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Abstract 

Diabetic retinopathy (DR) is a common vascular complication of diabetes and one of the 

leading causes of blindness. Up to 80% of chronic cases of diabetes develop diabetic 

retinopathy. Current treatment options are largely directed towards DR-associated symptoms, 

such as counteracting inflammation and reducing vascular endothelial growth factor-induced 

angiogenesis. Unfortunately, managing vision loss in diabetic patients using these approaches 

has not been very effective; with less than 30% of patients responding by a significant 

improvement of their visual function. Although, not all pathophysiological processes, which 

underlie the development of DR are fully elucidated, mounting evidence points towards a 

central role of hyperglycaemia-induced mitochondrial dysfunction in its aetiology. Central to 

this hypothesis is mitochondrially-generated oxidative stress, which in turn stimulates other 

processes like the activation of protein kinase C, increased flux in polyol and hexosamine 

pathways, increased formation of advanced glycation end-products and reduced ATP levels. It 

is hypothesized that these processes result in retinal vascular damage, leading to vascular 

permeability, microaneurysms, angiogenesis, degeneration of capillaries and eventual retinal 

ganglion cell death. 

Overall, there is an urgent need to develop new therapies that are not restricted to symptomatic 

treatments but instead address one of the central pathologies of the disease, mitochondrial 

dysfunction. Currently, only one mitochondrial therapy, Elamipretide, has been trialled in a 

mouse model of diabetic retinopathy, where it reversed mild loss of vision. However, other 

mitochondrial therapies such as idebenone (Raxone®) and SkQ1 (Visomitin®) are already 

available commercially for the treatment of Leber’s Hereditary Optic Neuropathy (LHON) and 

dry eye syndrome, respectively, which could provide a rapid bench to bedside transition. 
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Consequently, in this study I hypothesised that drug candidates that aim to normalize 

mitochondrial function, restore energy homeostasis and counteract oxidative stress are an 

attractive proposition as potential novel treatments against diabetic retinopathy. To test this 

hypothesis, I performed the first side-by side comparison of the mitoprotective idebenone 

against two novel short-chain quinones (SCQs) and Elamipretide in a rat model of diabetic 

retinopathy. The two novel cytoprotective SCQs tested in this in-vivo study, were identified in 

a previous in-vitro study as drug candidates with improved cytoprotective activity against 

mitochondrial dysfunction compared to idebenone. 

Using a recently described pre-clinical rat model, based on the administration of streptozocin 

(STZ) via osmotic mini-pumps, I effectively mimicked sustained type 2-like diabetes in adult 

male Long Evans rats that resembled the human phenotype of DR. This animal model was 

characterized by polydipsia, polyuria, increased food intake, hyperglycaemia and severe vision 

loss. 

Three weeks of topical treatment with all test compounds via eye drops significantly improved 

visual acuity without affecting hyperglycaemia, while visual acuity in the vehicle- treated 

animals continued to deteriorate. Although, all test compounds protected against diabetes-

induced retinal ganglion cells loss, thinning of the retinal layer and oxidative tissue damage, 

our novel SCQs were superior to idebenone and Elamipretide with regards to restoring visual 

acuity and protecting against loss of retinal ganglion cells. However, the specific mechanism(s) 

by which the test compounds exerted their protective effects in this study remains unclear at 

present and will likely require further detailed studies.  

In conclusion, my results highlight that mito-protective SCQs have significant potential as drug 

candidates that could be developed as novel therapeutic options against DR and other related 

ophthalmological indications. 



1 

Chapter 1: Introduction 
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1.1 Diabetes 

According to recent figures from the World Health Organisation (WHO), the worldwide 

prevalence of diabetes is 8.8% in the adult population, and approximately 422 million people 

(1 in 11) are currently suffering from diabetes (1). This prevalence is estimated to increase to 

over 439 million patients by 2035 (2, 3). As such, diabetes heavily contributes to the annual 

global health burden (1). In Australia, approximately 1.2 million people over the age of 2 years 

(5.1% of the Australian population) are diabetic (4). 

Diabetes mellitus (DM) is a chronic metabolic disease which presents in two different forms 

type 1 diabetes mellitus and type 2 diabetes mellitus. Type 1 diabetes is  typically characterised 

by a lack of insulin production from the pancreas, while type 2 diabetes occurs due to the 

resistance of body cells to insulin action. Both types of diabetes result in chronic 

hyperglycaemia (1). Type 1 diabetes mellitus (T1DM) is an autoimmune disorder, which 

results in the destruction of the insulin-producing pancreatic beta cells in the islets of 

Langerhans, causing an absolute deficiency of insulin (1). This form is most commonly 

diagnosed in children and young adults and it is estimated to affect about 0.6% of diabetic 

patients in Australia (4). T1DM is usually treated by replacing endogenously lost insulin with 

subcutaneous injection of insulin. 

In contrast, Type 2 diabetes mellitus (T2DM) is the most common type of diabetes in middle-

aged adults with a prevalence of around 4.1% in Australia (4). Although, other risks factors 

such as family history, age and high blood pressure contribute to the development of T2DM, 

the risk increases in direct proportion to body mass index (5). Lifestyle interventions such as 

increased exercise, reduction of excess body weight, and some dietary modifications can 

improve insulin resistance in T2DM (6-8). However, pharmacological interventions are often 

necessary to maintain euglycemia and prevent the development of complications (8). In T2DM, 



3 
 

the myocytes and other body cells become less sensitive to the action of insulin. This creates a 

relative deficiency in insulin, as the beta cells do not compensate for this reduced sensitivity of 

body cells to the action of insulin (9). In addition, the resultant hyperinsulinemia that occurs 

following the loss of sensitivity to insulin ultimately results in loss of pancreatic beta cells. 

This occurs due to the chronic elevation of blood glucose which activates the apoptotic Fas 

ligand receptor on pancreatic beta islet cells (10). In addition to the elevated serum glucose, 

the associated metabolic abnormalities in T2DM due to obesity and other genetic factors 

triggers a set of responses from the islet (10, 11). These responses give rise to mitochondrial 

dysfunction, as well as inflammatory, oxidative and endoplasmic reticulum stress in the cells 

and occurs via the action of cytokines, the ATP-sensitive K+ channel, insulin receptor substrate 

2, nuclear factor-κB (NF-kB), eventually leading to beta cell death (11) Thus, most patients 

diagnosed with T2DM eventually require insulin replacement therapy (9). Despite the 

availability of several antidiabetic medications that have significantly improved the 

management of T2DM,  it is a lifelong metabolic disease that progressively leads to vascular 

and neuronal complications. 

 

1.1.1 Complications of diabetes 

Chronic complications which develop in DM patients are broadly classified into macrovascular 

and microvascular complications (12, 13). Patients with well managed DM can control their 

blood glucose level (BGL) with lifestyle and/or pharmacological interventions. However, a 

considerable percentage of patients may experience uncontrolled hyperglycaemia (14-16), 

which over a long period will lead to complications such as neuropathy, nephropathy and 

retinopathy and may also increase the risk of cardiovascular disease. Chronic uncontrolled 
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hyperglycaemia can be a consequence of poor compliance with prescribed 

pharmacotherapeutic and lifestyle interventions. 

 

1.1.1.1 Macrovascular complications 

Hypertension, cerebrovascular disease and other cardiovascular diseases are major 

manifestations of the macrovascular complications of diabetes (12, 13), with the presence of 

atherosclerosis a central pathology in the development of these complications (17-20). 

Atherosclerosis results from a dysfunctional metabolic process that occurs due to a 

combination of hyperglycaemia, hyperlipidaemia, obesity, and a pro-coagulation state (21). 

Hyperglycaemia-induced atherosclerosis can narrow ‘large’ arterial walls throughout the body, 

which can impair blood flow to the heart (increasing the risk of heart attack), the brain 

(increasing the of risk of stroke) and to the extremities (increasing the of peripheral vascular 

disease) (21, 22). 

 

1.1.1.2 Microvascular complications 

Damage to ‘small’ blood vessels (microvascular) can affect the limbs (diabetic neuropathy), 

the kidneys (diabetic nephropathy) and the eyes (diabetic retinopathy) (22). Patients with 

diabetic peripheral neuropathy may present with sensory, motor, and autonomic neuropathies, 

of which the most common is chronic distal sensory neuropathy (23). Patients describe their 

symptoms as like an “electric-shock” or tingling pain or conversely may experience numbness 

in the distal parts of their limbs (23). In most patients presenting with numbness, the disease 

typically leads to painless foot ulcers due to the loss of pain sensation (23). Amputation may 

be required if extensive tissue damage is present, which severely affects the patient’s quality 
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of life (23). Proper glycaemic control is a mainstay of preventing diabetic neuropathy.  In 

addition, treatment of symptomatic neuropathies in diabetic patients often involves different 

medications such as anti-depressants, anti-seizure medications and sometimes opioid 

analgesics. 

Diabetic nephropathy resulting from T1DM and T2DM, is a major cause of kidney disease in 

Australia (24, 25). The major clinical sign of this complication is the presence of proteinuria 

(26). Diabetic nephropathy is defined by proteinuria of > 500 mg / 24 hours, which is usually 

preceded by microalbuminuria (lower degrees of proteinuria) (27, 28). The pathological 

changes to the kidney include a decreased resistance in the renal arteries causing increased 

glomerular perfusion and filtration, thickening of the glomerular basement membrane, and 

renal tubular fibrosis and dysfunction (26, 29). Like other diabetic complications, the 

cornerstone of treatment is delaying the progression of the disease by tight glycaemic control. 

The use of angiotensin converting enzyme (ACE) inhibitors and/or angiotensin receptor 

blockers (ARBs) also help to protect against renal deterioration (30). These medications reduce 

the risk of progression from microalbuminuria to proteinuria in T2DM patients by as much as 

60-70% (27, 28, 30, 31). However, in T1DM patients there is no substantial evidence to support 

their use to prevent the development of microalbuminuria, and subsequent nephropathy (27). 

 

1.2 Diabetic retinopathy (DR) 

The most common microvascular complication of diabetes is diabetic retinopathy (DR) (32) 

and it is one of the leading causes of blindness in the world (33, 34). DR occurs in over 30% 

of patients with chronic diabetes worldwide (35), and in about 15% of diabetic patients in 

Australia (36). While DR is associated with both T1DM and T2DM, its onset is considerably 

earlier in type 2 patients (37, 38). Most patients with T1DM may not develop symptoms within 
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the first decade after their diagnosis (39, 40). In its early stages, most patients remain 

asymptomatic, but as the  disease progresses, they start to experience visual symptoms such as 

the presence of eye floaters, blurred vision and visual distortion (41) (Figure 1).  

 

Figure 1: Visual changes in diabetic retinopathy: Vision of DR patients is obstructed by 

macular oedema and vision appears blurred and the visual field is riddled with dark patches.  

 

Although hyperglycaemia-induced pathologic changes lead to the development of DR, its 

progression has been reported to continue even after tight glycaemic control has been achieved 

with antidiabetic medication and/or lifestyle modifications (13). This is thought to be the 

consequence of several interconnected factors that include mitochondrial dysfunction, 

oxidative stress, advanced glycation end (AGE) products, and epigenetic changes, all of which 

create a phenomenon called ‘metabolic memory’ (42, 43). With this process, any 

hyperglycaemic stress to the retina and its microvasculature continues to propagate a molecular 

pathology for years, even after the blood glucose has been controlled (43). This implies that 

controlling the blood glucose levels alone is not enough to avoid the development of DR, 

highlighting the need to understand the molecular pathogenesis of DR in order to develop 

effective therapies to help preserve or restore vision in diabetic patients. 
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1.2.1 Pathogenesis of DR 

Based on the progression of DR pathology, DR is clinically divided into two stages: non-

proliferative diabetic retinopathy (NPDR) and proliferative diabetic retinopathy (PDR). NPDR 

represents the early stage of DR and is further graded into mild, moderate and severe NPDR 

(Figure 2). Clinically, the presence of microaneurysm is the earliest sign used to diagnose DR 

(44), and this is also the only sign in mild NPDR. Microaneurysms usually occur when loss of 

pericytes lead to an out-pocketing of retinal capillary walls. These bulges appear as tiny red 

dots in the superficial layers of retinal tissue (45) (Figure 3).  This process is followed by the 

appearance of dot and blot haemorrhages (similar to microaneurysms in appearance)  in the 

outer plexiform layer (OPL) and the inner nuclear layer (INL) (46) (Figure 3). Flame shaped 

haemorrhages then begin to appear in the retinal nerve fibre layer (RNFL). Breakdown of the 

blood-retina barrier (BRB) leads to leakage of lipids and serum proteins from the retinal blood 

vessels causing retinal edema and the presence of retina exudates (46). Cotton wool spots, 

which are believed to occur secondary to ischemia from retinal arteriole obstruction 

subsequently develop in the moderate phase of NPDR (47). Severe NPDR indicates the 

presence of macula edema, diffuse intraretinal haemorrhages and microaneurysms in four 

retinal quadrants (48). Severe NPDR is also associated with venous beading in at least two 

retinal quadrants, or intraretinal microvascular abnormalities in at least one quadrant (46). The 

occurrence of venous beading and intraretinal microvascular abnormalities indicates the 

progression of NPDR to PDR (46). Since progression from NPDR to PDR leads to severe 

vision impairment, this transition phase is the target of many drug interventions (48, 49). PDR 

is the more advanced stage of DR, where neovascularization of the retina and vitreous 

haemorrhage occurs.   
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Neovascularization is the formation of new abnormal blood vessels, which bleed into the 

vitreous (vitreous haemorrhage). Vitreous haemorrhage can cause retinal detachment and will 

eventually cause blindness, if the proliferation continues without intervention (50). Macular 

edema, which occur as a result of fluid accumulation in the macula due to the breakdown of 

the BRB (48, 49), is a major contributor to vision loss in DR and is present as a feature of both 

NPDR and PDR (Figure 2). 

Figure 2: Stages of DR progression: Microaneurysms represent the earliest retinal lesion 

observed clinically and continues through the progression of the disease. Retinal haemorrhage 

occurs at the moderate stage of NPDR, eventually progressing to neovascularisation and retinal 

detachment at PDR. DR = diabetic neuropathy, NPDR = non-progressive diabetic retinopathy 

and PDR = progressive diabetic retinopathy. 
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Figure 3: Characteristics of diabetic retinopathy: marked by leaky vessels leading to 

haemorrhage, microaneurysms, Ischemic retina areas are depicted as “cotton wool” spots (hard 

exudates) and abnormal blood vessels growth (angiogenesis). These features are usually 

detected by fundus photography (adapted from (40)).  

 

1.2.2  Pathogenic mechanisms of DR  

The role of hyperglycaemia is considered to play an important role in the pathogenesis of DR. 

Two large scale clinical trials, the UK Prospective Diabetes Study (UKPDS) and the Diabetes 

Control and Complications Trial (DCCT), both conducted over a long-time period,  established 

a strong relationship between chronic hyperglycaemia and the development and progression of 

DR (51, 52). In the UKPDS, a total of 5102 type 2 diabetic subjects were followed up over an 

average of 10 years to determine the effect of intensive glycaemic control on the incidence of 

complications. The result of this study established that intensive glycaemic control does 

reduces the risk of diabetic complications including retinopathy (51). The DCCT studied a total 

of 1441 type 1 diabetic patients for an average of 6.5 years, and its results showed that intensive 

glycaemic control was associated with a significant reduction in microvascular complications 

(52).  However, the exact mechanisms through which hyperglycaemia leads to the development 

of DR has not been fully elucidated. Both neuronal degeneration and microvascular damages 
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have been reported in DR (53) and it was reported that neuronal degeneration precedes vascular 

changes (54). In a cross-sectional study performed on three groups of patients: diabetics 

without DR, diabetics with mild DR patient and healthy control patients, a reduction in both 

the retinal ganglion cell (RGC) layer and the retinal nerve fibre layer was observed in the 

diabetic groups with and without DR compared to healthy controls (54). However, the severity 

of retinal thinning was more pronounced in the DR group, which also showed RGC loss (54). 

Despite these early neuronal changes, the main therapeutic focus has been directed mostly 

towards the vascular changes of DR. These changes reflect the symptoms mostly used to 

diagnose DR, which includes excessive growth of retinal blood vessels (angiogenesis), 

increased permeability of retinal blood vessels, inflammation in the retina as well as increased 

intraocular pressure (47). 

 

1.2.2.1 Inflammation 

Inflammation plays an important role in pathogenesis of DR. Several studies have described 

pro-inflammatory mediators at different developmental stages of DR (49, 55). It is thought that 

sustained hyperglycaemia in retinal capillaries gives rise to the formation of excess ROS, which 

triggers the activation of nuclear factor kappa B (NF-kB), a major transcription factor for pro-

inflammatory mediators (56). This further promotes the production of interleukins, adhesion 

molecules and other pro-inflammatory mediators as well as the activation of  cyclooxygenases 

and caspases; all of which contribute to an inflammation-driven apoptotic retinal cell death 

(57). The presence of inflammation in DR was also replicated in pre-clinical models with an 

increased aggregation of leukocytes, monocytes and granulocytes reported in the vasculature 

of STZ-induced diabetic rats (49). Driven by an inflammatory mechanism, increased retinal 
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leukostasis has also been reported to contribute to the degradation of retinal vascular 

endothelial function and a  subsequent breakdown of the BRB (49, 58).  

The activation of caspases in hyperglycaemia has been reported to cause direct apoptosis of 

human retinal cells (59, 60). Mohr et al. further highlighted the role of the caspase network of 

enzymes on apoptosis by reporting the activation of different members of the caspase family 

both in-vitro and in-vivo under hyperglycaemic conditions (61). Activation of caspases in a 

diabetic mouse model supported the finding of elevated activities of caspase-1, as well as 

caspase-3, 6, 8, and 9 enzymes in retinal Muller cells induced by the high glucose medium 

(61). In particular, caspase-1 (IL-1β-converting enzyme) specifically amplifies the 

inflammatory process by activating the pro-inflammatory cytokine IL-1β (49). This cytokine 

contributes to the overproduction of ROS and is therefore crucial for the NF-kB-mediated 

apoptosis of capillary pericytes (62-66), as well as the proliferation of retinal microglial cells 

(67). 

 

1.2.2.2 Angiogenesis 

 Angiogenesis is the formation of new blood vessels that contribute to many physiological and 

pathological processes. Physiological angiogenesis is triggered during embryonal 

development, wound healing and menstruation, where it is needed to supply growing tissues 

with blood and oxygen (68). On the other hand, uncontrolled angiogenesis is a key pathological 

factor in cancer and microvascular complications of diabetes (68).  

Vascular endothelial growth factor (VEGF) has been implicated in several studies to play a 

major role as an angiogenic stimulator, which promotes the growth and migration of 

endothelial cells and increases blood vessel permeability by binding to VEGF receptors (68, 

69). Additional factors such as hyperglycaemia-induced oxidative stress and inflammatory 
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cytokines also modulate angiogenesis in DR (69). VEGF transcription and stability are 

increased by retinal hypoxia, cytokines (TGF-b and IL-1) and growth factors induced by 

chronic hyperglycaemia in diabetes (68, 70). This leads to increased retinal capillary 

permeability and proliferation of endothelial cells, two processes that give rise to the 

development of diabetic macula edema and neovascularisation in the proliferative stage of DR 

(71). This connection rationalises the use of anti-VEGF therapies as potentially beneficial in 

PDR (71, 72). However, anti-VEGF therapies are only effective in < 30% of patients, are 

associated with increased intraocular pressure and are transient in action (73). In addition, they 

do not address the role of oxidative stress in up-regulation of VEGF expression (74).  As such,  

a key element in the pathogenesis of DR is ignored. 

 

1.2.2.3 Activation of protein kinase C (PKC) 

PKC is a family of isoenzymes, which are functionally and structurally related, but are derived 

from several different genes as well as by  alternative mRNA splicing (75). The major 

physiological functions of PKC involve the regulation of many cellular functions by activating 

intracellular metabolic and/or signalling pathways via the addition of phosphate residues to 

proteins (75). The role of PKC in diabetes has been widely published (76-78), with evidence 

of the activation of different PKC isoforms by diacylglycerol (DAG) and advanced glycation 

end-products (AGEs) as a consequence of hyperglycaemia in DR (79, 80). So far, 12 different 

isoforms have been characterised with the PKC-β1/2 isoforms reported to be associated with 

the pathophysiology of DR (81). The activation of these isoenzymes triggers a cascade of other 

metabolic and signalling pathways, which lead to altered retinal capillary endothelial 

permeability (82), increased leukostasis (83, 84), expression of VEGF (85), as well as altered 

retinal blood flow and haemodynamics (86).  
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Activation of the PKC pathway occurs as a result of hyperglycaemia-induced de novo synthesis 

of diacylglycerol (DAG) following increased flux through the glycolysis pathway (Figure 4) 

(77). Increased glycolytic pathway flux leads to an accelerated production of dihydroxyl 

acetone phosphate, an intermediate product in the pathway, which is further reduced to 

glycerol-3-phosphate (77). Glycerol-3-phosphate, which accumulates in chronic 

hyperglycemia, is further converted to DAG in the retinal tissues (81). PKC are grouped into 3 

subfamilies, namely the classic, novel, and atypical PKC based on their requirement for co-

factors. Classic PKCs include cPKC-α, βI, βII, and γ , all of which require DAG, phospholipid 

and calcium for activation (78). Increased levels of DAG and the consequential increase in 

PKC activities have been demonstrated in in-vivo and in-vitro models (86-89). Shiba et al 

demonstrated increased DAG levels and activity of PKC isozymes in the retinal capillary 

endothelial cells of diabetic rats compared to control capillary endothelial cells (88). However, 

these changes were not observed in the rat brain, which suggests that the increased PKC activity 

by DAG is specific to the diabetic retina (88).  

The role of AGEs in PKC activation is interconnected with the increased flux through the 

polyol pathway in DR (79). Mamputu and Renier reported possible pathogenic mechanisms 

linking AGEs to DR via PKC activation, generation of oxidative stress and increased VEGF 

expression (79). In their study, they incubated bovine retinal endothelial cells (BRECs) with 

AGEs and measured the level of VEGF protein and VEGF mRNA expression, as well as the 

level of PKC translocation. PKC translocation served as a surrogate marker of the enzyme’s 

activity. They reported an increase in PKC membrane translocation by AGE exposure, as well 

as elevated mRNA and protein levels of VEGF. In addition, they were able to inhibit the AGE-

induced, PKC-mediated VEGF increase by antioxidant compounds (gliclazide, N-acetyl 

cysteine and vitamin E). In contrast, they showed that glyburide (a structural analogue of 

gliclazide without antioxidant properties) did not affect AGE-induced VEGF expression (79). 
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This supports the presence of an oxidative mechanism in the PKC-mediated increase in VEGF 

expression and the NF-kB-activated VEGF gene transcription induced by AGEs (79).  

The contribution of PKC to the pathophysiology of DR has been studied extensively using 

ruboxistaurin, a specific inhibitor of the PKC-β1/2 isozyme, which has been tested in both 

preclinical and clinical trials (90-94). Although inhibiting PKC would make it a plausible drug 

candidate in the treatment of DR, its therapeutic effects on the progression of the disease remain 

limited (94).  A phase 3 randomised controlled clinical trial of ruboxistaurin involving a total 

of 813 patients (1,392 eyes) with NPDR was conducted over a period of 3 years. In this study 

4.7% of patients treated with ruboxistaurin demonstrated improved visual acuity (measured in 

terms of a 15-letter gain). This is in contrast to an improvement observed in 2.4% of patients 

receiving placebo. However, ruboxistaurin did not slow down or reverse the progression of 

DME or the development of PDR (95). These results affected its progression to the market as 

an approved treatment for DR (95). 

Overall, PKC activity is interconnected with other pathologies of DR as it facilitates the 

production of angiogenic factors and indirectly leads to endothelial and leukocyte dysfunction. 

It also leads to increased retinal capillary permeability and blood flow, breakdown of the blood 

retinal barrier (BRB), and dysfunction in the retinal endothelium (85). Oxidative stress 

mediates increased VEGF expression induced by PKC (96), which subsequently further 

negatively affects angiogenesis and capillary permeability. In addition, retinal blood flow 

abnormalities develop as a result of PKC-mediated reduction in endothelial nitric oxide 

synthase (eNOS) activity and increased activity of endothelin-1 (97, 98). Endothelin-1 is a 

vasoconstrictive protein synthesised in vascular endothelial cells, and its increased synthesis 

mediates microvascular endothelial abnormalities (99). 
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Figure 4: Regulation of diabetic retinopathy by the Protein Kinase C (PKC) Pathway: 

Hyperglycaemia triggers increased glycolysis and accumulation of glyceraldehyde-3-

phosphate (G-3-P). This leads to an increase in diacylglycerol DAG synthesis which is 

subsequently activates PKC. Activation of PKC is thought to be responsible for a number of 

pathogenic consequences including abnormal blood flow, angiogenesis, increased reactive 

oxygen species (ROS), vascular occlusion and inflammation (adapted from (100)) 

 

1.2.2.4 Increased flux of the polyol pathway and reduced intracellular NADPH 

The polyol pathway is one of the minor cellular pathways for glucose metabolism in which 

glucose is converted to fructose via a two-step process (101). In the first step, glucose is reduced 

to sorbitol by the enzyme aldose reductase (AR) which uses reduced nicotinamide adenine 

dinucleotide phosphate (NADPH) as a cofactor. Sorbitol is subsequently oxidized to fructose 
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by sorbitol dehydrogenase (SDH) which uses oxidized nicotinamide adenine dinucleotide 

(NAD+) as a cofactor (94) (Figure 5). Prior to glucose metabolism, hexokinase converts 

glucose to glucose-6-phosphate, the form in which glucose enters glycolysis and the pentose 

phosphate pathway for further utilization (102).  

In chronic hyperglycaemia, the hexokinase enzyme becomes saturated, hence, excess glucose 

enters the polyol pathway where the aldose reductase reduces it to sorbitol.  Aldose reductase 

has a very low affinity for glucose under normal physiological conditions. However, under 

conditions of hyperglycaemia, its affinity rises, which activates the polyol pathway leading to 

increased production and accumulation of sorbitol as well as fructose (103). As a result, this 

induces osmotic stress to the cells. In addition, the conversion of NADPH to NADP+ in the 

first step of the pathway and that of NAD+ to NADH in the second step creates a cellular redox 

imbalance (104). This is due to the depletion in the cellular levels of NADPH and an excess 

production of NADH, leading to an imbalance in the NADPH/NAD+ ratio as well as an 

increased NAD+/NADH ratio (101). Sorbitol and fructose are further metabolised into 

precursors for AGEs, so their increased production via the polyol pathways contributes to 

increased AGE formation, which further increases ROS production (105). NADPH generated 

by the pentose phosphate pathway (PPP) is also required as a cofactor for glutathione reductase, 

which is essential for the synthesis of the intracellular antioxidant reduced glutathione. Thus, 

the reduced levels of cytosolic glutathione as a result of NADPH depletion, increase cellular 

ROS levels and lead to increased oxidative damage to cellular macromolecules (94).  
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Figure 5: Polyol pathway: Increased glucose metabolism to sorbitol and subsequently to 

fructose by the enzymes aldose reductase and sorbitol dehydrogenase leads to a depletion of 

nicotinamide adenine dinucleotide phosphate (NADPH) and NAD+, which leads to increased 

intracellular ROS.  

 

The polyol pathway is also connected to the AGE-PKC related mechanisms in the pathogenesis 

of diabetic retinopathy (106, 107). The increased cellular NADH/NAD+ ratio reduces the 

activity of the enzyme glyceraldehyde-3-phosphate dehydrogenase, which requires NAD+ as 

cofactor. This enzyme converts triose phosphate to 1,3-diphosphoglycerate, which is why 

triose phosphate accumulates under these conditions. Triose phosphate in turn activates the 

AGE-PKC pathway by inducing the formation of methylglyoxal, a precursor for diacylglycerol 

and AGEs  (106, 107).  

The role of the polyol pathway in the development of diabetic complications has been studied 

previously (101, 104, 108), with a particular focus on the aldose reductase enzyme. This 

enzyme is expressed in the human RGC, Muller cells, retinal pericytes, RPE cells and 

endothelial cells (103, 109), all of which are known to exhibit distinct pathological features in 
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diabetic retinopathy. Polymorphic variations in the promoter sequence of the aldose reductase 

gene have been linked to higher incidence of DR (110, 111) and susceptibility to other diabetic 

complications (112). Furthermore, as early as 1983, preclinical studies (113, 114) reported that 

inhibition of aldose reductase prevented the development of retinal changes and lesions 

associated with DR in galactosemic dogs and rodents (103, 115, 116). A more recent study also 

supported the role of aldose reductase in DR. This study demonstrated that diabetic mice 

deficient in aldose reductase (AR−/− mice) were protected against impaired contrast sensitivity 

and reduced spatial frequency threshold (117). AR deficient mice were protected against visual 

decline while in contrast, pharmacological inhibition of p38 MAP kinase or receptor for 

advanced glycation end products (RAGE), or deletion of inducible nitrous oxide synthase 

(iNOS) did not protect against loss of visual function in diabetic mice (117).   

Despite the encouraging preclinical results of AR inhibition to counteract DR pathogenesis, 

clinical trials did not provide significant evidence that aldose reductase inhibitors can prevent 

diabetic retinopathy (118, 119). DR patients were treated with the aldose reductase inhibitor 

sorbinil (at 250 mg/day) or placebo for 3 years. At the end of the trial period no significant 

difference between the two treatment groups could be ascertained (118). The therapeutic failure 

of sorbinil, was attributed to its poor selectivity and insufficient inhibitory activity towards AR 

in target retinal tissues at the doses used for the trials (119). 

Unlike the poorly selective sorbinil (an hydantoin derivative), the recently developed ARI-809 

is a pyridazinone which has high selectivity for aldose reductase as well as against aldehyde 

reductase and has shown promising results in a DR rat model by normalizing retinal sorbitol 

and fructose (120). From the preclinical study, 3-month treatment of STZ-induced DR rats with 

ARI-809 at a dose that inhibited the polyol pathway to a similar extent as sorbinil protected the 

retina from glial reactivity and neuronal apoptosis (120). However, clinical evidence of its 

efficacy has not been ascertained.  
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A recent multicentre controlled clinical trial, the Aldose Reductase Inhibitor–Diabetes 

Complications Trial, tested epalrestat (an aldose reductase inhibitor) in Japanese patients with 

mild diabetic neuropathy (retinopathy and nephropathy) over a 3-year period  (121). The result 

showed the progression of diabetic retinopathy/nephropathy was slowed in the epalrestat group 

(n = 52) compared to the control group (n=57). However, this effect was dependent on the 

severity of the neuropathy at the end of the study (121), as its effect was greater in patients with 

mild neuropathy. This implies that other pathways in addition to the AR-mediated polyol 

pathway might be involved in the progression of DR. 

 

1.2.2.5 Increased flux in the hexosamine biosynthesis pathway  

The hexosamine biosynthesis pathway (HBP) is a minor branch of the glycolysis pathway. In 

glycolysis, intracellular glucose is metabolized first to glucose-6-phosphate, then to fructose-

6-phosphate. In the HBP, fructose-6-phosphate gets converted to glucosamine-6-phosphate by 

the enzyme glutamine fructose-6-phosphate amidotransferase (GFAT) (Figure 6). This is 

further metabolised to uridine diphosphate N-acetylglucosamine (UDP-GlcNAc) by the 

enzyme O-GlcNAc transferase (OGT) via a modification process referred to as O-

GlcNAcylation (122). UDP-GlcNAc, in association with other amino sugars generated from 

the HBP, serves as precursors for post-translational modification of cellular proteins and lipids 

(123, 124). This post-translational modification serves to regulate a range of cell functions such 

as gene transcription, signalling pathways, and cellular homeostasis (125). The glycosylation 

is a reversible process and O-GlcNAc derivatives are removed from the proteins via the 

catalytic action of the O-GlcNAcase (OGA) or N-acetylglucosaminidase enzyme (107). 

Upregulation of GFAT activity under conditions of chronic hyperglycaemia drives the flux 

through the HBP, which increases the presence of modified proteins with pathologic changes 
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in the cellular gene expressions (126). For example, increased O-GlcNAcylation of the 

transcription factor specificity protein 1 (Sp1) results in  increased expression of transforming 

growth factors alpha and beta (TGF-α, TGF-β1) and plasminogen activator inhibitor-1 (PAI-

1) (127). Overexpression of PAI-1 has been reported in the retinal capillary cells of diabetic 

patients with NPDR (128).  

 

Figure 6: The hexosamine pathway: Glucose is metabolised into fructose-6-phosphate, by 

phosphoglucose isomerase (PgI), which is subsequently converted into glucosamine-6-

phosphate by the enzyme glutamine:fructose-6-phosphate amidotransferase (GFAT) and 

ultimately to UDP-GlcNAc. Increased intracellular addition of GlcNAc moieties to protein 

residues factors increases the expression of transforming growth factors alpha and beta (TGF-

β1) and plasminogen activator inhibitor-1 (PAI-1). AZA = Azaserine (image copied from 

(100)) 
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In DR, UDP-GlcNAc appears to be directly involved in the modulation of gene expression and 

protein function that lead apoptotic cell death of retinal neurons and retinal capillary endothelial 

cell (129). The hexosamine pathway plays a crucial role in the development of hyperglycaemia-

induced insulin resistance and this is thought to contribute to the degeneration of retinal 

neurons due to the dampening of the neuroprotective effects of insulin (129). O-GlcNAcylation 

of proteins has also been reported to impair the function of retinal pericytes, which is necessary 

for the development of retinal capillaries in the healthy non-diabetic retina (124, 130). 

Furthermore, early loss of retinal pericytes is associated with the post-translational O-

GlcNAcylation of the pro-apoptotic protein p53 (131). Gurel et al. investigated how the 

modification of proteins by O-GlcNAcylation affects the normal postnatal development of 

murine retinal blood vessels, as well as its role in the pathogenesis of diabetic complications 

using the Akita mouse model and an oxygen-induced ischemic retinopathy mouse model (124). 

Immunohistochemical analysis of the retina of 6 weeks-old diabetic Akita mice revealed 

elevated levels of O-GlcNAcylated proteins in the retinal capillary plexus (124). While in the 

oxygen-induced ischemic retinopathy mouse model, increased levels of modified proteins were 

observed during retinal neovascularisation (124).  

Based on this evidence, the hexosamine pathway has been proposed as a potential target for 

the treatment of diabetes and diabetic complications (126, 132). In an in-vitro study, inhibition 

of GFAT by azaserine reduced hyperglycaemia-induced insulin resistance in cultured 

adipocytes (126). Benfotiamine, a lipid-soluble thiamine derivative, prevents the activation of 

three of the DR pathogenesis pathways, namely the DAG/PKC pathway, hexosamine pathway, 

and the AGE formation pathway (132). Benfotiamine inhibits these pathways by increasing the 

activity of transketolase (the rate limiting enzyme of the pentose phosphate pathway). In a 

diabetic rat model, benfotiamine prevented  the development of diabetic retinopathy after 9 

months of administration (132). In cultured endothelial cells, antisense oligonucleotide was 
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used to block the effect of benfotiamine on transketolase, as such activation of the DAG/PKC 

pathway, hexosamine pathway, and the AGE formation pathway were blocked (132). In 

contrast, scrambled oligonucleotide did not inhibit the effect of benfotiamine on these 

activities. Although, despite the preclinical results, no clinical trial has tested this drug against 

DR. However, it was clinically tested to evaluate its effect on diabetic nephropathy between 

2007 and 2009 (NCT00565318), but the results from this trial were not published, which 

suggests that the results might not have been positive. 

 

1.2.2.6 Increased advanced glycation end-product (AGE) formation 

Another potential mechanism that contributes to the development of DR is the formation of 

AGEs. These are products that arise from the condensation reaction between the carbonyl 

groups of reducing sugars and the ε-amino functional groups on proteins, DNA, and lipids 

(133). The products of this reaction are unstable alpha hydroxyimine Schiff’s bases (Figure 7). 

These gradually rearrange themselves to irreversibly form relatively stable alpha-ketoamine 

Amadori intermediate products, which are further oxidized to yield AGEs (134). 

 

Figure 7: Formation of advanced glycation end products (AGEs): The process begins with 

formation an intermediary Schiff’s base which undergoes internal rearrangement to form an 

Amadori product and is subsequently oxidized to yield an AGE. 
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AGEs mediate diabetic complications primarily by forming crosslinks between vascular and 

cell matrix proteins, which in turn alters their structure and function (94). In addition, they 

interact with various AGE-binding receptors, the most common of which is the receptor for 

advanced glycation end-products (RAGEs). This triggers a series of cellular signalling 

pathways that result in pro-oxidant, pro-inflammatory events. In humans, the most studied 

AGEs include pentosidine, carboxymethyl lysine (CML), and carboxymethylhydroxyl lysine 

(CMhL). Hyperglycaemia-induced accelerated accumulation of AGE precursors has been 

observed in the diabetic lens, retinal tissues and within retinal capillary pericytes (135-137), 

with their concentration correlating to the severity of DR (135, 136). AGEs result in pericyte 

loss, increased retinal capillary endothelial cell permeability, angiogenesis and inflammation 

(138-141). AGE accumulation in pericytes also leads to an increase in ROS generation and 

activation of NF-kB (142) which in turn give rise to the increased activity of caspase-3, 

caspase-10, and increased levels of iNOS and TNF-alpha (139, 143, 144). All of these events 

induce pro-apoptotic effects in pericytes, which lead to pericyte loss. When bovine retinal 

pericytes (BRP) were cultured with AGE products inhibition of caspase-10 by the peptide z-

alanine-glutamate(OMe)-valine-aspartate(OMe)-fmk (z-AEVD-fmk) prevented AGE-induced 

apoptosis in these cells (143). This supports the role of caspase activation in AGE-induced 

early loss of pericytes in DR (145).  

AGE is also implicated in vascular endothelial cell permeability in DR (146, 147). Formation 

of AGE crosslinks within the basement membrane proteins of the retinal capillary endothelium 

disrupts integrin signalling, which is crucial for survival and function of the endothelial layer 

subunits (147). This ultimately results in impaired cell attachment to the endothelium and 

increased endothelial permeability. Experimental treatments aimed at restoring tight junction 

proteins prevented hyperglycaemia-induced hyperpermeability in retinal capillary endothelial 

cells (148). VE-cadherin is a transmembrane cell surface protein crucial for preserving and 
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regulating intercellular contacts between endothelial cells (149), activation of the receptor for 

AGE (RAGE) by AGE products leads to cleavage of this protein from the cell surface (150), 

thus affecting the integrity of the endothelial membrane. Further studies investigated the effect 

of AGE on retinal vascular cell permeability using cultured human retinal microvascular 

endothelial cells (HRMEC) treated with AGE products. These experiments  indicated that 

activation of the AGE-RAGE signalling pathway results in a loss of tight junction proteins and 

increased retinal vascular permeability (151). This effect was shown to be interconnected to 

PKC activation (151) (see section 1.2.2.3).  

Stimulation of RAGE receptors induced VEGF expression in capillary endothelial cells, which 

is mediated by NADPH oxidase activity and increase in ROS generation (152). The therapeutic 

targeting tumour progression Locus-2/Activating transcription factor 4/Chemokine Stromal 

cell-derived Factor-alpha pathway (TPL2/ATF4/SDF1alpha pathway) was reported to be 

activated by the AGE CML (N-Carboxylmethyl Lysine), giving rise to endothelial 

inflammation and neovascularisation (153). By inactivating the angiogenetic transcription 

factor 4, inhibitors of TPL2 prevented the production of VEGF (153). It is also noteworthy that 

VEGF-C plays a role in AGE-induced retinal angiogenesis in DR, and this is thought to occur 

as a compensatory mechanism in the presence of treatments that block VEGF-A (154), which 

could partly account for the limited clinical benefit of anti-VEGF A agents in DR patients. 

The vitamin B6 derivative, pyridoxamine, is a scavenger of the carbonyl groups in Amadori 

products, and it prevents their further oxidation to AGEs (155). This compound ameliorated 

capillary cell loss in the diabetic rat retina and reduced the accumulation of AGEs in retinal 

tissue (156). Another potential strategy to inhibit the AGE pathway is the use of soluble RAGE 

(sRAGE), a form of RAGE generated by alternative mRNA splicing and proteolytic cleavage 

(157, 158). Although this form of RAGE does have the extracellular sequences of RAGE, it is 

devoid of the transmembrane and cytosolic sequences (157). Thus, it may act as a false  (decoy) 
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receptor that competitively inhibits ligand-RAGE binding to prevent the activation of the AGE-

RAGE signalling pathway, and its associated pathology in DR (159) 

Aminoguanidine, an hydrazine compound, is a potent inhibitor of iNOS and AGE-mediated 

cross-linking, which has yielded positive preclinical results in preventing the progression of 

DR (160, 161). Its effect on the progression of other diabetic complications such as 

nephropathy has also been studied in the proof-of-concept Aminoguanidine Clinical Trial in 

Overt Type 2 Nephropathy (ACTION II) study, which highlights the interest to use AGE 

inhibition to reduce the severity of diabetic complications (162). In this double-blind 

randomized controlled trial two doses of aminoguanidine were compared against placebo with 

increasing serum creatinine concentration as the study endpoint. However, the results from this 

study were not published, thus the clinical potential for this drug remains unknown. So far, a 

growing body of evidence suggests that promising novel therapeutic targets for DR can be 

developed that interfere with the non-enzymatic protein glycation pathway that leads to AGE 

production. However, there is still more work to be done to fully elucidate the interrelated roles 

played by the formation of AGEs and the activation of RAGEs in the pathogenesis of DR. 

 

1.3 Current treatments for DR 

Despite significant advances into the mechanisms underlying the pathogenesis of DR, only 

relatively limited translation into safe, cost-effective and efficacious therapeutics for DR has 

been achieved. In fact, there is no definitive therapy available for the prevention of DR at 

present. Currently, the standard approach is centered around the systemic control of blood sugar 

levels to prevent the occurrence of DR. However, even with effective control of hyperglycemia, 

DR still continues to progress over time (13), because hyperglycaemia-induced changes 

including mitochondrial dysfunction, oxidative stress, advanced glycation end (AGE) products 
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and other glycolytic pathways trigger a metabolic memory (42, 43). This metabolic memory 

initiates a vicious cycle of pathologies that can persist in the retina for years, despite well 

controlled blood glucose levels (43). This strongly suggests that tight control of blood glucose 

levels alone is not enough to prevent DR development and raises the need for novel therapeutic 

strategies. 

At present, several strategies such as intravitreal administration of corticosteroids and anti-

VEGF agents, laser photocoagulation and vitrectomy, have been used in DR, depending on the 

pathology and severity of DR (49, 163). While these treatments have some effectiveness in 

preserving visual acuity, they are not without their limitations.  

In addition, the current available treatments only address vascular symptoms and do not target 

the underlying pathology of DR, thereby limiting their efficacy. In this context it is important 

to point out that increasing evidence suggests that impairment of visual functions begins long 

before the vascular symptoms occur that current therapies aim to mitigate (73). 

 

1.3.1 Anti-inflammatory therapy 

Intravitreal corticosteroids are an essential treatment option for diabetic macula edema (DME) 

in NPDR, especially in patients not responding to anti-VEGF therapy (164). By activating the 

intracellular steroid receptors, corticosteroids reduce the gene expression of inflammatory 

mediators such as TNF-alpha, interleukin-1 beta and VEGF. Intravitreal dexamethasone and 

fluocinolone (both FDA-approved) and triamcinolone (off-label use) have showed promising 

efficacy in improving visual acuity in DR patients with macula edema (165-167). However, 

long term treatment is required to sustain these visual improvements, which are thus short-lived 

due to the high risk of adverse ocular effects like elevated intraocular pressure (IOP), cataract 

and endophthalmitis (49, 168).  In a trial of fluocinolone for macula edema, in about 61.4% of 
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patients IOP elevation was detected and 91% of the patients developed cataracts (165). 

Furthermore, the use of corticosteroids is restricted to the treatment of NPDR-associated 

macula edema, and this limits its clinical benefit in patients with high risk of progression to 

PDR (169). 

 

1.3.2 Anti-VEGF therapy 

One of the most commonly used treatment for DR is anti-VEGF therapy based on evidence 

that supports its efficacy in the treatment of DME in both NPDR and PDR (49, 170). Significant 

increases in intravitreal concentration of VEGF, especially during progression from NPDR to 

PDR (48, 49), makes VEGF an obvious target for drug intervention. However, anti-VEGF 

therapy led to improvements of visual function in < 30% of patients (73, 171), thus this form 

of therapy is most often used as in combination with laser photocoagulation in the treatment of 

DR. 

Antibodies targeted at VEGF (ranibizumab, bevacizumab), VEGF antagonists (VEGF-Trap), 

and small-interfering RNA (siRNA), which prevent the expression of VEGF (bevasiranib) have 

been developed to reduce vascular permeability, attenuate retinal neovascularization and 

hyperproliferation caused by increased levels of VEGF (49). Ranibizumab is the most clinically 

evaluated anti-VEGF therapy (49). Data from the RESOLVE (NCT00284050) and RESTORE 

(NCT00687804) trials revealed a significant increase in best-corrected visual acuity with 

intravitreal ranibizumab when compared to laser monotherapy in patients with clinically-

significant DME (172, 173). However, effects of anti-VEGF drugs are transient in action, due 

to their short half-lives (174, 175), requiring monthly or bi-monthly injections for better 

efficacy (49). These frequent intravitreal injections increase the incidence of adverse effects 

such as increased IOP, ocular inflammation, hemorrhage and endophthalmitis (170, 176). 
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Furthermore, the significant cost associated with this form of therapy and patients’ poor 

compliance due to the requirement of frequent medical appointments limits the efficacy and 

use of anti-VEGF drugs in DR. 

 

1.3.3 Laser therapy 

Prior to the introduction of antiangiogenic agents, laser therapy was the main treatment for 

PDR. Laser therapy is applied to destroy parts of the retina associated with vascular 

abnormalities, leakages, overgrowth and macular edema (177). The principle of laser treatment 

is based on the photocoagulation of retinal vascular tissues which cauterizes the tissue to create 

a seal in leaky or hyperpermeable vessels (178). Furthermore, the absorption of light energy by 

the melanin in photoreceptor cells of the outer retinal layers leads to the destruction of these 

cells, with a subsequent reduction in oxygen demand of this retinal layer. In effect, this allows 

more oxygen diffusion to the inner retinal layers thus reducing the ischemia that contributes to 

the development of angiogenesis (179). This effect is further associated with a reduction in the 

production of inflammatory mediators and a modulation of the activity of retinal glial and 

pigment epithelium cells (180). Focal laser therapy and pan-retinal photocoagulation are the 

two forms of laser therapy commonly used and both have been shown to effectively reduce the 

risk of vision loss (181, 182). Focal photocoagulation is used to cauterize specific leaky retinal 

vessels located close to the macula and is thus applied as a treatment for macular edema. In 

contrast, pan-retinal photocoagulation involves the application of “scattered” laser across 

various points in the periphery of the retinal tissues, and this is used for the treatment of PDR. 

The use of laser therapy in NPDR with macular edema has been largely replaced by 

pharmacologic interventions and is now relatively restricted to use in PDR (177). Currently, its 

place in the treatment of PDR is as an adjuvant to the intravitreal administration of anti-VEGF 
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agents, as it has been shown to reduce the frequency of anti-VEGF injections when used in 

combination (177, 183). 

As a physical form of therapy with intrinsic destructive function, laser surgery is associated 

with myriad potential side effects and complications (184). Some of these include loss of 

peripheral vision, worsening of blurred vision and visual acuity, and intraocular hemorrhage 

(185, 186). Also, choroidal detachment, reduced accommodation function with impaired ability 

to adjust for night vision and reduced contrast sensitivity are all post-treatment adverse effects 

and complications that have been demonstrated in pan retinal photocoagulation (185, 187, 188). 

