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Abstract 

 

Glaucoma is a degenerative optic neuropathy affecting nearly 80 million individuals by 2020 

worldwide. Glaucoma is mainly manifested as alterations of the optic disc with progressive 

degeneration of retinal ganglion cells (RGCs) contributing to visual field loss. High 

intraocular pressure (IOP) is considered as the main risk factor of glaucoma. Unfortunately, 

a significant number of patients show disease progression despite treating with IOP lowering 

drugs. So, RGC degeneration cannot be prevented only by reducing eye pressure. There is 

need for development of more novel strategies targeting retinal neuroprotection. Within this 

context, this PhD project aimed to assess the potential neuroprotective effect of RXR 

activation by its agonist bexarotene both in vitro studies as well as in vivo acute and chronic 

glaucoma models.  

Retinoid X receptors (RXRs) are ligand-dependent transcription factors that belong to the 

nuclear receptor (NR) superfamily. RXRs have three different isoforms (α, β, and γ) and can 

form both homo- and heterodimers with other nuclear receptors. Numerous studies have 

linked RXR modulation with neuroprotection. This thesis was mainly focused to elucidate 

the role of bexarotene as RXR modulator in glaucoma pathology.  

In first part of this study I demonstrated the expression and regulation of RXR receptors in 

SH-SY5Y cells using different concentrations of bexarotene. I also studied the role of TrkB 

signalling with RXR pathway in regulating endoplasmic reticulum stress response and 

apoptotic pathway activation. The results obtained from in vitro studies demonstrated that 

optimum concentrations of bexarotene upregulated the expression of all the three isoforms 

of RXRs. Also my studies revealed that higher concentrations of bexarotene upregulates ER 

stress proteins and BAD which can be prevented by pharmacological targeting of the TrkB 

receptor. 

I further extended my studies to assess the neuroprotective effects of RXR activation in mice 

in preventing loss of retinal ganglion cells (RGCs) under experimental glaucoma conditions. 

Two models i.e increased excitotoxicity mediated glutamate model (acute model) and 

microbead induced increased intraocular pressure model (chronic 2 months model) of RGC 

degeneration were used for in vivo studies. Bexarotene treatment showed enhanced 

expression of RXRs as compared to control and glaucoma mice retinal sections. Furthermore 

it was seen that bexarotene maintained inner retinal functional and structural integrity 

confirmed by electroretinography, H and E staining and Bieschowlsky silver staining of optic 

nerve sections. Moreover, docking studies also validated binding of bexarotene to RXR 

receptors. 

This thesis represents an integration of three different methodologies i.e in vitro, in vivo, in 

silico. The results from this thesis provide evidence to the hypothesis that RXR activation can 

be neuroprotective to RGCs in preventing apoptosis and cell death. Bexarotene or other RXR 

agonists may have potential for future therapeutic management of glaucoma. 
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1.1 Glaucoma 

1.1.1 Definition  

Glaucoma is a widespread challenging chronic neurodegenerative disease and is the 

second leading cause of irreversible blindness (Kingman, 2004). The term “glaucoma” 

refers to a group of conditions that includes retinal ganglion cell death and optic nerve 

fiber loss. Elevated intraocular pressure (IOP) is the commonest cause of vision loss in 

most types of glaucoma with subsequent injury to the optic nerve. IOP is maintained by 

aqueous humour which is a clear fluid filling both the anterior and posterior chambers of 

the eye. The aqueous humour leaves the eye at the anterior chamber angle, then through 

the trabecular meshwork, across the inner wall of Schlemm’s canal, drained into its lumen 

(Tamm, 2009). IOP ranging between 10 and 21 mm Hg are considered to be normal. 

