, and tuberculosis: a 
new perspective. Virchows Archiv : an international journal of pathology. 2012;460(3):261-
70. 

511. Josey BJ, Inks ES, Wen X, Chou CJ. Structure-activity relationship study of vitamin k 
derivatives yields highly potent neuroprotective agents. Journal of medicinal chemistry. 
2013;56(3):1007-22. 

512. Zhao Q, Wang J, Levichkin IV, Stasinopoulos S, Ryan MT, Hoogenraad NJ. A 
mitochondrial specific stress response in mammalian cells. EMBO J. 2002;21(17):4411-9. 

513. Huang H, Xie H, Pan Y, Zheng K, Xia Y, Chen W. Plumbagin Triggers ER Stress-Mediated 
Apoptosis in Prostate Cancer Cells via Induction of ROS. Cellular physiology and biochemistry 
: international journal of experimental cellular physiology, biochemistry, and pharmacology. 
2018;45(1):267-80. 

514. Messeha SS, Zarmouh NO, Mendonca P, Kolta MG, Soliman KFA. The attenuating 
effects of plumbagin on pro-inflammatory cytokine expression in LPS-activated BV-2 
microglial cells. J Neuroimmunol. 2017;313:129-37. 

515. Thal LJ, Grundman M, Berg J, Ernstrom K, Margolin R, Pfeiffer E, et al. Idebenone 
treatment fails to slow cognitive decline in Alzheimer's disease. Neurology. 2003;61(11):1498-
502. 

516. Klopstock T, Yu-Wai-Man P, Dimitriadis K, Rouleau J, Heck S, Bailie M, et al. A 
randomized placebo-controlled trial of idebenone in Leber's hereditary optic neuropathy. 
Brain. 2011;134(Pt 9):2677-86. 

517. Liu J, Wang LN. Mitochondrial enhancement for neurodegenerative movement 
disorders: a systematic review of trials involving creatine, coenzyme Q10, idebenone and 
mitoquinone. CNS drugs. 2014;28(1):63-8. 

518. Brzheskiy VV, Efimova EL, Vorontsova TN, Alekseev VN, Gusarevich OG, Shaidurova 
KN, et al. Results of a Multicenter, Randomized, Double-Masked, Placebo-Controlled Clinical 
Study of the Efficacy and Safety of Visomitin Eye Drops in Patients with Dry Eye Syndrome. 
Advances in therapy. 2015;32(12):1263-79. 

519. Enns GM, Kinsman SL, Perlman SL, Spicer KM, Abdenur JE, Cohen BH, et al. Initial 
experience in the treatment of inherited mitochondrial disease with EPI-743. Molecular 
genetics and metabolism. 2012;105(1):91-102. 

520. Sadun AA, Chicani CF, Ross-Cisneros FN, Barboni P, Thoolen M, Shrader WD, et al. 
Effect of EPI-743 on the clinical course of the mitochondrial disease Leber hereditary optic 
neuropathy. Archives of neurology. 2012;69(3):331-8. 

521. Colgan SP, Taylor CT. Hypoxia: an alarm signal during intestinal inflammation. Nature 
reviews Gastroenterology & hepatology. 2010;7(5):281-7. 



 
192 

522. Singhal R, Shah YM. Oxygen battle in the gut: Hypoxia and hypoxia-inducible factors 
in metabolic and inflammatory responses in the intestine. Journal of Biological Chemistry. 
2020;295(30):10493-505. 

523. Solaini G, Baracca A, Lenaz G, Sgarbi G. Hypoxia and mitochondrial oxidative 
metabolism. Biochimica et Biophysica Acta (BBA) - Bioenergetics. 2010;1797(6):1171-7. 

524. Feng Z, Nadikudi M, Woolley KL, Hemasa AL, Chear S, Smith JA, et al. Bioactivity 
Profiles of Cytoprotective Short-Chain Quinones. Molecules (Basel, Switzerland). 2021;26(5). 