Furthermore, laser surgery only improves visual acuity in 3% of DME patients as it merely 

aims to prevent further vision loss (189).  Since it requires repeated courses of treatment, patient 

adherence is a significant issue due to the discomfort associated with laser therapy. New laser 

technologies are currently being developed to address the complications of standard laser 

treatment, however they are still under clinical evaluation at present (190). 

 

1.3.4 Vitrectomy   

Vitrectomy is the surgical procedure that involves clearance of the contents of the vitreous 

humor from the eye. (Figure 8). In DR, this procedure is indicated for clearing vitreous 

haemorrhages in PDR, where it is used to clear the opaque vitreous media, which not only 

restores vision but also minimizes the interference with pan retinal laser photocoagulation 

(191). The surgical clearance of vitreous haemorrhages reduces the opacity of the vitreous by 

removing the blood and other exudates that “beclouds” the vitreous humor, and this creates a 

clearer medium through which oxygen can freely diffuse without interference. Thus, when 

combined with the intraoperative use of laser, vitrectomy allows oxygen diffusion to the inner 

retinal layers thus reducing retinal ischemia and the resultant neovascularization (192). The 
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benefit of early vitrectomy in improving visual acuity in type 1 diabetic patients was 

demonstrated in the diabetic retinopathy vitrectomy study (DRVS) (193).  In this trial, patients 

were randomized to receive an early or one-year deferred vitrectomy and were followed up for 

a period of two years after the surgery (193). Compared to the deferred treatment group, a 

greater percentage of patients in the early treatment group showed improved visual acuity 

(193), This indicates that early surgery may improve visual outcomes and prevent the 

progression of DR. However, vitrectomy is very costly, associated with a high degree of risk, 

and patients might have to repeat the procedure after the initial surgery (194). Cataract 

formation, intraocular bleeding, retinal detachment, and elevated IOP are some of the adverse 

effects that occurred as a postoperative complication of vitrectomy (195-197). Currently, 

modernization of surgical techniques and their combination with anti-VEGF therapies and laser 

photocoagulation aim to maximize visual outcomes with minimal risks to patients (191, 197). 

 

Figure 8: Invasive procedures of vitrectomy: Vitrectomy involves removal of the vitreous 

and excess blood copied from (image copied from (198)).  
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Beside the associated adverse effects, a major limitation of currently available therapies for DR 

is that they all target the symptomatic vascular pathology of the disease but are unable to 

address its underlying causality. Consequently, these treatments cannot halt the disease process 

and most patients may not achieve the best possible treatment outcomes with their use (47). 

This underscores the need for developing better DR therapies that target the causative 

pathology for a long-lasting benefit for DR patients.  

The exact underlying mechanism of hyperglycaemic-induced DR remain unclear. Several 

interconnecting biochemical and metabolic pathways have been proposed as potential links to 

DR. Central to this is mitochondrial generated oxidative stress (199, 200), which in turn 

stimulates processes like inflammation, polyol metabolism, production of advanced glycation 

end-products (AGEs) and protein kinase C (PKC) activation and up-regulation of the 

hexosamine pathway (73, 200-203). 

 

1.4 Mitochondrial involvement in DR 

Mitochondria are organelles responsible for fuelling the intracellular metabolic processes that 

occurs in all organs of the human body, by generating adenosine triphosphate (ATP) through 

the coordinated activity of its electron transport chain (ETC) (204). It also represents a major 

site of ROS production through the activity of the ETC, although it does have an enzymatic 

defence system that serves to reduce the oxidative stress by eliminating ROS (204). Increased 

evidence suggests that mitochondria play a central role in the pathogenesis of DR and as such 

represent a promising target in the treatment of this condition (17, 73, 205). It is now well 

described that one underlying factor that links the different pathogenetic mechanisms in DR 

(see section 1.2.2) is the excessive production of oxidative stress (ROS) as a result of 

mitochondrial dysfunction (206). This excess ROS is generated as a by-product of the electron 
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transfer through the four mitochondrial ETC enzyme complexes I-IV. In euglycemic retinal 

cells, glucose metabolism through the Krebs cycle gives rise to the production of the electron 

donor NADH, which donates high energy electrons to complex I of the ETC (204, 207) (Figure 

9). In addition, flavin adenine dinucleotide (FAD), a cofactor required for succinate 

dehydrogenase to convert succinate to fumarate in the Kreb’s cycle, is reduced to FADH2. 

FADH2 passes on two electrons to  Complex II (succinate dehydrogenase, SDH) of the 

mitochondrial ETC.  The two electrons each donated to complexes I and SDH by these NADH 

and FADH2 are then transferred to Complex III via coenzyme Q and then subsequently to 

Complex IV via cytochrome C. Ultimately electrons are passed on to molecular oxygen by 

Complex IV in a redox reaction to form water (204). This transfer of electrons through the 

enzyme complexes of the ETC is designed such that it uses the energy of the high energy 

intermediates to pump protons across the mitochondrial inner membrane into the 

intermembrane space. This effect creates an electrochemical proton gradient of about 125 mV 

across the inner mitochondrial membrane that is used by complex V (ATP synthase) to 

synthesise ATP. However, in hyperglycaemic retinal cells, the increased metabolism of glucose 

via the Krebs cycle leads to the generation of excess electron donors, which is being carried 

over into the ETC (207, 208). This results in an increase in the proton gradient across the inner 

mitochondrial membrane to the point of a critical threshold, where no further protons can be 

pumped into the intermembrane space (208). At this point, electron transfer from Complexes I 

and SDH  to Complex III slows down until the electrons instead flow backwards via coenzyme 

Q to Complex I, which steadily leaks excess electrons on to molecular oxygen to generate the 

free radical superoxide (200, 209). 
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Figure 9: Production of superoxide by mitochondrial electron-transport chain: Increased 

hyperglycaemia-derived electrons donors from the tricarboxylic (TCA) or Kreb’s cycle leads 

to cascade process. Retrograde flow of electrons  on to Complex I is being passed on to 

molecular oxygen to create reactive oxygen species. The red arrow and red box depict what 

occurs in hyperglycaemia. SDH: succinate dehydrogenase or Complex II, CoQ: coenzyme Q, 

Cyt C: cytochrome C, ROS: reactive oxygen species, ADP: adenosine diphosphate, P: 

molecular phosphate, ATP: adenosine triphosphate (adapted from (100)) 

 

The retina is one of the most metabolically active tissues in the body and has a large 

requirement for chemical energy (210). Within the retina, the RGC have the highest energy 

demand and consequently harbour significant mitochondrial numbers especially in the non-

myelinated part of the retinal axons. Consequently, this makes the RGC particularly susceptible 

to mitochondrial dysfunction, which can directly affect the transmission of optical signals from 

the retina to the brain (210). 
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1.4.1 Mitochondrial dysfunction and ROS 

 Mitochondria-generated ROS is central to the pathophysiology of DR because the excess ROS 

produced from initial hyperglycaemia-induced mitochondrial defects further activates other 

pathogenic pathways of DR (206) (Fig. 10). This in turn creates a vicious cycle where 

activation of these pathways sustains to the production of ROS and the resulting oxidative 

stress even in the absence of the initial hyperglycaemic trigger (211) (Figure 10).  

 

 

 

Figure 10: Mitochondrial dysfunction central in diabetic retinopathy: Hyperglycaemia-

induced mitochondrial dysfunction as a cytopathic consequence of reactive oxygen species 

(ROS) is key in retina cell death and subsequent vision loss. The red arrows indicate ROS 

production and subsequent mitochondrial dysfunction after initial insult, even in the absence 

of hyperglycaemia. Elevated ROS in turn further stimulates other biochemical pathways 

(Polyol, protein kinase C (PKC), hexamine and advanced glycation end-products (AGEs)) 

(adapted from (209)).  
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In DR, the mitochondria are both a source and target of ROS and its damaging effects (59, 

208). The metabolic abnormalities that occur in the hyperglycaemic retina lead to an increased 

level of intracellular ROS in the mitochondria. This creates oxidative stress for the organelle, 

compromises the function of its ETC as well as damages the histone-free mitochondrial DNA 

(mtDNA). This mtDNA damage in turn reduces the genetic expression of enzymes essential 

for the metabolic activities within the mitochondria, further attenuating its energy production 

and increases the production of ROS in a deleterious vicious cycle (211).  

There is substantial evidence that supports the important role of ROS as the underlying factor 

that links most DR mechanisms (Table 1); and that it could represent the main 

pathophysiological process that drives retinal cell death in DR (96, 139, 200, 206, 209).  For 

example, Nishikawa et al demonstrated that mitochondrial overproduction of superoxide 

activates several pathogenetic pathways of DR (206). Using bovine aortic endothelial cells 

incubated in hyperglycaemic media, ROS-induced increased activity of PKC, polyol and AGE 

pathways as well as activation of NF-kB were observed and evaluated. They were able to 

normalise mitochondrial superoxide production by uncoupling protein-1 and also by using 

manganese superoxide dismutase, as such prevented DR pathogenic pathways  (206).  

Currently, it is thought that inhibition of the glycolytic glyceraldehyde-3-phosphate 

dehydrogenase (GADPH) by mitochondrial-generated superoxide (ROS) is the major 

mechanism by which the four pathways (PKC, polyol, AGE and hexosamine) are triggered 

following hyperglycaemia (212, 213) (Table 1). GAPDH is involved in the sixth step of the 

glycolysis pathway where it catalyses the conversion of glyceraldehye-3-phosphate to 1,3 

biphosphoglyceric acid. In the diabetic retinal microvascular cells, the excess superoxide anion 

generated as a result of hyperglycaemia-induced increased electron flux in the mitochondrial 

ETC acts on nuclear DNA to cause strand breaks, which activates poly (ADP ribose) 

polymerase (PARP) (214). PARP is an important nuclear DNA repair enzyme that is activated 
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when there is a break in the nuclear DNA strands, and its activation leads to the poly (ADP 

ribosyl)ation of transcription factors and the glycolytic enzyme GAPDH (215). This renders 

GAPDH inactive and inhibits its metabolic function in the glucose metabolic pathway and 

ultimately increases the cytosolic levels of fructose-6-phosphate and glyceraldehyde-3-

phosphate, and glucose (215). The resultant effect of their accumulation is the activation of the 

hexosamine, AGE, PKC and polyol pathways leading to DR. For example, hyperglycaemia-

induced mitochondrial superoxide in diabetes results in retina histopathology by activation of 

hexosamine synthesis and O-glycosylation of Sp1 (127). And overexpression of mitochondrial 

superoxide dismutase (mnSOD) have been reported to protected retinal cells from oxidative 

damage in diabetic mice (211). MnSOD is an endogenous enzyme which occurs in the 

mitochondrial and is responsible for breaking down superoxide free radicals into hydrogen 

peroxide (H202), which subsequently gets metabolized into water and oxygen (216). However, 

in mitochondrial defect, this mnSOD enzyme is deficient, further contributing to excess free 

radicals (216). Kanwar et al. quantified the level of superoxide in mitochondria isolated from 

the retina of STZ-induced transgenic diabetic mice (with overexpression of mnSOD (mnSOD-

Tg)) against diabetic-type mice (211). A two-fold increase in the level of superoxide and 

membrane permeability was observed in the non-transgenic diabetic mice compared to that 

found in the diabetic transgenic mnSOD overproducing mice (211). They also found an 

increased numbers of acellular retinal capillaries in the non-transgenic diabetic mice, and a 

40% and 20% decrease in the levels of reduced glutathione (GSH) and Complex III activity 

respectively. These changes were not observed in transgenic diabetic mice with the genetic 

overproduction of mnSOD (mnSOD-Tg) (211). This strongly suggests that inhibition of 

superoxide by mnSOD in the transgenic mice protected them against mitochondrial-generated 

oxidative stress.  
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Table 1: ROS production (Oxidative stress) a key pathology of DR 

Mechanism 

 

ROS 

production 

 

VEGF 

upregulation 

 

Changes in 

gene 

expression 

& protein 

function 

 

Redox 

imbalance 

 

Inflammatory 

mediators 

Refs 

Inflammation ✓    ✓ (56, 63, 65) 

PKC ✓ ✓   ✓ (79, 217, 218) 

Hexosamine ✓  ✓   (124) 

Polyol ✓   ✓ ✓ (105, 219) 

AGE ✓ ✓ ✓  ✓ 

(141, 152, 160, 

220) 

 

Another source of ROS in the diabetic retina is its production via the NADPH oxidase (Nox) 

pathway  (221). Nox is a family of redox enzymes that play a critical role in cellular ROS 

production by catalysing the reduction of oxygen to superoxide by NADPH oxidation. 

Activation of one of those enzymes, Nox2, following hyperglycaemia adds further pressure on 

the mitochondria, which increases ROS generation by the organelle and ultimately contributes 

to the mtDNA damage (221). Activation of the  Ras-related C3 botulinum toxin substrate 1 

(RAC1, the cytoplasmic part of the Nox2 enzyme) by the T cell lymphoma invasion and 

metastasis (TIAM1) factor, initiates the signalling pathway (TIAM1-RAC1 pathway) which 

activates Nox2 (222). The role of the TIAM1–RAC1–NOX2 signalling axis in generation of 

ROS was assessed in a study using in vitro and in vivo models of diabetic retinopathy. Bovine 

retinal endothelial cells were incubated in glucose media with or without NSC23766, a 
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compound which is known to inhibit TIAM1–RAC1 and STZ-induced diabetic rats and mice 

were treated with same compound.  The hyperglycemia-induced activation of TIAM1–RAC1 

pathway led to an increased ROS production in both in-vitro and in-vivo models, mitochondrial 

damage and BREC apoptosis, all of which were prevented by treatment with NSC23766 in 

both models (221).  Being the major site of ATP production, damage to the mitochondria also 

depletes cellular energy levels and reduces survival. In DR, this is very important as the retina 

is a highly metabolically active tissue, and thus relies heavily on the mitochondrial-generated 

ATP for proper functioning and survival. Although in the early stages of DR, the retina exhibits 

compensatory mechanisms for this reduced ATP generation capacity (223, 224), sustained 

oxidative-stress-induced mitochondrial damage to the retinal tissue may eventually lead to the 

loss of viable cells (225). 

Matrix metalloproteinases (MMPs) are a group of enzymes that degrade extracellular matrices 

and are crucial for intracellular homeostatic regulation. In DR, MMP-9 is activated by 

increased levels of intracellular ROS (226, 227). Activated MMP-9 is further translocated into 

the mitochondrial compartment by the action of heat shock protein 70 (Hsp70) (228). MMP-9 

further accumulates within the mitochondria to cause a degradation of the mitochondrial 

membrane potential (229), which causes an opening of the membrane transition pore and 

ultimately triggers a cascade of apoptotic events within the retinal capillary cells (226) (Figure 

11). 
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Figure 11: Matrix metalloproteinases (MPP-9) triggers cellular apoptosis in DR: 

Translocation of MMP-9 into the mitochondrial compartment leads to loss of the mitochondrial 

membrane potential, and a subsequent opening of the membrane pore. This leads to release of 

apoptotic cytochrome C into the cytosol, eventually causing retinal cell death. 

 

 

1.5 Mitochondrial therapy 

Mitochondrial dysfunction appears to play a major role in the pathogenesis of DR, therefore it 

seems promising to evaluate drugs that aim to normalise mitochondrial function. Several drugs 

targeting the mitochondria are currently under development for DR and other optic 

neuropathies associated with mitochondrial dysfunction, and some are already approved for 

the treatment of such conditions. 

 

 

 



40 
 

1.5.1 Short-chain quinones 

Short-chain quinones (SKQs) are compounds that modulate mitochondrial function and are 

currently emerging as the most widely studied chemicals to treat mitochondrial diseases (230). 

Although their mode of action is not fully elucidated, several modes of action have been 

proposed, which include normalizing mitochondrial function by regulating cellular redox 

homeostasis, restoration of energy production by acting as electron donors for the 

mitochondrial respiratory chain and counteracting oxidative stress as antioxidants (230, 231).  

Most SCQs are currently investigated preclinically or clinically as treatment options for 

different mitochondrial diseases, while some are already marketed (231). For example, 

idebenone is currently available on the European market as Raxone® for the treatment of 

Leber’s hereditary optic neuropathy (LHON). The following sections focus on short-chain 

quinones structurally related to coenzyme Q10 (CoQ10) (idebenone, MitoQ), plastoquinones 

(SkQ1), vitamin E (EPI-743, KH176) and the novel UTAS derived naphthoquinone analogues 

central to this study. In addition, the mitoprotective antioxidant peptide Elamipretide as 

potential mitochondrial therapy option is also discussed as it has progressed the furthest out of 

the developed compounds currently under clinical investigation and was therefore used as a 

reference compound in the current study. 
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Figure 12: Chemical structures of mitochondrial targeting quinones, novel 

naphthoquinone core and the peptide Elamipretide (MTP-131): All quinones and/or 

naphthoquinones have similar parent core. 

 

1.5.1.1 Idebenone  

Idebenone is a benzoquinone, widely described as a synthetic analogue of CoQ10 due to its 

structural similarity to the naturally occurring CoQ10 (Figure 12). Similar to CoQ10, in the 

reduced state idebenone can act as an electron carrier in the mitochondrial electron transfer 

chain (ETC) and as potent antioxidant, which has led to the assumption that idebenone is a 

functional CoQ10 analogue. However, idebenone has a much shorter and less lipophilic side 

chain that also includes a terminal hydroxyl group. Likely due to its changed structure and 

solubility, idebenone differs from CoQ10 in many respects (232). In contrast to CoQ10, 
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idebenone was reported to participate in redox reactions outside the mitochondria (233). Many 

mitochondrial disorders, including optic neuropathies such as in LHON and glaucoma are 

associated with dysfunctional mitochondrial complex I (231, 234). In this context, idebenone 

promised to directly alleviate this defect, which was based on its reported electron carrier 

function that takes place in the presence of a dysfunctional complex I enzyme. Importantly, 

this function has not been associated with CoQ10, which is a direct result of its much lower 

solubility (232, 233, 235, 236). Upon entering the cell, idebenone is reduced by the cytoplasmic 

NAD(P)H quinone oxidoreductase 1 (NQO1), before it is re-oxidized by complex III of the 

respiratory chain (233). This complex I-bypass can reactivate electron flow, proton pumping 

and ATP synthesis under conditions of dysfunctional complex I (233, 236) . Furthermore, 

idebenone appears to stimulate complex II function, while at high concentrations it becomes a 

competitive inhibitor of complex I (232). Idebenone also stimulates a number of alternative 

metabolic pathways that are independent of complex I. One of those, known as the glycerol-

phosphate shuttle, utilizes cytoplasmic NADH to provide high energy electron equivalents for 

the mitochondrial electron transport chain by reducing the mitochondrial quinone pool (237, 

238). 

Idebenone is currently marketed in Europe as Raxone® for the treatment of Leber’s hereditary 

optic neuropathy (LHON). LHON is a rare form of inherited mitochondrial disease that leads 

to irreversible blindness. It is caused by mutations in complex I of the respiratory chain that 

result in reduced levels of ATP synthesis and increased levels of oxidative stress. As a 

consequence, this combined molecular pathology leads to a loss of function and viability of 

RGC, which ultimately results in vision loss (239). In light of the described complex I bypass 

function and its potent antioxidative activity, together with a rapid uptake into the eye (240), 

idebenone appears to be ideal to counteract both pathologies in LHON patients. 
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1.5.1.1.1 Clinical experience 

Idebenone has been studied for its efficacy in multiple clinical trials involving LHON patients 

(241). Overall, idebenone was well tolerated and demonstrated a consistent trend towards 

visual recovery. The first randomized, double-blind placebo-controlled study conducted in 

LHON (Rescue of Hereditary Optic Disease Outpatient Study: RHODOS, NCT00747487) 

tested the efficacy of idebenone in patients with the three primary mitochondrial DNA 

mutations (m.11778GNA, m.3460GNA, m.14484TNC) and an onset of vision loss of up to 5 

years prior to enrolment. Although the primary endpoint of best recovery of visual acuity from 

baseline to 6 months was not statistically significant, the results showed an overall trend of a 

therapeutic effect. Idebenone protected against loss of visual acuity, while the visual acuity of 

patients in the placebo group deteriorated in line with the natural course of the disease (242). 

Similar results were obtained by the retrospective evaluation of a large number of idebenone-

treated LHON patients, compared to a matching cohort of untreated LHON cases (243). These 

trials provide evidence for a therapeutic effect in LHON patients by increasing visual recovery 

during the acute phase of the disease. Consistent with this, higher rates of clinically relevant 

recovery than expected from natural history were also observed in an Expanded Access 

Program (EAP) (244, 245). Based on this evidence, in September 2015, the European 

Medicines Agency (EMA) granted a marketing approval for the treatment of visual impairment 

in LHON patients under the tradename Raxone®.  It is currently under phase 4 clinical trial for 

its long-term safety and efficacy in treatment of LHON patients (NCT02774005).  
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1.5.1.1.2 Limitations with idebenone  

Idebenone is rapidly absorbed after oral administration but its  bioavailability remains 

relatively low. This is due to the extensive first-pass effect of idebenone in the liver and 

intestinal mucosa (246, 247). 

Due to this limitation, idebenone has only been administered orally in clinical studies at 

relatively high doses of up to 2g/patient/day (242, 248). This aimed to achieve the required 

therapeutic concentrations at the patient’s target eye tissues. Even at these high doses, 

idebenone was well tolerated and the main adverse effects were intestinal irritations, diarrhoea 

and back pain, which ceased after discontinuation of therapy (248). However, despite very high 

oral doses detectable idebenone concentrations in the eye appear to be very low (240). In a 

study of the effects of idebenone in a mouse model of LHON, the extent to which it penetrates 

the eye after oral administration to mice was also assessed.  Mice were treated with a single 

oral dose of idebenone as well as a dose ranging from 20mg/kg/day to 2000mg/kg/day for a 

period of three weeks. The concentration of idebenone in the aqueous humor was shown to be 

dependent of the administered dose (240). This was measured as 2.3 ng/ml (7 nM), 3.0 ng/ml 

(9 nM), and 12.6 ng/ml (37 nM) in the aqueous humor at the oral doses of 200, 400, and 2000 

mg/kg/day, respectively (240). The intraocular concentration-kinetic of idebenone after 

administering a single oral dose of 60mg/kg was also established in this study, which peaked 

at 37.4 ng/ml (111 nM) within 5 minutes of dosing. This gradually reduced within 2 hours after 

dosing and at 6 hours post-dose, only 10% and 0.5% of plasma idebenone concentrations were 

found in the aqueous humor and vitreous humor respectively (240).  

Several strategies have been employed to address the poor water solubility of idebenone, 

mainly by incorporating idebenone into drug delivery vehicles (249-251). The use of drug 

vehicles should facilitate the delivery of idebenone intended for systemic or local effects and 
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these include systems such as liposomes, cyclodextrins, microemulsions, self-micro-

emulsifying drug delivery systems (SMEDDS), and lipid-based nanoparticles. 

Liposomes have been successfully used to formulate idebenone into preparations intended for 

in vitro treatment (252). The theory is that because idebenone goes into solution within the 

lipid bilayer structure of the liposomes, it can be used as an aqueous solution intended for 

topical administration. The formulation of a topical preparation of idebenone using cationic 

liposomes has also led to an increased in vitro transdermal absorption of the drug  (253). 

However, there is no efficacy data to support the use of a liposomal formulation of idebenone 

either for ocular or systemic administration. 

Polymer- or lipid-based nanoparticles have also been successfully used to formulate soluble 

preparations of idebenone. Polymer-based nanoparticles are composed of a polymeric 

membrane or matrices which may or may not surround an oil core in which idebenone is 

dissolved. Increased aqueous solubility of idebenone has been observed when it was 

nanoencapsulated using the polyethyl-2-cyanoacrylatte polymer system (254). This increased 

water solubility was also associated with increased antioxidant activity in cultured human non-

immortalized fibroblasts exposed to stress-inducing diethylmaleate (254). Lipid-based 

nanoparticle vehicles are a merger of liposomes and polymeric nanoparticles and were 

developed to optimize the efficiency of these two vehicles. Cationic lipid-based nanoparticles 

have been used to formulate idebenone, for potential ocular administration (249, 255). One 

study used the Oxygen Radical Absorbance Capacity (ORAC) assay to measure the antioxidant 

effect of idebenone-loaded SLN. This was done using a cell-free in vitro assay and it showed 

that this vehicle protected the drug from degradation and thus prolonged its antioxidant effect 

(255). While these results support the use of a potential carrier to generate eye drop 

formulations of idebenone, the study only conducted an in vitro assay. Unfortunately, the study 
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did not assess the efficacy and bioavailability of idebenone following ocular administration of 

idebenone-loaded SLN in vivo, and as such no data on these measures was produced (255). 

Cyclodextrins are molecular vehicles that have been widely studied for use as drug vehicles 

and have also been used to complex idebenone into a water-soluble format. Cyclodextrins are 

oligosaccharides formed from the degradation of starch and typically have a cyclic structure 

that allows them to form complexes with a variety of molecules (256, 257). Cyclodextrins have 

a hydrophilic external surface while their hydrophobic central core is used to encapsulate 

lipophilic drugs in a reversible process that facilitates a gradual release of the drug from the 

matrix into the site of action. A significant increase in the water solubility of the idebenone 

was observed when sulfobutyl ether-β-cyclodextrins was used to form complexes with it as a 

carrier (258). However, it should be noted that most studies on the use of cyclodextrins and 

other delivery systems to solubilize idebenone have been done when the drug is intended for 

oral or other systemic application, and not for potential ocular delivery. 

Prior to the research on idebenone conducted as part of my PhD, the procedures for formulating 

idebenone as a drug intended for ocular administration had not been widely established or 

published.  

 

1.5.1.2 Mitoquinone (MitoQ) 

Mitoquinone (MitoQ) is a mitochondria-specific antioxidant. It was designed by Kelso et al. as 

a potential therapeutic option to target ubiquinones directly into the mitochondria for better 

efficacy (234). MitoQ is derived by coupling a lipophilic cation, triphenyl phosphonium 

(TPP+) to the hydroxyl moiety of idebenone to form MitoQ (235, 236) (Figure 12). This 

positively charged molecule TPP+, allows MitoQ to pass through the cell membrane and 

extensively accumulate in the mitochondria in a mitochondrial membrane potential dependent 
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process (237). Like all other quinone compounds, MitoQ needs to be reduced to its active form 

(mitoquinol) in order to exhibit its cytoprotective activity (224). This bioactivated form of 

MitoQ (mitoquinol) was reported to act as an effective antioxidant, protect against lipid 

peroxidation, detoxify oxygen radicals and block apoptosis induced by hydrogen peroxide 

(234). Unlike idebenone, the protective activity of MitoQ is blocked in the presence of the 

mitochondrial complex I inhibitor rotenone, which suggests that bioactivation/reduction of 

MitoQ largely occurs at complex I of the mitochondrial respiratory chain (238). The therapeutic 

potential of MitoQ has been tested in several mouse model of neurodegenerative disorders 

including Alzheimer's disease, multiple sclerosis and retinopathy (239-241). Supportive of a 

neuroprotective role, MitoQ significantly suppressed inflammatory markers and reduced 

neuronal cell loss in a mouse model of multiple sclerosis (240). However, in a mouse model of 

inherited photoreceptor degeneration that is associated with elevated levels of ROS, MitoQ was 

unable to restore retinal complex I activity, GSH levels or protect against photoreceptor 

degeneration (241). Likewise, MitoQ has been reported to upregulate ROS production in 

isolated mitochondria and endothelial cells resulting in cell death (259). In fact, there are 

suggestions that the beneficial effects of MitoQ might be due to its TPP+ cation and not the 

quinones part due to inadequate control group for TPP+ moiety in most of the studies with 

MitoQ (260, 261). At present, there is insufficient evidence as to whether MitoQ could be 

successfully used for the treatment of mitochondrial optic neuropathies at all. However, it is 

being investigated in preclinical and clinical trials for other diseases including obesity, multiple 

sclerosis and kidney disease. (NCT03166800), (262, 263). 

 

1.5.1.3 SkQ1 

Another TPP-conjugated SCQ, which was developed to target quinones into the mitochondria 

is 10-(6′-plastoquinonyl) decyl triphenyl phosphonium (SkQ1) (Figure 12). Although very 
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similar to MitoQ, SkQ1 is not based on idebenone but on a plastoquinone core. SkQ1 is 

reported to have a wider range of effective dosage (264) with antioxidant activity at sub-

micromolar concentrations (264). Nanomolar concentrations of SkQ1 prevented oxidation of 

cardiolipin in the inner mitochondrial membrane and prevented apoptosis induced by H2O2 

(264). In OXYS rats that are characterized by chronic oxidative stress, 50 nmol/kg/day of 

SkQ1 decreased lipid and protein peroxidation and also completely prevented the 

development of retinopathy and cataract formation without apparent induction of liver 

cytochrome P450 enzymes. These SkQ1-treated rats also retained their photoreceptor layer 

over the duration of their life, which was lost in the untreated rats (264, 265). SkQ1 also 

reportedly recovered vision in blind dogs, cats and horses in 67 out of 89 cases studied (266). 

SkQ1 has shown some clinical success for indications such as dry eye syndrome, uveitis and 

wet Age-related Macular Degeneration (AMD) as an eye drop formulation (267, 268).  

SkQ1 is currently being marketed under the trade name Visomitin™ in Russia for the treatment 

of dry eye syndrome by Mitotech and in the US, phase III trials are currently being performed 

(NCT03764735). Although, there is some in-vivo evidence for the retinoprotective effects of 

SkQ1 (269), it has not been tried in DR. 

 

1.5.1.4 EPI-743 

EPI-743 is a Vitamin E derived SCQ (α-tocotrienol quinone) (Figure 12). Tocotrienols are 

plant-derived secondary metabolites that were first described in the 1960s and since the 1990s 

have been known to have antioxidant and cholesterol lowering activity (270). EPI-743 was 

developed by BioElectron to treat mitochondrial respiratory chain diseases (271). Like most 

SCQs, EPI-743 can act as electron donor in the reduced state and as such possesses antioxidant 

activity (272). EPI-743 is believed to be mitoprotective by restoring the redox balance in 
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mitochondria, without affecting lactate levels or energy balance (273). Although it is claimed 

that similar to idebenone, EPI-743 acts as a co-factor for NQO1, no evidence is currently 

available to support this statement. As an antioxidant, EPI-743 was reported to be significantly 

more effective than idebenone or CoQ10 with an EC50 of about 20 nM (274). Consistent with 

its indirect antioxidant function, EPI-743 showed a significant increase in reduced glutathione 

levels in vivo after six months of treatment in children with mitochondrial 

encephalomyopathies (273). EPI-743 has good oral bioavailability in rats, dogs and mice and 

similar to idebenone its oral absorption, can be increased by the presence of food (275). In a 

small open label study involving 13 patients with different inherited mitochondrial diseases, 

EPI-743 reportedly improved quality of life without affecting disease progression (274). In 

another small open trial with 5 LHON patients that started treatment with EPI-743 (100–400 

mg per dose, oral, t.i.d ) within 90 days of conversion, EPI-743 demonstrated an arrest of 

disease progression and some reversal of visual loss. Only 1 mildly affected patient 

(m.14484TNC/ND6 mutation) exhibited a total recovery of visual acuity (276). In a separate 

case study including two siblings with LHON (m.14484TNC/ND6 mutation), both siblings 

showed slow, spontaneous recovery of visual acuity without any treatment, which frequently 

occurs in subjects with this mutation. However, the younger sibling exhibited a more rapid 

recovery of vision (VA improved from20/50 to 20/20 OD; 20/20 OS) after 7 weeks of treatment 

with EPI-743 compared to the older sibling that was much more severely affected (VA CF2 

feet OD; 20/200 OS) and who did not receive any treatment (277). Overall, the published 

clinical trials with EPI-743 in general were uncontrolled and only conducted with very small 

patient numbers, while for the recently completed controlled phase II trials (NCT01822249, 

NCT01923584) results are yet to be published. Since only 2 small studies in LHON patients 

(only 7 treated patients in total) have been reported, the effectiveness of EPI-743 in LHON 

patients or any other optic neuropathy is unclear at present. 
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1.5.1.5 KH176 

KH176 is a small-molecule compound structurally derived from vitamin E that has redox 

modulating and antioxidant properties (278). Its primary target in cells with dysfunctional 

mitochondria are the thioredoxin and peroxiredoxin enzymes, with which it interacts with to 

protect cells from redox stress (278). Although not yet investigated for its efficacy in 

mitochondrial-related optic neuropathies, it has been studied in mitochondrial disorders 

associated with m.3243A>G mutation and complex I dysfunction such as Leigh syndrome 

(279). In clinical studies, KH176 demonstrated safety and tolerability in patients with 

m.3243A>G mutation and clinical mitochondrial disease, however as a measure of its efficacy, 

no significant improvement in motor function was observed in the study patients (280). 

Nevertheless, a reduction of depressive symptoms associated with mitochondrial disease was 

observed in the study, but whether this is a primary or secondary effect of KH176 treatment is 

yet to be confirmed. Further studies on KH176 are needed to evaluate its effect on optic 

neuropathies associated with mitochondrial dysfunction. 

 

1.5.1.6 Naphthoquinone analogues 

Over 140 novel short-chain 3-methyl-naphthoquinone compounds, which are structurally only 

distantly related to idebenone by the presence of a quinone ring have been synthesized at the 

University of Tasmania (UTAS). Although these compounds have a redox active quinone core 

like idebenone (Figure 12). It should be noted that these compounds are based on 

naphthoquinones while idebenone is a benzoquinone (Figure 12). Overall, the novel SCQs 

showed increased metabolic stability (unpublished data by Zikai Feng), reduced toxicity and 

increased cytoprotective potential compared to idebenone (230). In particular the increased 

cytoprotection is likely a consequence of their mechanism of bioactivation. While idebenone 

is exclusively bioactivated by NQO1, the novel naphthoquinones are activated by NQO1 and 
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several vitamin K oxidoreductases (VKORCS1 and VKORCS1) (unpublished data by Dr 

Monila  Nadikudi).   

The cytoprotective potential of these novel compounds was assessed in several cell lines in 

response to a challenge with the complex I inhibitor rotenone in vitro. These experiments 

established the alkyl side chain as the structural group essential for the bioactivity of these 

compounds (230). Overall, more than 20 novel SCQs showed significantly better in-vitro 

cytoprotection than idebenone with two equally effective compounds (#37 and #77) selected 

for further in-vivo testing based on their differing physicochemical characteristics. Oral 

administration of these compounds over a period of 70 days in a mouse model of LHON 

restored about 50% of visual acuity, while idebenone showed no effect at all (unpublished data 

by Dr Monila Nadikudi). In an unpublished in vitro study by Zikai Feng (PhD candidate, 

School of Medicine, UTAS), 10 tested SCQs also showed significantly better metabolic 

stability compared to idebenone. While 70% of idebenone was metabolized in vitro over a 

period of 6h, compound #37 did not show any metabolic conversion at all over the same time 

period.  Overall, the novel naphthoquinones display significant improved features over 

idebenone, improved metabolic stability, better solubility and improved cytoprotective activity 

(230). Given these positive in-vitro and in-vivo results, as well as the favourable safety and 

stability profiles, #37 and #77 were selected to be tested as a potential drug candidates against 

DR. 

 

1.5.2 Elamipretide 

Elamipretide (MTP-131 or SS-31) is an antioxidant tetra-peptide known to target the 

mitochondrion. Among all the currently known mito-protective drug candidates it is unusual 

in that it belongs to a large class of similar so-called SS-peptides (based on the names of their 
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inventors Szeto and Schiller) that were discovered as part of efforts to develop synthetic opioid 

peptides with a high selectivity for the μ-opioid receptor (281, 282). These SS-peptides are 

structurally composed of alternating amino acids with aromatic groups and basic amino acid 

(Figure 12) (283). MTP-131 was reported to display potent antioxidant properties, which 

appear to be related to the presence of 2′,6′-dimethyltyrosine (DMT) in its structure (284). 

MTP-131 is currently developed by Stealth Biotherapeutics for several complex 

ophthalmological indications such as LHON, Diabetic Macular Edema, and Fuchs' Corneal 

Endothelial Dystrophy as a mitoprotective agent under the tradename Elamipretide. MTP-131 

selectively targets and accumulates within the inner mitochondrial membrane by an unknown 

mechanism and binds cardiolipin in the inner mitochondrial membrane as reported primary 

target (285, 286). Under conditions of mitochondrial dysfunction and ROS generation, MTP-

131 prevents the peroxidation of cardiolipin which is thought to preserve mitochondrial cristae 

structure and to promote mitochondrial oxidative phosphorylation and the production of ATP 

(281, 287). It also prevents the conversion of cytochrome C to a peroxidase, which in turn 

preserves its electron transfer function in the mitochondrial electron transfer chain (288), 

Although MTP-131 was reported to show a 5000-fold accumulation in the mitochondria (289), 

in contrast to MitoQ and SkQ1, its translocation to the mitochondria is not dependent on an 

intact mitochondrial membrane potential (290). Several studies support an improvement in 

mitochondrial function by MTP-131 (291, 292). It was reported to prevent mitochondrial 

depolarization and permeability transition, scavenged free radicals, and inhibited 

lipoperoxidation and apoptosis in vitro (284). In cultured human retinal endothelial cells 

exposed to elevated glucose concentrations, MTP-131 reduced levels of mitochondrial ROS, 

stabilized mitochondrial membrane potential, reduced the release of pro-apoptotic cytochrome 

c from the mitochondria and effectively protected the cells from injury  (293). While the results 

of these study do not appear to identify a specific mechanism for the antioxidant and 
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mitoprotective effects of MTP-131, evidence supports its potential application for the treatment 

of diabetic retinopathy and diseases caused by mitochondrial dysfunction and oxidative stress. 

Indeed, in streptozotocin (STZ)-challenged diabetic rats, subcutaneous injection of 3 mg/kg 

MTP-131 for four months, retained retinal structure and protected against the pathological 

changes induced by diabetes (294). These results were further supported by a comprehensive 

study to characterize the development and treatment of visual decline in a mouse model of 

diabetes (73). In this study, MTP-131 was administered either by injection (1 mg/kg) or as eye 

drops (30 mg/ml) to diabetic mice on a high fat diet. Both formulations reversed the marked 

visual decline and improved visual function in the diabetic animals (73). Preclinical efficacy 

of MTP-131 was also reported for the prevention of age-related macular degeneration (295). 

MTP-131 (3 mg/kg for two weeks) prevented mitochondrial dysfunction, retinal deposits and 

the generation of biochemical markers associated with hydroquinone-induced dry AMD mouse 

model (295). Based on this encouraging pre-clinical data, clinical trials are ongoing to test the 

efficacy of MTP-131 in diabetic macular oedema patients (NCT02314299), diabetic macular 

oedema and age-related macular degeneration (NCT02314299) as well as corneal disorders 

(NCT02653391). An open-label phase I/II non-randomized clinical trial that enrolled 21 

subjects with Diabetic Macular Oedema (DME) and Age-Related Macular Degeneration 

(AMD) to determine the safety and efficacy of ophthalmic administration of MTP-131 was 

completed in 2015, however the results of this study have not yet been published. Stealth 

Biotherapeutics is currently recruiting for a safety and efficacy phase II trial of MTP-131 in 

LHON patients (NCT02693119). This trial will also test a 1% MTP-131 eye drop formulation 

in 12 patients and the study aims to be finalized in April 2020. 

 

 



54 
 

1.6 Animal models of diabetic retinopathy 

Several animal species have been used in preclinical studies to reproduce the features of 

diabetic retinopathy in order to gain a better insight into the pathogenesis of the disease and 

also test potential interventions for DR. The success and prognostic value of any study on DR 

is significantly impacted by the choice of an appropriate animal model. It has to be emphasized 

that each of the different animal models is not without their advantages and disadvantages 

(Table 2). 

Though no single model can exactly reproduce the full picture of the pathogenesis of diabetic 

retinopathy as found in humans up to the stage of retinal detachment, different models have 

been developed to mimic the features of the distinct phases of the pathogenesis. 

 

1.6.1 Zebrafish model of DR 

Zebrafish have been widely used to study visual dysfunctions due to the similarity in their eye 

anatomy to those of humans, and the lesser ethical considerations associated with their use 

(296). They possess a characteristic pattern of the retinal cell layers, ranging from ganglion cell 

layer to retinal pigment epithelium, and their retinal vascular structure is complex as found in 

mammals (297). In addition, they regulate glucose metabolism via a process similar to that 

observed in humans and rodents (296), which supports their use as DR models. Zebrafish are 

also very useful for the screening of a large number of candidate drugs and for studying 

pathophysiologic mechanisms of diseases at the cellular level (298). Their use as models to 

study human diseases is also space-efficient, as their small size means they can be held in large 

numbers within a relatively small laboratory facility, thus allowing for more versatility (299). 

Although there is less consensus and validation for the use of zebrafish as a model of DR 
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compared to rodent models as well as a scarcity of specific reagents for their use, they have the 

distinct advantage of easily reproduced hyperglycaemia relative to other animal models (300, 

301). Exposure of zebrafish to a high glucose environment, injection of streptozocin to induce 

hyperglycaemia, the use of hypoxic environments and transgenic fish have all been adopted as 

approaches to study DR in zebrafish (296, 302). 

Induction of hyperglycaemia does lead to specific retinal changes which can be observed within 

a short time period in these organisms (296). However, there are some concerns about the way 

diabetes is induced in this model itself, which involves the alternate immersion of fish in 0% 

and 2% glucose solution (297). This method does not provide persistent hyperglycaemia, since 

the fish tend to acclimatise to the external glucose environment and blood glucose levels reduce 

within about 1 month after hyperglycaemia (303, 304). Nevertheless, the alternate immersion 

technique has led to distinct pathological changes in the retina which mimic those observed in 

human DR (297, 304). The intraperitoneal injection of streptozocin into zebrafish has also led 

to the thinning of retinal layers characteristic of DR (305). While zebrafish are less commonly 

used compared to rodent models, these responses make them a useful pre-clinical model for 

DR. 

 

1.6.2 Rabbit model of DR 

Similar to other animal model, DR can be induced in rabbits via pharmacological and dietary 

induction of hyperglycaemia (306, 307). Although, not a frequently used method of inducing 

DR in rabbits, STZ-injection generates retinal changes characteristic of both proliferative and 

non-proliferative DR after 19 weeks of hyperglycaemia (308). The most commonly used 

induction method in rabbit is dietary methods due to ethical reasons (309). This method is time-

intensive but DR occurred in rabbit models of diet-induced impaired glucose tolerance and 
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dyslipidaemia (307). After feeding the rabbits with a fat-enriched diet for at least 6 months, 

histology revealed the presence of microaneurysms and dot haemorrhages representing  NPDR 

(310). The slow progression of DR symptoms makes high fat diet-induced DR in rabbits similar 

to the natural progression of disease in human patients.  

In addition, VEGF-induced angiogenesis can be induced in rabbits without hyperglycemia 

(311).  To study angiogenesis in rabbits, a polymer-based pellet loaded with recombinant 

VEGF and basic fibroblast growth factor was placed into the animals’ vitreous cavity (306). 

An increased number and size of retinal vessels developed after 4 weeks of implantation, while 

retinal haemorrhage and retinal detachment were observed within 2 and 4 weeks of 

implantation respectively (306). Despite the useful potential of VEGF-induced angiogenesis in 

rabbits, anatomic differences between the retinal vessels in rabbits and those found in other 

animals could be a major limitation in using this approach to study angiogenesis in DR (300, 

309). Unlike other animal species, the rabbit visual streak is located below a ring-like network 

of capillaries. This makes lesion in this region difficult to detect, especially if they are around 

the medullary ray (307). Nevertheless, if using this model to study the neovascular and cellular 

interactions in pathogenesis of DR, the size of the eyeballs in rabbits which is significantly 

bigger than those found in other rodents allows for a more precise experimental manipulation. 

 

1.6.3 Dog model of DR 

In dogs, induction of hyperglycemia is done by pharmacological methods using STZ or alloxan, 

or by administering galactose-based diets to the dogs. Basement membrane thickening and loss 

of pericytes are characteristic DR changes that have been observed in STZ-treated dogs during 

a five-year post injection study period (312). Furthermore, the administration of a 30% 

galactose-supplemented diet in dogs led to loss of pericytes as evidenced by the presence of 
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pericyte ghosts observed after 19 months of galactose feeding (313, 314). Other pathological 

changes relevant to DR observed in the same study between 33 months and five years included 

the development of microaneurysms and gliosis in the retinal nerve fibre layer  (314), as well 

as neovascular changes between 60 to 74 months of galactose diet (315).  

Oxygen-induced retinopathy (OIR) is a validated method used in dogs and rodent models to 

study  neovascularization associated with the proliferative stage of DR (316). In this method, 

the animals are exposed to high oxygen conditions which induces pathologic neovascular 

responses upon returning them to normoxic conditions. When exposed to high glucose 

conditions, retinal vessels degenerate to create areas of avascular retina, and upon return to 

normal levels of oxygen, this leads to ischemic conditions for the avascular retinal areas (317). 

The ischemia further induces increased revascularisation which ultimately occurs via an 

angiogenetic process in the retina tissues. OIR was originally used as a model of retinopathy 

of prematurity (ROP), and dogs have been successfully used for this model. In a study, newborn 

beagles were exposed to between 95% to 100% of oxygen for a period of 4 consecutive days 

before they were returned to normal oxygen conditions. This led to the development of retinal 

neovascularisation and the presence of tractional retinal folds which occur secondary to retinal 

detachment  (318).   

Experimentally induced diabetic dogs develop retinal structural features and changes similar 

to that seen in human diabetic retinopathy patients (190). However, compared to zebrafish and 

rodents, dogs have many drawbacks to their use. Firstly, it is relatively more difficult to 

maintain and manipulate dogs to be used as experimental models. This is partially due to the 

high costs associated with maintaining dogs, the lengthy periods of time required to follow-up 

on the experiments, and scarcity of molecular reagents specific for dogs due to the fact they 

are not commonly used.  Another drawback is the fact that in most cultures, dogs are considered 

companion animals for humans, thus their use for laboratory experiments is associated with a 
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greater level of cultural resistance (319). Nevertheless, use of dogs as experimental models for 

DR is not without its own advantages which includes the greater extent of similarity between 

the human and canine retina structure, compared to zebrafish and rodents. This includes for 

example the presence of a macula in the dog retina, which is absent in the retina of these other 

pre-clinical animal models (319). Another advantage is the similar eyeball size of dogs and 

humans, which allows to translate drug administration and visual function measurement 

techniques from dogs to humans. It also means that the extent and size of pathological changes 

in the canine retina can be directly correlated to those found in humans (311). 

 

1.6.4 Monkey model of DR 

Monkeys have been used to model both type 1 and type 2 diabetes and angiogenesis, with 

distinct retinal pathologies representative of DR (320). Hyperglycemia can be induced in 

monkeys spontaneously or by using streptozocin injection (321). The concurrent induction of 

hypertension and hyperglycemia in these animals led to the development of retinal vessel 

abnormalities (320). These occurred within 6 and 15 years of inducing diabetes, and include 

cotton-wool spots, microaneurysms, capillary dropout and venular occlusions. Another study 

of 5 years duration of type 2 diabetes in monkeys reported other retinal abnormalities which 

include thinning of the retinal neuron layers as well as visual function impairment as measured 

by electroretinogram (ERG) (322). VEGF-induced angiogenesis was reproduced in a monkey 

model by an intravitreal implantation of a VEGF-loaded pellet. Two weeks after implantation, 

increased tortuosity of retinal capillaries as well as a severe breakdown in the BRB were 

observed. However, these features regressed to normal after 3 weeks (323). In general, rhesus 

monkeys have a particular advantage over other larger animal models in that they most closely 

resemble humans. The presence of a macular in their retinal anatomy (324), which is an 
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important focus of damage in DR makes them ideally suited. However, the difficulty to 

genetically manipulate them, the significantly longer study periods and a general scarcity of 

diagnostic reagents make rhesus monkeys of very limited use (311). 