Equilibrium exists between the production and outflow of aqueous humour to maintain 

normal range IOP. Disruption in aqueous humour draining leads to rise in IOP, which is a 

major risk factor for glaucomatous damage (Leske et al., 2004). There are no warning 

symptoms at the onset of the disease since the gradual elevation of IOP is not painful, and 

the peripheral visual loss is not detected by the patient until late. It has been reported that 

in 50% cases people remain unaware with this disease (Bourne, 2006). Chronic glaucoma 

gradually leads to permanent loss of vision without treatment and thus it is described as a 

silent disease or “the sneak thief of sight” (Abdull et al., 2016).  
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Figure 1.1 Schematic representation of glaucoma and optic nerve cupping.The blockage in aqueous humor 

drainage results in an increase in intraocular pressure (shown by blue arrows) leading to increase in optic 

cup to disk ratio which ultimately damages the optic nerve. Image used with permission of Mayo Foundation 

for Medical Education and Research.  

All rights reserved. http://healthletter.mayoclinic.com/content/preview.cfm/n/428/t/glaucoma/ 

 

1.1.2 Classification  

Glaucoma can be classified in a number of ways based on: level of IOP, anatomy of the 

drainage angle, age of onset and absence or presence of causative factors (Foster et al., 

2002). There are different kinds of glaucoma. Primary open angle and angle closure are 

the two main types of glaucoma both of which are manifested by increase in IOP.  

(i) Primary open-angle glaucoma (POAG) or chronic glaucoma:  It is commonest form of 

glaucoma. The underlying cause of POAG in most cases is due to the obstruction of the 

drainage canals, resulting in increased IOP. As IOP increases, the pressure builds up which 

pushes on the fibers of the optic nerve, causing irreversible nerve damage and vision loss. 

In POAG, the peripheral vision loss usually occurs first followed by central vision loss.        

http://healthletter.mayoclinic.com/content/preview.cfm/n/428/t/glaucoma/
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(ii) Normal-tension glaucoma (low-tension or normal-pressure glaucoma): It is a chronic 

optic neuropathy that parallels POAG (usually classified as a subset of POAG), showing 

characteristic feature optic nerve head cupping and functional visual-field loss, excluding 

but no measured elevation of the IOP.  

 

  

Figure 1.2 Open angle and closed angle pathways.Schematic representation demonstrating the 

difference between open angle (left) and angle closure (right).Blue arrows showing direction of flow of 

aqueous humor.Image adapted from: B B Eye Foundation (with permisssion).    
http://www.sagarbhargava.com/yag-peripheral-iridotmoy/  

 

(iii) Primary angle-closure glaucoma (PACG) or acute glaucoma: Angle closure is caused 

due to blocking of fluid access to the trabecular meshwork by iris, resulting in a sudden 

rise in IOP, and this form is usually painful with rapid loss of vision. It is comparatively a 

less common form of glaucoma but represents an ophthalmologic emergency.   

 (iv) Primary congenital glaucoma (PCG) (also called as childhood/paediatric/infantile/ 

juvenile glaucoma): Represents a primary cause of childhood visual disability affecting 

http://www.sagarbhargava.com/yag-peripheral-iridotmoy/
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children between birth and 3 years and is due to a hereditary defect presenting at birth or 

abnormal development in childhood. It is characterized by improper development of the 

eye’s anterior chamber, leading to reduced aqueous outflow and elevation in IOP. The 

increased IOP consequently resulting in damage to optic nerve, and vision loss. 

 (v) Secondary glaucoma: This may be caused by either genetic or physical conditions 

such as an eye injury, inflammation, tumour, certain drugs such as steroids and advanced 

cases of cataract or diabetes and ischemia. Following are the common secondary types of 

glaucoma: 

(a) Pigmentary glaucoma: It occurs due to the disruption of cells (lining back of iris) 

containing pigment and dispersing into the anterior chamber leading to blockage and 

causes secondary raised IOP. 

      (b) Pseudoexfoliative glaucoma: Glaucoma that results when there is an abnormal 

accumulation of fibrillar material produced by cells within ocular tissues. The tiny clumps 

of fibrillar material obstruct the trabecular meshwork, causing raised IOP. 