525. Blanco LP, Pedersen HL, Wang X, Lightfoot YL, Seto N, Carmona-Rivera C, et al. 
Improved Mitochondrial Metabolism and Reduced Inflammation Following Attenuation of 
Murine Lupus With Coenzyme Q10 Analog Idebenone. Arthritis Rheumatol. 2020;72(3):454-
64. 

526. Camargo LdN, Righetti RF, Aristóteles LRdCRB, dos Santos TM, de Souza FCR, Fukuzaki 
S, et al. Effects of Anti-IL-17 on Inflammation, Remodeling, and Oxidative Stress in an 
Experimental Model of Asthma Exacerbated by LPS. Frontiers in Immunology. 2018;8(1835). 

527. Pietrowski E, Bender B, Huppert J, White R, Luhmann HJ, Kuhlmann CRW. Pro-
Inflammatory Effects of Interleukin-17A on Vascular Smooth Muscle Cells Involve NAD(P)H- 
Oxidase Derived Reactive Oxygen Species. Journal of Vascular Research. 2011;48(1):52-8. 

528. Leenaars CHC, Kouwenaar C, Stafleu FR, Bleich A, Ritskes-Hoitinga M, De Vries RBM, 
et al. Animal to human translation: a systematic scoping review of reported concordance 
rates. Journal of Translational Medicine. 2019;17(1):223. 

529. Mähler M, Bristol IJ, Leiter EH, Workman AE, Birkenmeier EH, Elson CO, et al. 
Differential susceptibility of inbred mouse strains to dextran sulfate sodium-induced colitis. 
American Journal of Physiology-Gastrointestinal and Liver Physiology. 1998;274(3):G544-G51. 

530. Bábíčková J, Tóthová Ľ, Lengyelová E, Bartoňová A, Hodosy J, Gardlík R, et al. Sex 
Differences in Experimentally Induced Colitis in Mice: a Role for Estrogens. Inflammation. 
2015;38(5):1996-2006. 

531. Kozik AJ, Nakatsu CH, Chun H, Jones-Hall YL. Comparison of the fecal, cecal, and mucus 
microbiome in male and female mice after TNBS-induced colitis. PloS one. 
2019;14(11):e0225079-e. 

532. DeVoss J, Diehl L. Murine Models of Inflammatory Bowel Disease (IBD):Challenges of 
Modeling Human Disease. Toxicologic Pathology. 2014;42(1):99-110. 

533. Gregorieff A, Liu Y, Inanlou MR, Khomchuk Y, Wrana JL. Yap-dependent 
reprogramming of Lgr5(+) stem cells drives intestinal regeneration and cancer. Nature. 
2015;526(7575):715-8. 

534. Okamoto R, Tsuchiya K, Nemoto Y, Akiyama J, Nakamura T, Kanai T, et al. Requirement 
of Notch activation during regeneration of the intestinal epithelia. American journal of 
physiology Gastrointestinal and liver physiology. 2009;296(1):G23-35. 

535. Lei D, Shao Z, Zhou X, Yuan H. Synergistic neuroprotective effect of rasagiline and 
idebenone against retinal ischemia-reperfusion injury via the Lin28-let-7-Dicer pathway. 
Oncotarget. 2018;9(15):12137-53. 



 
193 

536. Gaytan F, Sangiao-Alvarellos S, Manfredi-Lozano M, García-Galiano D, Ruiz-Pino F, 
Romero-Ruiz A, et al. Distinct expression patterns predict differential roles of the miRNA-
binding proteins, Lin28 and Lin28b, in the mouse testis: studies during postnatal development 
and in a model of hypogonadotropic hypogonadism. Endocrinology. 2013;154(3):1321-36. 

537. Shyh-Chang N, Zhu H, Yvanka de Soysa T, Shinoda G, Seligson MT, Tsanov KM, et al. 
Lin28 enhances tissue repair by reprogramming cellular metabolism. Cell. 2013;155(4):778-
92. 

 

 

 



 

 

 

 

Appendices 

 

 

 



 
195 

Appendices 

 

Appendix A 

Animal ethics approval from Animal Ethics Committee of University of Tasmania 

 