 

1.6.5 Mouse and rat models of DR 

Rats and mice are by far the most widely used models of DR. They are relatively inexpensive 

to develop, easy to handle and have a short life span that reduces study periods (300). The 

major drawback to their use is that a single rodent model cannot be used to reproduce both the 

non-proliferative and proliferative phases of DR because of the significantly shorter lifespan 

compared to humans. Nevertheless, genetically modified animals have been developed to study 

specific pathological and molecular mechanism of DR that would ordinarily be impossible to 

study due to the length of time needed for the pathology to occur  (325). Based on the method 

by which hyperglycemia and pathological features of DR are induced in these animals, they 

have been subdivided into 3 subgroups. These include models of induced hyperglycemia that 

leads to diabetes, spontaneously diabetic models, and models where retinal neovascularisation 

occurs without hyperglycemia (311). The last subgroup is typically used to study the 

angiogenetic processes that characterise the proliferative stage of DR. Early stages of DR have 

been replicated in rodent models with pathological features similar to those found in humans 

during this stage of the disease  (309). In addition, the readily available suite of genetically 

modified mice and rats allows to study the role of specific genes in the pathophysiologic 

mechanisms of DR development (309). Overall, induction of DR in mice and rats occurs via 

pharmacological (including inbreeding rodents with endogenous mutation) and dietary 

methods as well as by inducing pathological angiogenesis. 

 



60 
 

1.6.5.1 Mice as a model of DR 

Type 1 diabetes can be induced in mice by injection of STZ and alloxan, both of which destroy 

the insulin-producing β-cells in the pancreatic islets, or by feeding mice with a diet high in 

galactose. In mice, hyperglycemia can be achieved within 1 to 4 weeks of STZ injection, 

depending on which specific diabetic model protocol is followed (311). In an STZ-induced 

diabetic mouse model, increased vascular permeability was observed after about 8 days and 

upregulation of GFAP after 4-5 weeks of hyperglycemia (326, 327), which replicates the 

occurrence of gliosis in the early stages of DR. Furthermore, leukostasis and vascular leakage 

were observed after 2 months of hyperglycemia (328, 329), which is an indication of the 

activity of inflammatory mediators and VEGF. Another method of inducing hyperglycemia in 

mice is feeding them with galactose, which is associated with a slower onset of metabolic 

abnormalities. Thus, this method facilitates the study of features of retinopathy that develop 

mainly due to increased hexose,  and study periods can be up to 26 months as the life span is 

longer  (330, 331). Retinal changes observed in galactose-fed mice include loss of retinal 

capillary endothelial cells and pericytes, thickening of the capillary basement membrane and 

microaneurysms (331). The current availability of transgenic mouse models can be helpful in 

understanding the role of selected endogenous proteins and metabolites in the pathogenesis of 

DR. For example, endothelial nitric oxide synthase (eNOS) knockout mice are genetically 

modified to study the effects of eNOS dysfunction in the pathogenesis of DR (332). Compared 

to wild-type diabetic mice induced by STZ, STZ-induced eNOS knockout mice show 

accelerated development of DR complications (332). Specifically, after 3 weeks of 

hyperglycemia, these mice are characterized by increased numbers of acellular capillaries and 

developed a more severe retinal vascular permeability than age-matched wild-type mice  (332). 

Thickening of the capillary basement membrane, glial reactivity and increased nitric oxide 

(NO) levels have also been described in the eNOS knockout mouse model of DR  (332). 
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Spontaneously diabetic mice have also been used as DR models. These mice carry a mutation, 

which leads to the occurrence of hyperglycemia without any induction by exogenous 

chemicals. Genetic manipulations have given rise to mouse models such as the Ins2Akita mice, 

NOD, db/db, and KKAy mice. In the Ins2Akita mouse model, the animals carry a point 

mutation in the insulin gene, which causes a conformational change that leads to its 

accumulation in the pancreatic beta islet cells, which ultimately leads to the death of these cells. 

Gliosis and abnormalities in number and morphology of RGC have been observed at 2-3 

months of hyperglycaemia in the Ins2Akita mice model (333, 334). In the NOD mice, 

autoimmune destruction of pancreatic beta cells mediated by CD4+ and CD8+ T-cells leads to 

the spontaneous onset of hyperglycemia at 12 weeks of age (309). Given the mechanism of 

diabetes development, this model is typically seen as a model for type 1 (autoimmune) diabetes. 

Interestingly, in these NOD mice a variable time to the onset of diabetes has been reported 

(335), which has been attributed  to a gender bias due to the presence of estrogen (311). Thus, 

female NOD mice are mainly used for experiments as the rate of induction of diabetes in male 

mice is significantly lower.  

Typically used as a mouse model of obesity, db/db mice are deficient in the leptin receptor, 

which leads to the spontaneous development of diabetes in these animals at around 4 to 8 weeks 

of age (336). However, the use of this mouse model has not been very popular due to the low 

reproduction rates that has been associated with this strain of mice (311, 337). In the KKAy 

mice, transfection of the Ay gene into the KK mice gives rise to the development of moderate 

diabetic symptoms such as obesity and hyperglycemia. The KK mice already show inherent 

polygenic mild diabetic traits, which progress into overt diabetes when the mice become obese 

(338). The introduction of the Ay gene, which is also called the lethal yellow obese gene (339), 

into the KK mouse genetic background is what ultimately results in the development of diabetic 

traits, through a not yet fully known mechanism (340). It should be noted, however, that these 
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symptoms are not progressive, and they usually return to normal when the mice reach the age 

of 40 weeks (311). Also, compared to other spontaneous diabetic mouse models, the KKAy 

model shows fewer signs of retinopathy and is thus not commonly used to study DR (311). A 

common advantage of genetically induced rodent models of DM is the success rate of 

hyperglycemia induction. Compared to chemically induced methods, there is less variation in 

the number of animals that consistently develop hyperglycaemia, which subsequently leads to 

a rapid onset and consistency in the retinopathy features observed (307). However, the higher 

cost and time required to breed the genetic models, makes diet and/or chemically induced DR 

in mice and rats the most favoured experimental approach (341), though these latter methods 

does not allow the study of PDR.  

Oxygen-induced retinopathy (OIR)  is a method used to reproduce PDR in mice. It was 

originally used as a model of retinopathy of prematurity in newborns (ROP) (342).  Using a 

similar method as described for dogs, VEGF production is attenuated leading to loss of blood 

vessels which occurs within 2 days of being in an hyperoxic chamber (343). The return to room 

air conditions lead to the generation of new blood vessels as a response to the relative ‘hypoxia’ 

to the retina vessels after placed in normoxic conditions (343). However, this 

neovascularisation reverts to normal at some weeks after it starts (344), and this has been a 

limitation to the use of this model in preclinical drug studies for PDR treatment. The use of the 

transgenic Kimba mice and the retinal occlusion mice models are other approaches that have 

been adopted in the study of the neovascularisation features of PDR (345) (346), albeit  less 

frequently than OIR. 
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 1.6.5.2 Rats as a model of DR 

Similar to mice DR models, induction of DR in rats is via pharmacological (including 

inbreeding rats with endogenous mutation) and dietary methods as well as induction of 

pathological angiogenesis. However, compared to mice, rats require lower doses of STZ to 

induce hyperglycemia due to their higher susceptibility to the chemical (311). Supplementation 

of STZ with insulin is usually done in order to minimize the level of mortality in rats challenged 

with STZ compared to mice (307). Also, alloxan has been used as an inducing agent, and 

hyperglycemia and early signs of neovascularisation was observed in rats at 1 week and at 

between 2-9 months of administering alloxan respectively (347). After about 13 months of 

inducing diabetes with alloxan, thickened retinal capillary basement membrane, acellular 

retinal capillaries, and loss of retinal capillary pericytes have been observed (348). As with 

mice, galactose-fed rats have also been used as DR models and studies using this model have 

reported the development of retinal vascular pathologies characteristic of DR. Specifically, 

endothelial cell death and thickening of the retinal capillary basement membrane developed at 

6 and 12 months of inducing hyperglycemia respectively (348, 349). 

Variable retinal changes and the onset of these lesions have been described for different rat 

strains (350). Early DR changes have been noticed in Long Evans rats as early as 1-3 weeks 

after STZ induction (73), while Lewis rats showed increased degeneration of retinal capillary 

endothelial cells and retinal ganglion cells after 8 months of hyperglycemia, and Sprague-

Dawley rats showed little to no retinal pathophysiologic changes after this time (350).  

As with mouse models, ischemia-inducing methods including OIR and retinal occlusion have 

been used to create neoangiogenesis in order to model the proliferative stage of DR. It should 

be mentioned that strain differences have been reported that vary in the degree of 

neovascularisation following the hypoxic challenge (351).  
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Spontaneous models are other approaches to the use of rats in the study of DR. With this 

method, development of hyperglycemia and retinal changes relevant to DR naturally develop 

in the rats due to their genetics. The biobreeding (BB) rat is an example of such rat used as a 

type 1 diabetes model, in which an autoimmune reaction leads to pancreatic beta cell death 

(352). The number of retinal capillary pericytes reduced after 8 months of hyperglycemia in 

the BB rat (353). In the Otsuka Long Evans Tokushima fatty rats, retinal capillary basement 

membrane thickening developed in as early as about 2 to 4 months, and other retinal 

microvascular symptoms develop at around 6 to 12 weeks after the development of 

hyperglycemia (354, 355). Also, after 3 months of hyperglycemia, an impairment of retinal 

capillary endothelial cells and reduction in the retinal capillary pericyte area was observed 

(354, 356). Retinal neuronal pathophysiologic features that was observed at 14 months of 

hyperglycemia in the OLETF diabetic rats include a reduction in the retinal inner nuclear layer 

(INL) of the retinal pigment epithelium layer (354). The use of OLETF rats has been limited 

as a DR model due to the longer time to onset of diabetes and the associated retinal 

complications, as well as the fact that acellular capillaries do not appear to significantly develop 

in this model.  Studies using the Zucker diabetic fatty rats (ZDF) animal model to study DR 

have mainly focused on the retinal vascular pathologic features. Thickening of retinal capillary 

basement membrane and degeneration of capillary pericytes and endothelial cells occurred at 

5 and 6 months of hyperglycemia respectively (357, 358). Investigations using this animal 

model to analyse retinal neuronal pathophysiologic mechanisms are really limited. Another 

genetic model, Wistar Bonn/Kobori (WBN/Kob) rat present with acellular capillaries and is 

ideal for studying the progressive symptoms of DR (359). However, retinal neuronal 

degeneration occurred in this rat model, even before the onset of hyperglycemia (360). which 

indicates that there is a different mechanism of retinal neuronal degeneration than increased 

blood glucose. This observation has limited the use of this model to study DR since the 
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mechanism of DR development may not replicate the human condition. Spontaneously diabetic 

Torii (SDT) rats are a genetic model characterized by advanced DR lesions such as retinal 

haemorrhage, neovascularization and retinal detachment (361, 362), and as such may be useful 

for PDR studies. Despite the observation of the advanced DR phenotypes in SDT rats, it is 

noteworthy that microaneurysm, a common DR phenotype in humans, rarely develops in this 

model (363). Nevertheless, the SDT rat model is unique as it is the only model that shows the 

advanced DR symptoms which closely resemble those in humans (364).  

As with mice, rats are calm and easy to handle making them as popular as mice in in-vivo 

studies of DR and require similar maintenance conditions and cost (Table 2). Overall, the 

choice of rodent species is dependent on the specific questions to be answered and researcher 

preference. For example, some researchers prefer a relatively larger tissue size for functional 

assessment, morphological and molecular analysis (307). 

Table 2: Summary of DR models with the DR their advantages and disadvantages. 

Animal 

model 

DR phenotype Advantages Disadvantages 

Zebrafish Retinal thinning (305) Simple and inexpensive 

maintenance 

Studies on target genes can 

be easily done 

Short life span reduces study 

turnover period 

Differences in structure of 

retinal vessels 

Skill required for retinal 

dissection and analysis 

Lack of reagents foal and 

molecular studies 

Rabbits Microaneurysms (310)  

Retinal haemorrhages 

(306) 

Similarities in DR 

pathologies to those in 

humans 

Limited use in angiogenesis 

due to anatomically different 

retinal vessels 
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In-vivo studies and 

assessments can be 

performed 

 

Difficult handling due to 

larger size 

Longer time to develop DR 

Lack of reagents for 

molecular studies 

Dog Loss of pericytes, BM 

thickening (312) 

Gliosis (313) 

Neovascularisation 

(315) 

Similarities in DR 

pathologies and eyeball size 

to those in humans 

In-vivo studies and 

assessments can be 

performed 

Difficult and expensive 

handling and maintenance 

Greater ethical and cultural 

concern 

Longer time to develop DR 

Lack of reagents for 

molecular studies 

Mice Pericyte and REC loss, 

BM thickening, retinal 

layer thinning (331), 

retinal glial changes 

(326), 

neovascularisation 

(343) 

Simple and inexpensive 

handling 

Wide range of transgenic 

mice allows studying the role 

of target genes in DR 

Faster time to onset of DR 

symptoms 

Readily available reagents 

  

Does not spontaneously 

develop PDR phenotypes  

Rats Pericyte and REC loss, 

BM thickening(349, 

353, 365), retinal layer 

thinning (354), 

Simple and inexpensive 

handling 

Faster time to onset of DR 

symptoms 

Most rat strains do not 

spontaneously develop PDR 

phenotypes 
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neovascularisation 

(364) 

Readily available reagents 

BM=Basement membrane, REC=Retinal endothelial cell, DR=Diabetic retinopathy,  

PDR=Proliferative diabetic retinopathy 

 

1.7 Induction of diabetes in rats 

 In order to create a DR model for in-vivo studies, a diabetic model needs to be induced first.  

Several methods have been employed to induce diabetes in experimental animals. 

Pharmacologic induction has gained the most popularity amongst researchers due to the time 

and cost-effectiveness that this method offers (366). Alloxan and streptozocin are the two main 

pharmacologic agents that have been used to chemically induce type 2 diabetes in rats. While 

each of these have limitations and benefits to their use, STZ has been the agent of choice due 

to its favourable chemical properties which optimizes the efficiency of diabetes induction in 

experimental rats (367). Nevertheless, based on its induction of ROS formation that leads to 

pancreatic beta islet cell death, alloxan has gained favour in studies that investigate the 

mechanisms of ROS-induced beta islet cell damage in type 2 diabetes, or to evaluate the 

therapeutic potential of antioxidants in this condition (348, 368-371). 

 

1.7.1 Diet-induced diabetes 

The use of high-fat diet and galactose feeding have been commonly used to induce a diabetic 

state in rats. High-fat diet is sometimes combined with STZ injection to create a type 2 diabetes-

like state. Compared to chemical methods, the use of dietary method achieves hyperglycemia 

over a longer timeline, which increases study turnover period (348).  
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1.7.2 Genetically induced diabetes  

 Genetically modified rats spontaneously develop Type 1 and 2 diabetes, and these have been 

widely used as diabetic animal models.  Certain underlying genetic-induced mechanisms are 

thought to occur in these rats, which lead to a diabetes phenotype.  

The biobreeding (BB) rat is used as a type 1 diabetes model, which an autoimmune reaction 

leads to pancreatic beta cell death (352), and this is used as a type 1 diabetes model. Other rat 

models have been used to study the pathologic features of type 2 diabetes and these include the 

Otsuka Long-Evans Tokushima fatty (OLETF) rats, Zucker diabetic fatty (ZDF) rats, Wistar 

Bonn/Kobori (WBN/Kob) rats, non-obese spontaneously diabetic Torii (SDT) rats, and the 

non-obese Goto-Kakizaki (GK) rats. In the OLETF type 2 diabetic rats, a mutation in the G-

protein-coupled receptor (GPCR) gene (GPR10) leads to obesity followed by spontaneous 

development of type 2 diabetes at about 5-6 months of age. ZDF rats bear a mutation in the 

leptin receptor gene (Lepr) that leads to obesity accompanied with glucose intolerance, which 

in turn give rise to insulin resistance and hyperglycaemia (372). Type 2 diabetes develops in 

the WBN/Kob rat  model due to a genetic pancreatic insufficiency, the exact cause of which is 

yet to be identified. The SDT rat has been used as a model of non-obese type 2 diabetes in 

which hyperglycemia develops at 40 and 65 weeks in male and female rats respectively (373). 

An advantage to the induction of diabetes in rats using these spontaneous models is the higher 

and consistent rate of achieving hyperglycemia. This is because, compared to other methods, 

more animals can be successfully rendered diabetic and this can be easily reproduced in 

different studies. 
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1.7.3 Chemical induced diabetes 

1.7.3.1 Use of alloxan 

Chemically known as 5,5-dihydroxyl pyrimidine-2,4,6-trione, alloxan is a uric acid derivative 

which is structurally related to glucose. It exerts its diabetogenic effects by inhibiting 

pancreatic glucokinase and oxidizing free radical-mediated death of pancreatic beta islet cells 

(371). Alloxan undergoes a redox reaction in which it is reduced to dialuric acid and then re-

oxidized back to alloxan, creating a cycle which generates reactive superoxide radicals that 

ultimately cause fragmentation of beta cell DNA (374). It is administered as a single dose or 

multiple doses via intraperitoneal, subcutaneous, and intravenous routes to induce diabetes in 

rats, mice, rabbits, and dogs. The dose of alloxan used generally depends on the species of 

animal used and the route of administration, however a commonly effective dosage range 

appears to be a single intraperitoneal dose of 170-200mg/kg (375).. The usual study period for 

alloxan-induced diabetic models is about 22 months (331). Compared to STZ, the use if alloxan 

is less popular owing to several drawbacks, some of which include the reversible nature of its 

hyperglycemia (376). This is as a result of its short half-life and multiphasic blood glucose 

curve post induction which means that hyperglycemia is not maintained for a sufficient period 

of time to properly evaluate the therapeutic potential of drug candidates in diabetes (371, 375). 

 

1.7.3.2 Use of streptozocin (STZ)  

STZ is an antibiotic whose diabetogenic properties were first reported in 1963 (377), and since 

then it has been used extensively in the experimental induction of type 2 diabetes in test 

animals. After systemic administration of STZ, it is taken up by glucose-2-transporter 

(GLUT2), due to its structural similarity with glucose. Intracellularly, it causes DNA alkylation 
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and ultimately cell death (378). In addition, STZ does contribute to the generation of reactive 

free radicals, which further destroys the DNA (371). Compared to alloxan, STZ is more 

selectively toxic to the pancreatic beta islet cells and provides a more accurate reproduction of 

human type 2 diabetes (371).  

In order to closely replicate the pathologic processes that are present in the human form of type 

2 diabetes, a combination of a diet rich in fat followed by a single-bolus dose STZ injection is 

used in rodent model (367, 379). Doses of STZ used in most studies lie within the range of 30 

to 200 mg/kg of body weight, which can be given as a single dose or as multiple low doses 

administered over a number of days (311, 380). While the HFD create a state of obesity-

associated with insulin resistance (381), the STZ helps to deplete the beta cells in the pancreas 

(382). This approach results in the development of a sudden and severe hyperglycaemia, 

marked decreases in body weight and death of most pancreatic beta islet cells. This leads to a 

severe diabetic state that is associated with increased mortality of the animals  (383). Due to 

the depleted beta cells, this model resembles type 1-like DM. Other studies utilised a low dose 

STZ injection regimen with multiple injections to better control the death of the pancreatic 

insulin-producing cells to try and mimic T2DM (311). However, this approach only leads to 

short-term increases in blood glucose levels and is therefore unsuited to induce DR, where 

long, sustained hyperglycaemia is required to affect vision (384). Aside from the fact that the 

remaining beta cells can compensate to control blood sugar level (385), when this method is 

used in longer studies, especially those using younger rats with a study duration longer than 4 

to 5 weeks, regeneration of viable beta cells can occur, which can regress towards an 

euglycemic state (386, 387). This makes this method difficult to use for long-term studies. 

Furthermore, multiple injection course can stress animals as well as affect variable behavioural 

data (388). 
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1.7.3.2.1 Novel method of inducing diabetes using an osmotic pump 

To ensure better targeted and sustained induction of type 2-like diabetes, a protocol has been 

established that combines the use of HFD and STZ subcutaneously delivered by an osmotic 

mini-pump at a constant rate over a 14-day period, gradually reducing the number of insulin-

producing beta cells (389). This combination imparts exquisite control over the resulting level 

of hyperglycaemia while retaining an obese, insulin resistant phenotype, typical of human type 

2 diabetes.  

Timing has been alleged to affect stability of STZ (390). The validated protocol for inducing 

hyperglycemia in experimental animals requires the STZ solution to be administered 

immediately after preparation, this is because STZ is believed to degrade within 20 minutes of 

it being dissolved in citrate buffer. However, STZ occurs as a mixture of two stereoisomers; α 

and β STZ, of which the α anomer is the most toxic (391). It was previously reported that once 

in solution, these isomers tend to undergo an equilibration process which eventually lead to a 

stabilized state, where the α anomer predominates in the solution (390). This isomer-stabilised 

form of STZ was reported to be stable for at least 40 days, undergoing degradation at a 

relatively low rate of 0.1% daily, when stored at 4 °C in a dark environment (390). This insight 

provided the basis for the use of the osmotic mini pump for delivering STZ over 14 days. 

However, from stability result before the first in-vivo study using osmotic mini pump to 

administer STZ (389), over the course of 14 days (delivery period of STZ for this study), STZ 

degradation in citrate buffer was about 20% at 37°C (389). Within two hours of dissolution, 

the ratio of the alpha/beta STZ anomers reached equilibrium (43/57%, respectively) and 

remained constant over the two weeks. In addition, the fact that a targeted and sustained type 

2 diabetes was achieved in the previous study (389), showed that STZ degradation did not 

severely affect the novel osmotic mini-pump delivery of STZ. 
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1.8 Measurement of visual function in rodents 

 The ultimate goal of any optic disease model or intervention study is whether the test animal 

can see or not. Various behavioural assessments methods have been used to measure visual 

function in rodents, all of which serve as an indicator of the visual system’s integrity (392). A 

summary of the most commonly used methods is presented in Table 3. Visual water test or the 

two-way forced choice swimming test, optomotor reflex (OMR) tests, visual discrimination 

tests, startle reflex tests, and maze tests are some of the methods used for assessing visual 

function. The tests differ in respect to the visual function being measured as well as the design 

and requirements for animal training (392). DR is principally a disorder affecting retinal 

neurons, which thus impacts the optic neural pathways. An ideal test of visual function in a DR 

model will depend on the appropriate function or response of the different components of this 

pathway. The visual discrimination test, the two-way forced choice swimming test and the 

optomotor test are the most commonly used (Table 3). All three tests rely on the integrity of 

all neural components of the visual system and are thus considered ideal for assessing visual 

function in a DR model. However, the need for prior training of animals make the forced choice 

swimming test (393), and visual discrimination tests (394) less desirable methods compared to 

the OMR (395), for which no prior training is required as it is based on an innate reflexive 

response. 

 

1.8.1 Visual discrimination device  

The visual discrimination apparatus was described by Thomas et al in 2006 (394) and is 

essentially based on the ability of rodents to visually differentiate between “positive” and 

“negative” cues which are associated with an unlocked and locked opening from a maze-like 

enclosement (394). The apparatus is designed as a Y-shaped maze consisting of a “starting 
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chamber” which proceeds to two identical and parallel escape alleys separated by a glass wall. 

When introduced into the starting chamber, rats can move into the escape alleys by passing 

through a transparent one-way swing door. Each escape alley is connected to another set of 

doors leading to the rat cages, but one of these set of doors is locked, while the other is 

unlocked. Once in the escape alley, the rats are presented with an LCD display of positive or 

negative visual stimuli, which they are expected to differentiate using their vision. They can 

then apply the cue from this differentiation to find the unlocked exit door from the escape alley, 

which leads to the home cage.  Advantages of this method include the fact that it can be used 

in rodents from a very young age and it allows assessment of visual function under scotopic 

conditions. This is useful for measuring light sensitivity thresholds, as dim light conditions are 

not compatible with other methods of assessing visual functions which require a brightly lit 

environment (394, 396). The visual discrimination apparatus requires extensive pretraining of 

rats to learn to choose the right escape alley based on their ability to associate this with the 

recognition of a visual stimuli (394).  This limits its use in studies involving high throughput 

screening of drug molecules or in studies using an animal model of diseases associated with 

cognitive impairment which impairs their learning ability. 

 

1.8.2 Two-way forced choice swimming test 

The two-way forced choice swimming test was developed based on the innate capacity of rats 

to swim. It utilizes the principle that when placed in water, rats can visually differentiate 

between grating patterns (397). This differentiation is then used as a cue for an escape route 

from the water. Thus, it serves as a basis of assessing visual acuity. The two-way forced choice 

swimming test apparatus comprises a water pool shaped in a trapezoid form and positioned on 

a solid table platform (397). At the wider end of the pool are two computerised monitors, placed 
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side-by-side and at the other end is a drain hole. A divider extending from the wall in between 

the monitors into the pool create two routes from the pool, one of which leads to an escape 

platform. When placed in the pool filled with tepid water, the rat is forced to swim in the water 

and visually identify the screen displaying the grating patterns, towards which it then swims in 

order to reach the escape platform. This method is particularly useful for measuring several 

aspects of visual function such as contrast sensitivity, and it relies on proper functioning of the 

visual cortex (398), and can therefore detect lesions in the visual cortex. While this technique 

has been widely used to assess the visual function of various strains of rodents, it has several 

limitations. First, just like the visual discrimination method, it requires prior training of the rats 

to enable them to learn to associate the visual cue of a grating pattern with an escape route from 

the pool (399). The training period of the animals  can be time-consuming and may lead to 

inaccurate assessment of visual function in the animals. Furthermore, the test relies on intact 

motor system functionality in the rodents, which may confound the results in cases where 

animals may have a suboptimal motor function despite normal visual acuity. Also, unlike the 

optomotor or optokinetic methods, the test cannot assess visual function in one eye without 

physically occluding the other eye (398), which may cause stress for the animal thus interfering 

with the result . 

 

1.8.3 Optokinetic reflex test 

The optokinetic reflex (OKR) is a validated and well-established behavioural test of visual 

function (395, 400, 401). The response is a combination of stereotypical smooth pursuit 

movements and saccadic eye movements, both of which are used to track a moving object or 

visual stimuli and keep its image fixed on the retina (401). Smooth pursuit movement are initial 

slow eye movement, which is later followed by a faster, reset type of motion (saccadic 
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movement), and these responses are readily observed as a sign of a well-functioning visual 

system (401). In humans, the reflex response is normally developed at about 6 months of age 

and occurs as an eye movement when a visual stimuli or image moves across the retina  (402).  

However, in rodents, the reflex occurs as a head movement in response to a moving object in 

their field of vision (403). Physiologically, the reflex mechanism serves as a compensatory 

function of stabilizing the moving image on the retina in order to allow for further visual 

processing of the image into a higher resolution  (403-405). It is part of the normal 

physiological nystagmus feature and a form of the vestibular ocular reflex, which are reflex 

eye movements triggered by the stimulation of the vestibular system (405).  

Unlike in humans where visual acuity determination with acuity eye charts has been insensitive 

to early stage DR, in rodent OKR tests can be used as a diagnostic and screening tool for early 

DR (406).  This is because important aspects of vision such as the optokinetic reflex (OKR), 

contrast sensitivity, and scotopic vision can be measured in rodents in early DR (406). This is 

done  by measuring the length of time an animal uses to follow or 'track' a moving object 

(stimulus) or the number of head tracking movements over a fixed time interval in relation to 

a stimulus. This facilitates the quantification of function of the animal’s visual system (visual 

acuity) (240, 399, 407). This principle forms the basis of the operation of the OKR system. An 

OKR device for rodents typically consists of a rotating drum to which an adjustable light setting 

is connected. A camera is attached to the drum which feeds the image captured into a large 

monitor. The rat sits on a stationary platform on the base of the drum and is not rotated during 

the experiment. The rotating drum can rotate in both clockwise and anticlockwise direction, 

and its inner surface is lined with alternating high contrast stripes, which creates a rotating 

visual cue for the animal to track once it begins to move around it (408). Animals with a 

dysfunctional or degenerated retina and an impaired visual system are only able to elicit little 
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or no OKR to track movements (409). Thus, measurement of the OKR serves as an efficient 

and robust tool to quantify the functional response of the retina (410, 411).  

 As a test of visual function, OKR has several advantages (Table 3). The major one of which 

is that it requires no training of animals as it is a highly conserved reflex behaviour that occurs 

in most animal species (405). Thus, a response can be easily elicited in the experimental 

animals with minimal stress or fatigue for them. In addition, it produces a readily quantifiable 

result that can be easily interpreted (412). Furthermore, unilateral visual dysfunction can be 

easily assessed using this method as it allows the separate measurement of the left and eye 

function, without physically occluding one eye as it is with other methods.  

One limitation to the OKR is the subjective nature of the assessment if done manually (412). 

This is because individual observers may vary in their perception of what constitutes a head 

movement in the animals, which could lead to a variation in head movement counts between 

different observers (413). For the purpose of eliminating this potential bias, OKR 

measurements should ideally be done by a single observer. In effect, this makes the OKR  a 

less versatile visual function test which will not be practical for large scale studies. Also, 

depending on the sophistication of the OKR system, the robustness of the head tracking is 

dependent on animal strains. Compared to albino rats, pigment rats show more robust head 

tracking with mechanical OKR system (406, 414). However, this is not an issue with the more 

sophisticated virtual OKR system (415). Functions of contrast sensitivity, visual acuity, colour 

sensitivity can be assessed with more complex virtual OKR machines (416). Despite some of 

its drawbacks, the OKR serves as the most common non-invasive means to measure visual 

function in rodents and other animals. 
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Table 3: A comparative summary of methods used to assess visual function in rodents. 

Method Rationale Advantages Disadvantages Refs 

 

Visual discrimination 

device 

Relies on the rodent’s 

innate urge to escape 

from water following a 

visual cue associated 

with the escape platform 

-Can assess contrast sensitivity, and 

visual discrimination functions  

-Suitable  for very young rodents  

-Allows assessment of rod cell 

functioning under scotopic conditions  

 

-Requires prior training of the animal  

-Requires good motor skills of the animal  

-Not practical for large scale studies (i.e. time 

and labour-consuming) 

- Easy for animal to adapt to test  

 

(394) 

Two-way forced choice 

swimming test 

Relies on rodent’s ability 

to distinguish visual 

patterns  

-Can assess contrast sensitivity, and 

visual discrimination functions 

-Useful for assessing visual cortex 

functionality 

- Adaptation to the test  

-Requires rodent pre-training  

-Requires good motor skills of the animal – 

which may confound results 

-Not practical for large scale studies (i.e. time 

and labour-consuming) 

- Easy for animal to adapt to test  

(398, 399) 
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Optokinetic reflex test Depends on involuntary 

optokinetic reflex  

-No pre-training required 

-Allows visual assessment in one eye  

- Adaptation to the test is rare 

-Results are easily quantifiable and 

readily interpreted 

 

-Head count is subjective 

  

(398, 401, 

412, 417) 
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1.9 Biochemical and histological evaluation of retinal changes 

Beside the use of behavioural methods of assessing visual function, histological correlation of 

results is essential to assess the extent of DR in experimental studies. Both vascular and 

neuronal changes characteristic of DR have been documented for most animal models (326, 

331, 418). Both histological and biochemical abnormalities (whether vascular or neuronal 

changes) were reported to occur as early as 1-2 months after elevated glucose levels in diabetic 

rats (326, 419). Furthermore, the activation of apoptotic caspase-3 in retinal cells and apoptosis 

of capillary endothelial cell can be detected after 7 months of diabetes, or earlier.  (59-63).  

 

1.9.1 Vascular changes 

Common vascular changes characteristic of diabetic retinopathy include neoangiogenesis, 

leaky blood vessels, loss of pericytes and capillary basement membrane thickening  (419). The 

breakdown of the blood-retina-barrier is a hallmark of vascular leakages in DR, which can be 

evaluated by detecting albumin protein outside the blood vessels (420). In addition, observation 

of retinal neovascularization and vascular leakage can be done using fluorescent probes such 

as fluorescein or fluorescein isothiocyanate dextran (FITC-dextran) (421). The use of this 

fluorescent probe has also been applied in an animal model, where it allowed imaging of 

capillary permeability using an FITC-conjugated bovine albumin (422). 

 

1.9.2 Retinal ganglion cell (RGC) counts and retinal thickness 

Gradual degeneration of retinal ganglion cells (RGC) is believed to occur early in both human 

and animal forms of DR and this is due to cellular apoptosis (419, 423). However, the type of 
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model used, duration of hyperglycaemia, and degree of DR plays a role in the rate of RGC loss 

(424, 425). Studies of the retina after STZ-induced diabetes found loss of RGC within 4-12 

weeks post-STZ injection  (423, 426). Several markers like Brn3a, TUNEL,  and simple H&E 

stain have been used to stain RGC, before counting the number of nuclei or cell bodies in the 

ganglion cell layer or (423, 427, 428). Alternatively, the number of RGC axons in the retinal 

nerve fibre layer is another method that has been used to quantify RGC loss (333).  

Thickness of the retinal cell layers has also been used to assess structural damage to the retina 

(429). Either total retina thickness is quantified or individual retinal layers are quantified 

separately (429). Quantification of the thickness of the inner plexiform layer (IPL), inner 

nuclear layer (INL), outer plexiform layer (OPL), and outer nuclear layer (ONL) are commonly 

done to assess the extent of retinal cell loss or viability in experimental DR (333, 429). 

 

1.9.3 Gliosis  

Gliosis occurs as a non-specific reactive response of glial cells to inflammation, resulting in 

their proliferation, as well as the increased expression of glial fibrillary acidic protein (GFAP). 

Gliosis as an early feature of diabetic retinopathy has been a subject of investigation by several 

authors (430-433). It was proposed that gliosis represents a neuroprotective mechanism that is 

elicited by neurons in presence of inflammation to protect the neuronal tissue from further 

damage (REF). The proliferation of glial cells that occurs during this process is also 

accompanied by the release of neurotrophic and other growth factors such as VEGF, which 

may have both pathologic and cytoprotective effects (434-438).  Another characteristic feature 

of the early stages of DR which is mediated by Muller cells is an increased expression of 

inducible nitric oxide synthase (iNOS) in these cells (439). In low concentrations, the nitric 

oxide formed by iNOS does have cytoprotective effects by dilating retinal capillaries and thus 



81 
 

improving blood flow, which prevents ischemic neuronal cell death (440). It also protects 

retinal neuronal cells from the glutamate-induced excitotoxicity by closing NMDA receptor 

channels (441, 442). However, in higher concentrations, the excess nitric oxide contributes 

significantly to the generation of cytotoxic free radicals involved in the pathogenesis of DR 

(209, 443).  

Furthermore, in vitro studies have shown that hyperglycemia-induced gliosis facilitates the 

production of proinflammatory cytokines and growth factors such as pigment epithelium-

derived growth factor (PEDF) (444). In conjunction with VEGF, it appears that Muller cell- 

derived PEDF plays a regulatory role in the angiogenetic processes involved in DR 

pathogenesis (445). It has an antiangiogenic effect on retinal vessels and inhibits both the 

expression of VEGF and its receptor binding in cultured retinal endothelial cells, regulating 

retinal angiogenesis and vascular permeability in DR (446). Muller cell-derived production of 

VEGF has been associated with features of DR pathology such as acellular capillaries, loss of 

tight junction protein complexes, and increased vascular permeability (447). Also, proliferation 

of Muller cells, as well as elevated cellular levels of IL-1beta, IL-6, TNF-alpha, and COX-2 

were observed when cultured Muller cells were exposed to hyperglycaemic conditions in vitro 

(448, 449).  

A marker of the glial cells during the early stages of DR pathogenesis is the glial fibrillary 

acidic protein (GFAP). GFAP is an intermediary filament protein that is minimally expressed 

by Muller cells and mostly by astrocytes under normal physiological conditions. However, 

under hyperglycaemic conditions of diabetes, its expression is markedly upregulated. Overall, 

increased GFAP expression is a well described marker of several diseases involving retinal 

damage such as diabetic retinopathy and glaucoma (450). Increased GFAP expression was 

demonstrated in rats after 12 weeks of elevated blood glucose levels (430).  
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A characteristic of Muller cells following their proliferation during gliosis is aberrant glutamate 

uptake and metabolism (451), which possibly leads to the dysfunction of neuronal cells (452, 

453). Deactivation of gamma amino butyric acid (GABA), another function of Muller cells, 

also becomes impaired during gliosis. After 12 weeks of diabetes induction, an increase in 

GABA levels due to diminishing activity of GABA transaminase occurred (454), which has 

been associated with abnormal retinal function (455).  

There is increasing evidence that alteration of retinal glial cells occurs during the early stages 

of diabetes, well before any sign of DR can be clinically detected, which highlights as a 

therapeutic target for retinal diseases (433). 

 

1.9.4 Oxidative stress 

The central role played by oxidative stress makes it a versatile tool as a biochemical marker of 

DR (456). Oxidative stress assays generally measure the levels of free radicals and reactive 

oxygen species in the  serum, retinal surface, vitreous and aqueous humour (456). This can be 

done by direct quantification or via histochemical staining techniques. For example, nitric 

oxide radical produced in the mitochondria of the stressed retina can be detected by staining 

against nitrotyrosine, 8-Oxo-dG or 4-HNE (457).  

 

1.10 Summary 

DR is characterized by complex pathophysiologic mechanisms, with several biochemical 

pathways involved in this process. However, it is evident that one of the underlying triggers 

for these mechanistic pathways appears to be mitochondria-derived oxidative stress. Targeting 

this central causal mechanism may lead to the successful development of more effective DR 
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therapies. Therefore, this study aimed to test the preclinical efficacy of several mito-protective 

drug candidates against DR, side by side, using a novel in vivo rat model. Optokinetic responses 

were used to measure visual function in the test animals, while immunostaining was used to 

assess the therapeutic effects of these drug candidates in DR. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



84 
 

Chapter 2: Methods 
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2.0 Methods 

The current study compared the mitoprotective idebenone against two related novel SCQs and 

Elamipretide in a rat model of DR. 

Consequently, I aimed to achieve the following objectives 

➢ Formulate test compounds into eye drops 

➢ Optimize OKR apparatus settings with regards to the exact nature of the optical stimuli 

used to measure visual acuity of our rats. 

➢ Reproduce a rat model of diabetes using a combination of high fat diet with STZ 

delivered via osmotic minipumps. 

➢ Establish the natural course of vision loss in this model over time.  

➢ Compare the efficacy of test compounds in treating diabetic induced vision loss in a rat 

model when administered via ophthalmic route 

➢ Determine histological correlates for protective effects of test compounds in the retina 

 

2.1 Materials  

All chemicals used in this study were obtained from Sigma-Aldrich (Castle Hill, NSW, 

Australia), if not stated otherwise. 

 

2.2 Formulation of test compounds  

Since will intend to administer our test compound as eye drop in a diabetic retinopathy model. 

It was necessary to formulate these test compounds into soluble ophthalmic preparation. 
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2.2.1 Test compounds used in the study 

Four test compounds were used in this project: two novel short-chain quinones (SCQs) (#37 

and #77), the benzoquinone idebenone and Elamipretide (MTP-131) (Table 4). The two novel 

SCQs and Elamipretide were synthesised in house by Dr. Krystel Woolley (Department of 

Chemistry, College of Science and Engineering, University of Tasmania, Australia), while the 

reference compound idebenone was generously donated by Santhera Pharmaceuticals (Pratteln, 

Switzerland). Details for the synthesis of #37 and #77 are described in Woolley et al (230). The 

choice of testing #37 and #77 were informed by previous in vitro studies, where these two 

novel SCQs showed significantly better cytoprotective properties as well as improved ability 

to rescue ATP levels under conditions of impaired mitochondrial function compared to the 

reference compound idebenone (230). The novel SCQs were also compared against 

Elamipretide because this compound, to my knowledge, is the only mitoprotective compound 

that has been tested previously in a rodent model of diabetic retinopathy (73). All in house 

synthesized compounds were confirmed for purity >95% using nuclear magnetic resonance 

(NMR) spectroscopy and mass spectrometry (MS) and were stored in powder form at 4°C for 

future use. 
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Table 4: Test compounds used in this study  

Name Source Structure 

Idebenone 

Short name: Ide 

Santhera 

Pharmaceuticals (Mat 

Nr: 147732, Charge 

Nr. 1648A702) 

 

UTAS short-

chain 

naphthoquinone:  

Short name: #37  

UTAS (in house 

synthesis, described 

(230)  

UTAS short-

chain 

naphthoquinone: 

Short name: #77  

UTAS (in house 

synthesis, described 

(230) 
 

Elamipretide  

Short names: 

MTP-131, SS-31 

UTAS (in house 

synthesis, see 2.2.2) 

 

Note: All in house synthesized compounds were confirmed for purity >95% using NMR and 

MS  
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2.2.2 Synthesis of MTP-131/Elamipretide 

Synthesis of MTP-131/Elamipretide was performed using standard manual solid phase peptide 

synthesis using a Rink Amide Resin (100 – 200 mesh, 0.3 – 0.6 meq/g, obtained from Chem-

Impex International Inc.) as described previously (458). The peptide was assembled using 

fmoc-protected amino acids and PyBOP as the coupling agent. Side chain protecting groups 

were Boc for Lys and Pbf for Arg, the phenolic hydroxyl group of DMT was unprotected. 

Quantitative yields were obtained and the peptide purity was determined via Mass 

Spectroscopy. Only one species was present, which indicated that the tetra peptide was the sole 

product of the synthesis.  

Note: the peptide was synthesised in house by Dr. Krystel Woolley (Department of Chemistry, 

College of Science and Engineering, University of Tasmania, Australia). 

 

2.2.3 Optimization of SCQ solubility in eye drop formulation  

To the best of our knowledge, this project is the first to compared SCQs as eye drop preparation 

in DR. Hence, there was the need to optimise the best vehicle to use to formulate this otherwise 

poorly soluble compounds. 

 

2.2.3.1 Solubility of Idebenone in different lipid-based mixtures. 

The actual amount of soluble idebenone in different lipid-based formulations was measured as 

previously described with modifications (459-462). Finely ground idebenone powder (with the 

aid of a mortar and pestle) was added to different citrate buffer (66 mM pH 7.4) solutions 

containing concentration of tyloxapol up to 5 %, 1 % kolliphor or poloxamer 188 or 0.1 % 
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cetalkonium chloride (Table 5a); in an Eppendorf tube with each tube containing 10 mg of 

Idebenone. The mixtures were sonicated for 10 seconds at 9 root mean square (RMS) using an 

ultrasonic cell disruptor (Microson™ Misonix Inc, NY, USA) and immediately transferred to 

ice. These mixtures with/without idebenone were centrifuged at 2000 g for 10 seconds at room 

temperature before the resulting supernatants were analysed by absorbance measurements and 

microscopic analysis (see 2.2.3.2). For the absorbance measurements, 50 µl of each supernatant 

was transferred to a 96-well plate (standard, full-skirted, clear and oval bottom) (ThermoFisher, 

NSW, Australia). A standard curve of idebenone in dimethylsulfamide (DMSO) was run in 

parallel on the same plate. The 96-well plate was given a medium shake for 5 seconds at room 

temperature using an orbital shaker (Ratek, VIC, Australia) at 200 rpm before absorbances 

were measured at 420 nm using a plate reader (Multiskan GO, Thermo Scientific, VIC, 

Australia). The maximum absorbance was determined by doing a wavelength scan (spectrum 

250-800 nm) using a positive control (idebenone in DMSO and/or idebenone in formulation 

with best presumed solubility). The amount of soluble idebenone in the tyloxapol formulations 

were calculated from the absorbances derived from an idebenone standard curve in DMSO as 

previously described  (463, 464). Data are presented as mean ± StD of 3 independent 

experiment (n = 3) with three replicate wells per solution. 

Using a similar procedure as describe above, the amount of soluble idebenone in different 

formulations (formulations of different tyloxapol concentration in citrate buffer (Table 5b) and 

formulations of tyloxapol with different concentrations of mineral oil (Table 5c) were also 

determined. 
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Table 5: Idebenone in different tyloxapol complex mixtures 

 

 

Table 5a 

 V A B C D E F G 

Tyloxapol 5% - 0.25% 0.5% 1% 2.5% 5% - 

Citrate Buffer (66 mM) + + + + + + + - 

Cetalkonium Chloride 

0.1% 

+ - + + + + + - 

Kolliphor (188) 1 % + - + + + + + - 

DMSO - - - - - - - + 

Idebenone 10 mg - + + + + + + + 

Table 5b 

 V A B C D E F G 

Tyloxapol 5% - 5% 5% 5% 5% 5% - 

Citrate Buffer (66 mM) + + + + + + + - 

DMSO - - - - - - - + 

Idebenone 10 mg - + + + + + + + 

Table 5c 

 A B C D E F G H 

Tyloxapol - 5% - 5% 5% 5% 5% - 

Mineral Oil - - 5% 1% 1.5% 2.5% 5% - 

Citrate Buffer 66 mM + + + + + + + - 

DMSO - - - - - - - + 

Idebenone 10 mg + + + + + + + + 
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2.2.3.2 Microscopic evaluation of idebenone solubility in different lipid-based mixture. 

The supernatants from the different lipid-based formulations (section 2.2.3.1) were added to  

24 x 50 mm labelled microscope glass slides (approx. 20 µl/slide; Dako, NSW, Australia) and 

covered with cover glass (Dako, NSW, Australia). Images of insoluble idebenone particles 

were acquired at identical resolution (10 X magnification, image size 1280 x 1024 pixel) using 

a light microscope (Leica DM LB2, Leica Microsystems, NSW, Australia) with NIS-Elements 

D software (version 4.13.05, Nikon, SA, Australia) and camera (Andor Technology, Oxford, 

UK) as previously reported (465). Particle sizes were determined as previously described using 

ImageJ software (version 1.8) (National Institutes of Health, Bethesda, MD, USA) (466). After 

setting the scale on imageJ, image is then selected and duplicated. It is then flatten using band-

pass filter. This is to prevent un-even illumination. The image threshold is then set and particles 

analysed. ImageJ calculate the area of the particles from which the length can be calculated. 

 

2.2.3.3 Solubility of #37 and #77 in tyloxapol mixture. 

Finely ground powders (with the aid of a mortar and pestle) of our novel SCQs #37 and #77 

were added to freshly prepared tyloxapol mixture in Eppendorf tubes at different 

concentrations up to 20 mg/ml. The mixtures were then sonicated for 10 seconds at 9 RMS 

using an ultrasonic cell disruptor (Microson™, Misonix Inc, NY, USA) and immediately 

transferred on ice. These mixtures with/without #37 and #77 were centrifuged at 2000 g for 10 

seconds at room temperature, before 50 µl of each supernatant was transferred to a 96-well 

plate (standard, full-skirted, clear and oval bottom) (ThermoFisher, NSW, Australia). Similar 

to the procedure described for idebenone, standard curves for both novel SCQs were generated 

in DMSO and also transferred to the same 96-well plate (50 µl/well). Fluorescence was 

quantified immediately per well (425 nm excitation and 520 nm emission) using a multimode 
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microplate reader (Spark 20M, Tecan, VIC, Australia). Fluorescence was measured for our 

SCQs because unlike idebenone (a yellow colour powder), which is detectable using UV 

absorbance plate reader, our novel SCQs were not. Similar to idebenone, the maximum 

excitation and emission absorbance were prior determined by doing a wavelength scan for our 

SCQs. Data were expressed as relative fluorescence intensity units (RFU). Using the standard 

curves of #37 and #77 in DMSO, the amounts of soluble #37 and #77 in tyloxapol solution 

were calculated. Data is presented as mean ± SD of 3 independent experiment (n = 3) with 

three replicate wells per solution. 