      (c) Neovascular glaucoma: Neovascular glaucoma results from the formation of new blood 

vessels in the retina in response to ischemia, with associated proliferation in the anterior 

chamber angle, causing a secondary angle closure glaucoma. It is always associated with 

other abnormalities such as diabetic neuropathy or central retinal artery or vein occlusions. 

      (d)Traumatic glaucoma: Traumatic glaucoma refers to cases in which direct injury to the 

eye occurs e.g. by a punch, car accident or head injury. The injury can cause damage to 

the drainage mechanism in the eye with secondary raised IOP. It can occur immediately 

or years later after an injury to the eye. 



6 
 

      (e) Steroid-induced glaucoma: It is associated with long term use of topical steroids, but it 

may also develop with the use of oral, inhalational, nasal corticosteroids as well as 

with intravenous or intravitreal steroid implantation. A persistent rise in IOP occurs with 

the use of these medications. 

(f) Inflammatory glaucoma (also called uveitic glaucoma): This type of glaucoma is 

caused by internal ocular inflammation or uveitis. Such inflammation will usually increase 

IOP, but can sometimes lower IOP through ciliary body inflammation. The inflammatory 

cells collect in the aqueous humour and obstructs the trabecular meshwork preventing 

aqueous outflow from the eye. 

 

 

 

 

 

 

 

 

 

 

Figure 1.3 Graphical representation of different types of glaucoma. 
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1.1.3 History of Glaucoma 

From the Hippocratic period till now, debate on glaucoma definition has persisted and has 

not reached conclusion. During the era of Hippocrates, glaucoma was described as elderly 

blinding disease without any difference from cataract. The disorder now defined as 

glaucoma originated  from the Greek term  “glaukos” which  implies blue, green, or light 

gray colour of the pupil (Leffler et al., 2015). In 1622, Dr Richard Bannister described 

glaucoma with four characteristics - eye tension, prolonged disease condition, fixed pupil 

and the lack of perception of light. It was Dr Antoine-Pierre Demours who gave the 

concept of increased ocular tension for glaucoma in 1818. Later in 1823 glaucoma was 

recognized as hardness of the eye by Dr G.J. Guthrie. Thereafter, Sir William Lawrence 

in 1832 used the terms “glaucoma” and “acute glaucoma” in his book “A Treatise on 

Diseases of the Eye”. The modern era began in 1835 when Dr. William McKenzie 

distinguished the acute and chronic glaucomas. Von Helmholtz in 1850 invented the 

ophthalmoscope which further helped to diagnose glaucomatous changes in the fundus. In 

1862, Donders discovered the concept of high intraocular pressure leading to blindness. 

In the mid to late 1900’s the definition of glaucoma was gradually changed to be a disease 

of the optic nerve, with or without raised IOP. According to current concepts, glaucoma is 

now considered to be a multifactorial group of heterogeneous diseases with characteristic 

morphological changes of the optic disc and  irreversible retinal ganglion cell (RGC) loss 

(Agarwal et al., 2009).  

 

1.1.4 Epidemiology  

The global prevalence of glaucoma is estimated 111.8 million in 2040 (Tham et al., 2014). 

People with advancing age (40-80years) are at higher risk: 1 in 200 at the age of 40 and 1 
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in 8 people at the age of 80 suffered from glaucoma. Glaucoma varies depending upon 

ethnicity. Glaucoma burden is found to be highest in Africans (Rudnicka et al., 2006). In 

US more than 520,000 of African–Americans suffered from glaucoma according to data 

analyzed in 2012. Data showed that the glaucoma prevalence in African Americans aged 

between 50-59 years was 4 percent while it was 13 percent in ages between 80-89 

years.  Tham et al found that men are at higher risk to glaucoma as compared to women. 

People having a family history of glaucoma are more likely to have POAG due to 

similarity in genes related to IOP or optic nerve anatomy. Increased IOP, greater cup-to-

disk ratio, older age, African ethnicity, family history are main risk factors contributing to 

glaucoma. The major problem with glaucoma is that people remain unaware of the disease. 