 

2.3 Efficacy of test compounds in diabetes induced vision loss 

2.3.1 Animals 

Both adult male Sprague Dawley and Long Evans rats (aged 23-24 weeks; average body weight 

of 392.11 ± 23.12 g) were used in this study in accordance with the Australian Code for the 

Care and Use of Animals for Scientific Purposes (8th edition, 2013) (467) and under the 

required animal ethics approval from the University of Tasmania Animal Ethics Committee 

(Approval numbers A14980 and A0016524, see Appendix 1). All rats used for this research 

were obtained from the University of Tasmania (UTAS) Cambridge animal breeding facility, 

the animal services of the Monash Animal Research Platform (MARP) at Monash University 

or the Animal Resources Centre (ARC), Western Australia. All behavioural studies were 

conducted in the animal facility at the UTAS Medical Science Precinct (MSP). Male animals 

were deliberately used in this study to avoid potential retinal neuroprotection due to the 

presence of estrogens as previously reported (468).  
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2.3.2 Animal husbandry 

Upon arrival to the MSP animal facility, animals were allowed to acclimatise for 7 days to their 

new environment and to overcome transportation induced stress before the study commenced. 

Test animals were housed in groups of three at 21±2°C with a 12 h-12 h light-dark cycle using 

a 2000 cm2/cage rodent housing system (Allentown Inc. NJ, USA). This husbandry is in line 

with the observation that rats prefer large cages but can share them with up to 4 littermates 

(469), ensuring they are socially housed. All cages were enriched with bedding materials, dark 

nest boxes, small wooden sticks for gnawing, autoclaved tissues and chewable small toys to 

simulate a natural habitat for the rats (470). Initially, cage bedding and bedding materials were 

frequently changed once or twice a week to ensure a hygienic environment for the test animals. 

This frequency of changes increased to every second day when rats became diabetic and started 

experiencing polyuria. All rats were monitored daily to ensure they were in good health, which 

was also a requirement of the animal ethics clearance for this project. 

 

2.3.3 Randomisation of test animals 

All test rats were randomised on arrival at UTAS MSP facility into groups of 3 animals, based 

on body weight and age, which served as our covariates as previously described (471). The aim 

of this approach was to ensure groups of similar age and body weight distribution before 

experiments commenced. 

 

2.3.4 Measurement of body weight, food- and water-intake 

Food and water were provided ad libitum throughout the study for all animals. Except for the 

chow (control diet (CD)) fed animals, all other rats were provided with a high fat diet (HFD; 



94 
 

23 % fat by weight; simple carbohydrate replacement; Specialty Feeds, WA, Australia). 

Weekly measurements of food intake were performed throughout the study by weighing the 

residual food in the food hopper of each cage. Likewise, body weight of test animals in each 

group were measured using a digital balance (Albi Import, VIC, Australia). Initially, water-

intake was measured weekly by weighing the amount of water left in the drinking bottle. Due 

to the rapid increase in water intake as a consequence of the diabetic conditions, the frequency 

of water changes also increased to every 2-3 days. This was typically done simultaneous to the 

change of bedding material to minimise human interference with the behaviour of the test 

animals. 

 

2.3.5 Blood glucose measurement 

Using a fine sterile disposable 1.3 mm 23G lancet (Bayer HealthCare, NSW, Australia) the tip 

of the rat’s tail was punctured to access blood and with the aid of a test strips (Accu-Chek® 

Performa, NSW, Australia) and a hand-held glucometer (Accu-Chek® Performa, NSW, 

Australia), non-fasting blood glucose levels (BGL) were assessed in all animals at weekly 

intervals as described previously (389). 

 

2.3.6 Glucose tolerance test 

The glucose tolerance of the test animals was assessed by a standard intraperitoneal glucose 

tolerance test (IPGTT) as described previously (389). This test was conducted at baseline and 

in weeks 3, 6, 10 and 14. Following an overnight fast, the first blood glucose levels were 

determined (time 0) using commercially available test strips (Accu-Chek® Performa, NSW, 

Australia) and a hand-held glucometer (Accu-Chek® Performa, NSW, Australia). 



95 
 

Subsequently, rats were administered 30% glucose solution (1 g/kg) intraperitoneal followed 

by assessing blood glucose levels after 10, 20, 30, 45, 60, 75, 90, 105 and 120 minutes. Data 

were recorded and subsequently analysed. 

 

2.3.7 Induction of diabetes using STZ via osmotic minipump 

Type 2-like diabetes was induced in all test animals (except the control animals) by a 

combination of HFD (381) and osmotic mini-pumps (Alzet Model 2ML2; Durect Corporation, 

Cupertino, CA, USA) (Figure 13) as previously described (389). The mini-pumps delivered 

streptozotocin (STZ; 125 mg/kg in 0.1 M citrate buffer, pH 4.4) subcutaneously at a constant 

rate of 5 µL / h over a 14-day period (389). For an initial pilot study involving 6 rats, 2 rats 

each were given doses of 110 mg/kg, 120 mg/kg and 130 mg/kg of STZ respectively via the 

mini-pump. Given that the Alzet minipump model used contained 2 ml in volume, and with 

the assumption that all rats were approximately 500 g (on the day of pump implantation). The 

individual dose administered to each rat can be calculated per time based on the flow rate of 

the STZ solution. At a flow rate of 5 µl/h, doses of 0.138 mg/h (110 mg/kg), 0.150 mg/h (120 

mg/kg), and 0.16 mg/h (130 mg/kg) respectively were given over 14 days (Table 6). In other 

words, between 3.31 mg to 3.91 mg of STZ was administered daily (389). It is worth 

mentioning that all STZ dosing was calculated, based on the body weights of individual animals 

and not on average body weights. Based on the result of this pilot study a dose of 125 mg/kg 

was used for the actual study that compared the activity of our test compounds. The other 3 

doses were doses tried in the pilot study based on safe dose range previously described (389). 
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Figure 13: Schematic representation of the Alzet Model 2ML2 osmotic minipumps used 

in the current study: The empty pump weighs 5.1 g, is 5.1 cm in length with a diameter of 

1.4 cm. Each pump consists of a 2.0 ml reservoir and a flow moderator with a flow rate of 

5.0 µl/h. Adapted from Durect Corporation, CA, USA 

 

 

Table 6: Daily dose of STZ administered via osmotic minipump in pilot study 

Dose tested (mg/kg) Dose for a 500 g 

rat. (mg) 

Dose per hr based 

on a 2ml pump at 5 

ul/hr flow rate 

(mg/h) 

Dose administered 

per day (mg) 

110 55.00 0.138 3.31 

120 60.00 0.150 3.60 

130 65.00 0.163 3.91 
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2.3.8 Surgical procedure 

To implant the osmotic mini-pump prefilled with STZ solution, rats were anaesthetised in a 

flow chamber using 5 % isoflurane (Isothesia® Inhalation anaesthetic; Henry Schein, QLD, 

Australia) at an oxygen flow rate of 800 – 900 ml/min. The depth of anaesthesia in the test 

animals was assessed through their respiratory rate, loss of righting reflex and predominantly 

by a loss of pedal reflex. Following induction of anaesthesia for a period of 5 – 7 min using a 

veterinary anaesthetic vaporizer (Stinger Streamline, Advance Anaesthetic Specialists, NSW, 

Australia), animals were placed in a recumbent position and observed whether they regained 

the righting reflex. Also, the rat’s foot was pinched and withdrawal response in relation to this 

stimulus was used to assess the extent of anaesthesia. After which, animal was transferred to a 

heat mat (temperature maintained between 27 – 30 °C) where the surgical procedure occurred. 

The rat’s nose was placed in a nose-cone to deliver isoflurane at a rate of 2.5 % for the 

maintenance of anaesthesia during the surgical procedure. The maintenance rate for anaesthesia 

varied from 2.5 % to a maximum of 5 % isoflurane depending on their respiratory response 

and pedal reflex, which was constantly monitored. 

Prior to the implantation of the mini-pumps, all sterile surgical instrument needed (See Table 

A12, Appendix 4) were prepared in a sterile condition and placed to be used readily. The fur 

on the back of the animal was shaved using a clipper (Oster Golden, Sunbeam, FL, USA) to 

expose the skin. Diluted betadine surgical scrub (Sanofi-Aventis, QLD, Australia) was used 

three times to disinfect the intended incision area and wiped off. This was followed by another 

disinfection step using 10% betadine solution (Sanofi-Aventis, QLD, Australia) applied 

unidirectionally to avoid contaminating the already disinfected incision region. Using a 

surgical scalpel (Swann Morton, Sheffield, England), an approximately 1.5 cm incision in 

length was made on the dorsal part of the rat around the lumbar region of the spinal cord. This 

incision was usually made perpendicularly to the rat’s spine. Curved but blunt haemostat 
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forceps (Henry Schein, NY, USA) were then used to create a small pocket under the skin 

between the scapulae by spreading the subcutaneous connective tissues. The STZ-filled pump 

was inserted into this cavity with the flow moderator away from the incision to ensure 

delivering of STZ solution away from this site. This placement was required to avoid any direct 

contact of the STZ with the wound at the incision site. The surgical site was then carefully 

stitched using absorbable poliglecaprone 25 suture (Mono Q, Riverpoint Medical, Oregon, 

USA) and firmly sealed with surgical skin staples (Henry Schein, NY, USA) (Figure 14).  

Rats were provided with post-operative analgesic (1 mg/kg meloxicam injection 

subcutaneously) and housed individually in a recovery cage with tissues as the bedding instead 

of sawdust to prevent blockade of airways during recovery. A long acting NSAIDs was used 

to ensure 24 hours of pain relief (472). Food was placed on the floor of the cages for easy 

access, while water was also provided to the animals post -operation.  

After 24 hours, rats were returned to their cage mates, blood glucose and body weights were 

monitored daily for 14 days (which was the expected maximum delivery period of STZ from 

the mini pumps used). After 14 days or as soon as blood glucose levels reached 20 mmol/l on 

two consecutive days, the pumps were removed using the same procedure as outlined above 

(Figure 15). STZ solution was shown to be stable in citrate buffer over a period of 14 days 

(389). The two-week interval was also within the manufacturer advised safe period of 21 days 

for the implantation of the specific pumps used in this study (ALZET osmotic pumps, Model 

2ML2) to avoid local irritation around the pumps due to water absorption by the pumps. All 

surgical procedures were performed as previously described (389), based on the University’s 

ethics committee requirements and NHMRC guidelines (467).  
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Figure 14: Surgical removal of the Alzet Model 2ML2 osmotic minipumps from the dorsal part of a Sprague Dawley rat: Image show an 

anaesthetised rat with its nose placed in a nose cone to deliver isoflurane for maintenance anaesthesia. Image A depict a minipump just removed 

from a small pocket under the skin of the rat, while image B show same rat with the surgical site carefully stitched and firmly sealed with surgical 

skin staples  
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2.3.9 Rat model of diabetic retinopathy   

After monitoring baseline parameters with regards to bodyweight, blood glucose levels, water 

intake and visual acuity over a period of 4 weeks, type 2-like diabetes was induced in test 

animals by a combination of HFD and STZ delivered via an osmotic mini-pump as described 

previously (389). As soon as blood glucose levels reached consistent hyperglycaemic levels 

and/or 14 days after implantation, the pumps were removed. Subsequently, rats were monitored 

weekly with regards to previous weekly parameters (bodyweight, blood glucose levels, water 

intake and visual acuity) to establish changes over time (Figure 15).  

 

 

Figure 15: Schematic diagram of protocol for pilot study: Rats already on control diet were 

started on high fat diet (HFD) on commencement of observation period and baseline parameters 

(weekly bodyweight, blood glucose levels (red icons), water intake and visual acuity (eye icon)) 

were monitored. At week 4 animal were infused streptozotocin (STZ) via a minipump and daily 

blood glucose levels were monitored until pumps were removed at week 6. Weekly parameters were 

continuously monitored to establish hyperglycemia and vision loss (diabetic retinopathy) and this 

will determine commencement of treatment with our test compounds. Intermittent glucose tolerance 

test (GTT) were also carried out to monitor insulin resistance. Question mark indicate end of timeline 

needed to be established from pilot study and danger icon = when animal would be culled. 
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2.3.10 Optimisation of OKR instrument 

2.3.10.1 Acclimatization of test animals to the OKR instrument 

After arriving from the UTAS Cambridge animal breeding facility, MARP or ARC animal 

facilities to the MSP animal facility, the test animals were allowed to acclimatise to their new 

environment for 7 days. Rats generally need at least 3 days to acclimatise to a new environment 

even after only 5 hours of transportation (473). After one-week of acclimatisation, animals 

were weekly placed in a custom-built OKR instrument (see section 2.3.10.2 for instrument 

details), to get them used to the system and to familiarise them to the investigator. These 

exposures enabled the animals to relax and to feel comfortable with the initially unfamiliar 

conditions they faced in the OKR instrument (474). These conditions included the optical 

stimulus itself (rotating black and white stripes) but also the light conditions in the OKR drum. 

Although the OKR instrument was cleaned between each rat by wiping using F10 veterinary 

disinfectant (Chemical Essentials, VIC, Australia), this procedure might not have removed all 

smells from the previous rats. Therefore, the procedure also accustomed the test animals to 

potentially unfamiliar smells within the OKR instrument.  

 

2.3.10.2 Assessment of visual acuity in rats 

To assess the visual acuity of the test animals, their optomotor behaviour was measured weekly 

using a custom-built OKR instrument as previously described (399, 407, 475). The rats were 

individually placed on an elevated immobile centralised circular platform (18 cm diameter and 

12 cm above the bottom of the instrument) surrounded by a motorized drum (70 cm diameter 

and 220 cm in circumference) with high contrast alternating vertical black and white stripes 

(6.11 cm wide and at a spatial frequency of 0.1 cycle per degree (cpd)) (Figure 16). At this 
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width and/or spatial frequency, the 360-degree drum falls within the range of the optimum 

visual acuity for rats (399, 415). After 2-3 min of adaptation to the apparatus, the visual acuity 

testing was performed by rotating the drum clockwise and counter-clockwise at an angular 

speed of 2.61 rpm for 2 minutes in each direction and with an interval of 30 seconds between 

the two rotations. While the clockwise rotation is used to measure the vision of the left eyes of 

the test animals, the counter clockwise rotation measures the right eye. The drum was also 

illuminated from above to ensure a high contrast of the black and white stripes and facilitated 

the observation of the animal behaviour. 

The behaviour of test animals in the OKR instrument were recorded with a HD 1080p webcam 

(Logitech® C920 Carl Zeiss Tessar Dell, NSW, Australia) and its capture software on a 

standard desktop computer (Dell, NSW, Australia). The resulting video material was used for 

subsequent offline scoring of the optokinetic response or reflexes (OKR). OKR is defined as a 

directional head movement at an angle relatively different to the rest of the body in relation to 

the stimulus (black and white stripes), which is typically associated with a static position of the 

animal’s ears while the head moves at a constant speed. Head tracking movement was counted 

only when the angular speed of a head turn corresponded to the rotational speed of the stripes 

in the drum (240, 401). This assessment was undertaken only once per week for each group of 

rats to prevent any learning-related effects that could alter the experimental outcomes (415). In 

addition, all OKR studies were conducted between 9:00 am to 11:00 am to prevent circadian 

influences. All analysis of video material was done in an investigator blinded manner. Videos 

were coded by a different member of our laboratory group before the scoring of the head 

tracking movements. Videos were only decoded after OKR head tracking scoring was finalised. 
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Figure 16: Optokinetic apparatus setup: A schematic of an optokinetic 

stimulus, showing a rodent placed on an elevated immobile centralised circular 

platform surrounded by black and white stripes drum and a camera placed above 

to record the behaviour of the animal during rotation of the drum. (Adapted 

from (415)) 

 

Prior to measuring visual acuity, the appropriate angular speeds of rotation of the OKR 

instrument were determined as previously described (401, 406, 415, 476). A starting point on 

the drum was marked directly opposite a stationary stand. The drum was then rotated 360 

degrees from this point and back powered by a regulated power supply. And the various times 

per revolution at twelve (12) different voltages were recorded, from which the corresponded 

speed of rotation (revolution per minutes (rpm)) were calculated and recorded. Each rotation 

was done 3 times and the average time per revolution was recorded. 

Subsequently, visual acuity assessments were conducted as a pilot study using both SD rats 

and LE rats. For the SD rat, two stripe thicknesses and/or spatial frequencies (4 cm (0.2 cpd) 

and 6.11 cm (0.1 cpd)) respectively) were used. The visual acuity testing was performed by 
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rotating the drum clockwise and counter-clockwise at different angular speeds 1.94, 2.07, 2.40 

and 2.61 rpm respectively for 2 minutes in each direction and with an interval of 30 seconds 

between the two rotations. Similarly, the visual acuity of LE rats was measured as described 

above at the same angular speeds (1.94, 2.07, 2.40 and 2.61 rpm). However, for the  LE rats 

only the 6.11 cm (0.1 cpd) vertical black and white stripes were used before the head tracking 

movements of SD and LE rats were compared. 

 

2.3.11 Randomisation of rat into groups before treatment 

The experiment to assess the therapeutic activity of our test compounds against diabetic 

retinopathy was conducted as four batches of animals, to ensure reproducible and consistent 

management of all surgical steps as well as the behavioural studies with all 55 animals For this 

purpose, test animals of all batches were randomised at baseline (section 2.3.3), based on body 

weight and age, which served as covariates as previously described (471). The aim was to 

generate groups containing test animals of similar age and average body weight before the start 

of the experiment to minimise batch-to-batch variation. This was done even though all animals 

(except the non-diabetic control animals) were treated identical up to and including week 13. 

At the end of the 13th week, a second randomisation round based on body weight, age and 

severity of vision loss was performed. This second randomisation, just before the start of the 

topical administration of test compounds, aimed to ensure that all treatment groups contained 

animals representing a similar range of bodyweights, ages and also displayed a similar degree 

of vision loss at this time point.  
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2.3.12 Eye drop administration of test compounds 

Eye drop solution made from 5 % tyloxapol, 5 % mineral oil in 66 mM citrate buffer solution, 

pH 7.4 were used to dissolve test compounds in this in-vivo study. 

From week 14 onwards, the right eyes of the diabetic rats were treated with/without test-

compound-containing eye drop solution once daily (except for the control group) continuously 

for 7 weeks (week 21). Eye drops were typically applied between 11:00 -11:30 am. The left 

(untreated eye) served as intra-animal control. Diabetic animals were wrapped in a hand towel 

before approximately 24 ± 1.54 µl of the test solution was carefully applied with a 0.4 ml 

dropper (Figure 17), while  ensuring that the dropper did not touch the rat’s cornea. Eye drop 

solutions (with/without test-compound) were freshly prepared on the day of administration 

using pre-made aliquots of tyloxapol solution, mineral oil and citrate buffer stored at 4 °C as 

previously described (see section 2.2.3.1 and 2.2.3.3).  

 

 

Figure 17: Rat eye after treatment with test-compound 

containing eye drop: 

Rats gently wraped in a towel, before application of the ophthalmic 

solution. In this image, #77 containing eye drop was applied to the 
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right eye of our Long Evans rats and there is a spill due to blicking of 

eye by LE rats 

 

The doses used were 10 mg/ml, 4.6 mg/ml, 7.4 mg/ml and 26 mg/ml for idebenone, #37, #77 

and Elamipretide in tyloxapol mixture (5 % tyloxapol, 5 % mineral oil in 66 mM citrate buffer 

solution, pH 7.4) respectively (Table 7). This is the solubility limit of SCQs in the eye drop 

solution. Although, initial dosing strategy was based on equimolar dose of Elamipretide (73), 

solubility limit of SCQs were eventually used. During treatment period, behaviour studies were 

usually conducted before treatment. 

 

2.3.13 Euthanasia and pump-controlled heart perfusion fixation 

All rats were culled in week 21 (end of experiment) for histological assessment of retinal 

pathology. Prior to the pump-controlled perfusion fixation, sodium phenobarbital (80 mg/kg 

body weight) in 0.9% normal saline solution was administered to each rat using a 26 x ½’’ 

gauge needle (Terumo Company Tokyo, Japan) and a 1 ml syringe (Terumo Company Tokyo, 

Table 7: Dosing strategy for SCQs and Elamipretide 

Test Compounds Molecular Weight 

(g/mol) 

End concentration 

[mg/ml] 

End concentration 

[M] 

Idebenone 338.44 10.00 0.03 

#37 405.44 4.60 0.01 

#77 421.49 7.40 0.02 

Elamipretide 639.79 26.00 0.03 



107 
 

Japan). Pedal reflexes were tested to ascertain the surgical plane of anaesthesia, responsive rats 

were given additional anaesthetic if needed (this was done to ensure animals were unresponsive 

before the surgical procedure). 

Unresponsive rats were transferred to a fume cupboard (Conditionaire International, NSW, 

Australia) and placed on a tray attached to a bowl beneath to collect bodily fluids and perfusion 

solution. A lateral incision was made just beneath the rib cage as a guide for another incision 

in the diaphragm and upward along the rib cage exposing the pleural cavity, to ensure easy 

access to the heart. Animals were then perfused transcardially with 4% paraformaldehyde 

(PFA) in 0.1 M phosphate-buffered saline (PBS) through the left ventricle at a flow rate of 

22.47 ml/min using a heart perfusion system (Peri-Star Pro® World Precision Instruments, SA, 

Australia). To prevent the heart from swelling due to excess PFA a small incision was made to 

the rat’s right atrium for outflow of the excess fixation fluid. 

Upon the completion of the fixation procedure (observed by fixation tremors in the rat forearm 

and thigh), eyes were immediately collected and post-fixed in 4 % PFA in 0.1M PBS for 24 

hours at 4 °C.  

 

2.3.14 Embedding of animal eyes in OCT. 

After 24 hours in 4 % PFA solution, eyes were washed with 3 changes of 0.1 M PBS (5 mins 

each at room temperature). Subsequently, eyes were transferred to 30 % sucrose in 0.1 M PBS 

solution and incubated at 4 degrees C for another 24 hours. Prior to  the embedding process, 

the eyes were placed in 0.1 M PBS solution in a petri dish and the lens was removed. Then the 

eyes were carefully cut into cup shape. Using a sterile surgical scissors (Henry Schein Inc, NY, 

USA) the cornea part of the eyeballs was removed to form the cup shaped eyes. Freshly 

dissected cup shaped eyes were immersed in OCT (optimum cutting temperature) compound 
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(Tissue-Tek®, Sakura Finetek, Tokyo, Japan) to fill the cup shaped cavity in the eyes at room 

temperature; before they were immediately transferred, oriented and placed in fresh OCT in a 

labelled intermediate cryomold (15x15x5mm) (Tissue-Tek®, Sakura Finetek, Tokyo, Japan). 

This procedure was carefully performed to avoid bubbles in the OCT especially close to the 

tissue. All eyes were placed at the bottom of the cryomold using a forcep to ensure quick access 

to tissue during cryosectioning. Cryomolds with the tissues were then slowly frozen in liquid 

nitrogen, wrapped in labelled aluminium foil and stored at – 80 °C in a freezer box ready for 

cryosectioning. 

 

2.3.15 Cryosectioning 

Stored cryoblocks containing eye samples were removed from – 80 °C and allowed to 

equilibrate in the cryostat chamber (Leica CM1850 UV, Leica Microsystems, VIC, Australia) 

at – 22 °C for about 30 minutes before sectioning. Cryopreserved eyes in OCT were sectioned 

along the sagittal-horizontal axes using a cryostat (Leica CM1850 UV, Leica Microsystems, 

VIC, Australia) initially adjusted to 40 µm thickness until the area of interest was reached and 

then adjusted to 20 µm to cut desired sections. The thin sections were immediately transferred 

to labelled 24 x 50 mm IHC microscope glass slides (Dako, NSW, Australia). To ensure 

uniformity of retinal sections, the area of interest was defined by the distance of the cut sections 

from the optic nerve region. The collected retinal sections were allowed to dry at room 

temperature overnight, before they were stored in a dark microscope box at 4 °C until 

immunohistology was performed. 
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2.3.16 Immunohistochemistry of retinal sections  

2.3.16.1 Brn-3a staining  

Immunofluorescence analysis was performed as previously described (427, 477). Mounted 

tissues were rehydrated in 1 x PBS at pH 7.4 for 5 mins in a Wheaton glass microscope slide-

staining dish. A PAP pen for immunostaining (Sigma Aldrich, NSW, Australia) was carefully 

used to create restricted areas to surround the slide-mounted tissues by a hydrophobic ring to 

allow for maximum exposure of antibody solutions to the mounted tissues. Slides were washed, 

first in 0.25 % Triton X-100 in PBS, following 3 washes in 1 x PBS + 0.1% Tween 20 (PBST) 

each for 10 minutes with mild shake using an orbital mixer. Tissue sections were then blocked 

in 1 % BSA, 22.52 mg/mL glycine in PBST for 1 hour at room temperature within a humidified 

and stabilised ‘StainTray’ dark box (Simport Scientific, QC, Canada) to block non-specific 

binding of antibodies. Subsequently, the tissue sections were incubated overnight at 4 ° C with 

mouse-anti-Brn-3a antibody (Chemicon Internationa, California, USA) diluted 1:200 in 1% 

BSA in PBST in a humidified chamber. About 300 µL of the primary antibody solution were 

added to each of the slides. After the overnight incubation, the slides were left for 1 hour at 

room temperature before 3 washes in PBS, 5 minutes each, were performed. Immunoreactivity 

was detected using donkey anti- mouse Alexa Fluor 488 (Abcam, VIC, Australia) diluted 

(1:1000) in 1% BSA in PBST in a stabilised (fixed) dark chamber at room temperature. Similar 

to the primary antibody, 300 µL of secondary antibody was applied to each of the slides. 

Secondary antibody solutions were decanted after 1 hour, and the sections were washed three 

times with PBS for 5 minutes each in the dark chamber with mild agitation, before being 

incubated with DAPI solution (1:200,000) for 5 minutes. Mounted slides were washed 3 times 

with PBS for 5 minutes and drops of fluorescence mounting media (Dako, NSW, Australia) 
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were applied before cover-glasses (Dako, NSW, Australia) were applied. Mounted tissues were 

stored in a dark box at – 20 °C ready for imaging. 

 

2.3.16.2 GFAP staining 

Similar procedures were used to detect Muller cell reactivity (gliosis) using goat anti-GFAP 

antibody (Abcam, VIC, Australia) at 1:500 as primary antibody and donkey anti- goat Alexa 

Fluor 568 (Abcam, VIC, Australia) at 1:1000 as secondary antibody. 

 

2.3.16.3 Albumin staining 

Similar procedure use for Brn-3a staining was followed. However, tissues sections were 

blocked in 1 % BSA in PBST (PBS + 0.1% Tween 20), and 5% non-activated normal goat 

serum (NGS) for 1 hour at room temperature within a humidified and stabilised ‘StainTray’ 

dark box (Simport Scientific, QC, Canada). Following which the sections were incubated 

overnight at 4 ° C with rabbit anti-albumin antibody (GeneTex, CA, USA) diluted 1:500 in 5% 

NGS and 1% BSA in PBST  in a stabilised and humidified dark chamber. In addition to the 

primary antibody, fluorescein-labelled tomato lectin (1:1000) (Vector Laboratories, CA, USA) 

in 5% NGS and 1% BSA in PBST was added for blood vessels imaging. Another set of tissues 

were prepared in parallel without the primary antibody staining, and these served as negative 

controls.  After the overnight incubation, the slides were left for 1 hour at room temperature 

before 3 times 5-minute washes in PBS (first wash was done with DAPI diluted 1:200,000 in 

PBS) were performed with minor agitation. Immunoreactivity was then carried out using goat 

anti-rabbit IgG Alexa Fluor 488 (Abcam, VIC, Australia) diluted (1:1000) in 1% BSA in PBST 

for 1 hour at room temperature in a humidified dark chamber. Tissue sections were mounted 
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with drops of fluorescence mounting media (Dako, NSW, Australia) before cover-glasses 

(Dako, NSW, Australia) were applied. Mounted tissues were stored in a dark box at – 20 °C 

ready for imaging. 

 

2.3.16.4 Nitrotyrosine staining 

Similar procedures were used for nitrotyrosine detection using mouse anti-3-nitrotyrosine 

39B6 (Abcam, VIC, Australia) diluted 1:1000 in 10% NDS, 1% BSA and, 0.2% Triton X-100 

in PBS-T as primary antibody and donkey anti-mouse IgG Alexa Fluor 594 (Abcam, VIC, 

Australia) diluted 1:1000 in 10% NDS, 1% BSA and, 0.2% Triton X-100 in PBS-T as 

secondary antibody. 

 

2.3.17 Image acquisition and analysis of stained sections 

To ensure comparable representations of all digital images of sectioned eyes samples, z-stack 

images were acquired at x20 magnification using a confocal microscope (Name, Brand) with 

NIS-Elements AR software (version 5.02.00, Nikon Eclipse Ti, Nikon, SA, Australia) and a 

scientific CMOS (sCMOS) camera (Andor Zyla, Oxford instrument, UK) as previously 

described (36-39). For the quantification of retinal ganglion cell (RGC) numbers, retinal 

thickness and the presence of reactive gliosis, oxidative stress level and vascular leakage; 

images were taken at a size of 2147 x 1208 from three different region of the retina as described 

previously (36, 40) (Figure 18A). The number of RGCs (RGCs per mm) in the GCL were 

counted for the entire captured retinal image using imageJ software (version 1.8) (National 

Institutes of Health, Bethesda, MD, USA). ImageJ was used to identify and quantify the RGC 

per distance length and this was represented as RGC number per mm. Total retinal thickness 



112 
 

(TRT) was quantified in each image at 3 points (black arrows) (Fig. 19B) and averaged for 

each image before subsequently averaged across the images of each treatment group as 

previously reported (40, 41). The 3 retinal thicknesses were measured from the inner limiting 

membrane (innermost border of the GCL) to the outermost border of the photoreceptor layer 

(PL) and the average thickness calculated as µm. The degree of reactive gliosis was evaluated 

by scoring the extent of GFAP staining (threshold intensity) using imageJ software (National 

Institutes of Health, Bethesda, MD, USA) as described previously (42, 43). GFAP reactivity 

was analysed by measuring percentage of GFAP-positive area in the inner plexiform (IPL) and 

the inner nuclear layer (INL) using captured images. GFAP expression in the ganglionic cell 

layer (GCL) which is common in both diabetic and non-diabetic eyes were not included in this 

study. This is because we were interested in Muller cell activation a distinct feature of early 

DR and not the other astrocytes (glial cells) abundant in the GCL (478). At least three regions 

were analysed for each eye. Using imageJ software, an area is drawn from the start of the IPL 

to the INL and GFAP-positive area in this area was quantified as percentage of total area using 

thresholding. Same thresholding parameter was applied to all images. Vascular leakage and 

oxidative stress were also measured using similar methods as in gliosis. The only different is 

the layer of the retina analysed. For vascular leakage and oxidative stress level, the GCL region 

was analysed. This is because most of the vasculature are located here and any damage will be 

more obvious (478). Likewise, ROS activity is closely associated with RGC damages mainly 

in the GCL (247). All histological evaluations were assessed from an average of 6 – 12 

treatment group (Table 8). Sections with obvious retinal damage from procedural processes 

such as cutting artefacts, tissue tearing, and folding were excluded from the analysis. 
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Table 8: Total eyes per treatment group for immunohistochemistry 

Test 

Compounds 

RGC 

count 

(n) 

Retinal 

thickness (n) 

Gliosis 

(n) 

Vascular 

leakage 

(n) 

Oxidative 

stress 

level (n) 

Control 12 12 6 5 5 

Vehicle 7 7 6 5 5 

Idebenone 8 8 6 5 5 

Elamipretide 6 6 6 5 5 

#77 6 6 6 5 5 

#37 6 6 6 5 5 
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Figure 18: Image acquisition from retina sections: A) Schematic representation of imaging regions 

used in the current study (red boxes) for the quantification of retina RGC, thickness, gliosis, vascular 

leakage and oxidative stress. B) Total retinal thickness (TRT) was quantified in each image at 3 points 

(black arrows) and averaged for each image before subsequently averaged across the images of each 

treatment groups were obtained. Images are just for illustration purpose. 

 

 

2.3.18 Statistical analysis 

All data in this thesis were expressed as mean ± standard error of mean (SEM) or standard 

deviation (StD) as denoted in the figure legends. Statistical and graphical presentation of data 

was performed using GraphPad Prism (Version 6, GraphPad Software Inc, CA, USA). 

Statistical significance was carried out using one-way repeated analysis of variance (ANOVA) 

for group differences at a single time-point or two-way analysis of variance (ANOVA) for all 

time-course related comparisons, followed by multiple comparison tests to evaluate the 

differences between groups. In some other analysis, student test was used. 
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Chapter 3: Results 
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3.0 Results 

The current study compared the mitoprotective idebenone against two related novel SCQs and 

Elamipretide in a rat model of DR. 

Consequently, I aimed to achieve the following objectives 

➢ Formulate test compounds into eye drops 

➢ Optimize OKR apparatus settings with regards to the exact nature of the optical stimuli 

used to measure visual acuity of our rats. 

➢ Reproduce a rat model of diabetes using a combination of high fat diet with STZ 

delivered via osmotic minipumps. 

➢ Establish the natural course of vision loss in this model over time.  

➢ Compare the efficacy of test compounds in treating diabetic induced vision loss in a rat 

model when administered via ophthalmic route 

➢ Determine histological correlates for protective effects of test compounds in the retina 

 

3.1 Formulation of test compounds into eye drops 

Since this study intended to compare our test compounds as topical treatments against vision 

loss, they needed to be formulated into eye drops. However, unlike Elamipretide with 

reportedly good solubility (73), idebenone and its related SCQs are poorly water soluble (232). 

As such, prior to testing these novel SCQs topically as an eye drop preparation in a rat model 

of diabetic retinopathy. It was imperative to optimize the vehicle needed to prepare this eye 

drops formulations to achieve increased solubility of these compounds. 

Initially, the solubility of idebenone in five commercially available lipid-based lubricants 

(Table 9) was tested  based on the lipophilic nature of idebenone (logD 3.9) (230). From this 
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range of eye lubricants, Retaine© was determined to be the most suitable based on the solubility 

of idebenone in this lubricant. The combination of a cationic, anionic and non-ionic polymers 

in this eye drop makes it a good candidate for dissolving poorly soluble compounds (479). 

However, there were some limitations concerning the use of Retaine© for the present study. 

These included the quantities needed for the duration of our experiment, the associated cost, 

accessibility and issues with compounding. Retaine© is not available in Australia. 

Furthermore, it is only available in 0.4 ml vials in packages of 30 vials. This mode of packaging 

means several vials are needed to formulate the test compounds in Retaine©. For one trial, it 

cost > USD 2500 and took 8 weeks for the lubricant to arrive from the manufacturer in the 

United States. As such, it was not only expensive but tedious formulating our compounds using 

an already manufactured solution. As a result, there was a need to develop a suitable 

formulation in-house for eye drop delivery of our test compounds using similar ingredients to 

those used in Retaine© as described previously (459, 479).  

Table 9: Commercial lubricants used to dissolve idebenone 

Name Constituent Manufacturer 

Poly-Tears® 0.3% Hypromellose 

0.1%Dextran 70 

Alcon 

Systane gel drops® 0.4% Polyethylene glycol 400 

0.3% Propylene glycol 

 

Alcon 

Optive Fusion® 0.5% Carmellose 

0.9% Glycerin 

0.1% Sodium Hyaluronate 

 

Allergan 
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Soothe® XP 1.0% Light Mineral oil 

4.5% Mineral oil 

Bausch and Lomb 

Retaine® 0.5% Light Mineral oil 

0.5% Mineral oil 

Inactive Ingredients: Tyloxapol, Kolliphor 

Glycerol, Cetalkonium Chloride, Tris buffer 

OCuSOFT 

 

3.1.1 Optimization of idebenone solubility in different tyloxapol formulations 

To develop a simple, cheap and reproducible in-house formulation of our test compounds that 

would facilitate their use as eye drops, I dissolved idebenone in different modified versions of 

Retaine© (Figure 19a). An initial wavelength scan was performed between 250 to 800 nm 

using supernatant from solutions of idebenone dissolved in these formulations. The maximum 

absorbance was observed to occur at 420 nm for all formulations (Figure 19b-d). Therefore, 

the soluble amount of idebenone in these formulations was measured spectroscopically at 420 

nm against a standard curve of idebenone in DMSO (Figure 20a) (Table 10)  as previously 

described (459-462). Three alterations of surfactant and oil components in citrate buffer were 

investigated. The first group of formulations which contained different concentrations of 

tyloxapol but were identical for the other ingredients, comprising 1 % kolliphor 188, 0.1 % 

cetalkonium chloride in 66 mM citrate buffer were used to dissolve idebenone. These solutions 

did not significantly improve idebenone solubility when compared to citrate buffer (1% TLX: 

0.28 ± 0.04 mg/ml, 2.5% TLX: 1.32 ± 0.32 mg/ml, 5% TLX: 1.64 ± 0.07 mg/ml vs buffer: 0.94 

± 0.13 mg/ml soluble idebenone) (Figure 20b). Interestingly, when the surfactant tyloxapol 

(5%) was used alone in citrate buffer (second group of formulations), a significant increase 
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(p<0.001) in idebenone solubility was observed (26.4% compared to 4.7% for citrate buffer, 

p<0.001) (Figure 20c).  

Guided by the improved idebenone solubility in 5% tyloxapol in 66 mM citrate buffer, different 

concentrations of mineral oil were added to this formulation (third alteration). This step was 

based on the observation that the best eye lubricant (Retaine®) contains mineral oil (see, Table 

9) and idebenone is known to be lipophilic (246). In this formulation, idebenone solubility 

significantly increased as a function of oil content (Figure 20d). While 2.5% mineral oil 

increased idebenone solubility to 6.37 ± 0.05 mg/ml (31.9% compared to 26.4% for 5% 

tyloxapol in citrate buffer, p<0.05), 5% mineral oil increased its solubility further to 9.81 ± 

0.33 mg/ml (49.1% compared to 26.4% for 5% tyloxapol in citrate buffer, p<0.001) (Figure 20 

d). This meant that idebenone solubility was significantly increased (9.81 ± 0.33 mg/ml vs 5.28 

± 0.13 mg/ml soluble idebenone, p < 0.001) (Figure 20d) in the best formulation from the third 

group (5% tyloxapol, 5% mineral oil in citrate buffer solution (Figure 20d)) compared to the 

best candidate from the second group of formulations (5% tyloxapol in citrate buffer alone 

(Figure 20c and Figure 20d)), with the amount of soluble idebenone almost doubling. 

Idebenone was readily soluble in 5% mineral oil alone with 7.87 ± 0.46 mg/ml soluble 

idebenone in solution (Figure 20d). However, idebenone solubility in 5% tyloxapol, 5% 

mineral oil in citrate buffer solution was significant better (p < 0.05) (Figure 20d). Idebenone 

powder was completely soluble in DMSO (all the 20 mg/ml of idebenone was detected in 

DMSO solution, (Table 10)).  

A further probe of the absorbance spectra where the peak absorption of idebenone occurred for 

the three ‘best’ formulations (b, c, d) (Figure 19a), correlated with our results above. With the 

highest absorbance (> 1.00) observed with d (5% tyloxapol, 5% mineral oil, in 66 mM citrate 

buffer). While the peak absorbances for b (containing 5% tyloxapol, 1% kolliphor, 0.1% 

cetalkonium chloride, in 66 mM citrate buffer), and c (5% tyloxapol, in 66 mM citrate buffer 
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alone) were < 1.00 (Figure 19b-c). The maximum absorbance was observed to occur at 420 nm 

for all formulations. The complete dataset of idebenone solubility in the various formulations 

is listed in Appendix 2 (Table A2a-b).  

 

Table 10: Absorbance of idebenone in DMSO 

Conc of idebenone 

in DMSO (mg/ml) Absorbance Average StD 

1.25 0.1146 0.1061 0.1429 0.1212 0.0193 

2.50 0.2754 0.3270 0.2687 0.2904 0.0319 

5.00 1.2172 1.0970 1.2679 1.1940 0.0878 

10.00 1.1248 0.9482 0.9259 0.9996 0.1090 

20.00 2.4434 2.4571 2.0203 2.3069 0.2483 
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Figure 19: Absorbance spectra of 

idebenone in different formulations: 

Idebenone absorption was measured in 

three formulations (a) between 250 and 

800 nm. (b) 5% tyloxapol, 1% kolliphor, 

0.1% cetalkonium chloride (CKC) in 

citrate buffer, (c) 5% tyloxapol in citrate 

buffer, (d) 5% tyloxapol, 5% mineral oil 

in citrate buffer. Ide = idebenone, TLX = 

tyloxapol, CKC = cetalkonium chloride. 

Data represents characteristic 

absorbance traces from one experiment 

out of three. 
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Figure 20: Optimisation of 

idebenone solubility in 

formulations: (a) Standard curve of 

idebenone (Ide) in DMSO. (b, c) 

Effects of TLX with/without 1% 

kolliphor and 0.1% cetalkonium 

chloride (CKC) on idebenone 

solubility. (d) Effect of TLX and 

mineral oil on idebenone solubility. 

Data is expressed as mean (n = 3 

independent experiments with 3 

replicates within each experiment). 

p*< 0.05, p**< 0.01, p***< 0.001, ns 

= not significant using one-way 

repeated measured Anova followed 

by Dunnett comparison test. Error bar 

= StD, Ide = idebenone, TLX = 

tyloxapol, CKC = cetalkonium 

chloride and A420nm = Absorbance at 

420 nm. 
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3.1.2 Microscopic analysis of idebenone solubility 

Idebenone solubility in the different formulations was confirmed by microscopically evaluating 

the particle size of idebenone in these formulations (Table 11) (Figure 21). Idebenone powder 

was readily distributed as small particles in formulation c (5% tyloxapol, 5% mineral oil, in 

66mM citrate buffer) when compared to formulation a (5 % tyloxapol, 1 % kolliphor, 0.1 % 

cetalkonium chloride, in 66 mM of citrate buffer) or formulation b (5% Tyloxapol, in 66mM 

citrate buffer). The average particle size of idebenone crystals in formulation a, b and c were 

26.30 ± 26.94 µm, 15.67 ± 17.08 µm and 6.02 ± 6.07 µm respectively (Figure 21) (n = 190 

particles analysed using imageJ). Idebenone powder was completely soluble in DMSO and was 

therefore used as a control.  

Table 11: Formulations used to optimize idebenone solubility by 

microscopic analysis 

Formulations a b c d 

Tyloxapol 5% 5% 5% - 

Kolliphor (188) 1% + - - - 

Mineral Oil - - 5% - 

Citrate Buffer 66 mM + + + - 

Cetalkonium Chloride 0.1% + - - - 

DMSO - - - + 

Idebenone  + + + + 
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Figure 21: Microscopic evaluation of idebenone solubility: Soluble idebenone crystals from three 

formulations (a, b and c) were microscopically observed and quantified by measuring one representative 

experiment out of three using ImageJ. Magnification = x10, scale Bar = 100 µm. Formulation a (5% 

tyloxapol, 1% kolliphor, 0.1% cetalkonium chloride in citrate buffer), b (5% tyloxapol in citrate) and c (5% 

tyloxapol and 5% mineral oil in citrate buffer). No crystals were observed when idebenone was dissolved in 

DMSO. Idebenone, fully soluble in DMSO, was used as control (data not shown). 
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3.1.3 Solubility of #37 and #77 in tyloxapol formulations 

The results described above (section 3.1.1 and 3.1.2) showed that idebenone demonstrated the 

greatest improvement in solubility in the formulation containing 5 % tyloxapol and 5 % mineral 

oil in citrate buffer (Figures 20d and 21c). The question arose as to whether our novel SCQs 

with similar structure to idebenone (see, Table 4), would be soluble in the same formulation. 

Thus, known amounts of #37 and #77 were measured and dissolved in this formulation to get 

a serial dilution with six known concentrations ranging from 0 to 20 mg/ml (initial 

concentrations) (Table A3, Appendix 2). The respective solubilities of both #37 and #77 in 

these formulations were then quantified by measuring the fluorescence intensities of the SCQs 

against their corresponding standard curves in DMSO (Figure 22 a&b). The maximum amount 

of soluble SCQs in solution was determined to be 4.61 ± 0.12 mg/ml and 7.38 ± 0.12 mg/ml 

for #37 and #77 respectively (Figure 22c). The complete dataset is listed in Appendix 2 (Table 

A3). 
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Figure 22: Solubility of novel 

SCQs in optimized tyloxapol 

formulation: 

The amount of soluble SCQs (#37 

and #77) in tyloxapol formulation 

(formulation – 5% tyloxapol, 5% 

mineral oil in citrate buffer) were 

measured using fluorescence 

intensities (c) against their 

correspondent standard curves in 

DMSO (a & b). Data is expressed as 

mean (n = 3 independent 

experiments with 3 replicates within 

each experiment). Error bar as StD. 

Some error bars were too small to be 

reproduced. 
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3.2 Optimization of optokinetic assay and selection of rat strain 

3.2.1 Drum speed important for optokinetic response in vision test 

OKR, a reflexive directional head movement at an angle relatively different to the rest of the 

body in relation to a stimulus (black and white stripes), was employed to assess the visual 

function of rats. Head tracking in relation to moving stripes at a specific angular speed has been 

extensively studied in rats and is routinely used to test for visual defects as well as in drug 

efficacy in optic neuropathy (240). Whether a mechanical or sophisticated computerised 

(virtual) OKR system is employed, the speed of rotation of the system is essential to elicit a 

visual reflex action (399, 401, 475). For rats, a speed of 2 rpm or 12 degrees per seconds 

(rotating drum) is regarded as the optimum speed of rotation to elicit OKR (399). Therefore, to 

assess visual function in rats, the angular speed of our in-built OKR system was tested for its 

ability to rotate within the visual field of rat. It was observed that our OKR drum at 10 volts 

and 11 volts rotated at 1.94 ± 0.00 rpm and 2.07 ± 0.67 rpm respectively (Figure 23a). This 

showed that the mechanical drum built in-house can rotate at speed consistent with the required 

optimum comparable to previously published studies (401, 415). The complete dataset is listed 

in Appendix 2 (Table A4). 

 

3.2.2 Suitability of rat strain for vision testing using OKR  

To test whether my in-house built OKR system could measure visual function, 4 groups of 

healthy adult SD rats (n = 3) were used to validate the OKR drum by tracking the number of 

head-turns (visual acuity) using 2 different spatial frequencies (0.2 cpd (4 cm thick black and 

white stripes as stimulus) and 0.1 cpd (6.11 cm thick black and white stripes as stimulus) at 5 

different angular speed 1.62, 1.94, 2.07, 2.40 and 2.61 rpm. From my data, no significant head-
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tracking movement was observed at either of these frequencies with SD rats. For the 0.2 cpd 

(4 cm thickness) drum, the average maximum head-tracking was 0.33 ± 0.33 per 2 mins at 1.94 

rpm; at all other angular speeds no single visibly head-tracking was observed except at 2.40 

rpm where an average of < 0.33 head-turns was observed (Figure 23b). Similarly, the number 

of head-tracking movements observed with the 0.1 cpd (6.11 cm thickness) drum was 

insignificant (Figure 23c). However, head-tracking movement was noticed at all the tested 

angular speeds except at 2.40 rpm, with the maximum average head-tracking of 1.00 ± 0.37 

head turns per 2 mins at 2.07 rpm (Figure. 23b).  

Interestingly, when LE rats were used for the same behavioural testing a very different result 

was observed when compared with SD rats (Figure 23d).  Using a 0.1 cpd drum, a significant 

difference (p<0.001) was observed in the head-tracking movements between LE rats and SD 

rats at all the tested angular speeds (Figure 23d). For example, at a rotation speed of 1.94 rpm 

(the closest to the optimum speed for visual testing in rats), the average number of head-turns 

per 2 minutes for LE rats was about forty times (40-times) higher compared to SD rats (97.76% 

for LE rat compared to 2.24% for SD rat, p<0.001) (Figure 23d). Interestingly, the maximum 

head-tracking occurred at an angular speed of 2.61 rpm for LE rats, where the average head-

tracking per 2 minutes was more than a hundred and fifty times (150-times) higher compared 

to SD rats (99.39% for LE rat compared to 0.61% for SD rats, p<0.001) (Figure 23d). Further 

testing away from the optimum speed range of 2.61 rpm led to a significant decline (p < 0.05) 

in optokinetic head-tracking (Figure 23e). For example, at 3.33 rpm a significant decline of 

about 45% in visual acuity was observed in LE rats (Figure 23e). 
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Figure 23: Optimisation of the optokinetic assay. (a) Determination of the optimum speed of rotation of 

our in-built optokinetic drum was performed by measuring revolution per minute (rpm) of drum at 12 

different voltages. n = 3 (3 independent rotations clockwise (CW) and anticlockwise (ACW)), Error bar = 

StD (too small to reproduce) 

(b & c) Visual acuity of Sprague Dawley (albino) rats. Using a 0.1 cpd (6.11 cm thickness) and a 0.2 cpd (4 

cm thickness) OKR drum, head tracking movement was measured per 2 mins in both clockwise (CW) and 

anticlockwise (ACW) direction at 5 different rotation speed 1.62,1.94,2.07,2.40 and 2.61 rpm. 

(d) Comparison of visual acuity of two rat strains at different rotation speeds. Using a 0.1 cpd, visual acuity 

of Long Evans (LE) rats and Sprague Dawley (SD) rats were compared at 1.62, 1.94, 2.07, 2.40 and 2.61 

rpm respectively. (e) Further test away from the optimum speed range showed a decline in head tracking 

movement. n = 3 rats/strain for both CW and ACW rotation., Error bars = SEM, p***< 0.001 (Using two-

way repeated measure ANOVA (d)). p*< 0.05 (Using student t-test to compare visual acuity at 2.61 

(optimum angular speed) against other speeds (e)) 
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3.3 In-vivo studies 

Following the formulation of our test compounds into eye drops (Section 3.1) and the 

optimisation of our in-built OKR apparatus (section 3.2). A suitable animal model was required 

for in-vivo testing of our test compounds as eye drop formulations. For this purpose, a recently 

described rat model of type 2 diabetes in adult male Sprague Dawley (SD) rats that effectively 

mimicked several diabetic parameters in human patients was used with modifications (389).  

The overall aim of the in-vivo study was to reproduce this diabetic rat model and establish the 

natural course of vision loss using my optimized in-house built OKR system to investigate the 

efficacy of our test compounds topically against DR in Long Evans (LE) rats. However, before 

the main study a pilot study was conducted to establish if LE rats (strain with robust head 

tracking) can effectively mimicked several diabetic parameters as seen in SD rats (389). The 

study would also help to establish the appropriate STZ dose for sustained hyperglycemia in LE 

rats. Lastly, the natural course of vision loss can be monitored to determine when therapeutic 

intervention can commerce. 

 

3.3.1 Pilot study  

All rats infused with STZ (110 mg/kg and 120 mg/kg) developed hyperglycaemia at varying 

degrees after one-week of STZ administration. It was observed that 110 mg/kg STZ 

demonstrated the smallest increase in blood glucose levels from 6.65 ± 0.75 mmol/L on week 

4 (before STZ administration) to 12.65 ± 3.45 mmol/L (a week after mini-pump implants) 

(Figure 24a). This group of rats (poor-responders) had a consistent average value of > 7.00 

mmol/L until week 19 (endpoint of pilot study). In contrast, rats administered 120 mg/kg STZ 

showed a significant increase in blood glucose levels from week 4 to 5 (6.90 ± 0.4 to 17.45 ± 
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4.05) (Figure 24a) and this value was consistently above 16 mmol/L, reaching 26.65 ± 3.85 

mmol/L at the last reading (Figure 24a). The normal blood glucose level for non-diabetic rats 

is below 5.6 mmol/L and mild hyperglycemia is between the range of 5.7 – 10.9 mmol/L; for 

most rodents studies severe hyperglycemia is classified as a blood glucose level > 11 mmol/L 

(389, 406, 480-482). In addition, two consistent blood glucose reading of > 7 mmol/L are 

regarded as diabetic (480). Rats administered 130 mg/kg STZ were culled at week 13 for animal 

welfare reasons (data excluded from result) 

From the corresponding visual acuity measurements, no significant vison loss was observed in 

the poor responders (rats with mild hyperglycemia) throughout the pilot study. On the other 

hand, the optokinetic head-tracking system demonstrated that head tracking movements per 2 

mins (visual acuity) declined by ~30 % after 5-weeks post-STZ compared to baseline, in the 

responder group (severe hyperglycemia). By the 10th week post STZ-delivery, ~70% of visual 

acuity had been lost compared to the baseline value (p<0.01). A direct comparison of the visual 

acuity of the poor responders against the responders with severe hyperglycemia showed a 

statistical significance in visual acuity from week 15 to 19 (Figure 24b) 
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Figure 24: Severity and sustainability of hyperglycemia affects progressive vision loss: 

STZ (110 mg/kg, and 120 mg/kg) was administered over a period of 2 weeks (starting from 

week 4) via osmotic pumps. (a) show individual rats grouped into 2 groups (Responders (> 

11 mmol/L) and poor-responders (6 – 10.9 mmol/L), based on their response to STZ 

(weekly blood glucose level). (b) represent head-tracking per 2 minutes (visual acuity) or 

optokinetic response (OKR) of responders (severe hyperglycemia) compared to poor-

responders (mild hyperglycemia) over a period of 19 weeks. Data is expressed as mean (n 

= 4 eyes/group, Error bars = SEM, P* < 0.05 (Using Two-Way Repeated measure 

ANOVA). Significance were calculated by comparing baseline value (average OKR for 

week 1-4) against other value as well as comparing severe hyperglycemia against mild 

hyperglycemia 
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3.3.2 Animal numbers in the study 

The aim of the study was to include close to 10 animals per arm into the study. However, due 

to the severity of the pathology associated with this model, some animals had to be culled 

before the end of the trial period due to ethical reasons. Table 12 depicts animal lethality for 

all arms of the eye drop study until the end of the observation /treatment period in week 21. 

Table 12: Animal lethality in the eye drop study during the 21-week test period*  

 

 

 

 

 

* Only the animals that were used for the analysis are listed in the table. Some animals were 

culled prematurely (before the start of the treatment) due to ethical considerations, because of 

poor health. These animals are not listed in the table and were not used for the analysis. Those 

culled in week 18 (see above) were included in the analysis. 

 

3.3.3 Randomisation of rats into treatment groups 

For this purpose, all animals were randomised at baseline (week 1) and just before 

commencement of topical treatment with test compounds at the end of week 13. Rats from four 

different batches were allocated to one of five-treatment groups or a healthy control group to 

generate groups containing test animals of similar average age and body weight before the start 

of the experiment, to minimise batch-to-batch variation (Figure 25a&b). The average ages of 

Test Compound Week 18 Week 21 Total animal numbers 

Healthy control 0 6 6 

Vehicle 1 10 11 

Idebenone 3 8 11 

Elamipretide 0 8 8 

#77 0 9 9 

#37 0 10 10 

Total 4 51 55 
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rats within individual group were 172.0 ± 6.6 d, 166.4 ± 2.2 d, 182.6 ± 3.9 d, 175.9 ± 4.2 d, 

176.0 ± 4.2 d, 176.3 ± 4.4 d within control, vehicle, idebenone, Elamipretide, #77 and #37 

respectively (Figure 25a). The average body weights were 369.8 ± 5.2 g, 417.3 ± 11.24 g, 397.1 

± 7.8 g, 368.3 ± 4.8 g, 405.2 ± 6.8 g, 395.0 ± 9.1 g within control, vehicle, idebenone, 

Elamipretide, #77 and #37 respectively (Figure 25b). Similarly, at the end of week 13, a second 

randomisation round based on body weight, age and severity of hyperglycaemia was 

performed, to minimise batch-to-batch variation (Figure 25c&d). The average body weights 

were 393.0 ± 4.8 g, 388.2 ± 11.07 g, 358.8 ± 11.9 g, 366.3 ± 9.8 g, 401.6 ± 13.2 g, 381.4 ± 7.9 

g within control, vehicle, idebenone, Elamipretide, #77 and #37 respectively (Figure 25d). 

Average blood glucose levels for all five-treatment group were similar (24.15 ± 1.88 mmol/L, 

26.36 ± 0.94 mmol/L, 21.28 ± 2.90 mmol/L, 24.08 ± 2.23mmol/L, 21.88 ± 2.28 mmol/L within 

vehicle, idebenone, Elamipretide, #77 and #37 respectively (Figure 25c). However, as expected 

when the blood glucose level of healthy non-diabetic control was compared with all other 

treatment (diabetic) groups, a significant difference was observed (using one-way ANOVA 

with Tukey’s multiple comparisons; p < 0.001) (Figure 25c).  The second randomisation was 

necessary to ensure rats with similar diabetic profiles (blood glucose levels) were distributed 

within each treatment group. The complete dataset is listed in the Appendix 3 (Table A5-A10) 



135 
 

3.3.4 Responders analysis after STZ administration 

The normal postprandial blood glucose (PBG) level for a non-diabetic rat is between 4 – 6.9 

mmol/L and a consistent PBG reading of > 7 mmol/L is regarded as diabetic (480). The normal 

fasting blood glucose (FBG) level for a non-diabetic rat is between 3.9 – 5.6 mmol/L and the 

blood glucose level of a mild hyperglycaemic rat is between 5.7 – 10.9 mmol/L. For most 

rodents studies, severe hyperglycaemia is classified as a blood glucose level value > 11 mmol/L 

 

 

Figure 25: Randomisation of test animals based on age, body weight and blood glucose level: (a & 

b) Average age and body weight of treatment and control group when the animals were included in the 

study at baseline (week 1), while (c & d) represents average blood glucose and body weight for each 

treatment group and control at the end of week 13. Data is expressed as mean (for healthy control (Cont) 

n = 6 rats, for vehicle (Veh) and idebenone (Ide) n = 11 rats, while for #37, #77 and Elamipretide (Elam) 

group, n = 10, 9 and 8 rats per group respectively. Significance was calculated using one-way repeated 

Anova with Tukey’s multiple comparisons (p***< 0.001). Error bar = SEM. 
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(389, 406, 481, 482). Classification of rats as diabetic and non-diabetic in this current study 

was based on these blood glucose levels.  

 

3.3.5 Osmotic mini-pump delivered STZ induces sustained hyperglycaemia. 

Postprandial blood glucose (PBG) levels were assessed in all animals weekly for 21 weeks. 

The PBG remained normal throughout the study for healthy non-diabetic controls. Animals 

that received STZ-implant (125 mg/kg) at week 4 exhibited a four-fold increase in PBG 2 

weeks after  the STZ- implant, and this was sustained throughout the observation period of 21 

weeks when compared with the healthy non-diabetic control (p < 0.001) (Figure 26a-f). The 

average PBG 2 weeks post-STZ administration was 20.90 ± 2.24 mmol/L, 21.15 ± 1.83 

mmol/L, 19.35 ± 3.60 mmol/L, 19.32 ± 2.79 mmol/L, 16.91 ± 2.10 mmol/L within vehicle, 

idebenone, Elamipretide, #77 and #37 treated groups respectively compared with 6.22 ± 0.31 

mmol/L for healthy non-diabetic controls (Figure 26a-f). Similarly, at week 21 (end of study), 

PBG levels remained significantly higher for all diabetic groups (28.14 ± 2.41 mmol/L, 27.73 

± 1.75 mmol/L, 21.09 ± 2.96 mmol/L, 27.79 ± 2.51 mmol/L, 28.25 ± 2.80 mmol/L within 

vehicle, idebenone, Elamipretide, #77 and #37 treated group respectively) compared with 6.05 

± 0.09 mmol/L for healthy non-diabetic control (Figure 26a-f). The complete dataset for weekly 

PBG level is listed in Appendix 5 (Table A14-A19). 
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Figure 26: Effect of STZ on blood glucose levels: 

STZ (125mg/kg) was administered over a period of 2 weeks (starting from week 4) via osmotic pumps. (a-

e) show the average weekly blood glucose level measurement for all five treatment groups of Long Evans 

rats when compared against the healthy non-diabetic group (control). (f) represent a pool of all data together. 

Data is expressed as mean (for idebenone (Ide) n = 11 rats until week 18 and 8 rats until week 21, vehicle 

(Veh) n = 11 rats till week 18 and 10 rats till week 21.  For #37, #77 and Elamipretide (Elam) group, n = 10, 

9 and 8 rats per group respectively until week 21 and healthy control n = 6).  Error bar = SEM, p***< 0.001, 

using two-way ANOVA measures. Brown area: baseline observation period (weeks 1-4), grey area: 

treatment period. Error bars were omitted from (f) for clarity. 
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3.3.6 Osmotic mini-pump delivered STZ decrease glucose tolerance  

Following an overnight fast, intraperitoneal glucose tolerance test (IPGTT) was conducted at 

baseline (week 1), week 3 (before STZ implantation) and week 6 (2 weeks post-STZ infusion) 

for 20 rats at various time intervals after glucose injection (1 g/kg) (Figure 27a). Baseline and 

3-week post HFD (closed circle and open square) showed similar trends of fasting blood 

glucose (FBG) levels over 120 min (Figure 27a). An initial dramatic rise of blood glucose 

levels 10 mins after administration of glucose was evident (5.82 ± 0.10 mmol/L to 13.80 ± 0.40 

mmol/L for baseline IPGTT and 6.89 ± 0.09 mmol/L to 15.24 ± 0.54 mmol/L for week 3 

IPGTT), followed by a gradual drop of blood glucose levels (to approximately 6 mmol/L) after 

120 min (Figure 27a). However, at week 6 (2 weeks post-STZ infusion), sustained high FBG 

levels were evident from 10 mins to 120 mins (23.12 ± 0.96 mmol/L to 21.09 ± 1.48 mmol/L) 

(open circle, Figure 27a). When the FBG measured at week 6 IPGTT was compared over time 

with the values observed at baseline and week 3 IPGTT, a significant increase in FBG levels 

was observed over the 120 min period (p<0.001, using two-way ANOVA measures). 

Similarly, quantification of the area under the glucose curve (AUC) of the IPGTT curve at 

week 6 revealed significantly higher values than those obtained at the baseline and week 3 

respectively (p<0.001, using one-way ANOVA measures) (Figure 27b). The significant 

increase in the AUC of IPGTT from 938.7 ± 10.37 mmol/L at baseline to 2872 ± 149.5 mmol/L 

over 120 min in week 6 (2 weeks post-STZ infusion) indicates an impaired glucose tolerance 

in rats (p<0.001) (Figure 27b). IPGTT conducted during the pilot study where the test was 

performed also at 8- and 10-weeks post-STZ showed similar trends to those observed in week 

6 (Figure 27c). Hence there was no need for further IPGTT beyond week 6 for the main study 

due to the severity of the pathology associated with this model. 
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Figure 27: Effect of STZ on glucose tolerance:  Following an overnight fast, blood was sampled from the tip 

of the rat tail at 0, 10, 20, 30, 45, 60, 75, 90, 105 and 120 min after glucose injection (1 g/kg) to determine 

circulating blood glucose. Intraperitoneal glucose tolerance tests (IPGTT) were conducted at baseline/week 1 

(closed circle), 3-weeks post-high fat diet (open square) and 2 weeks post-STZ infusion (week 6, open circle) 

respectively for this study (a). (b) the area under the glucose curve (AUC) was calculated for glucose tolerance 

test at baseline, week 3 and week 6. (c) represent a similar IPGTT conducted during a pilot study, where the test 

was performed also at 8- and 10-week post-STZ. Data is expressed as mean (n = 20 rats per group). Error bar = 

SEM, (p***< 0.001, using two-way ANOVA measures (a&c) and using one-way ANOVA measures for (b)) 

Some error bars were too small to be reproduced 
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3.3.7 Effect of STZ-induced diabetes on water-intake   

Water-intake for all groups was assessed from week 1 to week 20 as a surrogate marker for 

diabetes. In the non-diabetic control group, average daily water-intake per rat remained 

relatively constant throughout the study period between 17.55 ± 1.25 ml to 21.6 ± 1.50 ml. 

However, animals that received STZ in week 4, showed a significant increase in water-intake 

(p<0.01) at different time periods. For example, from week 8 the average water-intake for rats 

in the idebenone group was 99.89 ± 7.74 ml compared to 19.75 ± 0.15 ml/day/rat for healthy 

non-diabetic controls (p<0.01) (Figure 28b).  By the 10th week, water consumption increased 

dramatically for all the diabetic groups (treatment groups) (85% compared to control group, 

p<0.01). The average water-intake was 131.65 ± 21.07 ml, 130.46 ± 4.48 ml, 140.38 ± 29.91 

ml, 104.89 ± 13.05 ml and 130.54 ± 28.62 ml for the vehicle, idebenone, Elamipretide, #37 

and #77 groups respectively compared to 19.45 ± 0.35 ml for the control group (p<0.01) 

(Figure 28a-e). This high water-intake was sustained throughout the study period for the 

diabetic groups (all treatment groups), while the water-intake for the healthy non-diabetic 

control group remained low (Fig. 28a-e).  
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Figure 28: Effect of STZ - induced diabetes on water intake.  Average Daily Water intake of Long 

Evans rats before and after streptozotocin (STZ) administration was monitored weekly for all treatment 

groups and healthy non-diabetic group (control). (a - e) show the average water intake consumed per rat 

daily in the individual treatment group compared to healthy non-diabetic group (Cont). (f) represent a pool 

of all data together. Data is expressed as mean (for idebenone (Ide) group and vehicle (Veh) group n = 7 

rats until week 20, for Elamipretide (Elam), #37, and healthy control n = 6 while group eventually treated 

with #77, n = 4). Dose of STZ = 125mg/kg. p**< 0.01 using two-way repeated measured Anova followed 

by Tukey’s comparison test. Error bar = SEM.  Brown area: baseline observation period (weeks 1-4), grey 

area: treatment period. Error bars were omitted from (f) for clarity. 
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3.3.8 Effect of STZ-induced diabetes on food-intake 

All animals were given both HFD and CD (chow) ad libitum and weekly food-intake was 

monitored for the study period; from which the daily food-intake per rat was measured. For all 

groups, rats preferred the HFD to the CD over the course of the study (Figure 29a-f). From 

week 2 (when the first measurement was taken), intake of HFD was significantly greater than 

CD for all study groups (control, 17.76 ± 0.19 g vs 0.39 ± 0.09 g; p<0.01, vehicle, 15.83 ± 1.76 

g vs 0.62 ± 0.15 g; p<0.01, idebenone, 15.27 ± 1.91 g vs 0.67 ± 0.39 g; p<0.01, Elamipretide, 

14.22 ± 1.36 g vs 0.59 ± 0.21 g; p<0.01, #77, 15.60 ± 0.62 g vs 0.47 ± 0.34 g; p<0.01, #37, 

14.45 ± 1.65 g vs 0.20 ± 0.10 g; p<0.05) (Figure 29a-f). Interestingly, there was a drop in HFD 

intake for all groups except the healthy non-diabetic controls between week 4 to 6 (Figure 29a-

f). Besides this, HFD was significantly preferred to the CD in all groups over the observation 

period (Figure 29a-f). However, when I compared the consumption of CD alone in all groups, 

the idebenone treated group retained a slight increase in their CD intake over the course of the 

study period (Figure 29c), but the difference was not statistically significant (p>0.05). 
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Figure 29: Daily Food intake of Long Evans rats: All animals were provided both high fat diet and chow 

ad libitum and food intake measured weekly throughout the study. (a - f) show the average high fat diet intake 

consumed per rat daily as against the average control diet (chow) in the individual treatment group as well as 

in the healthy non-diabetic group (control). Data is expressed as mean (for idebenone (Ide) group and vehicle 

(Veh) group n = 7 rats until week 20, for Elamipretide (Elam), #37, and healthy control n = 6 while group 

eventually treated with #77, n = 4). p*< 0.05, p**< 0.01 using two-way repeated measured Anova followed 

by Tukey’s comparison test. Error bar = SEM, HFD = high fat diet, CD = control diet (chow), Cont = control, 

Veh = vehicle, ide = idebenone and Elam = Elamipretide.  Brown area: baseline observation period (weeks 

1-4), grey area: treatment period. 
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3.3.9 Effect of STZ-induced diabetes on body weight 

Body weight was another parameter monitored weekly throughout the study period. The body 

weight of all animals did not change significantly over the observation period despite the 

consumption of HFD and the presence of severe diabetes from week 6 onwards (Figure 30a). 

Although a slight increase in body weight in the first 4 weeks was observed for all groups, the 

difference was not statistically significant (p>0.05). This could be attributed to the introduction 

of the animals to HFD from the start of the study. Overall, there was no significant difference 

in the body weight of healthy control and diabetic animals at week 1, week 13 (9 weeks post-

STZ and just before treatment started) and at the time of euthanasia (week 21) (Figure 30b)   
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Figure 30: Effect of STZ on body weight:  

(a) Plot of weekly body weight measurement from baseline until the end of the study for all treatment 

group and control. (b) comparison of average body weight at week 1, week 13 (9 weeks post-STZ) 

and at the end of study (week 21)   Data is expressed as mean (for idebenone (Ide) n = 11 rats until 

week 18 and 8 rats until week 21, vehicle (Veh) n = 11 rats till week 18 and 10 rats till week 21.  For 

#37, #77 and Elamipretide (Elam) group, n = 10, 9 and 8 rats per group respectively until week 21 

and healthy non diabetic control (Cont) n = 6 rats per group).   Significance was calculated using 

two-way repeated Anova with Tukey’s multiple comparisons (p< 0.05). Error bar = SEM. Brown 

area: baseline observation period (weeks 1-4), grey area: treatment period. 



146 
 

3.3.10 Effect of eye drop treatment with novel SCQs and Elamipretide on diabetes-

induced vision loss 

The current study used an OKR system to detect abnormalities in visual acuity (a measure of 

percentage (%) head-tracking movement per unit time or optokinetic reflex (OKR)) in STZ-

induced rats as previously described (240), as well as comparing the effect of our test 

compounds on visual acuity.  Visual acuity of both the left and right eyes of all animals was 

assessed once weekly throughout the study period of 21 weeks for all treatment groups as well 

as healthy non-diabetic controls (Figures 31 and 32).  

The average baseline (first 4 weeks before STZ) visual acuity (head-tracking) was compared 

with weekly visual acuity over a period of 10 weeks (week 5-14). For all treatment groups, a 

significant decrease in visual acuity was detected in STZ-induced rats between 3-5 weeks post-

STZ. Visual acuity declined progressively, with a significant drop of about 40% in visual acuity 

by week 9 for all treatment group except the control group (vehicle; 66.08 ± 2.85 %, p = 0.0004, 

n = 11, idebenone; 63.10 ± 4.82 %, p = 0.0001, n = 11, Elamipretide; 62.13 ± 5.96 %, p = 

0.0008, n = 8, #77; 52.40 ± 7.56 %, p < 0.0001, n = 9, #37; 58.32 ± 4.88 %, p = 0.0004, n = 10 

vs control; 99.22 ± 2.57 %, p > 0.9999, n = 12,) (Figure 31a-f). Visual function continued to 

decline further until week 14 (at this stage, about 65% loss in visual acuity had occurred in 

both eyes in all diabetic groups compared to baseline value, p<0.0001, Figure 31b-f). Visual 

acuity was measured before commencement of topical treatment with test compounds in week 

14. Similarly, when the visual function of rats in the healthy non-diabetic control (Figures 31a) 

was compared with all treatment group over a period of 10 weeks (week 5-14) (Figures 31b-

f). A significantly gradual decline in percentage visual acuity was observed in all treatment 

group by week 9 and onward till week 14 (p<0.0001) (Figures 31a-f, graphs were separated for 

clarity). 
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From week 14 onwards, daily eye drop administration of test compounds (idebenone (10 

mg/ml), #77 (7.36 mg/ml), #37 (4.6 mg/ml), Elamipretide (26 mg/ml)) or vehicle (without any 

test compounds) in the right eye only of diabetic rats were performed for 7 weeks (grey area, 

Figure 31b-f). Individual comparisons of the visual acuity of right treated eyes with left 

untreated eyes (intra-animal control) were then conducted for all treatment groups. Within 2-3 

weeks of treatment a significant improvement in percentage head-tracking score (visual acuity) 

for all test compounds except for the idebenone treated group was observed (Figure 31b-f). 

Residual visual acuity increased between 23-45% in all test compounds treated groups. In #37- 

and Elamipretide-treated animals, loss of visual acuity in the right eyes was significantly 

restored after only 2 weeks of treatment while the left eyes continued to deteriorate. This effect 

was well preserved for 4 weeks and 5 weeks for the Elamipretide and #37 treated groups 

respectively. On the other hand, in the #77-treated group the improvements in visual acuity of 

the right-treated eyes was not significantly different compared to that of the visual acuity of 

the left-untreated eyes until after 3 weeks of treatment. The improved vision in the right eyes 

was sustained for only one week. For the last 3 weeks of the study there was no significant 

difference in visual acuity in both eyes for the #77-treated group. Though there was about a 

30% increase in visual acuity in the right eyes of the idebenone treated group, this was not 

significant when compared to the visual acuity of the left-untreated eyes throughout the 7 

weeks of treatment. Interestingly, the untreated left eyes of all the treated groups showed either 

a slight increase in visual acuity  and/or visual acuity did not decline further (Figure 31c-e), 

unlike the vehicle treated group (Figure 31b).  
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Figure 31: Individual comparison of visual acuity of treated eyes with untreated eyes (intra-animal control) 

following eye drop treatment with short-chain quinones or Elamipretide in diabetic Long Evans (LE) Rats: 

Daily eye drops administration of the short chain quinones (SCQs) idebenone (Ide) (10 mg/ml) (c), #77 (7.36 

mg/ml) (e), #37 (4.6 mg/ml) (f) and  as well as Elamipretide (Elam) (26 mg/ml) (d) in the right eye only of diabetic 

Long Evans rats were performed from week 14 to 21 (grey area) and their effect on visual acuity were quantify 

as percentage head tracking movement per 2 minutes (optokinetic response (OKR)) and compared with untreated 

eyes (intra-animal control). Data is expressed as mean (n = 11 eyes/group for untreated and treated eyes week 14-

18 & n = 8 eyes/group week 18-21 for idebenone. n = 10 eyes/group and 9 eyes/group for #37 and #77 treated 

eyes respectively (from week 14-21), while n = 8 eyes/group for elamipretide (Elam) treated eyes, n = 11 

eyes/group for vehicle (Veh) treated group and n = 12 eyes/group for healthy non-diabetic control (Cont). Error 

bars = SEM, p# or *< 0.05, and p**< 0.01 (Using Two-Way Repeated measure ANOVA). Initial significance (#) 

were calculated by comparing baseline value (average OKR for week 1-4) against other value until week 14. 

Significance from week 14 were calculated by comparing OKR value of treated eyes against untreated eyes. 

Brown area: baseline observation period (weeks 1-4), grey area: treatment period. 
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Furthermore, when the data pertaining to all untreated eyes between week 1 to 14 were pooled 

together (closed circle, Figure 32a). And the average baseline visual acuity was compared with 

the weekly visual acuity measurement over a period of 10 weeks (week 5-14) before 

commencement of treatment (Figure 32a). Similar trend of progressive vision loss was 

observed as seen in individual treatment groups. Although, visual dysfunction occurred one 

week earlier (from week 8), in the pooled data set (Figure 32a). This declined continued further, 

reaching 61.08% by week 14 (baseline; 99.89 ± 1.84 % vs visual acuity at week 14; 38.81 ± 

2.86 %, p <0.0001, n = 49) (Figure 32a).   

From the pooled dataset, a direct comparison of treated eyes with sham (vehicle treated eyes) 

showed a slightly different outcome with idebenone (Figure 32b). Daily eye drop 

administration from week 14 restored head-tracking movements (visual acuity) in all the test 

compound treated groups while the visual acuity of the vehicle treated group (open hexagon) 

did not improve. This improvement in visual acuity was preserved for all test compounds 

throughout the study period except for idebenone (open diamond) where a significant decline 

in visual acuity occurred at week 21 when compared with #37 treated group (open circle) 

(p#<0.05) (Figure 32b). Our novel SCQs showed the most dramatic improvement in vision 

within 2 weeks of application. Test compound #77 (open triangle) achieved the fastest and 

highest recovery of head-tracking movement (p**<0.01), restoring visual acuity from ~ 35% 

to ~ 80% of normal after 2 weeks. Although the #37-treated group showed a smaller recovery 

of visual acuity (up to ~ 65% of normal), this recovery was more sustained compared to the 

#77-treated group where a 20% decline was observed at week 21. However, unlike the 

idebenone treated group the decline was not significant. Despite being the least hyperglycaemic 

group, Elamipretide treated group (open triangle) experienced the lowest rate and recovery of 

visual acuity, restoring visual acuity to ~ 58% of normal within 3 weeks of treatment. A 

comparison of all treatment groups (including the vehicle treated group) with the healthy non-
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diabetic controls showed a significant difference (p<0.001) (closed triangle) (Figure 32b). 

Although eye drop treatment with test compounds restored visual functions, they did not affect 

other parameters including blood glucose level, water intake and body weight (other surrogate 

markers of diabetes) (grey areas in Figure 26, 28 and 29). A summary of the total number of 

rats allocated to each group is in Table 12. The complete dataset of visual function is listed in 

Appendix 5 (Table A20-A30). 
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Figure 32: Statistical analysis of visual 

recovery using test compounds: (a) Combined 

OKR data of Fig. 31. Data of all diabetic animals 

was pooled between weeks 1 to 14 to provide a 

reliable course of disease data in this model. 

From week 15 onwards, results for individual 

treatment arms is shown. Significance in (a) (#) 

were calculated by comparing baseline value 

(average OKR for week 1-4) against other value 

until week 14. 

(b) Comparison of visual acuity of test 

compounds against vehicle treated as well as 

healthy non diabetic group.  Daily eye drops 

administration of the short chain quinones 

(SCQs) idebenone (Ide) (10 mg/ml) (c), #77 

(7.36 mg/ml) (e), #37 (4.6 mg/ml) (f) and  as 

well as Elamipretide (Elam) (26 mg/ml) (d) in 

the right eye only of diabetic Long Evans rats 

were performed from week 14 to 21 (grey area) 

and their effect on visual acuity were quantify as 

percentage head tracking movement per 2 

minutes (optokinetic response (OKR)) and 

compared with vehicle treated eyes (Veh) as 

well as against healthy non diabetic control 

(Cont).  Data is expressed as mean (n = 49 

eyes/group for untreated eyes (week 1 – 14), n = 

11 eyes/group for untreated and treated eyes 

week 14-18 & n = 8 eyes/group week 18-21 for 

idebenone. n = 10 eyes/group and 9 eyes/group 

for #37 and #77 treated eyes respectively (from 

week 14-21), while n = 8 eyes/group for 

Elamipretide (Elam) treated eyes, n = 11 

eyes/group for vehicle (Veh) treated group and 

n = 12 eyes/group for healthy non-diabetic 

control (Cont). Error bars = SEM,  

p# < 0.0001 (Fig.3.13a), p# or *< 0.05 and p**< 

0.01 (Fig.3.13b) (Using Two-Way Repeated 

measure ANOVA). Significance from week 14 

were calculated by comparing OKR value of test 

compounds treated eyes against vehicle treated 

eyes (*, #, **, ##) likewise test compounds 

treated eyes were also compared against healthy 

non diabetic group (***). Brown area: baseline 

observation period (weeks 1-4), grey area: 

treatment period. 



152 
 

3.3.11 Effect of SCQs and Elamipretide on diabetes-induced retinal damage 

To assess the effect of idebenone, novel SCQs and Elamipretide on diabetic induced retinal 

damage in-vivo, the right eyes of rats were treated with SCQs (idebenone, #37 and #77), 

Elamipretide or vehicle (without any test compounds) for 7 weeks while the left eyes acted as 

intra-animal controls. In addition, a healthy non-diabetic group with no treatment was 

monitored over the same period and used as control group.  

All rats were culled, and eyes were collected and used for histopathological examination. 

Specifically, cryo-sectioned rat retinas were examined for oxidative stress, deficiency in RGC 

number, retinal thickness and vascular leakage using stained sections and imageJ software  

(Figure 33, show example of an anti-Brn3a stained section). 
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3.3.11.1 SCQs and Elamipretide inhibit diabetes-induced retinal ganglion cell loss 

In order to quantify the rate of overall RGC loss, anti-Brn3a stained sections were used (Figure 

34). This was based on previous studies that revealed that almost all RGCs can be labelled by 

this antibody (483). All of our test compounds significantly protected the retinae from 

hyperglycaemia-induced RGC loss compared to the diabetic rats (vehicle treated group) 

(p<0.05) (Figure 34a-f and Figure 35a-b). Our novel SCQs treated eyes showed the most 

significant protection against RGC loss with only ~ 25% reduction in RGC numbers/mm 

observed in diabetic rats treated with #37 and #77 respectively for 7 weeks compared to the 

diabetic untreated eyes, (p<0.001) (Figure 35b). This was followed by the Elamipretide treated 

 

 

Figure 33: Retinal layers in Long Evans eyes: 

Representative image of cryo-section of anti-Brn3a stained section of the Long Evans retina. The 

retinal layer includes the inner limiting membrane (ILM), retinal ganglion cells (RGC), inner 

plexiform layer (IPL), inner nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer 

(ONL), outer limiting membrane (OLM) and the photoreceptor segment (PS). Scale bar indicates 

100 µm for all images and images were taken at 20 X magnification.  
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eyes with ~ 40%  reduction in RGC counted (p<0.001) (Figure 35b). The idebenone treated 

group showed the least protection against RGCs loss, however this was still significant (with 

45% reduction in RGC number/mm compared to diabetic untreated rats) (p<0.001) (Figure 

35b). The average residual RGC/mm for #37 and #77 treated eyes were 69.41% and 66.16%. 

When compared with healthy non-diabetic controls, a significant difference was observed (p < 

0.001) (Figure 35b).  

Since I treated only the right eyes in all groups, RGC level from the retinae of  the treated right 

eyes were compared with the untreated left eyes (intra-animal control) within each group. No 

significance changes in the average RGC/mm occurred when the left eyes were compared to 

the right eyes in the diabetic (vehicle treated) group (19.30 ± 1.68 vs 17.65 ± 1.68) (p>0.05) 

(Figure 35a). The retinae from the treated right eyes of all the test compounds groups 

(idebenone, Elamipretide, #77 and # 37-treated group) were significantly protected from RGC 

loss compared to the left (untreated) eyes (p<0.01) (Figure 35a). Interestingly, when all the 

untreated left eyes of the test compounds groups were compared against each other, the 

RGC/mm of the #77 untreated eyes was significantly different to the diabetic rat eyes (29.26 ± 

3.53 RGC/mm vs 17.65 ± 1.68 RGC/mm, p<0.05) (Figure 35a, significant icon not shown in 

graph because of clarity) 

 

 



155 
 

 

 

Figure 34: Anti Brn3a antibody staining in the adult Long Evans retina: 

Representative images of Brn3a stained adult Long Evans retina. Rat retinal sections (cryo-

sections) from 5 treated group as well as a healthy non-diabetic control were incubated for 1 hour 

with anti-Brn3a antibody at a dilution of 1:500 before Brn3a expression was examined (green 

dots on GCL). Scale bar indicates 100 µm for all images and images were taken at 20 X 

magnification. Green (Brn3a) and Blue (DAPI). a = healthy non-diabetic control, b = vehicle 

treated eye, c = idebenone treated eye, d = Elamipretide treated eye, e = #77 treated eye and f = 

#37 treated eye. 

 

 

a b 

c d 

e f 
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Figure 35: Effect of test compounds on retinal ganglion cells (RGC): After 7 weeks treatment with test 

compounds and vehicle, retinal ganglion cells (RGC) were quantified. (a) Analysis of average number of 

RGC/mm of treated eye (right eye) against untreated eye (left eye) (intra-animal control) were measured from 

Brn3a stained, 20 x magnified image from a 20 µm thick sections for 4 test compounds, vehicle (Veh) treated 

group and healthy non-diabetic control (Cont) using ImageJ software. (b) represents comparison of all 

treatment group against vehicle treated as well as healthy non-diabetic (control) group.  

Data is expressed as mean (for healthy non-diabetic control (Cont) n = 6 eyes/group (a) and n = 12 eyes/group 

(b), vehicle (Veh) n = 7 eyes/group, idebenone (Ide) n = 8 eyes/group. For #37, #77 and Elamipretide (Elam) 

group, n = 6 eyes/groups respectively. Error bar = SEM, p**< 0.01, p***< 0.001 (using student t-test to 

compare treated eyes (right eyes) against untreated eyes (left eyes) for all treated groups (a). Right eyes and 

left eyes of healthy control was also compared and represented in (a)). For (b) significance were calculated 

using two-way ANOVA measures. Scale bar indicates 100 µm 
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3.3.11.2 SCQs and Elamipretide protects against diabetes-induced retinal thinning 

For analysis of retinal thickness, anti-Brn3a stained sections were used and quantification was 

done using the imageJ software (Figure 36a). 

Similar to the protection against RGC loss, all our test compounds significantly protected the 

retinae from hyperglycaemia-induced retina thinning compared to the diabetic rats (vehicle 

treated group) (p<0.05) (Figure 36b&c). However, there was no change per se in the average 

retina thickness for all test compounds treated eyes when compared to the healthy non-diabetic 

eyes (218.4 ± 7.2 µm, 218.8 ± 12.9 µm, 229.4 ± 18.54 µm and 223.8 ± 8.0 µm for idebenone, 

Elamipretide, #77 and # 37-treated group respectively against 240.7 ± 18.54 µm for healthy 

non-diabetic group) (Figure 36c). 

When treated (right) eyes were compared with untreated (left) eyes within groups (intra-animal 

control), no significant changes in the average retina thickness was observed in the diabetic 

rats (right eyes: 163.3 ± 9.6 µm vs left eyes: 162.6 ± 7.0 µm, p>0.05) and healthy non-diabetic 

eyes (right eyes: 237.8 ± 19.7 µm vs left eyes: 243.5 ± 12.0 µm, p>0.05) (Figure 36b). In 

contrast, the average retina thickness in the left (untreated) eyes of  three of the test compounds 

treated groups (idebenone, Elamipretide and # 37-treated group) were significantly reduced 

(p<0.01) when compared to the right eyes (left eyes’ thicknesses; 177.8 ± 5.3 µm, 182.7 ± 9.0 

µm and 179.8 ± 10.6 µm vs right eyes’ thicknesses; 218.4 ± 7.2 µm, 218.8 ± 12.9 µm and 223.8 

± 8.0 µm for idebenone, Elamipretide, and # 37-treated groups respectively) (Figure 36b). 

Interestingly, no significant difference was observed in the retinal thickness of the right 

(treated) eyes when compared with the left (untreated) eyes for #77-treated eyes (229.4 ± 18.54 

µm vs 202.3 ± 5.3 µm, p>0.05) (Figure 36b). However, similarly to the RGC measurement, 

when all the untreated (left) eyes of the test compounds groups were compared against each 

other, there was a significant difference between the #77-treated group and the vehicle treated 
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group (202.3 ± 5.3 µm vs 162.6 ± 7.0 µm, p<0.05, one-way Anova measure) (Figure 36b, 

significant icon not shown in graph because of clarity).  
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Figure 36: Effect of test compounds 

on retinal thickness: After 7 weeks of 

treatment with test compounds and 

vehicle, retinal thickness was 

quantified. (a) representative images of 

retinal slices stained with anti-brn3a 

and DAPI to visualize retinal layers. 

The arrows indicate measured length 

from the inner limiting membrane 

(ILM) to the outer limiting membrane 

(OLM) (b) Retinal thickness (µm) of 

treated eye (right eye) against 

untreated eye (left eye) (intra-animal 

control) were measured from Brn3a 

stained, 20 x magnified image from a 

20 µm thick sections for 4 test 

compounds, vehicle (Veh) treated 

group and healthy non-diabetic control 

(Cont) using ImageJ software. (c) 

represents comparison of all treatment 

group against vehicle treated as well as 

healthy non-diabetic control.  

Data is expressed as mean (for healthy 

non-diabetic control (Cont) n = 6 

eyes/group (b) and n = 12 eyes/group 

(c), vehicle (Veh) n = 7 eyes/group, 

idebenone (Ide) n = 8 eyes/group. For 

#37, #77 and Elamipretide (Elam) 

group, n = 6 eyes/groups respectively. 

Error bar = SEM, p*< 0.05 p**< 0.01, 

p***< 0.001 (using student t-test to 

compare treated eyes (right eyes) 

against untreated eyes (left eyes) for all 

treated groups (a). Right eyes and left 

eyes of healthy control was also 

compared and represented in (a)). For 

(c) significance were calculated using 

two-way ANOVA measures. Scale bar 

indicates 100 µm 
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3.3.11.3 Novel SCQs protects against diabetes-induced gliosis 

Overexpression of glial fibrillary acidic protein (GFAP) is one of the early histological signs 

of DR (439, 484).  In this study, retinal sections were stained with anti-GFAP antibody. In 

control retinas, GFAP reactivity was restricted to astrocyte and Muller cells in the retinal 

ganglion cell (RGC) layer (Figure 37a). In diabetic rats (vehicle treated group) activated Muller 

cell projections extending from the inner plexiform layer (IPL) to the inner nuclear layer (INL) 

were observed (Figure 37a). There was a significant increase in GFAP expression in diabetic 

rats compared to healthy non-diabetic control animals (Figure 37b) (p<0.05). Following 7 

weeks of treatment of diabetic rats with our test compounds, only #77 significantly reduced 

GFAP immunoreactivity in this study (p<0.01) (Figure 37b). Interestingly there was no 

significant difference between the healthy non-diabetic control groups and the #77-treated 

groups (Figure 37b, significance icon not shown in graph because of clarity). 
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Figure 37: Effect of test compounds on reactive gliosis: After 7 weeks of treatment with test 

compounds and vehicle, GFAP immunoreactivity was quantified. (a) representative images of retinal 

slices stained with anti-GFAP and DAPI to visualize Muller cell reactivity. An increase in GFAP 

reactivity is evident in Muller radial processes from the inner plexiform layer (IPL) to the inner 

nuclear layer (INL) (b) GFAP-positive areas (% of total area) were measured from GFAP stained, 

20 x magnified image from a 20 µm thick sections for 4 test compounds (Idebenone (Ide), 

Elamipretide (Elam), #77 and #37), vehicle (Veh) treated group and healthy non-diabetic control 

(Cont) using ImageJ software. Same threshold parameter was applied to all images.  

Data is expressed as mean (n = 6 eyes/group. Error bar = SEM, p*< 0.05 p**< 0.01 (using one-way 

ANOVA measures). Scale bar indicates 100 µm 
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3.3.11.4 Novel SCQs protects against diabetes-induced vascular leakage 

Although, vascular leakage is not a neuronal pathogenesis and was therefore not the main focus 

of this study, it is one of the hallmarks of diabetic retinopathy. Leakage of blood vessels was 

assessed using anti-albumin staining with tomato lectin staining to visualize blood vessels 

(Figure 38). Albumin immunoreactivity was significantly increased in the RGC layer in 

diabetic rats (vehicle treated groups) compared to healthy non-diabetic controls (p<0.01) 

(Figure 39). Treatment with idebenone, Elamipretide, and #37 did not show any significant 

effects compared to the diabetic groups (p>0.05). Interestingly, similar to its effect on GFAP 

expression, #77 showed a significant reduction in albumin reactivity compared to the diabetic 

group (p<0.05). Similarly, no significant difference between percentage area of albumin in the 

RGC layer in both the control and #77- treated groups were detected. This implies that #77 was 

able to treat leaking blood vessels and prevent albumin leakage (Figure 39). The signal was 

predominantly observed in the RGC layers; a weak signal was observed in the inner plexiform 

layer (IPL) and inner nuclear layer (INL); and to a lesser degree in the outer plexiform layer 

(OPL) and outer nuclear layer (ONL) (Figure 38) 



163 
 

 

 

Figure 38: Anti-albumin antibody 

staining in the adult Long Evans retina. 

Representative images of albumin stained 

adult Long Evans retina. Rat retinal 

sections (cryo-sections) from 4 treated 

group, diabetic group as well as a healthy 

non-diabetic control were incubated for 1 

hour with anti-albumin antibody at a 

dilution of 1:500 before albumin reactivity 

was examined (green colour mainly in the 

RGCL). Scale bar indicates 100 µm for all 

images and images were taken at 20 X 

magnification. Green (Albumin), Red 

(Tomato lectin) and Blue (DAPI). Cont = 

healthy non-diabetic control, Veh = 

vehicle treated eye (diabetic eyes), Ide = 

idebenone treated eye, Elam = 

Elamipretide treated eye, #77 = #77 

treated eye and #37 = #37 treated eye. 

Scale bar indicates 100 µm 
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Figure 39: Effect of test compounds on vascular leakage. After 7 weeks treatment with 

test compounds and vehicle, albumin reactivity was quantified. Image represents comparison 

of all treatment group against vehicle treated as well as healthy non-diabetic (control) group. 

Analysis of average albumin-positive area in the GCL layer of all treatment group against 

vehicle treated as well as healthy non-diabetic control group were measured and compared. 

Data is expressed as mean (n = 5 eyes/group, Error bar = SEM, p*< 0.05, p**< 0.01 

(significance calculated were using one-way ANOVA,). Cont = healthy non-diabetic control, 

Veh = vehicle treated eye (diabetic eyes), Ide = idebenone treated eye, Elam = Elamipretide 

treated eye, #77 = #77 treated eye and #37 = #37 treated eye. Significant icons of test 

compounds groups against control group were omitted for clarity). 

 

3.3.11.5 Novel SCQs and Elamipretide inhibit diabetes-induced oxidative stress 

To correlate the cytoprotective effects (behavioural data) of our test compounds with 

histopathology, retinal sections of control, diabetic and treated animals/groups were measured 

for oxidative damage by detecting 3-nitrotyrosine (Figure 40&41). Immunoreactivity was 

detected in all retinal layers, with an intense signal seen in the retinal ganglion cell layer of 

diabetic rats, as compared to control (p<0.01) (Figure 40). The signal was predominantly 

observed in the RGC layer and to a lesser degree in the inner plexiform layer (IPL), inner 
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nuclear layer (INL), outer plexiform layer (OPL) and outer nuclear layer (ONL). The 

photoreceptor (PR) layer was excluded for analysis.  

Both #37- and Elamipretide-treated eyes, showed significant protection against oxidative stress 

compared to diabetic (vehicle treated) rats (p<0.05) (Figure 41). A treatment effect was also 

observed, showing no significant difference in percentage area of nitrotyrosine compared to 

the healthy non diabetic control group (p<0.05) (Figure 41, significant icons of test compounds 

groups against control group were omitted for clarity).  Surprisingly, treatment with idebenone 

and #77 did not show any statistically significant protective effect against oxidative stress effect 

compared to the diabetic (vehicle treated) group (P>0.05).  
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Figure 40: Anti-3-nitrotyrosine 

antibody staining in the adult Long 

Evans retina: 

Representative images of Nitrotyrosine 

stained adult Long Evans retina. Rat 

retinal sections (cryo-sections) from 5 

treated group as well as a healthy non-

diabetic control were incubated for 1 hour 

with anti-Nitrotyrosine antibody at a 

dilution of 1:1000 before Nitrotyrosine 

reactivity was examined (red colour in the 

GCL). Scale bar indicates 100 µm for all 

images and images were taken at 20 X 

magnification. Red (Nitrotyrosine) and 

Blue (DAPI). Cont = healthy non-diabetic 

control, Veh = vehicle treated eye, Ide = 

idebenone treated eye, Elam = 

Elamipretide treated eye, #77 = #77 treated 

eye and #37 = #37 treated eye. Scale bar 

indicates 100 µm 

 



167 
 

 

Figure 41: Effect of test compounds on oxidative damage. After 7 weeks treatment with 

test compounds and vehicle, oxidative damage levels were quantified. Image represents 

comparison of all treatment group against vehicle treated as well as healthy non-diabetic 

(control) group. Analysis of average nitrotyrosine positive areas in the RGC layer of all 

treatment groups against vehicle treated animals as well as healthy non-diabetic control 

animals were measured. Data is expressed as mean (n = 5 eyes/group, Error bar = SEM, p*< 

0.05, p**< 0.01 (significance calculated were using one-way ANOVA,). Cont = healthy non-

diabetic control, Veh = vehicle treated eye, Ide = idebenone treated eye, Elam = Elamipretide 

treated eye, #77 = #77-treated eye and #37 = #37-treated eye. Significant icons of test 

compounds groups against control group were omitted for clarity). 