There is need to develop educational programs to alert patients with glaucoma especially 

of African ethnicity. In Australia, presently around 300,000 people are affected by 

glaucoma and due to increasing old age population, this will increase to 400,000 people 

by 2025. From these statistics, it is clear that there is an urgent need of developing potential 

therapeutic agents aiming towards elimination of glaucoma blindness. 

 

1.1.5 Impact of glaucoma on quality of life 

Visual disability due to eye diseases e.g. glaucoma is a global concern which significantly 

affects quality of life. Various questionnaires regarding glaucoma and general health 

related were designed to collect information about the impact of glaucoma on quality of 

life which clearly indicates that eye sight has been revealed to be one of the most 

determining factor on quality of life (Spaeth et al., 2006). Several tools have been devised 

to estimate of the impact of glaucoma on quality of life of the patients which indicates 

poor visual function leading to poorer quality of life (Altangerel et al., 2003). Visual 
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impairment due to glaucoma affects not only daily activities of life but also leads to serious 

consequences like injuries related to fall or automobile accidents (Coleman et al., 2004, 

McGwin et al., 1998). Studies have shown that glaucoma patients are at higher risk of a 

motor vehicle collision (Haymes et al., 2007). For safe driving performance, detection of 

glaucoma is necessary (Wood et al., 2016). Glaucoma affects mental health like anxiety 

and depression in many patients (Owsley and McGwin, 2004). Higher prevalence of 

disturbed sleep remains another clinical problem among glaucoma patients (Agorastos et 

al., 2013). These factors increase psychological burden among glaucoma individuals. 

Apart from all this, glaucoma patients also suffer from financial burden (Varma et al., 

2011). 

 

1.1.6 Mechanism of retinal ganglion cell (RGC) death in glaucoma 

Glaucoma management is a challenge as several mechanisms seem to be involved in RGC 

death. While IOP and reduced vascular perfusion may be the primary factors, the 

mechanisms that are associated with the loss of RGCs include glutamate induced 

excitotoxicity (Sucher et al., 1997), neurotrophin insufficiency (Ginty and Segal, 2002), 

apoptosis (Das et al., 2006), increased nitric oxide (Cheon et al., 2003), oxidative stress 

(Yildirim et al., 2005), protein misfolding (Tzekov et al., 2011), Aβ aggregation  (Guo et 

al., 2007), and ER stress (Peters et al., 2015). 

 

Glutamate induced excitotoxicity: Excitotoxicity is proposed as one of the causes of 

RGC death in glaucoma. The reason for excitotoxicity has been attributed either due 

to increased glutamate synthesis or decreased glutamate clearance (Osborne et al., 2006). 
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There are three types of glutamate receptors: i) NMDA (N-methyl-D-aspartate) ii) kainate 

iii) AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) (Casson, 

2006). Over stimulation of NMDA receptors leads to increase in intracellular Ca2+ influx 

(Laabich et al., 2001). Excessive intracellular Ca2+ activates calpain and 

calcium/calmodulin-dependent kinase 2 (CaMK). Ca2+ overload also initiates a cascade of 

events that leads to several apoptotic pathways such as disrupted mitochondrial activity, 

increased release of cytochrome c, apoptosis inducing factor (AIF), and  reactive oxygen 

species (ROS) (Chiu et al., 2005, Takeda et al., 2007). AIF triggers caspase-independent 

apoptotic pathway and initiates nuclear chromatin condensation and DNA fragmentation. 

On the other hand release of mitochondrial cytochrome c activates caspase-9 and 

subsequently caspase-3 (Zhang et al., 2002). Studies have confirmed glutamate-mediated 

RGC death is one of the contributing factors for glaucoma (Guo et al., 2006). 