 

(Note: While I conducted all the animal work, prepared all the eyes and validated and 

optimized all the immune-histological staining protocols, the effects of test compounds on 

oxidative damage and vascular leakage were conducted by a Master of Pharmaceutical 

Sciences student, Krupali Shah under my guidance. The data analysis was done by me). 
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Chapter 4: Discussion 
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4.1 Overview 

4.1.1 Introduction 

Diabetic retinopathy is a microvascular and neurodegenerative disease which arises as a 

complication of chronic hyperglycaemia, and clinically manifests as progressive vision loss. A 

lot of emphasis and research has been directed towards the vascular pathology of the disease 

and treatments are largely focused on this aspect. However, this approach is not an effective 

strategy. Not only are treatments with agents such as anti-VEGF antibodies transient in action, 

they only led to improvements of visual function in < 30% of patients (73, 171). In addition to 

only showing beneficial effects in the progressive stage of DR, they are linked to increased 

IOP (a problem in DR itself) (171, 485). Similarly, therapies that are focused on the metabolic 

pathways of diabetes have only shown limited efficacy in managing DR (73), hence there is a 

need for new and alternate approaches to treat vision loss associated with DR. There is 

mounting evidence that mitochondrial dysfunction and oxidative stress are tightly linked to the 

aetiology of DR. In fact, recent studies suggest that mitochondrial dysfunction and RGC 

damage occur before vascular changes (73, 406). This implies that current therapies are 

ignoring a fundamental pathway that might be central for the initiation of the pathogenesis of 

DR. Consequently, drug candidates that aim to normalize mitochondrial function and 

counteract oxidative stress could be an attractive proposition.  
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4.1.2 Current therapies and limitations 

DR is typically diagnosed based on the characteristic vascular alterations, and current treatment 

options focus on this pathology. These treatments include the use of anti-inflammatory drugs, 

anti-vascular endothelial growth factor (anti-VEGF) and/or laser surgery and vitrectomy. 

Pharmacological Therapies  

Intravitreally administered glucocorticoids are the most popular medication to counteract 

inflammation in DR. Corticosteroids are employed in the treatment of DR based on the 

modulatory effects they have on the activity of inflammatory mediators (168). However, this 

approach is only beneficial in non-progressive diabetic retinopathy (NPDR) associated macular 

edema but have no beneficial activity in progressive diabetic retinopathy (PDR) (169).  

Intravitreal concentrations of VEGF are significantly increased in diabetic macular edema 

patients compared to patients with other ophthalmic conditions  not associated with diabetes 

(58). This justifies VEGF as a target for drug intervention. Antibodies targeted against VEGF 

(ranibizumab, bevacizumab), VEGF antagonists (VEGF-Trap), and siRNA approaches that 

prevent the expression of VEGF (bevasiranib) are therapeutics that have been developed to 

reduce the activity of VEGF in diabetic retinopathy (72, 176, 486). Effects of anti VEGF 

therapeutics to treat the neovascularization characteristics of proliferative diabetic retinopathy 

are transient, however (171). With  molecules such as Pegaptanib sodium, Ranibizumab, and 

Bevacizumab having half-lives ranging from a few minutes to 15 days (174, 175). They require 

repeated administration which affects patient adherence and increases the risk of complications 

including increased IOP and ocular inflammation (71, 171) (Table 13). 
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Physical Therapies 

Laser surgery aims to destroy parts of the retina associated with vascular abnormalities, 

leakages, overgrowth and mascular edema. It is based on the cauterization of retinal vessels 

using a laser. Although the exact mechanisms by which laser therapy leads to regression of 

neovascularization remains unclear. The rationale for its use is that this approach results in 

direct closure of leaky blood vessel, reduces the mass of retinal tissues and metabolic load as 

well as improving the transportation of oxygen and nutrients into the retina (487, 488). The 

regression in neovascularization is further associated with a reduction in the production of 

inflammatory mediators and activity of retinal glial and pigment epithelium cells (487, 489). 

Despite its benefits, the use of laser therapy in NPDR has been largely replaced by 

pharmacologic interventions and is now generally restricted to PDR where it helps to avoid 

further loss of vision (489). 

However, as an approach with an intrinsic destructive function, laser surgery is associated with 

a lot of potential side effects and complications. Loss of peripheral visual field, worsening of 

blurred vision and visual acuity due to macular edema, intraocular haemorrhage, choroidal 

detachment, reduced accommodation function with impaired ability to adjust for night vision 

and reduced contrast sensitivity, macular scarring, and choroidal neovascularization are all post 

treatment adverse effects and complications that have been demonstrated in panretinal and grid 

photocoagulation (2 popular types of laser therapy) (185). Furthermore, laser surgery is not 

usually effective to improve vision but merely prevents further vision loss. Since this therapy 

requires repeated courses of treatments, adherence is an issue because of the discomfort and 

cost associated with laser therapy (185) (Table 13).  

Other therapies for DR include the use of ocriplasmin, a recombinant human serine protease 

that directly breaks down the intravitreal cellular elements that make up the epiretinal 
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membrane (490). The formation of the epiretinal membrane is a direct preceding factor for 

retinal detachment. This approach has the ability to liquefy the vitreous and induce a posterior 

vitreous detachment as a result reduces the risk of developing PDR (490, 491). However, vision 

loss has be reported in patients who received ocriplasmin for the treatment of vitreomacular 

adhesion due to a loss of the ellipsoid layer (492). Additional surgical procedures such 

vitrectomy is usually reserved for advanced cases of PDR. Vitrectomy aims to improve vision 

by removing any blood in or behind the vitreous (normally caused by vitreous haemorrhage in 

DR) (493). Although, vitrectomy is very costly and associated with a high degree of risk of 

further damaging the retina (191, 493) In addition, patients might have to re-undergo the 

procedure a second time after the initial surgery (191) (Table 13). 

While all these therapeutic options can support the preservation of visual acuity in DR, they 

are of only limited efficacy as they address symptoms only and do not target the underlying 

pathology of DR. In fact, currently, there is no definitive therapy available for the prevention 

of DR. In this context it is important to note that an increasing body of evidence suggests that 

the impairment of visual functions begins long before the manifestation of symptoms that 

current therapies aim to mitigate (73). This means that new approaches are needed to focus on 

the underlying cause of visual dysfunction in DR. 
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Table 13: Current treatment options for diabetic retinopathy 

Treatment  Target Average 

duration 

of effects 

(months) 

Advantages Adverse effects/ Limitations References 

Intravitreal 

corticosteroid 

Inflammation 3-6 

 

-- Most beneficial in NPDR 

 

--Useful adjunct to vitrectomy 

and laser 

--Cataract 

--Vitreous haemorrhage 

--Endophthalmitis 

--Increased IOP 

 

(168, 494-497) 

Intravitreal 

antiangiogenic 

agents 

VEGF  1-3 --Effective in PDR 

 

--Adjunct to vitrectomy and 

laser 

 

--Increased IOP 

--Vitreous haemorrhage 

--Ocular inflammation 

--Transient action 

(71, 72, 170, 176, 

498) 



174 
 

 

Laser 

photocoagulation 

Neovascularis

ation 

3 --Downregulates synthesis of 

VEGF 

--Reverses neovascularisation 

 

--Cataract 

--Impaired night vision 

--Loss of peripheral vision 

--Cost 

 

(71, 185, 486) 

Vitrectomy Vitreous 

haemorrhage 

24 --Used in refractory cases of 

DME 

 

--Effective after retinal traction 

has occurred 

 

--Superior to laser in terms of 

retinal structure integrity after 

treatment 

--Retinal haemorrhage 

--Cataract 

--Neovascularization 

--Glaucoma 

--Cost 

 

(191, 194, 197) 
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4.1.3 Mitochondria, retinal function and vision loss 

The retina requires a high level of energy and oxygen to function optimally (171). Essentially, 

it is composed of several layers made up of photoreceptors, bipolar, and retinal ganglion cells 

which receive and convert light signals into electrical signals and transmit these to the brain 

for a visual representation. Similar to other parts of the body, the mitochondria in the retinal 

cells are primarily responsible for producing ATP, controlling cellular metabolism and 

regulating cellular apoptosis (499). However, due to the very high metabolic demands of the 

retinal cells and the critical function the mitochondria play in their survival, any abnormalities 

in these functions results in profound consequences for an organism’s vision (210). Apoptosis 

of RGCs, changes in the retinal pigment epithelium layer, thinning of the RNFL, apoptotic loss 

of retinal vascular cells, and degeneration of photoreceptor cells are all pathologic features that 

have been associated with mitochondrial dysfunction in the retina (73). Although the reasons 

for this RGC vulnerability in many optic diseases are not fully elucidated, many hypotheses 

have been proposed. The unique structures of the RGCs within the retina and optic nerve have 

been proposed as one of the main reasons for this selective vulnerability (210, 500). In the 

retina, a significantly higher concentration of mitochondria is found in the unmyelinated part 

of the RGCs, where very high amounts of energy are needed for the propagation of visual 

signals from the RGC body to the optic nerve (210) (Figure 42). The lack of myelin around the 

intraocular RGC axons necessitates a much higher energy production in this region, while in 

the myelinated part within the optic nerve mitochondrial numbers in the axons drop 

significantly (Figure 42). This unique structure could explain why RGCs are so vulnerable to 

impaired energy supply (210, 501). 
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Figure 42: Structural determinant of selective RGC vulnerability in diabetic 

retinopathy: Differential distribution of mitochondria (black) of the RGC axon in the retina 

(pre-laminar) and within the optic nerve (post- laminar). Significantly higher mitochondrial 

numbers are present in the pre-laminar region as opposed to the post-laminar regions, where 

mitochondria are largely restricted to the Nodes of Ranvier to energize salutatory electrical 

signal transduction (adapted from (210)) 

 

Several pathophysiological processes may result in defective mitochondrial function including 

mtDNA damage, oxidative stress, toxins and genetic mutations (231, 239). Mitochondrial 

dysfunction has been associated with several other optic neuropathies and neurodegenerative 

disorders, including Leber’s hereditary Optic Neuropathy (LHON), dominant optic atrophy 

(DOA), glaucoma, and age-related macular degeneration (231, 502). In LHON, mutations in 

the mtDNA lead to structural changes subunits of complex I of the mitochondrial respiratory 

chain (240, 503). These structural defects in complex I subunits cause a reduction in 

mitochondrial ATP synthesis and an increase levels of oxidative stress, which ultimately leads 

to a loss of RGC in LHON patients over time. DOA is similar to LHON in its final clinical 

presentation of bilateral vision loss (although in LHON vision lose occur first in one eye before 

the other), however this occurs more slowly compared to LHON (231, 502). It is caused by a 
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mutation in the optic atrophy type 1 (OPA1) gene (502), which is present in high numbers in 

the inner mitochondrial membranes of the retina and brain. Furthermore, its function includes 

maintaining the mitochondrial membrane and cristae structure, oxidative phosphorylation 

(OXPHOS) and mitochondrial fusion (502, 504). Mutation to OPA1 creates defects in the 

mitochondrial ETC complex 1 function, and then leads to a loss of RGC cells (502). Studies 

investigating the effect of mitochondrial dysfunction in glaucoma suggest that IOP pressure 

leads to mitochondrial abnormalities of RGC cells (234, 502), which results in reduced ATP 

synthesis and ultimately apoptotic death of RGC cells in-vitro (234). However, the observed 

mitochondrial dysfunction in glaucoma and in LHON patients is not restricted to the retina but 

appears to be a systemic deficiency (505). This highlights that mitochondrial dysfunction, 

despite being present throughout the body, is particularly dangerous for visual function.  

In AMD, oxidative stress-induced damage to the mtDNA creates a dysfunctional 

mitochondrion which eventually results in reduced ATP synthesis and apoptosis of retinal 

pigment epithelium (RPE) cells (502). Normally as we age, mitochondria develop 

defects/mutates (506). And the accumulation of mtDNA damage results in increased ROS 

leading to impairment of the retinal pigment epithelium (RPE) (502, 506). The RPE is needed 

to nourish the photoreceptors ensuring a very high mitochondrial density in these cells (507). 

In elderly, there is a significant reduction in the mitochondrial density of the RPE and this is 

more pronounced in AMD-patients (502, 508). 

In DR, increased levels of oxidative stress and apoptosis of retinal cells have also been linked 

to mitochondrial dysfunction (53, 73, 231). This pathology affects both retinal neurons and 

vascular cells in a series of events that often occur interdependently (73, 231). Central to DR 

but mostly overlooked is hyperglycaemia-induced mitochondrially generated oxidative stress 

(199). This creates a vicious cycle wherein the ROS generated from the mitochondria activates 

other mechanisms of DR pathogenesis such as damage to mtDNA, increased activation of 
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caspases and inflammatory mediators (59). These effects in turn further accelerate the 

generation of ROS from the mitochondria, while the increased activation of caspases and pro-

inflammatory mediators directly lead to RGC apoptosis (Figure 43). This vicious cycle, once 

activated, will persist and could explain why patients are still at risk of developing DR despite 

well controlled blood glucose levels. Consequently, therapies that aim to interfere with this 

mitochondrially-driven disease progression can potentially prevent the development of DR. 

 

 

Figure 43: Schematic diagram showing the central role of mitochondrial dysfunction in 

DR. 
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4.1.4 Drugs that target mitochondrial function 

Several mitochondrial therapies are currently under development for various optic and 

neurodegenerative disorders (Table 14). However, except for Elamipretide (MTP-131) which 

has been trialled in a mouse model of DR with promising results preclinically (2), no other 

mitochondrial therapy has been tested in pre-clinical models of DR or in clinical trials.  

MTP-131 is a mitoprotective antioxidant tetra-peptide that has been developed by BioElectron 

for a range of indications including dry AMD, acute coronary syndrome, acute kidney injury 

mitochondrial myopathy and diabetic retinopathy. It selectively accumulates within the inner 

mitochondrial membrane by an unknown mechanism and reduces the mitochondrial generation 

of ROS (73). Peroxidation of cardiolipin in the inner mitochondrial membrane leads to 

structural changes to the mitochondrial cristae, which affects the function of the respiratory 

super-complexes. Cardiolipin is the reported target of MTP-131, where it prevents its 

peroxidation (73, 288). It also prevents the conversion of cytochrome c to a peroxidase, which 

preserves its electron transfer function, promotes mitochondrial oxidative phosphorylation and 

ATP production (288). In-vitro, MTP-131 attenuated the production of mitochondrial ROS, 

stabilized mitochondrial membrane potential and reduced the release of pro-apoptotic 

cytochrome c from the mitochondria; effectively protecting human retinal endothelial cells 

(HREC) from injury induced by high glucose levels (293). These results were further supported 

by an in-vivo study using a mouse model of diabetes (73). In this study, both systemic and eye 

drops administration of MTP-131 reversed the visual decline in diabetic mice to normal vision 

without affecting elevated blood glucose levels or body weight (73). Interestingly, the full 

restoration of visual function was observed earlier in the treatment with the ophthalmic 

administration as compared to the systemic administration (73). Ongoing clinical trials are 

testing the efficacy of MTP-131 for the treatment of patients with diabetic macular oedema 

(NCT02314299), diabetic macular oedema and age-related macular degeneration 
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(NCT02314299) as well as corneal disorders (NCT02653391) (Table 14). Despite the 

promising potential of MTP-131 to treat DR, as a peptide this drug has several disadvantages 

such as high production costs, difficult quality assurance processes and most importantly, it is 

unsuited for oral administration (509). Furthermore, for systemic administration, the required 

continuous injections are likely to affect patient adherence. This restricts its use in 

ophthalmological indications to eye drop formulations (73). In addition, the limited 

understanding of its detailed mode of action could affect the interpretation and acceptance of 

ongoing clinical trials of MTP-131 by regulatory bodies and doctors (510).  

Another important mitochondrial therapy is idebenone, which is already commercially 

available as Raxone® for the treatment of LHON patients in Europe. Its safety and efficacy 

has been demonstrated in clinical trials (231, 241), which could provide a rapid bench to 

bedside transition for DR patients. Although it is chemically related to CoQ10, idebenone has a 

much shorter and less lipophilic side chain, made up of a terminal hydroxyl group (246). This 

structural difference confers some uniqueness to the bioactivity of idebenone when compared 

to CoQ10 (232). It acts mitochondrially as both a potent antioxidant that can also interact with 

the respiratory chain to increase ATP levels in the presence of a dysfunctional mitochondrial 

complex 1 (210, 241, 246). It is thought that these two activities are responsible for the reported 

rescue of visual acuity and normalised retinal pathology in LHON, which are both associated 

with dysfunctional mitochondrial complex I (502). However, its low oral bioavailability due to 

an extensive liver first-pass effect is a challenge associated with the currently available dosage 

form of idebenone (235, 246). Hence there is a need for other routes of administration. Due to 

its lipophilic structure and poor aqueous solubility (246), several methods have been proposed 

to improve idebenone solubility. One example is the use of polymer- or lipid-based 

nanoparticles to successfully formulate idebenone into more soluble preparations, which were 

used to evaluate its antioxidant effect on human fibroblasts (254). Compared to the free drug, 
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nano-encapsulated idebenone protected cultured fibroblasts from H2O2 and diethyl maleate-

induced oxidative stress more effectively (254). Whether this is translatable when used in an 

in-vivo study has not been determined. Most reported techniques to improve idebenone 

solubility focused on improving its oral bioavailability, but did not consider ocular 

administration (249, 255, 258) (see section 4.5 and Table 16 for details) as the oral (and 

approved) drug formulation has shown to be effective in an ophthalmological disorder. 

Another drawback with idebenone is that as a redox active quinone, it can be chemically 

reduced by different enzymes with dramatically different outcomes (503). Like other quinones, 

idebenone can accept electrons from several biological sources. It can either be converted to 

the stable hydroquinone by a two-electron transferring reductase called NQO1 or in the absence 

of NQO1 to the unstable semiquinone by a one-electron transfer mostly by cytochrome p450 

enzymes (503, 511). The single electron reduction by p450 enzymes leads to unstable 

semiquinones that generate superoxide, which can damage cells and lead to cytotoxicity. For 

this reason, cells have developed 2-electron reductases that bioactivate benzoquinones such as 

idebenone into its active form as an antioxidant and mitochondrial electron donor. However, 

in the case of idebenone only a single enzyme (NQO1) is described, which makes the 

bioactivation of idebenone susceptible to dysfunctional NQO1 proteins (503, 511). To 

overcome this limitation, a range of over 100 new SCQs were developed at the University of 

Tasmania based on a naphthoquinone scaffold (instead of the benzoquinone scaffold of 

idebenone) that are reduced not only by NQO1 but also by several vitamin K reductases (i.e. 

VKORC1), which should facilitate the bioactivation of those molecules and reduce the risk of 

p450-induced toxic semiquinones (230). In line with this hypothesis, these naphthoquinones 

showed improved cytoprotection compared to related benzoquinones (230). The two 

cytoprotective novel SCQs chosen for this in-vivo study #37 and #77, were identified in vitro 

by their significantly increased cytoprotective activity against mitochondrial dysfunction 
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compared to idebenone (230). In an unpublished in vitro study by Zikai Feng (PhD candidate, 

School of Medicine, UTAS), these SCQs also showed significantly improved metabolic 

stability compared to idebenone. Using the liver hepatocarcinoma cell line HepG2, metabolism 

of idebenone, #37 and #77 were evaluated. Within 2 hours, about 50% of idebenone had been 

metabolised and after 6 hours < 30% of unmetabolized idebenone was present. In contrast, #37 

SCQs was stable over 6 hours without any degradation, while #77 showed significantly better 

metabolic stability than idebenone (60 % residual compound after 6h). Overall, those novel 

molecules display significantly improved features compared to idebenone, such as more 

efficient bioactivation, metabolic stability, better solubility and improved cytoprotective 

activity (230). 

Therefore, the aim of this study was to compare two representative novel short-chain quinones 

(SCQs) against the mito-protective idebenone and Elamipretide in a pre-clinical rat model of 

diabetes-induced vision loss when topically administered via an ophthalmic route. Histological 

correlates in addition to the protective effects in vivo aimed to shed light on potential differing 

molecular activities of the test compounds in the retina. 
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Table 14: Summary of some mitochondrial drug/drug-candidate features 

Drug/ 

Company 

Proposed 

Function 

(MOA) 

Preclinical Clinical trials References 

Current trials Completed trials 

Stage Disease  Identifier  Study type 

 

Disease Status/ 

Outcome 

Idebenone 

(Santhera) 

Redox active 

compounds 

and/or 

Antioxidant 

--Support blood brain 

barrier integrity; 

--Retino-protective  

--Reduced oxidative 

stress and apoptosis of 

retinal neurons 

Phase IV 

(USA) 

LHON NCT0277400

5 

Double blind 

randomized 

controlled   

 

 

 

LHON Marketed as 

Raxone® in 

Europe  

(242, 243, 

247, 512, 

513) 

 

 

SkQ1 

(Mitotech) 

Redox active 

compounds 

and/or 

Antioxidant  

--↑ expression of αB-

crystallin and  

--↓ degeneration of 

photoreceptor cells 

--↓VEGF   

Phase III DES NCT0376473

5 

Double blind 

randomized 

controlled  

Dry eye 

syndrome  

Marketed as 

Visomitin® 

(Russia)  

(514-516)
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--↑PEDF 

EPI-743 

(Edison 

Pharma) 

 

 

 

 

 

 

 

 

Redox active 

compounds 

and/or 

Antioxidant  

--Protected cultured 

fibroblasts of Leigh 

Syndrome patients; 

from oxidative stress 

damage.  

Phase II Leigh 

syndrome, 

Mitochond

rial 

diseases 

NCT0235289

6 

 

NCT0137044

7 

Open-label 

trial 

LHON EPI-743 

slowed down 

disease 

progression 

and reversed 

vision loss to 

varying 

degrees 

 

(271, 274, 

276) 

 

 

Elamipretide 

/MTP-131 

(Stealth 

Redox active 

compounds 

and/or 

Antioxidant 

--Improve Visual 

function . 

Phase II LHON; 

 

AMD 

NCT0269311

9 

 

Open label 

trial 

DME; 

AMD 

Not yet 

reported  

(73, 294) 
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BioTherapeut

ics) 

and 

cardiolipin 

stabilizer 

--Prevented glucose 

induced injury and ROS 

production in HREC 

NCT0389187

5 

Mitoquinone Redox active 

compounds 

and/or 

Mitochondria

l-targeting 

antioxidant 

--Prevented ROS-

induced damage to renal 

tubular and glomerular 

cells in a diabetic mouse 

model 

Phase II MS NCT0316680

0 

Double blind 

randomized 

trial  

Chronic 

hepatitis C 

Reduced 

ROS-induced 

damage to 

hepatocytes 

of hepatitis C 

patients 

 

(517, 518) 

 

 

KH176 

(Khondrion) 

Redox active 

compounds 

and/or 

Antioxidant 

and redox 

modulator 

--↓degeneration of RGC  

--Protected cultured 

fibroblasts from 

oxidative stress 

 

NA Double blind 

randomised 

study  

Patients with 

mitochondria

l disease 

Demonstrated 

safety and 

tolerability in 

phase I. Did 

not achieve 

primary 

(278-280) 
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endpoint in 

phase II 

Cyclosporine Mitochondria

l permeability 

pore modifier 

--Prevented opening of 

the mitochondrial 

membrane permeability 

pore  

NA Open-label 

interventional 

study 

LHON Did not 

achieve the 

primary end 

point 

(519, 520) 
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4.2 Pre-clinical models of diabetic retinopathy  

In order to replicate any disease progression or pathology, a suitable animal model is required 

to progress promising in-vitro data towards studies of systemic efficacy in-vivo. Diabetic 

retinopathy, characterised by progressive vision loss, is a common microvascular complication 

of diabetes. While many facets of the DR mechanism have not been fully elucidated, different 

animal models have contributed immensely to our understanding of the aetiology and 

progression of DR as well as the identification and testing of potential treatment strategies. The 

pathogenesis of the disorder has typically been described by its associated microvascular 

abnormalities, including microaneurysms, haemorrhages and inflammation stemming from 

hyperglycaemic conditions (309, 521). However, recent studies have revealed mitochondrial 

dysfunction as a central factor in hyperglycaemia-induced vision loss in DR (73, 231, 406). In 

fact, oxidative stress, RGC loss, retinal nerve fibre layer (RNFL) swelling, glial cell reactivity, 

and retinal thickness are some of the diabetic neurodegenerative changes reported in DR that 

are tightly associated with mitochondrial dysfunction (73, 231, 522). 

Several pre-clinical models of DR models have been described in different organisms that are 

either based on artificially induced pathology (i.e. using toxins), genetically modified 

organisms or a combination of both, with rat and mice model of DR the most widely favoured 

(Table  15). Mice and rats are mostly studied because they are relatively inexpensive to house 

and propagate, easy to handle, and have a short life span that reduces study periods. The 

challenge is selecting a model that best replicates the pathological changes that depict 

progressive vision loss for all stages of DR in a way that mimics the human condition. This is 

complicated by the short lifespan of animals and the differing anatomical structure of the 

human eyes compared to most animals (309, 341). However, genetically modified animals have 

been developed to study specific pathological and molecular mechanisms of DR. This would 
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ordinarily be impossible to do due to the length of time needed, the ability of the animals to 

survive the toxic effect of STZ over a long period and/or the inability to specifically target a 

gene using only the STZ-induction method  (309, 332, 428). For example, endothelial nitric 

oxide synthase (eNOS) knockout mice are genetically modified to enable the effects of eNOS 

dysfunction in the pathogenesis of DR to be studied. Compared to wild-type diabetic mice 

induced by streptozocin, streptozocin-induced eNOS mice show an accelerated development 

of DR complications as early as 2 weeks (332) (Table 15). The Otsuka Long-Evans Tokushima 

fatty (OLETF) rat is a genetically derived type 2 DM model that displays characteristic changes 

to retinal cells and vasculature similar to DR in humans within 9 to 14 months (428, 523). 

Although the OLEFT rats do not rapidly develop hyperglycaemia compared STZ-induced 

models, but like other genetically induced DM models, they develop a consistent high rate of 

hyperglycaemia that eventually leads to a characteristic DR pathology including retinal 

thinning and morphological changes to retinal capillaries (350, 523, 524). However, the higher 

cost and longer time required to generate genetic models makes chemically-induced DR in 

mice and rats the most favoured experimental approach (341) (Table 15).  
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Table 15: Models of diabetic retinopathy 

Rodent/ 

Strain 

Route / 

Dose of 

STZ  

Onset of 

hyperglycaemia 

(days) 

Duration 

of 

diabetes 

(months) 

Assay Findings References Comments/Limitations 

Molecular/ Cell 

target 

Functional  

SD Rats 45 mg/kg, 

i.p 

7 6  AGE  • ↑ AGE 

• Retinal 

microvasculature 

abnormalities  

(525)  

--Accelerated and sudden 

death of pancreatic beta cells, 

thus does not fully recreate the 

phenotypic features of the 

human form of the disease 

 

--Hyperglycaemia not 

sustained enough in animal 

Wistar rats 55 mg/kg, 

i.p 

3 1 eNOS 

VEGF 

 • ↑ VEGF and 

nitrate 

(526) 

SD rats 60 mg/kg 

i.p 

3 6 Cytokine 

signalling 

Caspase-3  

TUNEL assay 

 • Retinal apoptosis 

and thinning 

• ↓ cytokine 

signalling 

(426) 
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Wistar rats 60 mg/kg, 

i.p 

3 3 Brn3a expression, 

VEGF 

 • Retinal structural 

changes 

• ↓ Brn3a and  

• ↑ VEGF 

(527) models to allow for distinct 

stages of DR progression to be 

reproduced 

 

--In animals injected with 

repeated low doses of STZ, 

beta cells potentially 

regenerate thus causing a 

regression to euglycemia (387) 

C57Bl/6J 

Mice 

60 mg/kg 14 8 Superoxide 

iNOS  

Retinal cell count 

OKR • Degeneration of 

retinal capillaries  

• ↓ optokinetic 

function 

(528) 

SD rats 65 mg/kg, 

i.p 

2 7 Flk-1   • ↑expression of 

Flk-1 (fetal liver 

kinase)  

(529) 

LE rats 100 

mg/kg iv 

2-3 2.8  OKR 

ERG  

• ↓OKR function  (406) 

C57BL/6J 

mice 

75 mg/kg 

i.p 

3 6 TUNEL assay 

Retinal cell count 

 • Retinal thinning (530) 
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• ↑ Caspase-3 and 

TUNEL-positive 

cells 

C57BL/6J 

mice 

55 mg/kg 

i.p 

7-14 10 TUNEL assay 

Retinal capillary 

degeneration 

 • Increased 

acellular retinal 

capillaries 

(424) 

C57BL/6J + 

FVB 

(Transgenic 

F1 hybrid) 

mice* 

80 mg/kg 

i.p 

7 1.2 GFAP 

Retinal glial cells 

 

 • ↑ GFAP (Gliosis) (531) * A combination of STZ-

induction and genetic 

modification 

C57BL/6J 

mice (iNos 

Knockout 

and wild-

type) * 

55 mg/kg 

i.p 

Not mention 9 Nitric oxide and 

superoxide  

Retinal cell count 

 

ERG • Acellular retinal 

capillaries 

• Retinal thinning 

(532) 
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SD rats 

C57BL/6J 

(PPAR-KO) 

mice* 

65 mg/kg, 

i.p 

55 mg/kg 

i.p 

3 2.8 Retinal NADH 

oxidation 

ROS 

OKR • ↑ ROS and 

oxidized NADH 

• ↓OKR function 

(533) 

eNOS−/− and 

C57B/6J 

mice* 

100 

mg/kg i.p 

7  0.5-6 Vascular 

permeability 

BM thickness 

Nitic oxide levels 

GFAP 

 • ↑ Vascular 

permeability and 

GFAP 

expression  

• ↑NO levels 

• ↑ BM thickness 

(332, 534) 

Ins2Akita 

mice 

NA 30 36 GFAP 

Caspase-3 

Vascular 

permeability 

 • ↑ Caspase-3 

Acellular 

capillaries 

Reactive 

(333) --Cost 

--Does not fully reproduce 

clinical features of DR (535) 
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microglia and 

retinal thinning 

db/db mice NA 30 1.4 ROS 

MnSOD 

AMP activated 

protein kinase α 

 • Retinal thinning,  

• ↑ ROS 

• ↓ MnSOD 

expression 

(536) --Poor reproduction rates have 

limited their use in DR studies  

--Cost 

OLETF rats NA 140 9-36 TUNEL assay 

Retinal thickness 

Caspase-3 

 • Retinal apoptosis 

(Caspase-3 and 

TUNEL + cells) 

• Retinal thinning 

(428, 523, 

537) 

--Long onset of diabetes and 

DR 

--Does not replicate acellular 

capillaries as a feature of DR 

--Cost 
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A combination of a diet rich in fat (HFD) followed by a single-bolus dose STZ-injection is a 

commonly used strategy because both treatments are complementary (341). While the HFD 

creates a state of obesity associated with insulin resistance (381), the STZ helps to deplete the 

insulin-producing beta cells in the pancreas (382). This approach results in the development of 

sudden and severe hyperglycaemia, marked decreases in body weight, and leads to the death 

of most pancreatic beta cells due to toxicity from the STZ bolus dose (383). Other studies 

utilised a low dose STZ-injection regimen with multiple injections to better control the death 

of the pancreatic insulin-producing cells to try and mimic T2DM (73, 384). This approach 

typically only leads to short-term increases in blood glucose levels and is therefore unsuited to 

induce DR, where long, sustained hyperglycaemia is required to affect vision. In addition, 

multiple injections can cause stress to animals affecting their welfare and will result in variable 

behavioural data (388). Aside from the fact that the remaining beta cells can compensate to 

control blood sugar level (385), some animals (especially young animals) can regenerate beta 

cells to replace the ones that have been killed by the STZ (386), which makes this method 

unreliable to assess DR or peripheral neuropathy (309, 389).  

To avoid these limitations, type 2-like diabetes was induced in the current study by a 

combination of HFD and STZ-delivered subcutaneously by an osmotic mini-pump at a constant 

rate over a 14-day period to gradually reduce the number of insulin-producing beta cells (389). 

This combination was expected to allow exquisite control over the resulting hyperglycaemia 

levels while retaining an obese, insulin-resistant phenotype, typical of human type 2 diabetes 

(389). My data showed similar results; a gradual and sustained increase in circulating blood 

glucose accompanied by glucose intolerance after infusion of the STZ. Although, unlike in 

Premilovac et al. where an obese and dyslipidaemic phenotype was observed in rats (389), the 

rats in the present study showed no significant change in body weight over the study period. 

As described previously, this could have been a direct consequence of the different rat strains 
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and/or sources used in both studies. While the previous study used Sprague Dawley rats, in my 

study, Long Evans rats were used. In a study comparing three strains of rats (Lewis, Wistar and 

SD rats) 8 months post-STZ, each strain responded differently to STZ-induced changes (350). 

For example, the body weight of the Wistar rats post-STZ was significantly lower than that of 

the Lewis and SD rats (350). One the other hand, while there was a significant increase in 

retinal capillaries and pericyte ghosts degeneration in Lewis and Wistar rats, SD rats did not 

show any of such changes (350). In addition, the study periods in both studies were different, 

which has previously been shown to affect the rate and degree of diabetes and DR (350, 389, 

538). My study implemented a longer study period of 21 weeks compared to the 5-week 

duration used in Premilovac et al. (389). This could be the reason for the differences in some 

of the observed diabetic features in both studies despite the same method of  STZ 

administration. 

 

4.3 Optokinetic response (OKR) testing to assess vision loss 

Assessment of visual function is critical for evaluating both the physiological and 

pathophysiological pathways of the visual system. It is also essential to model different optic 

diseases in preclinical models of retinal degeneration and to evaluate the efficacy of potential 

therapeutic interventions in these animal models (73, 475). Although histological analysis can 

be performed on the eyes of test animals to assess pathophysiological changes, histology cannot 

assess visual function and/or dysfunction. This ability to measure and quantitate vision in test 

animals is essential to generate meaningful data, to evaluate the therapeutic efficacy of novel 

treatment approaches. Several behavioural tests have been employed in the past to measure 

vision loss in rodents, which for example include the Lashley jumping stand and the visual 

water task (VWT) (401, 415, 539). These methods are used to study visual discrimination in 
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rodents and involve rewarding animals with food for locating the right stimuli (399, 539). 

Although the VWT is more recent and can effectively measure the perceptual threshold (399), 

both methods involve training animals to learn and perform these tasks. As such, the time 

needed to train animals and to generate the right thresholds makes it impracticable to use these 

methods for animal screening with large numbers of animals in a reasonable period of time 

(415). 

The OKR, an automatic reflex head-tracking movement in the direction of a moving stimulus, 

is a more effective approach to test visual function. It is a compensatory head movement 

mechanism that serves to stabilize or reduce movement of an image or a visual field across the 

retina in rodent (401), and because it is an involuntary reflex, no prior training of animals is 

required. Animals with normal vision exhibit automatic tracking of moving stimuli, and a 

defect in vision would result in reduced and/or decreased object tracking or no tracking at all. 

Therefore, it is possible to score the number of head-turns per unit of time to establish visual 

function (visual acuity) in rodents (401, 475). OKR has be used to study visual acuity in 

preclinical models of different optic neuropathies including LHON, glaucoma and DR (73, 

240). For DR in particular, this method was utilised to discover that visual dysfunction occurs 

as early as three weeks after the onset of STZ-induced hyperglycaemia (406). Therefore, OKR 

represents a very sensitive method that is able to detect visual dysfunction even before the 

manifestation of other hyperglycaemia-induced pathologies (73).  

While a previous study was able to detect visible head-tracking movements using albino (SD) 

rats (415), the OKR system used in the present study did not provide any evidence for robust 

head-tracking in SD rats during the optimisation of the system. Despite changing stimulus 

parameters such as stripe thickness and spatial frequency, no significant corresponding head-

tracking was elucidated in the SD rats. This difference could partly be due to the fact that the 

previous study used a more sophisticated virtual optokinetic system where thickness and 
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contrast of black and white stripes and spatial frequencies could be changed simultaneously in 

an automated manner and which also included an automated data analysis software (396, 399). 

In contrast, the set-up used in the present study could only test one spatial frequency and/or 

thickness at a time and was therefore less flexible with regards to stimuli generation. In 

addition, head movements in the current study were quantified by manual scoring of video 

material by a treatment-blinded investigator. Apart from being inherently error prone, this 

approach is far less sensitive as it does not provide detailed movement information such as 

angular speed and degrees of head movement. Consequently, head movements too small to be 

counted by manual scoring would still be detected by automated analysis. On the other hand, 

any statistically significant changes detected with manual scoring therefore represent robust 

changes. In line with my observations, previous reports highlighted that OKR is not a reliable 

measure of vision in albino (SD) rats due to their abnormal visual apparatus (414). Another 

study confirmed that SD rats displayed only weak head-tracking when compared to pigmented 

rats (415). Therefore, the literature suggested a preference for pigmented rats in DR models 

where OKR was used to assess vision loss (53, 406). In agreement with the literature, my data 

from a pilot study showed that Long Evans (LE) rats gave a more robust head-tracking 

movement for scoring visual acuity, which was about 25 times higher than for SD rats. This 

implied that my OKR system was suited to measure visual acuity in LE rats. Also, male animals 

were deliberately used in this study to avoid retinal neuroprotection observed in female rats as 

a result of estrogen (468). Oestrogen has been linked to the reduced prevalence of Leber 

Hereditary Optic Neuropathy (LHON) in females compared to males. In an in vitro study using 

LHON derived cells, oestrogen appeared to ameliorate RGC degeneration which is a hallmark 

of this disorder commonly affecting male patients (540). This hypothesis was supported in vivo 

using a model of glaucoma where estrogens exerted neuroprotective effects on RGC and 
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preserved visual function (541). As such, to prevent any unwanted interference in our study, 

only male rats were used for our diabetic retinopathy rat model. 

 

4.4 Natural course of vision loss in DR 

In order to test our compounds in a rat model of DR, it was necessary to establish the natural 

course of DR by measuring visual function of the test animals throughout the progression of 

the disease. A pilot study conducted using the optokinetic head-tracking system demonstrated 

that visual acuity declined by approximately 30 % after 5-weeks post-STZ, and by the 10th 

week post STZ-delivery, approximately 70% of visual acuity had been lost. This reduction in 

vision is comparable to the pattern of visual dysfunction reported in previous studies where 

pigmented (LE) rats were used as a DR model (53, 406). In one of these studies, a 22% 

reduction in vision was observed three weeks after the onset of hyperglycaemia and which was 

further reduced to 30% residual visual acuity after twelve weeks (406). 

My pilot study also showed that visual decline is dependent on the severity of hyperglycaemia 

and the ability to sustain high blood glucose level. In particular the ability to accurately control 

blood glucose level is one of the main advantages of the DR model generated via an STZ-

infused mini-osmotic pump as opposed to single dose injection (389). However, despite 

generally well-adjusted blood glucose level in our model, some rats developed only mild 

hyperglycaemia  (in the pilot study) which was associated with delayed vision loss. This 

variability could have been introduced into the experiment by various experimental errors 

associated with the technique of preparing the STZ solution, transferring it into the mini-pumps 

and the exact surgical placement of the mini-pumps in the rats. For example, poor delivery of 

STZ into the minipump reservoir could have introduced air into the pump, which would have 

been likely to result in unpredictable fluctuations of pumping rate that would have endangered 



199 
 

the constant flow of STZ into the animal (389, 542). In addition, inserting the STZ-filled pump 

into a very large pocket and/or placing the flow moderator towards the incision sites could have 

affected the delivery of the STZ solution, resulting in less pancreatic beta cell death (389, 542). 

This would have led to poor induction of hyperglycaemia and consequently would have 

delayed vision loss. To avoid this limitation in my main study, the initial STZ dosage was 

increased by 5 mg/kg, which was still within the safe dose range (80 – 150 mg/kg) for targeted 

and sustained induction of diabetes (389). All procedures for STZ-implantation were done with 

utmost care to avoid induction of only mild hyperglycaemia in the test animals. 

Similar to the trend in my pilot study and previous reports on DR (53, 406), a significant drop 

of about 40 % in visual acuity was observed for all treatment groups in the main study after 3-

5 weeks post-STZ. Vision continued to decline reaching approximately 30% residual function 

by week 14 (10 weeks post-STZ) for all treatment groups compared to baseline and/or healthy 

control.  

It has to be pointed out that in the only other study (by Alam et al) that tested a mitochondrial 

therapy in a pre-clinical model of DR (to the best of my knowledge), the most severe decline 

of vision was about 50 % at 26 weeks post-STZ (73). In comparison to this study, the rats of 

the present study showed significantly worse visual function even at week 14 (10 weeks post-

STZ). Interestingly, Alam et al. noticed reduced visual acuity as early as 1-3-weeks post-STZ 

injection, even before changes in blood glucose level manifested (73). This is contrary to my 

observations where reduced vision occurred only after the onset of hyperglycaemia. This 

difference could be attributed to the sensitivity of the more complex virtual OKR system used 

in their study that was able to detect early (cone-mediated) visual dysfunction (73, 399, 543).  
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Overall, based on my results, I was able to monitor progressive vision loss in a novel diabetic 

rat model recently developed by Premilovac et al. (389), which provided the opportunity to 

study not only disease progression in DR but also the efficacy of therapeutic interventions. 

 

4.5 Suitable vehicle for eye drop formulations of test compounds  

Unlike Elamipretide, which reportedly displays good solubility (73), idebenone and its related 

SCQs are not readily soluble in aqueous solutions (232) (see section 4.1 for pharmacokinetic 

profile of idebenone). Drugs with low solubility are generally predisposed to poor and variable 

bioavailability and, hence, to variability in their pharmacological response (250). An estimated 

40 % of new chemical entities developed in the pharmaceutical industry are insoluble in water 

which negatively affects their development as potential drug candidates (250). However, 

various techniques, including physical and chemical modifications of drugs, have been 

employed to enhance the solubility of poorly soluble compounds (460). Despite its low oral 

bioavailability, due to an extensive first-pass effect in the liver and intestinal mucosa, 

idebenone has been successfully used in the treatment of LHON  (246, 247). Due to its poor 

solubility, previous studies used idebenone in pre-clinical models and patients in-vivo mainly 

via the oral route (240). In fact, the marketed form of idebenone (Raxone®) for the treatment 

of LHON patients, is a tablet taken as 900 mg t.i.d. This illustrates that high doses are required 

to achieve therapeutic levels in the eyes (240), which could possibly result in increased adverse 

effect in non-ocular tissues. To ensure lower doses of idebenone can be used to attain desired 

therapeutic levels, several strategies have been employed to improve its systemic and local 

efficacy. Some recent strategies include incorporating idebenone in liposomes, cyclodextrins, 

microemulsions, self-micro-emulsifying drug delivery systems (SMEDDS), and lipid-based 

nanoparticles (249, 460, 464) (Table 16). In an in-vitro study, idebenone solubility and 
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dissolution rate was doubled when prepared in SMEDDS (a mixture of oils, surfactants and co-

surfactants) compared to conventional tablets (460). Idebenone solubility was measured using 

HPLC and the release pattern of idebenone was determined using simulated gastric and 

intestinal fluids (460). Although, SMEDDS improved solubility and dissolution rate of 

idebenone, the lack of in-vivo data in this study means there is currently no evidence to suggest 

that this formulation is able to reduce or bypass the first-pass effect associated with this drug. 

However, the use of a mixture of oil and surfactant could be regarded as a suitable vehicle for 

delivery of idebenone directly into the eyes (site of action) avoiding the extensive first-pass 

effect in the liver and intestinal mucosa (246, 544). 
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Table 16: Methods used to improve idebenone solubility 

Delivery vehicle Intended 

Site of 

Action* 

Effects  Comments and/or limitations Refs 

Liposomes Conventional 

liposomes 

Brain, 

Skin 

-- Entrapped Ide. preserve viability of cultured 

astrocytes exposed to ethanol-induced 

oxidative stress 

--Poor Ide. release from negative liposomes 

--Rapid elimination by RES limit therapeutic 

effect of drugs entrapped with conventional 

liposomes  

--No in-vivo study with ide., therefore first-pass 

effect of Ide. unresolved 

 

 

(545, 

546) 

Modified 

liposomes 

Brain, 

Skin  

--↑IDE skin penetration with cationic 

liposomes ex-vivo 

--↑ viability of cultured astrocytes with Ide-

loaded PEGylated liposomes  

--PEGylated liposomes more suitable for 

systemic administration as they evade the 

clearance by the RES 

--No ocular studies 

(252, 

253) 
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Microemulsions (ME) and Self-

micro-emulsifying drug delivery 

systems (SMEDDS) 

Skin,  

Systemic/ 

Plasma 

--IDE release from microemulsions depends on 

the lipophilic nature of the oil phase 

--SMEDDS ↑ ide. Solubility 2-fold 

 

--High water component of MEs affect release 

of Ide. 

--No in-vivo data, therefore first-pass effect of 

Ide. unresolved 

--No ocular data with Ide.  

(460, 

547) 

Cyclodextrins and derivatives Brain 

Buccal 

Systemic/ 

Plasma 

 

--↑Aqueous solubility of Ide. with all forms of 

cyclodextrins 

--↑Buccal absorption and intraperitoneal 

analgesic activity of Ide. 

--Focused in improving pharmacokinetic profile 

of Ide. but not solving the extensive first-pass 

effect affecting bioavailability 

--No ocular data 

(548-

550) 

 

Nanoparticles 

Polymeric 

nanoparticles 

Brain 

Skin 

Nasal  

--↑ Solubility and antioxidant effect of Ide. in-

vitro 

--Only in-vitro data available so far (254, 

551) 
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Solid lipid 

nanoparticles 

Brain 

Skin 

Systemic/ 

Plasma 

 

--↑Aqueous solubility and stability of Ide-

loaded SLN  

--Prolonged in-vitro antioxidant effect of ide 

on skin 

 

--Release of Ide. from SLN depends on the 

amount of loaded drug and the type of surfactant  

--Limited in-vivo data 

 

(251, 

255, 

552, 

553) 

Ide. = Idebenone, SLN = Solid lipid nanoparticles, ME = Microemulsion, RES = Reticuloendothelial system, PEGylated = Polyethylene glycol-

lated *Most available techniques to improve idebenone solubility are focused on improving its oral bioavailability or skin penetration, and not for 

ocular administration. Despites its current usage in various optic disorder
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In this study, I leveraged the lipophilic nature of idebenone (246) to formulate it and our novel 

SCQs using a mixture of tyloxapol, mineral oil and citrate buffer as previously described (479). 

From my results, the solubility of idebenone was improved ten-fold in the lipid-based 

formulation with 5% tyloxapol and 5% mineral oil in citrate buffer compared to its water 

solubility. This effect is comparable to previous studies where a mixture of oily vehicle 

(Labrafac), surfactant (Labrasol containing 80% Transcutol) and co-surfactant (Plurol oleique 

WL 1173) was used to optimized and improve idebenone solubility by two-fold for oral 

administration (460). However, no in-vivo testing was performed, which makes it difficult to 

assess the proposed increased in in vivo efficacy of this formulation. In another study by 

Carmignani et al (554), solubility of tropicamide a poorly soluble drug was increased two-fold 

compared to its water solubility by adding tyloxapol. This in turn helped to improve mydriatic 

activity in test animals compared to commercially available tropicamide eye drops. Though 

different test compounds where used in both studies, these reports support my observation that 

the addition of mineral oil to my eye drop formulation improved idebenone solubility. 