Neurotrophin (NT) withdrawal: NT have an indispensable role in promoting neuronal 

survival and regeneration. Neurotrophin deprivation decreases the survival of neurons in 

rodent models. In glaucoma, lack of neurotrophic factors (NF)  is associated with impaired 

axonal transport in the optic nerve (Oppenheim, 1991). NFs include brain-derived 

neurotrophic factor (BDNF), ciliary neurotrophic factor (CNTF), nerve growth factor 

(NGF), neurotrophin-4 and 5 (NT4 and NT5). NT signaling is activated through Trk 

receptors and leads to two cascades i) Ras/Raf/MEK/ERK1/2 MAP kinase pathway ii) 

PI3-K/Akt/mTOR pathway. Erk1/2 pathway activation plays a key role in RGC survival 

in glaucoma (Cheng et al., 2002, Zhou et al., 2005). 

 

Oxidative stress: Various human and animal studies have shown the involvement of 

oxidative stress in glaucoma pathology (Tanito et al., 2012, Tanito et al., 2015). Excessive 
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reactive oxygen species (ROS) production, decreased ROS scavenging, impaired 

mitochondrial function and antioxidant defence mechanisms are underlying factors for 

oxidative stress. Under conditions of ocular hypertension or hypoxia, there is increased 

ROS production which progressively leads to RGC death by apoptotic and autophagic 

pathways (Nita and Grzybowski, 2016). Also overwhelming ROS production augments 

nitric oxide (NO) production which further produces NO mediated cytotoxic effects on the 

RGCs (Neufeld and Liu, 2003). Additionally mitochondria are the principal site of ROS 

production. Under glaucoma conditions, there is increased accumulation of Ca+2 within 

mitochondria which further leads to enhanced ROS production (Kristian and Siesjo, 1998). 

Also mitochondrial dysfunction triggers release of cytochrome c (apoptosis inducing 

protein) (Nickells, 1999).  

Amyloid beta (Aβ) deposition: Aβ plaques have been implicated in various 

neurodegenerative disorders including Alzheimer’s disease (Murphy and LeVine, 2010), 

Parkinson’s disease (Dugger et al., 2012) and multiple sclerosis (Matías-Guiu et al., 2016). 

Recently Aβ deposition has also been characterised in the pathogenesis of glaucoma 

(McKinnon et al., 2002, Goldblum et al., 2007). Abnormal APP (amyloid precursor 

protein) processing results in formation of Aβ plaques. There are three APP processing 

enzymes α- secretase, β- secretase and γ-secretase (Epis et al., 2012). Among these three 

proteases, β-secretase serves as main enzyme for insoluble Aβ formation causing APP 

cleavage followed by γ-secretase (Na et al., 2007). On the other hand, α-secretase is 

responsible for non-amyloidogenic processing of APP that serves to perform various 

essential biological functions (Lichtenthaler, 2012). The exact mechanisms by which Aβ 

induces neurotoxicity is unclear. Activation of JNK-c-Jun-Fas ligand-Fas pathway 

(Morishima et al., 2001), TNF receptor signaling cascade (Li et al., 2004), involvement of 
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multiple caspases (Allen et al., 2001) are found to be responsible for Aβ mediated neuronal 

apoptosis. 

 

Loss of heat shock protein (HSP) activity: These proteins belong to a group of molecular 

chaperones that are supposed to protect cell viability under various stressful conditions 

like high temperatures (Lindquist and Craig, 1988), ischemia (Li et al., 2003), osmotic 

stress (Dasgupta et al., 1992) and oxidative stress (Omar and Pappolla, 1993). Under 

stressful conditions, heat shock factors (HSFs) enter the nucleus, binds to heat shock 

elements (HSEs), induce transcription of HSPs and provide a cytoprotective action 

(Morimoto, 1998). These shock proteins are expressed in various ocular tissues and are 

believed to play a unique role in glaucoma injury due to IOP elevation (Li et al., 2004). 

Recent studies have shown that HSPs, mainly HSP70 and small HSPs (alpha A and alpha 

B crystallins) are found to enhance the survival of retinal ganglion cells (RGCs) in 

glaucoma (Piri et al., 2016).  