The increased idebenone solubility observed in the current study could be a consequence of 

tyloxapol and mineral oils forming micelles (Figure 44) and providing a less aqueous 

environment than the citrate buffer alone (460, 555). Particle size analysis of idebenone crystals 

of the various formulations by microscopic analysis confirmed that the combination of 

tyloxapol and mineral oil improved idebenone solubility but the present study did not aim to 

assess the detailed nature of this interaction (i.e. the formation of micelles or liposomes). This 

method was employed because individual particles can be viewed and measured (465) and it 

is an easy and simple way of determining particle size. 

Ophthalmic oil-in-water type emulsions have been used previously to deliver drugs such as 

ciprofloxacin, dexamethasone, and cyclosporine (556). Although previous studies improved its 

solubility for oral and topical skin application using lipid-based preparations, no study has used 
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idebenone in eye drop preparations to date (249, 464). In addition, despite its extensive first-

pass effect, the well-documented pharmacokinetic profile of idebenone and its lipophilic nature 

(logD 3.9) allows idebenone to cross the BBB, although only in small quantities (230, 246). 

Therefore, to the best of my knowledge, my thesis provides the first evidence that SCQs can 

be used topically for the treatment of ophthalmological disorders despite their poor solubility 

profiles. Furthermore, all the ingredients (tyloxapol, mineral oil and citrate buffer) used in this 

formulation are commercially used and approved in eye lubricants. In fact, the choice of 

formulation was prompted by the increased solubility of idebenone in Retaine©, an eye 

lubricant already approved for use by the Food and Drug Administration (FDA) for dry eyes 

(479). As such, this formulation could be a potential vehicle to dissolve SCQ compounds for 

use by patients. However, due to reported pre-clinical cytotoxicity of higher concentrations of 

tyloxapol in some cell lines, detailed toxicity tests are required before this eye drop vehicle can 

be transitioned to patients (557).  

While previous research on mitochondrial therapies focused to treat optic disease such as 

LHON via oral administration of idebenone (240), the results of the present study demonstrate 

that we can administer this compound as eye drop preparation. The implication is that the 

potency of idebenone can be improved for treating eye disease. It can then be applied directly 

to the target area, avoiding setbacks such as its extensive first-pass effect which changes its 

bioavailability, and the reduction in potential side-effects associated with oral administration. 

The same vehicle that was developed for idebenone was also used to dissolve our novel SCQs 

(#37 and #77) due to their related chemical structure (Table 4, Chapter 2) and predicted 

solubility. Although, initial dosing strategy was based on equimolar dose of Elamipretide (558). 

I eventually used our novel SCQs based on their solubility limit in the same vehicle developed 

for idebenone. This is due solely to the cost as novel SCQs are expensive to manufacture (230). 

As such we did not have the luxury of having enough novel SCQs to test their solubility in 
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other vehicles. The present study mainly aimed to develop a simple, cheap, and reproducible 

in-house formulation of our test compounds that would allow their use as eye drops. As such, 

no stability testing of test compounds in this formulation was performed. To overcome this 

limitation and to prevent bacterial contamination, all formulations were prepared aseptically 

directly before their use and individual sterile dropper tubes were used daily as suggested by 

previous studies (479, 556, 559, 560).    

Figure 44: Schematic diagram of the formation of idebenone (Ide) loaded in a lipid-based 

formulation. 

TLX: Tyloxapol and Ide: Idebenone 
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4.6 Novel SCQs protect against STZ-induced Vision Loss 

Since the clinical manifestation of DR is vision loss (73), it was of interest to determine if the 

progressive visual dysfunction associated with the disease can be reduced and/or treated with 

a clinically feasible approach by applying our test compounds via the ophthalmic route. 

Although most of the focus on DR is placed on hyperglycaemia-induced vascular retinal lesions 

such as the leaky blood vessels, oedema, inflammation and neovascularization (406, 561), 

several studies have argued that visual impairment can occur before the manifestation of 

vascular symptoms (406). Hardy et al. detected abnormal colour discrimination in 

uncomplicated type 1 diabetic patients with angiographical normal retina (562). Early 

abnormalities in visual acuity and contrast sensitivity were also reported in STZ-induced 

diabetic rats before vascular pathology became evident (406). The authors hypothesized that 

that vision loss was caused by retinal dysfunction, due to STZ-induced hyperglycaemia or 

hypoinsulinemia (406). Although, no histological analysis was performed, they concluded that 

neurological pathology and not vascular pathology is involved in the early visual dysfunction 

detected by OKR. Similarly, when Elamipretide was used to reverse visual decline in a diabetic 

mouse model, visual dysfunction was detected in animals before metabolic and vascular 

abnormalities (73). This strongly suggests that mitochondrial dysfunction and RGC damage 

occur before vascular changes. Irrespective of which pathogenesis occurs first, preventing 

vision loss is the primary therapeutic goal in DR. Therefore, detecting visual function was key 

to establishing the natural course of the disease in the rat model of DR used in the present study 

(see section 4.4). This knowledge would provide the baseline against which the therapeutic 

activities of the test compounds could be assessed.  

The current study was designed such that daily eye drop administration of test compounds 

(idebenone, Elamipretide, #37 and #77) and vehicle (without any compounds) commenced by 

week 14 (10 weeks post-STZ) into the right eyes only. At this stage, about 65% of visual acuity 
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had been lost in both eyes in all diabetic groups. Since I treated only the right eyes with our 

test compounds and not the left eyes (intra-animal control), visual acuities of both eyes of each 

animal for all treatment groups were compared. Similarly, visual acuity of all test compounds 

treated groups were compared with the vehicle treated group. 

For the first standardisation, the treated right eyes of all test compounds were individually 

compared against their corresponding untreated left eyes. The data showed that significant 

restoration of visual acuity was observed in the treated right eyes for all test compounds except 

for the idebenone treated group. Interestingly, the untreated left eyes of the animals in the test 

compounds treated groups showed either a slight increase in visual acuity (a measure of % 

head-tracking movement per unit time) and/or a decline in visual acuity had ceased, in contrast 

to the vehicle treated group. One potential explanation for this is the compensatory head-

tracking movement from the right treated eyes when measurements of the left untreated eyes 

were carried out. It is generally believed that in rodents the OKR system is a monocular testing 

system, where the clockwise rotation of stimulus measures left eye vision, while the anti-

clockwise rotation measured the right eyes vision (407, 475). However, because the OKR 

apparatus used in this study allows free movement of the rats, the contribution of both eyes 

cannot be ruled out completely (401). This is particularly important in therapeutic intervention 

studies where one eye is used as control, since any contribution of the other eye can affect the 

results. Having said that, compensatory head-tracking in otherwise visually impaired eyes can 

serve as an indication of the usefulness of the technique to measure vision. Some studies have 

suggested temporarily covering one eye or restricting animals to control head movements 

thereby minimising interference (401, 415). However, other factors such as animal welfare and 

length of the study can make these impracticable, especially for long-term studies.  

Therefore, I also conducted a direct comparison of treated eyes with sham (vehicle treated 

group) to eliminate the compensatory interference in this study. In this second comparison, all 



210 
 

test compounds showed improvement in vision within 2-3 weeks of daily eyedrop treatment. 

Thus, my results are in contrast to a previous report where daily eyedrop treatment with 

Elamipretide resulted in a rapid improvement of visual acuity in a mouse model of DR within 

1 week of treatment and full recovery to normal vision after 12 weeks of treatment (73). Unlike 

the present study where treatment commenced 10 weeks post-STZ (when visual acuity had 

declined by about ~ 65%), the previous study. initiated treatment 4 weeks post-STZ that 

corresponded to a decline in visual acuity of only 20% (73). It has needs to be noted that this 

study reported milder levels of hyperglycaemia (~ 14 mmol/L) (73) compared to the present 

study (> 25 mmol/L). Therefore, the severity of hyperglycaemia and visual impairment in our 

present model could be the reason  why I was unable to achieve a full recovery of visual acuity. 

When  Alam et al also further try to treat a more severe DR model (with a 50% decline in visual 

acuity), visual acuity was only restored to only 80% of healthy animals (73). This implies that 

in mild cases of vision loss, not only Elamipretide but also our SCQs could have the potential 

to achieve a full recovery of visual acuity. This hypothesis has not been tested experimentally 

yet. 

In this context, it must be stated that the model used in the present study is an extreme 

representation of untreated diabetes that does not reflect the situation in most diabetic patients 

where hyperglycaemia is mostly well managed. As a consequence of the severity of the model 

I could not exceed the current study period due to animal welfare consideration and some 

animals even had to be euthanised during the study period. This severity of disease could 

explain why for some test compounds only a transient recovery of vision was detected. For 

example, for #77 and idebenone-treated animals, after an initial recovery of vision, visual 

acuity decreased towards the end of the study period. However, this was not the case with #37-

treated animals. Despite the severity of disease in this group, recovery of vision was sustained 

throughout the study period. Similarly, the Elamipretide-treated group showed sustain recovery 
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of vision. Although it must be started that this group showed the mildest hyperglycaemia levels 

throughout the study period. This means that when blood glucose level is controlled the chance 

of sustained and/or full visual acuity recovery is higher. 

Another influencing factor in the present study was the dosing of our test compounds. Initially 

the use of equimolar concentration of test compounds was planned for this study based on a 

previous report (73) to ensure comparable results (Table 7). Although it was possible to match 

equimolar concentrations of idebenone and Elamipretide, both of our novel SCQs were not as 

soluble in the eye drop formulation and could only be used at their solubility limit. These 

concentrations were significantly lower at 4.6 mg/ml and 7.36 mg/ml for #37 and #77 

compared to 10 mg/ml and 26 mg/ml for idebenone and Elamipretide. This means that despite 

lower concentrations of both #37 and #77, better protective activities in our current model could 

be achieved. It also suggests that by designing eye drop formulations that optimize the 

solubility of our novel SCQs potentially even greater therapeutic effects could be achieved. 

 

4.7 Histology results/ mode of actions 

Beside vascular damage in the retina, different studies have suggested that retinal neurons are 

directly affected by the hyperglycaemic conditions of diabetes (53, 73). Retinal neuronal cell 

types affected in DR include the RGC, amacrine, Muller cells and photoreceptor cells (423). It 

has been suggested that neurodegeneration can occur before vascular changes become evident 

(73, 327). Specifically, the RGC are thought to be the most vulnerable neuronal cells (210, 

563), probably due to their unique structure and makeup within the retina and the optic nerve 

(210, 500). Evidence of decreased RGCs, thinning of retina layers, reactive gliosis, oxidative 

stress and loss of visual acuity have all been documented by several studies (406, 530-532).  
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In the present study, hyperglycaemia-induced loss of RGCs and decreased retinal thickness 

were observed in diabetic rats at the end of the observation period (17 weeks post-

hyperglycaemia). A reduction of approximately 75% in RGC/mm was observed in the diabetic 

animals compared to healthy non-diabetic animals. This is consistent with previous human and 

animal studies where loss of RGCs was found to be one of the first morphological signs of 

diabetes (149, 419, 564-568).  However, other studies found no evidence of RGC loss even 

after 10 months of hyperglycaemia (532, 569). Although the exact reasons for this discrepancy 

are unknown, several possibilities such as variation in RGC detection method and 

quantification, rodent type/strain used and degree of hyperglycemia could account for the 

observed discrepancy (424, 570). For example, the use of Brn-3a antibody has been reported 

to only detect RGC loss after relatively longer duration of hyperglycemia, compared to the use 

of the neuronal biomarker NeuN (571). Using Brn-3a, no evidence of RGC loss was detected 

at 12 weeks of hyperglycemia, while NeuN proved more sensitive in this regard (571). This is 

supported by my present study where RGC loss was detected with Brn-3a antibody at 17-week 

post-hyperglycemia (a relatively long duration of hyperglycemia for animal studies). The 

method of quantification and estimation of RGC could potentially affect the results. The use of 

computer-assisted RGC counting have been reported to underestimate RGC axon numbers in 

the central layers of the retina with higher ganglion cell density (425). In another study where 

number of axons from the RGC in the optic nerve was estimated, no significant RGC loss was 

detected by TUNEL or annexin V markers, even with the detection of ischemia a cause of RGC 

death (424). This discrepancy may be due to their method of RGC detection. In addition, just 

like in humans, animals have an inherent variation in certain factors which may affect the 

occurrence of retinal neurodegeneration (311). These factors may include genetic mutations, 

kinetics of hyperglycemia occurrence, and other co-morbid parameters such as blood pressure. 

For example, a mutation in the rd8 gene of a strain of the wild type C57Bl/6J mice leads to 
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retinal degeneration in this strain (572). Thus, the inadvertent use of such strains in DR 

experiments could significantly confound the results obtained (424). Overall variations in DR 

features may be attributed to differing modes of STZ-administration as well as types of animals 

and strains used for the DR model. 

All test compounds protected against RGCs loss, with our novel compounds showing the best 

protection. Unlike the untreated diabetic rats where ~ 75% RGC/mm were lost,  only ~ 25% 

reduction in RGCs numbers/mm was noticed in diabetic rats treated with our SCQs for 7 weeks. 

This was followed by the elamipretide treated group (~ 40%), with the idebenone treated group 

showing the least protection against RGCs loss (45% reduction which was still significant). 

Therefore, the level of protection of RGC by our test compounds is consistent with the observed 

visual acuity of the animals (from OKR data, see section 4.6), in which treatment with our 

novel SCQs restored visual acuity better than idebenone or Elamipretide. Interestingly, a 

significant protection against RGC loss was also noticed in the untreated left eyes of the #77 

group when compared with the diabetic left eyes. This was an interesting finding since no direct 

application of eyedrops was applied to the untreated left eyes (intra-animal control). However, 

eyedrop residue entering the left eye cannot be overruled because animals usually rub their 

paws against their eyes and can transfer to supposedly untreated eyes. Also, licking of paws 

can probably lead to systemic effects on both eyes. Nevertheless, these are all assumptions as 

the real reason for protection in the left untreated eyes cannot be fully explained. However, this 

might be contributing, alongside the compensatory head-tracking movement from the right 

treated eyes, to the improvement in visual acuity of the left untreated eyes (see section 4.6 

above). 

One of the difficult questions to answer is: if vision loss is caused by RGCs loss, how can our 

compounds restore vision? One plausible explanation for this was given by Howell (573). 

Using LHON as a model disease that is also characterized by RGC loss, he proposed three 
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distinct stages in optic neurogenerative diseases: pre-symptomatic, acute and atrophic phases 

(Figure 45). Depending on the phase of the disease, loss of RGC/optic nerve function or RGCs 

death can occur. He proposed that in the acute phase, the loss of visual acuity is due to swelling 

of the retinal nerve cell layer, mitochondrial dysfunction, decreased ATP and increase 

oxidative stress that results in dysfunctional RGCs. These RGCs although viable, lack the 

energy to transmit the retinal signals to the brain via the optic nerve. As a consequence, a 

functional loss of vision occurs that is not mirrored by loss of RGCs. This was proposed as a 

transient phase and if cellular function is not restored, develops into the atrophic phase over 

time. This subsequent phase is characterized by irreversible RGC death and degeneration of 

the optic nerve, which implies that recovery of vision is not possible at this point (210, 573). 

This hypothesis is supported by the clinical experience with idebenone in LHON patients. In 

some patients that had lost vision several years earlier, idebenone was able to recover visual 

acuity (574, 575). This suggests that depending on the disease and/or specific patient, this 

window in which visual recovery is possible because the RGCs are functionally impaired but 

not permanently destroyed, can persist for several years (210). Since our test compounds 

restored visual acuity and protected against RGC loss, it could be hypothesized that in our 

animal model treatment was initiated at a time point when the pathology was still 

predominantly in the acute phase of the disease with dysfunctional but viable cells (Figure 45).  
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Figure 45. Natural occurring mechanism of visual recovery: Drug induced recovery of 

RGC function is possible at acute phase. In contrast irreversible vision loss occurs due to 

terminal loss of RGCs. This highlight the importance of timely intervention in DR to ensure 

restoration of RGC and ultimately recue visual acuity (adapted from (210, 573)) 

 

Decreased retinal thickness is another morphological change that has been found in diabetic 

rats and humans (532). There is evidence that progressive cell damage may lead to thinning of 

the retinal layers (570). Early loss of retinal neurons in the inner layers of the retina mostly 

accounts for this thinning and it is thought that this occurs concurrently and is probably induced 

by the activation of Muller cells (gliosis) (564). In the present study, I observed a significant 

decrease in retinal thickness in diabetic animals, which was not present in the test compound 

treated groups and/or control. Thus, the observation of retinal thinning at 17 weeks after 

hyperglycemia in the diabetic rats suggests that the retina is in the atrophic stage (210) (Figure 

45), where terminal loss of RGC could potentially result in significant retinal thinning. Unlike 

in the test compound-treated groups where treatments commenced at 10 weeks after 

hyperglycaemia, most likely at the acute stage of DR, where recovery of RGC is still possible, 

and retinal thinning can be inhibited by test compounds (210). All SCQs (including idebenone) 

showed better protection against retinal thinning compared to Elamipretide, similarly to the 
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protection against RGC loss in the left untreated eyes of the #77-treated group. A significant 

protection against retinal thinning occurred in the left untreated eyes of the #77-treated group 

when compared with the diabetic eyes. In fact, in this case, there was no significant difference 

in retinal thickness in the right treated eyes and the left untreated eyes in the #77-treated group. 

This supports the possibility that RGC in the untreated eyes of the animals in the #77 treatment 

group could be protected as well. This is because of the link between loss of retinal neurons in 

the retina and its corresponding thinning (564). 

In addition to RGC loss and retinal thinning, hyperglycemia increased Muller cell gliosis, with 

upregulation of GFAP expression was observed in the diabetic rat groups. This is consistent 

with previous works where activation of Muller glial cells is indicative of diabetic retinopathy 

(439, 484).  

In this current study, daily eye drop administration of test compounds (idebenone, 

Elamipretide, #37 and #77) from week 14 (10 weeks after hyperglycemia) in diabetic rats did 

not prevent GFAP reactivity when compared to the diabetic rats except for the #77-treated 

group. Although the reason for this is unclear, several factors could explain why most of our 

test compounds were ineffective in reducing overexpression of Muller cells in the retina. This 

could be attributed to the fact that upregulation of GFAP expression commence as early as 

week 3 after hyperglycemia and increases over time (478, 576). Commencing treatment at 10-

week after hyperglycaemia might be too late to rescue Muller cells and/or astrocytes in the 

retina. This finding is supported by a report where reduction in GFAP expression was linked 

to altered metabolic capacity and integrity of the blood retina barrier (577). Short course insulin 

was used to reduce GFAP expression without restoring normoglycemia in STZ-diabetic rats 

(577). This implies that the severity of DR model used in this study without any control of 

blood glucose level might be a contributing factor to the lack of effect on GFAP overexpression 

in my model. Alternatively, our other compounds simply do not have any effect on gliosis. 
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Interestingly, #77-treated eyes showed a significant reduction in GFAP expression when 

compared to diabetic rats (p<0.05). In fact, there was no significant different between healthy 

non-diabetic control and the #77 treated group. Indicative that #77 treatment prevented any 

changes in GFAP expression in diabetic rats. Although, in-vitro data suggested it is a redox 

active compound that is cytoprotective (230), it might be acting via a different mechanism. 

This is supported by data in this current study that tested its effect on the vascular integrity of 

diabetic rats’ retinae. Using albumin antibody an effective marker for blood vessel leakage 

(420, 578), alongside simultaneously visualizing blood vessels with a tomato lectin fluorescent 

stain (579). Only #77-treated groups showed reduced vascular permeability effects especially 

in the RGC layer when compared to diabetic rats, out of all test compounds (idebenone, 

Elamipretide, #37 and #77). There was no significant difference between #77 treated group and 

healthy non-diabetic control, meaning #77 show a treatment effect (p<0.05). It has been 

suggested that glial reactivity is a direct consequence of leakage of glucose and inflammatory 

agents from the vasculature in the retina (484, 577). Because #77 was the only compound that 

protected against vascular leakage and glial overexpression, this suggest there is an 

interconnection. Surprisingly, out of all test compounds, #77-treated rats as well as idebenone 

treated rats, did not show a statistically significant antioxidant effect, compared to diabetic rats 

when oxidative stress level was tested. The lack of antioxidant effect but ability to stabilize the 

blood-retinal barrier in DR is probably due to an in-situ pathway.  

Idebenone on the other hand is known to have an antioxidant effect (232, 233, 247). However, 

in this present study, it showed no statistically significant antioxidant effect on diabetic rats. 

This lack of antioxidant effect could be attributed to the dose used in this study. Only 10mg/ml 

was used, and no study was carried out to ascertain the amount that actually reached the retina 

itself. In previous studies, it has been demonstrated that peak concentration is reached with 
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higher idebenone dosage to protect RGC from oxidative stress-mediated cell death (236, 247, 

580).  
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Chapter 5: Conclusion 
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5.1 Conclusion 

DR, a microvascular complication of diabetes, is one of the most common causes of blindness 

globally. It occurs in over 30% of diabetic patients worldwide and in about 15% of diabetics in 

Australia, thus representing a significant disease burden (35, 36). At present, preventive 

treatment relies on control of blood glucose. Nevertheless, there is evidence of the development 

of this complication in euglycemic patients who were previously hyperglycaemic (13, 42, 43). 

Management of DR is currently focused on the inflammatory and vascular pathology of the 

disease. However, aside from the associated myriad side effects with these existing therapies, 

they do not address a central underlying mechanism of DR (71, 165, 168, 170, 176, 185, 191, 

197).  

Mitochondrial dysfunction and oxidative stress have been implicated as fundamental 

mechanisms central to the pathogenesis of DR, and this highlights the promising potential for 

drugs targeting these processes (59, 73, 203, 208, 216). In the current study, two novel SCQs 

in their developmental phase as well as one already marketed and one developmental  

mitochondrial therapies, all of which are known to have antioxidant properties and affect 

mitochondrial function were investigated as a potential treatment for DR. These include the 

short chain quinones idebenone, #37, and #77, and the peptide Elamipretide. To conduct this 

investigation, a recently described pre-clinical rat model (389), based on the administration of 

streptozocin (STZ) via osmotic mini-pumps, was used to effectively mimic sustained type 2-

like diabetes in adult male Long Evans rats that resembled the human phenotype of DR. The 

natural course of vision loss was established by assessing visual acuity over time in this model. 

The tests compounds were then evaluated for their effect in treating vision loss in the rat model 

of DR via ophthalmic application.  
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Traditional methods of inducing diabetes in rats involve the use of streptozocin administered 

via single or multiple subcutaneous or intraperitoneal injections. However, with these methods, 

the animals either rapidly develop severe hyperglycemia associated with increased mortality 

or slowly develop transient hyperglycaemia that does not last long enough to allow the study 

of DR. Using streptozocin administered via a subcutaneously implanted osmotic pump, I was 

able to reproduce a type -like diabetes model with sustained hyperglycaemia. This occurred 

over a time period that allowed the development of non-proliferative DR without extensive 

mortality to the animals. All test compounds restored vision loss as measured by optokinetic 

reflex testing, with the novel short chain quinones #37 and #77 demonstrating the highest rate 

of visual acuity recovery compared to the already marketed mitochondrial therapies. In the 

same vein, all test compounds showed protection of RGC and reduced retinal thinning, both 

hallmarks of neuronal pathogenesis in DR. Interestingly only #77 protected the Muller cells 

against overexpression and also exhibited protective action against blood vessel leakage. 

Surprisingly, #77 and idebenone (both known to have antioxidant effects) did not demonstrate 

any significant protection against oxidative stress, unlike #37 and Elamipretide. These results 

raise questions regarding the role of vascular permeability in the treatment of DR because 

despite most of our test compounds not showing protection against blood vessel leakage, all 

our test compounds protected diabetic rats against hyperglycaemia-induced vision loss. Hence 

there is a need for further studies to understand the underlying mechanism via which these test 

compounds act on DR. 

In this study, our SCQs, idebenone and Elamipretide demonstrated several effects including 

antioxidant activity, retinoprotective effects and improved visual function. Based on these 

results, our tests compounds appear to restore visual function primarily via neuronal pathways 

instead of the much-favoured microvascular pathway. Although no direct mitoprotective assay 

was carried out, measurement of oxidative stress levels, which precedes mitochondrial 
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dysfunction and RGC apoptosis was  conducted (231, 581). While all our test compounds were 

retinoprotective, not all of them improved the retinal vascular abnormalities. Evidently, 

reversal of oxidative damage in retinal cells could represent the mechanism via which our test 

compounds act in restoring vision. However, the actual target of these compounds in exerting 

their antioxidant and retinoprotective effect remains to be fully elucidated. Although different 

signalling pathways have been proposed. 

Recent studies into the role of the Akt signalling pathway in the pathogenesis of DR have 

highlighted its downstream inhibition of mTOR signalling as a potential target of DR therapy 

(582). In addition, activation of Akt signalling has been associated with increased cell survival 

and insulin receptor stimulation. This was demonstrated in a study where treatment of p52Shc 

knockout mice with idebenone increased activity of phosphorylated Akt and ultimately insulin 

sensitivity (583). Thus, Akt signalling and its downstream or upstream signalling molecule 

could be a possible target for idebenone not only in diabetes as an insulin-sensitizer but in DR 

therapy. Another signalling pathway, the Rac1-Nox2 and its ShcA family of adaptor protein 

was implicated in increasing oxidative stress in the diabetic retina (221, 584). More 

specifically, the p66Shc isoform regulates the guanine exchange factor activity of Son of 

Sevenless 1 (SoS1) by disassociating it from its binding with Grb2 in the plasma membrane. 

By displacing the SOS1-Grb2 complex, it prevents the activation of Ras signalling, while it 

activates the Rac1 subfamily of Rho GTPases which increases the level of intracellular ROS 

in retinal cells (585). Even though idebenone has not been shown to specifically inhibit p66Shc, 

it is known that it is an antagonist of p52Shc (583), another Shc isoform closely related to 

p66Shc. Thus, given the elevation of active Rac1 and its associated increased ROS production 

in the diabetic retina (584), p66Shc is considered a plausible target of idebenone. 

 Another possible target of idebenone is Lin28A, an RNA binding protein which regulates the 

differentiation of retinal progenitor cells into retinal neurons and retinal glial cells (586, 587). 
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Overexpression of Lin28A increased neuronal regeneration which is mediated by its 

upregulation of the Akt signalling mechanism (588). This further supports the role of the P13K-

Akt signalling pathway as a target of idebenone and related SCQs (Figure 46). This action was 

mediated by insulin-like growth factor (IGF), an extrinsic factor to developing retinal cells 

(587). Overexpression of Lin28A in a diabetic mice model has led to a reversal of 

mitochondrial dysfunction and inhibition of apoptosis of cardiac myocytes in the treated mice, 

as compared to control mice (589). A recently published work revealed the effects of idebenone 

combined with rasagiline on inducing the expression of Lin28a, as well as improving RGCs 

survival and retinal layer thickness (586). Retinal ischemia reperfusion injury was used by the 

authors of this study to induce apoptosis of retinal ganglion cells. Levels of caspase-3 served 

as the marker of RGC apoptosis, and this was shown to be reduced in cells treated with a 

combination of rasagiline and idebenone (586). Thus, there is a potential link between Lin28a 

and idebenone, however, further investigation is needed to understand this potential mechanism 

in DR.  

Furthermore, since idebenone, our novel SCQs and Elamipretide  are known mitoprotective 

agents (73, 230, 247) there is a possibility of them acting on a protein involved in mitochondrial 

function as their target, for example the heat shock protein, Hsp70 which functions as a 

molecular chaperone intracellularly and known to be involved in the translocation of 

transcription factors critical to mitochondrial DNA function into the mitochondrial 

compartment (581). Impairment of this intracellular transport function of Hsp70 leads to 

mitochondrial dysfunction in the diabetic retina (581). Matrix metalloproteinase 9 (MMP-9) is 

another protein activated by hyperglycaemia and oxidative stress. Activated MMP-9 is further 

transported into the mitochondrial compartment by the action of heat shock proteins. It 

accumulates within the mitochondria to cause a damage to mtDNA and a degradation of the 

mitochondrial endothelial membranes, ultimately triggering a cascade of apoptotic events 
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within the retinal capillary cells (226). A knock-out of the MMP-9 gene protected against DR 

development in a diabetic mouse model (227).  

Thus, interaction of p66Shc, Akt, Hsp70 and MMP-9 with idebenone could be a mechanism 

by which it exerts its antioxidant, retinal protective and mitoprotective effects (Figure 46). 

However, further studies are needed to confirm these hypotheses.  

Figure 46: A simplified illustration of the plausible targets of idebenone and related 

antioxidant compounds in DR therapy. 

 

5.2 Limitations of the study 

This study aimed to establish a natural course of DR progression using an animal model of type 

2 diabetes, so as to investigate the effects of mitochondrial-targeting SCQs in the treatment of 

this disorder. It also aimed to formulate the SCQ test compounds into an eye drop. Even though 

I was able to achieve the aims of the study, there are still a number of limitations to consider 
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in interpreting and applying its findings. Our test compounds were not evaluated for their 

efficacy under a clinically relevant scenario (i.e. diabetic conditions where hyperglycaemia is 

pharmacologically controlled using an antidiabetic agent such as metformin). While I was able 

to reproduce a state of sustained hyperglycemia followed by vision loss as found in Long Evans 

rats, the blood glucose levels in the rats were extremely high ( consistently over 20mM). As a 

result, overall health of some of the animals deteriorated profoundly leading to the death of 

some animals while some other animals had to be culled prematurely due to ethical 

considerations. Even though this extreme DR model could serve to highlight the significance 

of the effect of my test compounds in protecting from vision loss, its lack of representation of 

a typical diabetic patient with well controlled blood glucose limits the extrapolation of my 

study results to clinical scenarios. 

No comprehensive  monitoring of adverse effects was conducted over the study period for our 

novel SCQs. As a result, any potential SCQ-induced systemic side effects cannot be excluded. 

I only monitored for any SCQ-treatment associated changes to body weight, food intake, water 

intake and any physical changes in appearance of rats. However, the fact that our novel SCQs 

are naphthoquinones (similar structurally to vitamin K), the potential of blood clotting cannot 

be ruled out. Since vitamin K is integral in blood coagulation. However, with ophthalmic 

preparation systemic adverse effect is usually minimal, even though it cannot be totally 

eliminated. 

Also, in the present study, the test compounds were used at their solubility limit, which is not 

the same for all compounds. Thus, each compound was tested at a particular molar 

concentration that differs significantly between  the compounds, making it difficult to directly 

compare the efficacy between each drug. Furthermore, only male rats were used in this study, 

thus whether similar treatment effects will be seen in female rats is yet to be known. This limits 

the translation of the study results into further clinical trials. 
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Another limitation to consider is that I did not use methods that allowed the clarification of the 

mechanism by which our antioxidant compounds exert their mitoprotective and 

retinoprotective effects. In order to ascertain the mitochondria as the main target of the test 

compounds, direct markers of mitochondrial function would have been an ideal tool. However, 

I have used Brn3a, albumin and nitrotyrosine to measure retinal damage including RGC loss, 

retinal layer thinning, vascular leakage and oxidative damage. This leaves the question about 

their actual molecular target and mode of action in the treatment of DR unanswered by this 

study. I have also not assessed the antioxidant effects of the test drugs in retinal vascular cells. 

This is important as I only looked at oxidative stress in retinal ganglion cells, whereas retinal 

capillary cells (namely the pericytes and endothelial cells) are also significantly affected in the 

pathology of DR. Consequently, the actual mechanism of action of the test compounds  I have 

used in this study is not entirely clear. However, based on our observation that antioxidant 

effect, but not protection of retinal vascular cells, was common to all the novel retinoprotective 

SCQs, it could be that restoration of vision does not depend on retinal vessel integrity. 

Nevertheless, given the role of retinal capillary cell loss in the overall pathogenesis of DR, it 

is important to gain an insight into how these antioxidant compounds affect ROS-induced 

capillary cell death in order to better understand their mode of action.  

Furthermore, there was no comparison of retina tissue at different stages of DR. It would have 

been interesting to compare the histological changes in the retina before and after treatment 

with test compounds. So as to be able to also monitor the morphological changes in the retina 

and compare with the OKR data. 

Other limitations of this study are the lack of a detailed analysis of the OKR function of the rat 

model used in this study. Different spatial frequency threshold and contrast sensitivity are most 

commonly used to assessed visual acuity in vision studies. Given the fact that our in-house 

built OKR system only allowed to test one spatial frequency at a time, a detailed visual acuity 
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information of my model of DR was not done. However, this can only be done using the more 

sophisticated and expensive virtual OKR system.  

Finally, the lack of pharmacokinetic and effective concentration range information on the test 

compounds also limits the impact of the results from this project on the design and planning of 

further preclinical and clinical studies. Such information may include a dose-response 

relationship, minimally effective and toxic dose, ED50, and therapeutic plateau concentration. 

For example, having a dose-response curve for each test compound could offer insights into 

the optimal dose at which they exert their antioxidant and retinoprotective effect and this could 

inform the selection of dose range to be tested in subsequent studies. In addition, this current 

study has not tested the hypothesis that topical application of the test compounds can generate 

higher localized drug concentrations in the retina. This is based on the observation that eye 

drop formulations showed good efficacy, while systemic application of test compounds 

(intraperitoneal) did not and further studies are needed to investigate this. 

 

5.3 Future outlook 

Based on the results of the current study, future studies should investigate several key issues. 

First, it is important to establish the pattern of DR occurrence under a pharmacologically 

controlled diabetic condition in the animal model. This would require a series of pilot studies 

to be carried out in order to identify the optimal DR model that closely simulates the controlled 

hyperglycaemic condition as found in diabetic patients receiving antidiabetic medications. This 

model can then be used to assess the efficacy of the test compounds such that a more accurate 

extrapolation of their effects on clinical form of DR can be made from the results of such 

experiments.  
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Furthermore, establishing the actual target of the test compounds is an important step towards 

understanding their exact mechanism of action. Thus, further experiments in which direct 

markers of mitochondrial dysfunction are used will be needed to elucidate the mitochondria 

and its related biochemical pathways as the target of their antioxidant and retinoprotective 

effects. 

Also, in the current experiments, I observed that eye drop formulations showed good efficacy, 

even at relatively lower dose. This suggests that a topical application can generate higher 

localized drug concentrations in the retina and could be a subject of future studies. In this 

regard, future studies should aim to establish the levels of the compounds reached in the ocular 

fluid after topical eye drop instillation and compare this with the levels achieved after 

intraperitoneal injections or oral administration. Ideally, larger animals such as rabbits would 

facilitate this experiment, given the small volume of eye fluid obtainable in rats. The results 

from such a study could help explain any discrepancy in efficacy observed between different 

administration routes. 

 To progress our compounds towards Investigational New Drug (IND), further investigation 

into their safety, mechanism of action, toxicology and possible drug interaction need to be 

carried out. At present, another PhD student (Zikai Feng), is doing a detailed investigation into 

the toxicity of our novel SCQs. Using a range of in vitro and in vivo assay, he is analysing the 

safety and pharmacokinetic profiles of the novel SCQs. 

Future studies should also seek to address the solubility issues regarding the test drugs. Given 

the limited solubility of the SCQ test compounds, I have assessed the efficacy of each of these 

compounds at a concentration that reflects their solubility limit in my eye drop formulation. 

Thus, developing methods that aim to increase the solubility of the drugs will be needed so that 

all the test compounds can be tested at equimolar concentrations in order to directly compare 
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their efficacy. More importantly, strategies to improve the solubility of these test drugs are 

needed to assess their effects across a wider range of concentration and optimize their efficacy. 

This is vital for safety reasons, as drug precipitation in the eye drops may occur if they are used 

at their solubility limit which could cause local ocular irritation. In addition, this will help to 

establish an effective concentration range for the test compounds with the aim of identifying 

the minimum effective dose as well as an ED50 and LD50 for the compounds. This result 

would directly impact on the dose range selection for future clinical studies.  
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Appendix 2: Summary of formulation of test compounds data and optimisation of 

optokinetic assay 

Table A1: Constituent of different formulations/vehicles optimised for idebenone 

solubility testing 

Table A1a: Tyloxapol in citrate buffer formulations with/without kolliphor p188 and CKC 

Formulations A B C D E F G H 

Tyloxapol - 1% 2.5% 5% 1% 2.5% 5% - 

Kolliphor P188 (1 %) - + + + - - - - 

CKC 0.1 % - + + + - - - - 

Citrate Buffer (66 mM) + + + + + + + - 

DMSO 
- - - - - - - + 

 

Table A1b: Tyloxapol in citrate buffer formulations with/without mineral oil 

Formulations I J K L M N O 

Tyloxapol - 5% 5% 5% 5% - 5% 

Mineral Oil - - 1% 1.5% 2.5% 5% 5% 

Citrate Buffer (66 mM) + + + + + + + 
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Table A2: Solubility of idebenone in different tyloxapol complex formulations 

Table A2a: Solubility of idebenone in tyloxapol in complex formulations  

                  with kolliphor p188 and CKC 

 

 

Formulations A B C D E F G H 

Soluble  0.73 0.28 0.91 1.76 0.91 1.89 5.01 21.57 

Idebenone 1.16 0.35 1.95 1.62 0.89 1.78 5.43 18.51 

(mg/ml) 0.92 0.21 1.10 1.54 0.86 1.86 5.38 20.73 

Mean 0.94 0.28 1.32 1.64 0.89 1.85 5.28 20.27 

SEM 0.13 0.04 0.32 0.07 0.01 0.03 0.13 0.91 

 

Table A2b: Solubility of idebenone in tyloxapol in citrate buffer formulations  

                   with/without mineral oil 

 

 

Formulations I J K L M N O 

Soluble 0.73 5.01 4.48 6.33 6.30 8.20 9.37 

Idebenone 1.16 5.43 4.96 6.17 6.47 6.96 9.60 

(mg/ml) 0.92 5.38 5.08 6.28 6.34 8.43 10.45 

Mean 0.94 5.28 4.84 6.26 6.37 7.87 9.81 

SEM 0.13 0.13 0.18 0.05 0.05 0.46 0.33 
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Table A3: Solubility of novel short chain quinones in different tyloxapol complex formulations 

Tyloxapol formulation (5% tyloxapol, 5% mineral oil in citrate buffer) 

Initial conc. of 

SCQs in 

tyloxapol 

formulation 

(mg/ml) 

End conc. in solution of #37 in 

tyloxapol formulation (mg/ml) 

End conc. in solution of #77 in 

tyloxapol formulation (mg/ml) 

Average 

(End conc. 

#37, 

mg/ml) 

StD Average 

(End 

conc. 

#77, 

mg/ml) 

StD 

0.00 0.11 0.09 0.11 0.20 0.18 0.20 0.10 0.01 0.19 0.01 

2.50 2.20 2.27 2.29 0.88 0.90 0.91 2.25 0.04 0.90 0.01 

3.00 2.67 2.72 2.80 1.68 1.55 1.59 2.73 0.07 1.61 0.07 

5.00 3.75 3.76 3.95 2.28 2.38 2.36 3.82 0.12 2.34 0.06 

10.00 4.48 4.63 4.59 4.08 4.15 5.07 4.57 0.08 4.43 0.55 

15.00 4.55 4.75 4.53 6.77 7.29 7.96 4.61 0.12 7.34 0.59 

20.00 4.78 4.50 4.45 7.47 6.49 8.17 4.58 0.17 7.38 0.85 

Table A4: Speed of in-house built optokinetic drum 

Voltage (Volts) 9 10 11 12 13 14 15 16 17 18 19 20 

Average time per 

revolution (Sec) 

37 31 29 25 23 22 19 18 17 16 15 14 

Revolution per 

minutes (rpm) 

1.62 1.94 2.07 2.40 2.61 2.73 3.16 3.33 3.53 3.75 4.00 4.29 
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Appendix 3: Summary of Rat information 

 

Table A5: Rat from healthy non-diabetic control 

 

 

Batch 

  

Rat Code Source Age (days) 
Body weight 

(g) 

B4 LE100 UTAS-C 161 385 

B4 LE101 UTAS-C 162 372 

B4 LE102 UTAS-C 162 375 

B4 LE103 UTAS-C 161 377 

B4 LE104 UTAS-C 193 360 

B4 LE105 UTAS-C 193 350 

  Mean 172.0 369.8 

  SEM 6.6 5.1 

 

Table A6: Rat from diabetic (vehicle-treated) group 

 

 

Batch 

  

Rat Code Source Age (days) 
Body weight 

(g) 

B2 LE40 ARC 165 426 

B2 LE53 ARC 162 440 

B2 LE54 ARC 165 503 

B3 LE67 UTAS-C 181 431 

B3 LE69 UTAS-C 181 425 

B3 LE77 UTAS-C 165 409 

B3 LE78 UTAS-C 165 368 

B3 LE79 UTAS-C 161 426 

B3 LE80 UTAS-C 161 402 

B4 LE94 UTAS-C 162 372 

B4 LE95 UTAS-C 162 388 

  Mean 166.4 417.3 

  SEM 2.2 11.24 
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Table A7: Rat from idebenone-treated group 

 

 

 

Batch 

  

Rat Code Source Age (d) 
Body weight 

(g) 

B1 LE7 MARP 193 385 

B1 LE8 MARP 193 345 

B1 LE9 MARP 193 372 

B1 LE17 MARP 184 391 

B1 LE18 MARP 184 391 

B1 LE25 MARP 185 407 

B2 LE37 ARC 165 442 

B2 LE39 ARC 165 416 

B2 LE65 ARC 193 412 

B2 LE66 ARC 193 417 

B3 LE72 UTAS-C 161 390 

  Mean 182.6 397.1 

  SEM 3.9 7.8 

 

Table A8: Rat from Elamipretide-treated group 

 

 

Batch 

  

Rat Code Source Age (days) 
Body weight 

(g) 

B4 LE86 UTAS-C 185 359 

B4 LE87 UTAS-C 185 344 

B4 LE88 UTAS-C 184 379 

B4 LE89 UTAS-C 184 381 

B4 LE90 UTAS-C 184 380 

B4 LE92 UTAS-C 161 368 

B4 LE96 UTAS-C 162 378 

B4 LE98 UTAS-C 162 357 

  Mean 175.9 368.3 

  SEM 4.2 4.8 
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Table A9: Rat from #77-treated group 

 

 

Batch 

  

Rat Code Source Age (days) 
Body weight 

(g) 

B1 LE16 MARP 185 401 

B1 LE22 MARP 185 370 

B1 LE24 MARP 185 409 

B1 LE26 MARP 184 404 

B2 LE51 ARC 161 430 

B2 LE58 ARC 165 393 

B2 LE64 ARC 193 436 

B3 LE73 UTAS-C 161 389 

B3 LE76 UTAS-C 165 415 

  Mean 176.0 405.2 

  SEM 4.2 6.8 

 

Table A10: Rat from #37-treated group 

 

 

Batch 

  

Rat Code Source Age (days) 
Body weight 

(g) 

B1 LE11 MARP 193 419 

B1 LE13 MARP 193 417 

B1 LE19 MARP 184 393 

B1 LE21 MARP 184 438 

B3 LE70 UTAS-C 165 388 

B3 LE71 UTAS-C 161 366 

B3 LE74 UTAS-C 165 410 

B3 LE75 UTAS-C 165 391 

B3 LE81 UTAS-C 161 391 

B4 LE99 UTAS-C 192 337 

  Mean  176.3 395.0  

  SEM 4.4 9.1 
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Appendix 4: Materials and Equipment 

 

Table A11: List of equipment used for measuring blood glucose, body weight,  

                    food and water 

 

Equipment 

/Materials 

Brand Company City Country Reference 

no./Notes 

Lancets Ames Minilet Bayer 

HealthCare 

NSW Australia 02054254-

5966 

Glucose meter ACCU-CHEK 

Performa 

Roche Milan Italy D=mmol/L 

Glucose test 

strips 

ACCU-CHEK 

Performa 

Roche N/A USA 06454038 

Lab balance 

Sartorius 

TE214S 

Sartorius Sartorius 

Corporation 

New York USA D=0.1mg 

 

Albi imports 

Model 

HS72000BK 

Albi Albi Preston Australia D=1g 

Rodent diet 

(23% fat 

banana 

flavour) 

Specialty 

Feeds 

Specialty 

Feeds 

Western 

Australia 

Australia SF-15-059 

 

Table A12: List of equipment/ materials used for surgical procedures 

 

 

Equipment /Materials Brand Company City Country Reference 

no./Notes 

 

Streptozotocin Sigma 

Aldrich 

Sigma 

Aldrich 

Missouri USA S0130-1G 

Osmotic Mini-pump Alzet Model 

2ML2 

Durect 

Corporation 

California USA  

Meloxicam injection for 

animals (5mg/ml) 

Ilium Troy 

Laboratories 

NSW Australia 170928 

Skin Stapler  Henry 

Schein 

Henry Schein 

Inc 

NY USA 9007010 

Staple Remover (35W) Henry 

Schein 

Henry Schein 

Inc 

NY USA 9007011 

hand-held glucometer Accu-

Chek® 

Performa 

Roche 

Diabetes 

Care 

NSW Australia  
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Poliglecaprone 25 suture 

violet monofilament 

(90cm) 

Mono Q Riverpoint 

Medical 

Oregon USA 4-0 (1.5 

metric). 

Code 

Q922 

Carbon Steel Surgical 

Blades (Sterile R) 

Swann 

Morton 

Swann 

Morton 

Sheffield England Ref: 0206 

Sterile Plastic Bags 

(280MM X 325MM) 

Defries Defries 

Industries 

VIC Australia Ref: 

DEF638 

Lot: 

16155 

Webster Needle holder 

Scissors 

 Henry 

Schein 

Henry Schein 

Inc 

NY USA Lot 

0912A 

Adson Dressing Forceps Henry 

Schein 

Henry Schein 

Inc 

NY USA  

Surgical Scissors Henry 

Schein 

Henry Schein 

Inc 

NY USA  

Needle holder PST ProSciTech 

Pty Ltd 

QLD Australia  

Forceps (different sizes) PST ProSciTech 

Pty Ltd 

QLD Australia  

Heat Mat/pad Cosy heat 

mat 

Passwell Pty 

Ltd 

SA Australia  

Light source Microlight 

150  

Fibreoptic 

lightguides 

VIC Australia  

Stinger Streamline 

Veterinary Anesthetic 

vaporizer/machine 

Darvall Advance 

Anesthetic 

Specialists 

NSW Australia  

Isoflurane Inhalation 

anaesthetic 

Isothesia  Henry Schein QLD Australia Ref 

9008931 

Batch 

6070224 

Oster Golden two speed 

animal clipper 

Oster Sunbeam  N/A USA  

Betadine solution Betadine Sanofi-

Aventis 

QLD Australia  

 

 

 

 

 



310 
 

Table A13: List of equipment/ materials used for immunohistology 

 

 

Equipment 

/Materials 

Brand Company City Country Reference 

no./Notes 

 

Shandon 

Cryomatrix 

Thermo 

Scientific 

Richard Allan 

Scientific (A 

Subsidiary of 

Thermo Fisher 

Scientific) 

Kalamazoo USA  

O.C.T compound Tissue-Tek SAKURA 

FINETEK 

USA INC 

N/A USA  

Leica 

CM1850UV 

Cryostat 

Leica Leica 

Biosystems 

N/A USA  

IHC Microscope 

Slides 

Dako Agilent N/A USA  

Lab balance 

Sartorius TE214S 

Sartorius Sartorius 

Corporation 

New York USA D=0.1mg 

 

Albi imports 

Model 

HS72000BK 

Albi Albi Preston Australia D=1g 

VIALMIX VIALMIX Lantheus 

Medical 

imaging 

Massachusetts USA  

Fluorescence 

Mounting 

Medium 

Dako Agilent VIC Australia K8020 

Cover glass Dako Agilent VIC Australia  

 

 

Mouse anti-Brn-

3a (MAB 1585) 

Abcam EMD Millipore CA USA Lot: 2943286 

Donkey anti-

mouse IgG 

(ab150105) 

Alexa 

Fluor 488 

Life 

technologies 

(Thermo Fisher 

Scientific) 

VIC Australia  

Rabbit anti-

Albumin 

GTX102419 

GeneTex GeneTex Inc CA USA GTX102419 

Tomato Lectin Vector Vector 

Laboratories 

CA USA Cat. No: DL-

1177 

Goat anti-GFAP 

antibody 

(ab53554) 

Abcam Abcam VIC Australia Lot: GR 

295831-2 
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Donkey Anti-

Goat IgG 

(A11057) 

Alexa 

Fluor 568 

Life 

technologies 

(Thermo Fisher 

Scientific) 

VIC Australia Lot: 1711491 

Mouse anti-3-

nitrotyrosine 

antibody 

(ab61392) 

Abcam Abcam VIC Australia  (39B6) 

PAP Pen for 

immunostaining 

Sigma 

Aldrich 

Sigma Aldrich Missouri USA Ref: 

Z377821-

1EA 

Lot: #3110 



312 
 

Appendix 5: Raw data  

 

 

 

 

  

 

 

 

 

 

 

 

 

Table A14: Blood glucose level of healthy non-diabetic control  

  
Week LE100 LE101 LE102 LE103 LE104 LE105 Mean SEM N 

1 6.4 6.2 5.7 6.5 6.3 6.8 6.32 0.15 6 

2 5.9 6.3 5.8 6.9 7.1 7.3 6.55 0.26 6 

3 6.9 6.4 6.2 6.3 5.9 5.8 6.25 0.16 6 

4 6.3 7.0 6.1 7.0 5.2 5.7 6.22 0.29 6 

5 6.7 6.2 5.9 6.8 7.4 5.9 6.48 0.24 6 

6 6.8 7.2 6.2 5.9 6.2 5.0 6.22 0.31 6 

7 6.4 5.7 5.4 6.8 6.1 5.8 6.03 0.21 6 

8 5.7 6.9 5.9 6.8 6.7 6.2 6.37 0.21 6 

9 5.8 6.4 5.5 6.3 6.4 5.7 6.02 0.16 6 

10 6.0 6.2 5.8 5.8 6.0 6.2 6.00 0.07 6 

11 5.5 6.0 6.3 5.9 6.3 6.1 6.02 0.12 6 

12 6.2 5.8 6.1 6.2 6.2 5.9 6.07 0.07 6 

13 5.9 6.2 5.7 6.1 5.9 6.1 5.98 0.07 6 

14 6.2 6.1 6.0 7.7 5.6 6.2 6.30 0.29 6 

15 5.5 4.7 5.1 6.4 6.2 5.8 5.62 0.27 6 

16 6.0 6.2 6.1 6.3 5.9 6.3 6.13 0.07 6 

17 6.3 6.2 5.9 5.9 6.3 6.1 6.12 0.07 6 

18 6.2 6.0 6.2 6.3 5.7 6.0 6.07 0.09 6 

19 6.4 5.8 6.7 6.2 6.1 5.8 6.17 0.14 6 

20 6.3 6.1 5.9 5.9 6.3 6.0 6.08 0.07 6 

21 5.9 6.3 6.1 6.3 5.9 5.8 6.05 0.09 6 
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Table A15: Blood glucose level of vehicle treated group 

  
Week LE40 LE53 LE54 LE67 LE69 LE77 LE78 LE79 LE80 LE94 LE95 Mean  SEM N 

1 6.5 6.5 7.2 7.3 7.5 6.4 7.4 6.7 6.9 7.1 6.7 6.93 0.12 11 

2 6 5.8 6.5 9 9.2 7.2 8.4 6.8 7.2 5.9 6.2 7.11 0.37 11 

3 6.4 7.2 6.9 6.5 9.6 7.8 8.4 7.8 8.2 7.2 8.5 7.68 0.29 11 

4 6.3 6.7 7 7.7 7.1 6.5 6.9 6.5 7.2 5.9 5.4 6.65 0.19 11 

5 22.1 29.5 19.6 16.4 13.8 7.2 8.3 11.7 11.7 11.2 8.3 14.53 2.07 11 

6 22.9 17.6 21.5 19.6 31.9 7.4 9.3 21.9 22.1 28.1 27.6 20.90 2.24 11 

7 24 14.8 33.3 28.9 29.2 6.2 6.8 23.4 8.5 7.1 23.3 18.68 3.09 11 

8 24.8 20.9 27.7 24.3 23.6 7.2 7.7 24.4 11 32.1 32.9 21.51 2.73 11 

9 33.3 23.4 25.7 32.7 33.3 29.5 23.6 23.8 8.3 26.2 29.7 26.32 2.15 11 

10 30.9 22.5 32.4 33.3 33.3 28 31.5 33.3 10.9 28.9 33.3 28.94 2.06 11 

11 22 29.6 26.7 28.6 32.4 26 24.1 26.1 9.5 31.3 33.3 26.33 1.98 11 

12 27 21.4 25 24.3 29.2 32.4 33.3 33.3 10.4 30.8 32.7 27.25 2.08 11 

13 21.5 22.1 21.6 24.3 25.4 33.3 29.4 29.2 8.9 25.5 24.5 24.15 1.88 11 

14 26.6 26.2 26 22.9 23.6 33.3 27.7 25.5 9.2 26.2 30.7 25.26 1.84 11 

15 27 23.6 27.2 25.7 27.6 30.5 29.9 30.5 10.3 29.4 31.6 26.66 1.79 11 

16 30.7 26.9 25.7 26.4 24.3 28.1 26.4 29.4 11.4 24.9 33.3 26.14 1.68 11 

17 27.9 25.3 22.3 27.6 25.1 30.1 28.7 26.4 13.8 31 33.3 26.50 1.57 11 

18 26.2 30.4 19.4 26.4 27.1 33.3 27.3 29.1 11.7 24.8 25.2 25.54 1.74 11 

19   27.3 29.9 29.3 30.1 33 25.2 33.3 10.4 33.3 33.3 28.51 2.20 10 

20   25.7 26.4 33.3 33.3 33.3 29.9 33.3 9.3 27 26.1 27.76 2.30 10 

21   21.8 26.9 33.3 33.3 33 27 33.3 9.4 31.5 31.9 28.14 2.41 10 
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Table A16: Blood glucose level of idebenone  treated group  

  
Week LE7 LE8 LE9 LE17 LE18 LE25 LE37  LE39  LE65  LE66  LE72 Mean SEM N 

1 7.6 8.0 8.8 6.9 7.5 6.2 7.1 7.4 5.4 6.3 6.5 7.06 0.28 11 

2 5.8 6.0 6.4 6.3 8.3 7.7 7.0 7.3 7.0 7.3 7.9 7.00 0.24 11 

3 7.0 6.5 6.8 7.3 7.1 8.8 7.2 6.6 6.6 6.4 8.3 7.15 0.23 11 

4 7.3 7.2 6.9 6.5 7.3 6.0 7.2 6.6 6.4 6.1 6.9 6.76 0.14 11 

5 10.4 8.8 9.6 9.7 8.2 14.0 19.1 22.4 24.2 19.0 13.1 14.41 1.75 11 

6 21.3 14.5 14.5 22.3 13.6 29.7 19.0 32.7 21.0 24.2 19.8 21.15 1.83 11 

7 25.2 12.3 11.3 23.8 9.8 30.7 29.8 28.9 24.4 27.4 15.6 21.75 2.39 11 

8 30.7 26.0 29.4 28.7 27.4 23.6 24.4 29.0 22.4 30.0 20.3 26.54 1.04 11 

9 33.3 23.0 33.3 23.6 24.1 28.6 24.1 22.8 29.6 22.0 19.4 25.80 1.41 11 

10 31.0 24.8 30.9 21.8 30.1 26.1 28.4 31.6 23.5 32.4 25.4 27.82 1.10 11 

11 26.5 28.6 24.8 24.7 30.1 33.0 27.0 20.4 31.8 19.3 25.1 26.48 1.30 11 

12 28.1 23.6 27.8 30.1 26.4 24.6 28.9 32.1 29.2 30.6 27.5 28.08 0.76 11 

13 27.3 29.6 24.8 28.3 25.9 29.7 26.5 28.1 27.8 19.3 22.7 26.36 0.94 11 

14 28.1 33.0 29.6 28.9 29.1 23.0 27.3 24.1 19.9 31.7 29.6 27.66 1.17 11 

15 33.3 33.3 26.3 27.1 29.9 24.6 25.6 22.3 23.4 17.3 33.3 26.95 1.55 11 

16 26.8 31.0 27.1 33.3 33.3 30.1 26.8 30.5 25.9 29.4 28.9 29.37 0.77 11 

17 33.3 33.3 33.3 33.3 33.3 25.4 22.8 23.8 25.2 23.5 24.6 28.35 1.45 11 

18 33.3 33.3 31.9 33.3 29.7 25.3 30.4 33.3 21.2 27.3 27.9 29.72 1.20 11 

19       27.2 26.8 30.7 31.6 31.7 21.9 22.8 30.3 27.88 1.37 8 

20       33.2 28.2 33.3 33.2 32.3 29.0 24.9 33.3 30.93 1.13 8 

21       33.3 33.3 33.1 22.2 23.9 23.5 23.7 28.8 27.73 1.75 8 
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Table A17: Blood glucose level of Elamipretide  treated group 

  

Week LE86 LE87 LE88 LE89 LE90 LE92 LE96 LE98 Mean SEM N 

1 6.5 7.8 6.9 6.4 8.3 7.5 6.1 7 7.06 0.27 8 

2 7.3 7.2 7.2 7.1 6.8 6.7 7.9 7.9 7.26 0.16 8 

3 7 7.3 7.1 7.4 7.7 6.3 6.3 6.7 6.98 0.18 8 

4 6.4 6.1 6.4 6.2 6.6 5.8 6.9 6.9 6.41 0.14 8 

5 11.4 11.5 7.9 7.9 9.5 8.4 10.3 8.7 9.45 0.52 8 

6 22.5 18.3 8.4 24.4 32.1 8.2 32.3 8.6 19.35 3.60 8 

7 22.6 7.7 7.9 16.5 26.4 7.2 24.7 7.6 15.08 3.00 8 

8 23.8 8.9 7.5 19.1 21.8 7.2 31.6 8 15.99 3.30 8 

9 24.6 8.5 11 26.6 31.9 7.5 26 9.7 18.23 3.52 8 

10 25.4 9.3 10.7 21.1 29.5 8.1 27.8 8.1 17.50 3.32 8 

11 26.9 8.2 9.1 27.2 33.3 9.6 33.3 8.6 19.53 4.11 8 

12 27.6 14.3 12.7 32.2 33.3 9.9 26.5 8.6 20.64 3.64 8 

13 22.1 14.6 11.2 25.7 32.9 9.4 22.9 11.3 18.76 2.97 8 

14 27.4 9 13 28.3 32 9.7 28.5 11.2 19.89 3.52 8 

15 28.2 12.3 18.4 25.8 26 10.5 29.3 11.9 20.30 2.80 8 

16 25.2 12.4 14.4 25.7 27.7 9.8 28.6 10.8 19.33 2.89 8 

17 30.2 13.5 16.5 31 33.3 11.5 27.7 10.1 21.73 3.44 8 

18 27.2 13.3 20 26.4 31.8 11.7 27.9 10.8 21.14 2.94 8 

19 30 16.5 16.2 29.1 30.6 12 31.7 11.7 22.23 3.14 8 

20 26.7 13.6 19.3 28.5 33.3 11.5 33.3 11.2 22.18 3.34 8 

21 25.2 13.5 16.9 27 28.5 12.4 33.3 11.9 21.09 2.96 8 
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Table A18: Blood glucose level of #77 treated group  

  
Week LE24 LE22 LE26 LE16 LE64  LE51  LE58  LE73 LE76 Mean SEM N 

1 7.5 6.6 6.4 7.5 6.4 7.2 6 7.2 6.2 6.78 0.19 9 

2 8.6 6.7 8.0 6.8 6.9 6.7 6.5 8 9.1 7.48 0.32 9 

3 7.8 6.5 7.7 7.9 6 6.1 7.6 8.1 8.1 7.31 0.29 9 

4 6.5 6.3 6.4 5.5 5.8 7 6.1 8.7 9.4 6.86 0.44 9 

5 10.6 10.4 11.7 11.4 23.8 14.3 13.5 12.5 8.3 12.94 1.48 9 

6 28.9 25.2 26.5 25.0 18.1 7.2 23.5 10.5 9 19.32 2.79 9 

7 24.1 23.4 24.3 12.6 19 7.7 13.9 7.3 7.3 15.51 2.45 9 

8 18.3 26.2 21.3 8.0 23 10.2 23.9 7.6 7.6 16.23 2.60 9 

9 23.4 23.1 28.3 9.1 27 7.7 27.3 7.3 26.4 19.96 3.04 9 

10 29.4 28.3 24.7 14.6 32.2 9.3 26 19.8 32.9 24.13 2.69 9 

11 27.6 26.7 29.3 15.2 31.6 7.1 24.4 15.3 29 22.91 2.79 9 

12 29.1 25.4 28.3 13.8 26.4 7.6 22.2 22.6 33.3 23.19 2.66 9 

13 28.1 23.8 27.3 20.1 26.1 9.3 27.4 21.8 32.8 24.08 2.23 9 

14 22.6 29.9 24.6 24.3 22.3 7.8 26.2 28.5 29.9 24.01 2.24 9 

15 28.3 28.0 33.0 23.5 30.1 11 25.8 31 33.3 27.11 2.28 9 

16 33 27.8 27.1 25.7 33.3 8.8 26.2 33.3 27.6 26.98 2.50 9 

17 33.3 24.6 33.3 28.1 33.3 10.2 23.8 28.1 23.7 26.49 2.44 9 

18 33.3 30.9 28.0 29.5 28.4 11.9 22.6 26.3 29.3 26.69 2.10 9 

19 30.1 31.4 30.7 28 24.8 13.1 27.5 29.3 28.2 27.01 1.86 9 

20 33.3 26.6 30 27.6 31.7 15.4 25.9 33.3 33.3 28.57 1.92 9 

21 32.4 33.3 33.3 28.4 24.1 12.9 19.1 33.3 33.3 27.79 2.51 9 
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Table A19: Blood glucose level of #37 treated group 

  
Week LE19 LE11 LE13 LE21 LE70 LE71 LE74 LE75 LE99 LE81 Mean SEM N 

1 6.8 7.5 6.4 7.4 7.1 8.5 6.8 7.4 7.2 7.1 7.22 0.18 10 

2 6.7 6.0 6.3 7.0 7.6 8.1 8 8.4 7.7 8.5 7.43 0.28 10 

3 7.5 7.5 8.4 7.7 7.4 7.5 7.7 8.3 7.5 8.5 7.80 0.13 10 

4 6.9 7.5 6.5 6.7 7.2 7.5 7.8 11 6.3 7.2 7.46 0.42 10 

5 9.4 7.7 10.0 10.2 9.9 10.4 7.8 10.8 10 11.1 9.73 0.36 10 

6 23.3 12.8 13.2 26.7 13 22.7 23.8 16.1 8.4 9.1 16.91 2.10 10 

7 22.4 9.0 9.1 23.5 8.9 21.1 22.4 8.2 7.8 8 14.04 2.27 10 

8 25.6 22.8 33.3 17.0 7.8 25.4 19.3 8.7 8.8 11.7 18.04 2.76 10 

9 29.2 33.3 33.3 24.7 7.2 25.9 22.1 22.5 8.2 8.8 21.52 3.18 10 

10 24.6 27.8 31.0 27.1 25.4 28.2 26 25.9 9 11.1 23.61 2.33 10 

11 33 26.9 23.4 28.7 20.7 28.2 26.4 28.3 8.9 8 23.25 2.67 10 

12 29 28.9 24.6 27.4 23.4 27.6 30.6 33.1 8.7 12.2 24.55 2.52 10 

13 27.6 25.5 20.8 24.1 24.1 25.6 25.7 27.8 10.4 7.2 21.88 2.28 10 

14 33.3 33 28.1 26.5 29.6 25.3 23.8 23.5 10.9 10.4 24.44 2.54 10 

15 28.5 31.5 29.6 26.1 29.9 33.3 26.6 28.5 10 10.1 25.41 2.65 10 

16 33.3 30.4 33.3 33.3 21.4 33.3 25.3 22.7 10.1 10.7 25.38 2.88 10 

17 33.3 28.7 31.3 33.3 22.4 29 29.3 24.6 10.3 11.1 25.33 2.67 10 

18 27.6 33.3 33.3 29.3 23.8 27.9 24.8 26.5 10.8 12.5 24.98 2.43 10 

19 30.3 28.1 24.4 27.9 26.7 29.3 23.3 29.3 11.3 8.9 23.95 2.42 10 

20 27.8 26.9 28.9 30.2 22.1 29.7 25.8 33.3 11.5 8.4 24.46 2.60 10 

21 33.3 33.3 33 33.3 33.3 33.3 26.2 32.9 11.7 12.2 28.25 2.80 10 
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Table A20: OKR for healthy non-diabetic control  

  
Week LE100L LE101L LE102L LE103L LE104L LE105L LE100R LE101R LE102R LE103R LE104R LE105R Mean SEM N 

1 103.70 106.42 109.92 83.81 106.47 110.14 99.17 82.14 112.40 90.43 107.14 109.09 101.74 3.04 12 

2 96.30 91.74 106.87 114.29 115.11 101.45 89.26 107.14 79.34 114.78 85.71 120.00 101.83 3.83 12 

3 103.70 95.41 88.55 121.90 103.60 98.55 119.01 107.14 102.48 114.78 100.00 80.00 102.93 3.48 12 

4 96.30 106.42 94.66 80.00 74.82 89.86 92.56 103.57 105.79 80.00 107.14 90.91 93.50 3.20 12 

5 111.11 124.77 88.55 110.48 112.23 81.16 119.01 92.86 99.17 90.43 82.14 94.55 100.54 4.20 12 

6 103.70 106.42 88.55 118.10 89.21 89.86 102.48 75.00 105.79 76.52 117.86 98.18 97.64 4.09 12 

7 81.48 110.09 85.50 102.86 120.86 98.55 128.93 100.00 125.62 69.57 100.00 94.55 101.50 5.17 12 

8 114.81 110.09 91.60 110.48 94.96 92.75 95.87 82.14 99.17 66.09 96.43 112.73 97.26 4.04 12 

9 111.11 95.41 88.55 83.81 94.96 95.65 112.40 107.14 102.48 97.39 107.14 94.55 99.22 2.57 12 

10 107.41 110.09 97.71 114.29 100.72 86.96 72.73 117.86 105.79 104.35 75.00 120.00 101.07 4.49 12 

11 114.81 110.09 97.71 121.90 103.60 104.35 125.62 114.29 105.79 93.91 75.00 90.91 104.83 4.08 12 

12 129.63 135.78 94.66 76.19 109.35 118.84 102.48 114.29 105.79 104.35 75.00 72.73 103.26 5.97 12 

13 111.11 106.42 116.03 148.57 115.11 110.14 89.26 110.71 112.40 104.35 85.71 50.91 105.06 6.64 12 

14 133.33 143.12 88.55 137.14 97.84 86.96 105.79 103.57 109.09 93.91 85.71 98.18 106.93 5.81 12 

15 148.15 121.10 97.71 110.48 92.09 95.65 95.87 96.43 132.23 100.87 85.71 94.55 105.90 5.40 12 

16 111.11 110.09 103.82 102.86 97.84 86.96 109.09 110.71 105.79 132.17 103.57 112.73 107.23 3.06 12 

17 103.70 132.11 109.92 118.10 106.47 84.06 102.48 121.43 112.40 100.87 121.43 109.09 110.17 3.57 12 

18 125.93 113.76 91.60 125.71 97.84 86.96 109.09 125.00 99.17 97.39 121.43 116.36 109.19 4.08 12 

19 111.11 117.43 88.55 137.14 106.47 84.06 99.17 121.43 105.79 100.87 114.29 80.00 105.53 4.74 12 

20 137.04 117.43 79.39 91.43 86.33 89.86 115.70 100.00 132.23 80.00 103.57 105.45 103.20 5.55 12 

21 140.74 124.77 85.50 102.86 92.09 81.16 99.17 92.86 99.17 125.22 103.57 120.00 105.59 5.25 12 



319 
 

 

 

Table A21: OKR data for diabetic (left-untreated) eyes 

  
Week LE40 LE53 LE54 LE67 LE69 LE77 LE78 LE79 LE80 LE94 LE95 Mean SEM N 

1 80.00 81.89 70.59 100.00 102.48 104.20 101.45 99.15 115.20 85.95 89.14 93.64 3.96 11 

2 145.45 113.39 125.49 100.00 109.09 90.76 104.35 92.31 86.40 109.09 102.86 107.20 5.09 11 

3 83.64 100.79 99.35 102.44 95.87 97.48 92.75 105.98 96.00 95.87 102.86 97.55 1.81 11 

4 90.91 103.94 104.58 97.56 92.56 107.56 101.45 102.56 102.40 109.09 105.14 101.61 1.74 11 

5 80.00 94.49 107.19 82.93 89.26 80.67 60.87 109.40 86.40 92.56 98.29 89.28 4.11 11 

6 50.91 56.69 101.96 78.05 85.95 70.59 57.97 92.31 92.80 85.95 75.43 77.15 5.02 11 

7 98.18 50.39 88.89 73.17 66.12 60.50 60.87 88.89 83.20 76.03 64.00 73.66 4.46 11 

8 47.27 81.89 49.67 65.85 56.20 70.59 63.77 68.38 67.20 76.03 54.86 63.79 3.26 11 

9 40.00 66.14 81.05 53.66 56.20 67.23 49.28 71.79 51.20 72.73 48.00 59.75 3.84 11 

10 58.18 75.59 62.75 43.90 46.28 53.78 46.38 58.12 54.40 56.20 57.14 55.70 2.66 11 

11 43.64 69.29 54.90 34.15 46.28 47.06 46.38 51.28 64.00 42.98 48.00 49.81 2.98 11 

12 40.00 40.94 36.60 29.27 46.28 50.42 34.78 58.12 67.20 36.36 50.29 44.57 3.38 11 

13 40.00 47.24 31.37 24.39 36.36 50.42 49.28 54.70 57.60 39.67 38.86 42.72 3.05 11 

14 36.36 15.75 28.76 39.02 49.59 47.06 40.58 47.86 60.80 33.06 43.43 40.21 3.60 11 

15 40.00 37.80 49.67 24.39 52.89 16.81 11.59 47.86 54.40 23.14 13.71 33.84 4.94 11 

16 29.09 25.20 41.83 24.39 29.75 40.34 20.29 41.03 48.00 19.83 29.71 31.77 2.88 11 

17 36.36 62.99 18.30 17.07 9.92 16.81 2.90 30.77 44.80 23.14 27.43 26.41 5.11 11 

18 10.91 15.75 7.84 34.15 16.53 33.61 28.99 20.51 48.00 23.14 34.29 24.88 3.65 11 

19  18.90 10.46 46.34 19.83 16.81 5.80 44.44 57.60 19.83 32.00 27.20 5.41 10 

20  12.60 5.23 31.71 59.50 26.89 5.80 37.61 25.60 6.61 25.14 23.67 5.41 10 

21  12.60 10.46 17.07 49.59 50.42 5.80 27.35 38.40 42.98 13.71 26.84 5.43 10 
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Table A22: OKR data for diabetic (vehicle-treated) eyes 

  
Week LE40 LE53 LE54 LE67 LE69 LE77 LE78 LE79 LE80 LE94 LE95 Mean SEM N 

1 84.40 119.35 81.48 100.00 109.73 116.36 120.30 93.10 93.33 100.00 100.00 101.64 4.04 11 

2 128.44 80.65 98.77 94.12 92.04 90.91 90.23 89.66 100.00 106.87 85.00 96.06 3.90 11 

3 95.41 109.68 123.46 108.82 74.34 98.18 105.26 100.00 113.33 82.44 110.00 101.90 4.24 11 

4 91.74 90.32 96.30 97.06 123.89 94.55 84.21 117.24 93.33 88.55 105.00 98.38 3.70 11 

5 73.39 119.35 116.05 102.94 106.19 90.91 69.17 89.66 96.67 106.87 105.00 97.84 4.82 11 

6 73.39 67.74 86.42 88.24 95.58 65.45 66.17 103.45 86.67 85.50 77.50 81.46 3.76 11 

7 110.09 67.74 74.07 82.35 67.26 76.36 69.17 89.66 83.33 73.28 70.00 78.48 3.83 11 

8 77.06 51.61 54.32 85.29 67.26 72.73 78.20 93.10 90.00 76.34 62.50 73.49 4.10 11 

9 58.72 70.97 66.67 61.76 70.80 76.36 60.15 79.31 70.00 67.18 45.00 66.08 2.85 11 

10 51.38 64.52 66.67 50.00 53.10 61.82 54.14 75.86 73.33 45.80 67.50 60.37 3.03 11 

11 40.37 51.61 64.20 38.24 49.56 65.45 39.10 51.72 50.00 61.07 47.50 50.80 2.89 11 

12 47.71 29.03 39.51 32.35 42.48 50.91 45.11 55.17 60.00 42.75 32.50 43.41 2.95 11 

13 36.70 32.26 41.98 29.41 49.56 69.09 42.11 51.72 70.00 39.69 37.50 45.46 4.10 11 

14 44.04 3.23 39.51 17.65 46.02 54.55 27.07 58.62 66.67 45.80 30.00 39.38 5.62 11 

15 36.70 45.16 37.04 44.12 28.32 25.45 12.03 44.83 66.67 18.32 22.50 34.65 4.66 11 

16 44.04 9.68 22.22 26.47 46.02 50.91 45.11 48.28 56.67 24.43 42.50 37.85 4.43 11 

17 22.02 12.90 24.69 5.88 31.86 18.18 9.02 37.93 46.67 18.32 32.50 23.63 3.80 11 

18 14.68 12.90 19.75 44.12 24.78 43.64 39.10 48.28 60.00 21.37 35.00 33.06 4.63 11 

19  29.03 7.41 35.29 28.32 10.91 6.02 31.03 53.33 21.37 45.00 26.77 4.97 10 

20  3.23 14.81 29.41 17.70 29.09 3.01 48.28 23.33 9.16 22.50 20.05 4.36 10 

21  16.13 12.35 29.41 24.78 40.00 9.02 17.24 53.33 33.59 22.50 25.84 4.31 10 
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Table A23: OKR data for idebenone group - left-untreated eyes 

 

Week LE7 LE8 LE9 LE17 LE18 LE25 LE37 LE39 LE65 LE66 LE72 Mean SEM N 

1 83.02 90.63 81.53 100.68 109.55 89.21 77.06 110.24 100.00 101.54 88.34 93.80 3.40 11 

2 113.21 93.75 101.91 92.52 86.62 89.21 110.09 97.64 89.29 83.08 100.61 96.18 2.89 11 

3 115.72 115.63 96.82 108.84 94.27 97.84 102.75 91.34 103.57 110.77 105.52 103.92 2.51 11 

4 88.05 100.00 119.75 97.96 109.55 123.74 110.09 100.79 107.14 104.62 105.52 106.11 2.99 11 

5 113.21 125.00 119.75 127.89 112.10 135.25 99.08 88.19 175.00 76.92 71.17 113.05 8.85 11 

6 62.89 112.50 124.84 122.45 117.20 106.47 99.08 103.94 75.00 107.69 88.34 101.85 5.87 11 

7 22.64 109.38 109.55 65.31 127.39 129.50 80.73 72.44 75.00 73.85 83.44 86.29 9.36 11 

8 50.31 53.13 107.01 68.03 91.72 103.60 69.72 40.94 50.00 61.54 51.53 67.96 6.91 11 

9 65.41 56.25 94.27 76.19 86.62 40.29 62.39 37.80 64.29 46.15 71.17 63.71 5.44 11 

10 32.70 46.88 58.60 81.63 78.98 46.04 73.39 72.44 28.57 49.23 58.90 57.03 5.46 11 

11 62.89 37.50 48.41 38.10 43.31 51.80 66.06 40.94 35.71 30.77 24.54 43.64 3.85 11 

12 22.64 28.13 53.50 43.54 48.41 34.53 40.37 22.05 42.86 43.08 53.99 39.37 3.40 11 

13 25.16 18.75 25.48 35.37 40.76 37.41 80.73 37.80 32.14 36.92 53.99 38.59 5.06 11 

14 17.61 31.25 38.22 54.42 48.41 34.53 33.03 15.75 50.00 40.00 9.82 33.91 4.40 11 

15 2.52 0.00 17.83 51.70 43.31 40.29 33.03 44.09 53.57 46.15 29.45 32.90 5.63 11 

16 2.52 15.63 33.12 32.65 38.22 74.82 77.06 56.69 14.29 46.15 31.90 38.46 7.20 11 

17 42.77 12.50 30.57 59.86 61.15 60.43 47.71 28.35 21.43 33.85 34.36 39.36 4.97 11 

18 7.55 15.63 25.48 35.37 61.15 46.04 51.38 18.90 42.86 21.54 36.81 32.97 5.00 11 

19    38.10 33.12 54.68 22.02 12.60 25.00 18.46 26.99 28.87 4.64 8 

20    32.65 25.48 54.68 51.38 31.50 39.29 18.46 24.54 34.75 4.56 8 

21    21.77 17.83 34.53 14.68 9.45 7.14 15.38 24.54 18.16 3.10 8 
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Table A24: OKR for idebenone group - right-treated eyes 

 

Week LE7 LE8 LE9 LE17 LE18 LE25 LE37 LE39 LE65 LE66 LE72 Mean SEM N 

1 104.46 81.08 106.12 106.85 90.91 97.67 82.47 104.11 105.45 134.62 88.34 100.19 4.51 11 

2 76.43 108.11 84.35 87.67 93.18 93.02 98.97 87.67 94.55 96.15 100.61 92.79 2.59 11 

3 122.29 89.19 95.24 101.37 106.82 102.33 98.97 120.55 130.91 73.08 105.52 104.21 4.89 11 

4 96.82 121.62 114.29 104.11 109.09 106.98 119.59 87.67 69.09 96.15 105.52 102.81 4.55 11 

5 107.01 100.00 103.40 93.15 95.45 83.72 98.97 95.89 90.91 123.08 71.17 96.61 3.97 11 

6 94.27 100.00 106.12 90.41 79.55 74.42 86.60 73.97 130.91 111.54 88.34 94.19 5.17 11 

7 58.60 83.78 89.80 117.81 86.36 76.74 111.34 87.67 69.09 76.92 83.44 85.60 5.12 11 

8 66.24 67.57 108.84 98.63 79.55 76.74 74.23 43.84 58.18 92.31 51.53 74.33 6.00 11 

9 66.24 56.76 81.63 87.67 77.27 34.88 61.86 46.58 47.27 65.38 71.17 63.34 4.85 11 

10 50.96 27.03 40.82 79.45 70.45 27.91 53.61 54.79 36.36 57.69 58.90 50.72 4.99 11 

11 53.50 21.62 29.93 41.10 34.09 39.53 49.48 32.88 29.09 53.85 24.54 37.24 3.39 11 

12 40.76 18.92 29.93 52.05 36.36 37.21 45.36 43.84 21.82 96.15 53.99 43.31 6.26 11 

13 35.67 13.51 19.05 30.14 27.27 32.56 65.98 43.84 21.82 30.77 53.99 34.05 4.66 11 

14 12.74 13.51 29.93 43.84 40.91 30.23 41.24 54.79 43.64 61.54 9.82 34.74 5.19 11 

15 5.10 13.51 13.61 101.37 65.91 53.49 53.61 46.58 76.36 38.46 29.45 45.22 8.84 11 

16 30.57 37.84 73.47 71.23 61.36 74.42 111.34 57.53 54.55 84.62 31.90 62.62 7.30 11 

17 66.24 18.92 62.59 98.63 88.64 86.05 65.98 49.32 50.91 73.08 34.36 63.15 7.18 11 

18 12.74 16.22 51.70 71.23 72.73 95.35 86.60 35.62 58.18 69.23 36.81 55.13 8.22 11 

19    90.41 56.82 88.37 37.11 41.10 50.91 61.54 26.99 56.66 8.14 8 

20    54.79 25.00 83.72 94.85 27.40 29.09 26.92 24.54 45.79 10.16 8 

21    43.84 22.73 74.42 24.74 30.14 25.45 53.85 24.54 37.46 6.57 8 
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Table A25: OKR data for Elamipretide group - left-untreated eyes 

  
Week LE86 LE87 LE88 LE89 LE90 LE92 LE96 LE98 Mean SEM N 

1 115.79 92.06 94.12 102.33 102.48 88.07 106.87 97.30 99.88 3.15 8 

2 101.75 95.24 109.80 93.02 99.17 124.77 116.03 90.09 103.74 4.29 8 

3 98.25 114.29 105.88 108.53 92.56 88.07 85.50 104.50 99.70 3.64 8 

4 84.21 98.41 90.20 96.12 105.79 99.08 91.60 108.11 96.69 2.82 8 

5 87.72 88.89 98.04 86.82 95.87 117.43 106.87 93.69 96.92 3.74 8 

6 91.23 82.54 94.12 71.32 92.56 102.75 85.50 108.11 91.02 4.08 8 

7 87.72 82.54 78.43 83.72 66.12 62.39 73.28 97.30 78.94 4.05 8 

8 84.21 85.71 86.27 77.52 66.12 84.40 76.34 64.86 78.18 3.06 8 

9 77.19 76.19 58.82 71.32 62.81 80.73 73.28 82.88 72.90 2.97 8 

10 70.18 44.44 31.37 65.12 39.67 66.06 58.02 82.88 57.22 6.13 8 

11 49.12 38.10 23.53 34.11 59.50 73.39 30.53 39.64 43.49 5.80 8 

12 70.18 28.57 19.61 43.41 42.98 40.37 45.80 46.85 42.22 5.21 8 

13 42.11 25.40 19.61 58.91 59.50 25.69 27.48 39.64 37.29 5.47 8 

14 66.67 44.44 15.69 43.41 66.12 55.05 15.27 32.43 42.38 7.15 8 

15 35.09 19.05 23.53 21.71 85.95 33.03 21.37 21.62 32.67 7.89 8 

16 35.09 25.40 23.53 31.01 62.81 25.69 18.32 25.23 30.88 4.89 8 

17 17.54 41.27 27.45 34.11 29.75 40.37 15.27 43.24 31.13 3.77 8 

18 42.11 47.62 35.29 49.61 52.89 36.70 12.21 28.83 33.79 5.04 8 

19 24.56 38.10 19.61 37.21 19.83 36.70 12.21 32.43 27.58 3.48 8 

20 35.09 60.32 7.84 37.21 29.75 25.69 21.37 32.43 31.21 5.30 8 

21 42.11 22.22 47.06 40.31 36.36 40.37 30.53 50.45 38.68 3.19 8 
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Table A26: OKR data for Elamipretide group - right-treated eyes 

  
Week LE86 LE87 LE88 LE89 LE90 LE92 LE96 LE98 Mean SEM N 

1 104.76 94.31 93.69 97.06 104.07 88.89 113.58 124.14 102.56 4.14 8 

2 82.54 94.31 111.71 94.12 110.57 116.24 103.70 68.97 97.77 5.70 8 

3 126.98 107.32 90.09 102.94 91.06 109.40 88.89 100.00 102.08 4.52 8 

4 85.71 104.07 104.50 105.88 94.31 85.47 93.83 106.90 97.58 3.16 8 

5 101.59 84.55 97.30 82.35 97.56 75.21 93.83 68.97 87.67 4.15 8 

6 79.37 94.31 72.07 55.88 58.54 92.31 51.85 75.86 72.52 5.71 8 

7 88.89 97.56 90.09 67.65 71.54 85.47 56.79 82.76 80.09 4.80 8 

8 79.37 84.55 82.88 70.59 58.54 78.63 59.26 68.97 72.85 3.59 8 

9 82.54 61.79 75.68 58.82 65.04 75.21 46.91 31.03 62.13 5.96 8 

10 47.62 58.54 46.85 35.29 48.78 54.70 51.85 37.93 47.69 2.79 8 

11 41.27 52.03 18.02 23.53 58.54 51.28 32.10 44.83 40.20 5.10 8 

12 41.27 48.78 28.83 38.24 71.54 30.77 37.04 37.93 41.80 4.77 8 

13 38.10 52.03 39.64 52.94 55.28 47.86 14.81 34.48 41.89 4.72 8 

14 41.27 39.02 10.81 47.06 78.05 34.19 19.75 17.24 35.92 7.54 8 

15 28.57 65.04 14.41 61.76 81.30 68.38 29.63 20.69 46.22 9.03 8 

16 69.84 52.03 39.64 50.00 84.55 51.28 34.57 62.07 55.50 5.74 8 

17 34.92 87.80 46.85 70.59 58.54 61.54 32.10 44.83 54.65 6.64 8 

18 63.49 65.04 57.66 32.35 68.29 64.96 34.57 48.28 54.33 5.05 8 

19 47.62 68.29 50.45 52.94 55.28 58.12 29.63 79.31 55.21 5.18 8 

20 44.44 94.31 57.66 47.06 81.30 61.54 22.22 31.03 54.95 8.57 8 

21 28.57 68.29 93.69 55.88 78.05 44.44 34.57 62.07 58.20 7.79 8 

 

 



325 
 

 

Table A27: OKR data for #77 group - left-untreated eyes 

  
Week LE24 LE22 LE26 LE16 LE64 LE51 LE58 LE73 LE76 Mean SEM N 

1 107.98 102.86 106.45 100.68 101.96 125.19 85.39 100.97 106.85 104.26 3.44 9 

2 88.34 105.14 103.23 84.35 101.96 100.76 107.87 93.20 93.15 97.56 2.70 9 

3 95.71 84.57 87.10 100.68 105.88 64.12 107.87 97.09 109.59 94.73 4.80 9 

4 107.98 107.43 103.23 114.29 90.20 109.92 98.88 108.74 90.41 103.45 2.86 9 

5 66.26 100.57 112.90 95.24 109.80 88.55 85.39 108.74 98.63 96.23 4.89 9 

6 66.26 84.57 67.74 97.96 121.57 51.91 103.37 89.32 79.45 84.68 7.11 9 

7 46.63 109.71 96.77 87.07 101.96 70.23 58.43 58.25 71.23 77.81 7.34 9 

8 68.71 86.86 74.19 89.80 101.96 79.39 67.42 69.90 63.01 77.92 4.24 9 

9 14.72 27.43 35.48 73.47 113.73 79.39 62.92 69.90 57.53 59.40 10.05 9 

10 17.18 9.14 38.71 92.52 62.75 39.69 80.90 46.60 57.53 49.45 9.11 9 

11 24.54 20.57 32.26 51.70 74.51 67.18 53.93 73.79 43.84 49.15 6.81 9 

12 24.54 16.00 35.48 43.54 58.82 51.91 44.94 58.25 49.32 42.53 4.90 9 

13 26.99 9.14 12.90 46.26 98.04 39.69 40.45 69.90 46.58 43.33 9.21 9 

14 22.09 18.29 19.35 46.26 47.06 61.07 40.45 27.18 57.53 37.70 5.50 9 

15 26.99 22.86 48.39 38.10 47.06 39.69 49.44 38.83 46.58 39.77 3.16 9 

16 22.09 48.00 77.42 43.54 50.98 36.64 53.93 50.49 63.01 49.57 5.19 9 

17 7.36 22.86 41.94 54.42 47.06 39.69 40.45 50.49 71.23 41.72 6.10 9 

18 44.17 25.14 41.94 32.65 35.29 27.48 62.92 31.07 35.62 37.36 3.79 9 

19 31.90 9.14 19.35 19.05 47.06 27.48 53.93 34.95 57.53 33.38 5.56 9 

20 17.18 11.43 29.03 29.93 35.29 36.64 40.45 42.72 60.27 33.66 4.79 9 

21 14.72 36.57 16.13 8.16 39.22 42.75 13.48 34.95 57.53 29.28 5.58 9 

 

 



326 
 

 

Table A28: OKR data for #77 group - right-treated eyes 

  
Week LE24 LE22 LE26 LE16 LE64 LE51 LE58 LE73 LE76 Mean SEM N 

1 111.43 104.76 93.62 88.31 132.04 101.69 91.14 114.29 108.84 105.12 4.54 9 

2 111.43 97.62 102.13 106.49 128.16 98.31 86.08 80.67 95.24 100.68 4.66 9 

3 94.29 102.38 104.96 98.70 100.97 98.31 96.20 107.56 97.96 100.15 1.41 9 

4 82.86 95.24 99.29 106.49 38.83 101.69 126.58 97.48 97.96 94.05 7.91 9 

5 82.86 95.24 102.13 93.51 135.92 81.36 101.27 100.84 65.31 95.38 6.47 9 

6 28.57 80.95 79.43 111.69 108.74 61.02 55.70 94.12 81.63 77.98 8.81 9 

7 85.71 97.62 79.43 88.31 116.50 77.97 65.82 73.95 73.47 84.31 5.09 9 

8 94.29 80.95 62.41 88.31 100.97 67.80 65.82 63.87 70.75 77.24 4.79 9 

9 25.71 26.19 36.88 64.94 81.55 81.36 35.44 70.59 48.98 52.40 7.56 9 

10 25.71 14.29 31.21 59.74 108.74 61.02 81.01 60.50 59.86 55.79 9.68 9 

11 31.43 40.48 39.72 51.95 100.97 61.02 60.76 50.42 57.14 54.88 6.68 9 

12 20.00 11.90 45.39 33.77 85.44 54.24 40.51 60.50 46.26 44.22 7.29 9 

13 34.29 7.14 28.37 33.77 104.85 40.68 25.32 43.70 54.42 41.39 9.06 9 

14 42.86 11.90 19.86 36.36 104.85 57.63 60.76 20.17 46.26 44.52 9.44 9 

15 54.29 47.62 104.96 46.75 132.04 47.46 50.63 47.06 84.35 68.35 10.51 9 

16 105.71 76.19 102.13 62.34 124.27 64.41 70.89 47.06 57.14 78.90 8.63 9 

17 51.43 54.76 90.78 72.73 124.27 61.02 75.95 90.76 46.26 74.22 8.26 9 

18 108.57 61.90 53.90 59.74 116.50 64.41 101.27 70.59 40.82 75.30 8.89 9 

19 54.29 23.81 34.04 49.35 112.62 54.24 86.08 50.42 70.75 59.51 8.99 9 

20 22.86 28.57 68.09 49.35 85.44 54.24 70.89 57.14 62.59 55.46 6.64 9 

21 34.29 80.95 79.43 7.79 58.25 71.19 50.63 43.70 51.70 53.10 7.75 9 
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Table A29: OKR data for #37 group - left-untreated eyes 

  
Week LE19 LE11 LE13 LE21 LE70 LE71 LE74 LE75 LE99 LE81 Mean SEM N 

1 115.49 85.91 86.08 108.18 95.89 100.68 95.24 100.00 85.93 104.70 97.81 3.18 10 

2 90.14 96.64 101.27 77.99 128.77 92.52 92.86 113.89 103.70 99.33 99.71 4.39 10 

3 87.32 104.70 111.39 100.63 87.67 108.84 104.76 94.44 103.70 99.33 100.28 2.60 10 

4 107.04 112.75 101.27 113.21 87.67 97.96 107.14 91.67 106.67 96.64 102.20 2.73 10 

5 78.87 104.70 111.39 93.08 90.41 73.47 78.57 80.56 106.67 99.33 91.70 4.26 10 

6 81.69 93.96 116.46 93.08 87.67 62.59 64.29 83.33 56.30 91.28 83.06 5.69 10 

7 30.99 67.11 106.33 93.08 71.23 54.42 76.19 75.00 71.11 69.80 71.53 6.38 10 

8 64.79 75.17 86.08 95.60 82.19 57.14 57.14 72.22 38.52 67.11 69.60 5.22 10 

9 11.27 61.74 63.29 52.83 71.23 73.47 50.00 58.33 53.33 53.69 54.92 5.45 10 

10 8.45 42.95 25.32 37.74 73.97 43.54 57.14 69.44 74.07 48.32 48.09 6.77 10 

11 5.63 13.42 20.25 42.77 71.23 57.14 61.90 75.00 50.37 61.74 45.95 7.81 10 

12 33.80 8.05 27.85 22.64 54.79 54.42 28.57 69.44 50.37 56.38 40.63 6.06 10 

13 39.44 10.74 32.91 22.64 43.84 51.70 38.10 58.33 41.48 56.38 39.56 4.68 10 

14 28.17 18.79 35.44 47.80 43.84 46.26 40.48 50.00 44.44 37.58 39.28 3.07 10 

15 19.72 8.05 37.97 40.25 38.36 40.82 35.71 52.78 29.63 48.32 35.16 4.17 10 

16 25.35 13.42 40.51 62.89 46.58 48.98 45.24 52.78 32.59 24.16 39.25 4.78 10 

17 14.08 32.21 86.08 65.41 30.14 35.37 14.29 47.22 32.59 18.79 37.62 7.29 10 

18 59.15 10.74 45.57 60.38 54.79 32.65 30.95 27.78 29.63 42.95 39.46 5.04 10 

19 59.15 13.42 37.97 27.67 63.01 38.10 33.33 52.78 41.48 34.90 40.18 4.71 10 

20 19.72 13.42 50.63 25.16 57.53 38.10 23.81 41.67 53.33 26.85 35.02 4.86 10 

21 28.17 18.79 30.38 42.77 54.79 35.37 26.19 50.00 20.74 37.58 34.48 3.79 10 
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Table A30: OKR data for #37 group - right-treated eyes 

  
Week LE19 LE11 LE13 LE21 LE70 LE71 LE74 LE75 LE99 LE81 Mean SEM N 

1 101.20 86.11 78.91 102.50 83.92 106.85 100.72 100.00 87.67 107.01 95.49 3.25 10 

2 101.20 102.78 103.40 105.00 106.29 87.67 97.84 100.00 84.93 104.46 99.36 2.32 10 

3 108.43 100.00 103.40 85.00 92.31 101.37 106.47 94.29 101.37 96.82 98.95 2.22 10 

4 89.16 111.11 114.29 107.50 117.48 104.11 94.96 105.71 126.03 91.72 106.21 3.72 10 

5 84.34 113.89 103.40 112.50 111.89 71.23 103.60 91.43 120.55 91.72 100.45 4.89 10 

6 77.11 108.33 97.96 72.50 81.12 73.97 92.09 80.00 76.71 84.08 84.39 3.66 10 

7 50.60 88.89 95.24 67.50 83.92 76.71 83.45 65.71 71.23 63.69 74.70 4.26 10 

8 45.78 80.56 103.40 75.00 67.13 52.05 77.70 80.00 49.32 48.41 67.93 5.94 10 

9 26.51 61.11 65.31 37.50 64.34 60.27 69.06 77.14 68.49 53.50 58.32 4.87 10 

10 31.33 38.89 19.05 25.00 53.15 54.79 54.68 74.29 71.23 56.05 47.84 5.91 10 

11 14.46 11.11 16.33 37.50 61.54 60.27 66.19 65.71 57.53 48.41 43.91 7.07 10 

12 31.33 8.33 16.33 25.00 58.74 46.58 48.92 65.71 52.05 56.05 40.90 6.14 10 

13 31.33 5.56 19.05 40.00 58.74 52.05 57.55 51.43 57.53 43.31 41.66 5.70 10 

14 36.14 5.56 16.33 32.50 47.55 52.05 40.29 68.57 46.58 48.41 39.40 5.72 10 

15 40.96 8.33 38.10 50.00 83.92 68.49 66.19 74.29 43.84 25.48 49.96 7.41 10 

16 60.24 52.78 57.14 70.00 97.90 65.75 80.58 88.57 57.53 56.05 68.65 4.88 10 

17 77.11 41.67 95.24 75.00 106.29 60.27 60.43 80.00 54.79 43.31 69.41 6.72 10 

18 77.11 41.67 62.59 100.00 109.09 71.23 54.68 65.71 27.40 56.05 66.55 7.80 10 

19 81.93 36.11 59.86 87.50 89.51 65.75 57.55 74.29 71.23 50.96 67.47 5.35 10 

20 65.06 41.67 87.07 92.50 61.54 52.05 51.80 28.57 65.75 56.05 60.21 6.07 10 

21 55.42 44.44 54.42 90.00 92.31 43.84 60.43 80.00 76.71 43.31 64.09 6.05 10 

 

 