 

Endoplasmic reticulum (ER) stress:  ER has been recognized as the central, primary 

intracellular organelle responsible for biosynthesis, folding, maturation and trafficking of 

proteins (Ron and Walter, 2007, Todd et al., 2008). ER allows release of only properly 

folded competent proteins to the Golgi apparatus. The ER also serves to maintain 

intracellular calcium homeostasis (Gorlach et al., 2006). In addition, other major functions 

of the ER include synthesis of phospholipids and sterols, carbohydrate metabolism, and 

drug detoxification. Perturbations in ER function, termed ER stress trigger an unfolded 

protein response (UPR), which further coordinates signalling pathways and modulates cell 

function to protect the cells. The UPR is mediated by the action of three signalling proteins 

http://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/signaling-protein


13 
 

located on the ER membrane: protein kinase RNA (PKR)-like ER kinase (PERK) (Harding 

et al., 1999), inositol-requiring enzyme 1 (IRE1) (Calfon et al., 2002) and activating 

transcription factor 6 (ATF6) (Ron and Walter, 2007). Under normal physiological 

conditions, all ER stress transducers i.e. PERK, ATF6 and IRE1α proteins remain in an 

inactive state by binding to the ER resident chaperone- Binding Immunoglobulin Protein 

(Bip), also known as glucose-regulated protein 78 (GRP78) (Bertolotti et al., 2000, Ng et 

al., 1992). Upon ER stress, GRP78 dissociates from the ER membrane proteins due to 

accumulation of excessive unfolded proteins in the ER lumen (Haze et al., 2001). After 

dissociating from the luminal domains of PERK, ATF6 and IRE1α proteins, GRP78 binds 

to misfolded proteins and facilitates their ATP-dependent protein folding. During ER 

stress, UPR is an adaptive cellular response which decreases the accumulation of unfolded 

or misfolded proteins and promotes cell survival (Schroder and Kaufman, 2005b). 

However, when the ER function is severely impaired, UPR fails to restore the normal 

function of the ER and apoptosis occurs (Paschen and Frandsen, 2001, Rao et al., 2004). It 

has been reported that RGCs are very sensitive to ER stress (Shimazawa et al., 2007). In 

the experimental glaucoma conditions, ER stress has been found to play a pivotal role in 

RGC apoptosis associated with ER stress indicating that targeting ER stress might be a 

good therapeutic potential to protect RGCs (Doh et al., 2010).  

 

1.1.7 Glaucoma and other Neurodegenerative disorders  

Neurodegenerative or degenerative nerve disorders are common diseases that have a 

tremendous impact on our society with medical, social and financial burdens. The term 

"neurodegeneration" indicates loss of nerve structure and function. Alzheimer's disease 

(AD), Parkinson's disease (PD), Huntington's disease (HD), amyotrophic lateral sclerosis 

http://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/kinase
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(ALS), and glaucoma are some of the best known neurodegenerative diseases. These 

diseases share common molecular and cellular pathologies affecting elderly population, 

progress slowly and carry a genetic predisposition  (Hung et al., 2010). This indicates that 

potential treatments available for treating neurodegenerative disorders could be used for 

glaucoma and vice-versa. A characteristic feature of glaucoma is death of the RGCs and 

glaucomatous damage extends secondarily from RGCs to the visual cortex (Yücel et al., 

2003). Recent research has linked glaucoma-associated neurodegeneration in the 

intracranial optic nerves, lateral geniculate nucleus (LGN)  and visual cortex of primates 

and humans (Gupta et al., 2006). Studies have shown that various neurochemical, 

metabolic and degenerative changes of the CNS occur in glaucoma (Vickers et al., 1997, 

Crawford et al., 2000, Yucel et al., 2000).  

 

Glaucoma and Alzheimer's disease (AD): Recent findings showed that glaucoma and 

AD share some basic apoptotic cell death mechanisms. Formation of Aβ oligomers 

aggregates known as amyloid plaques is associated with neuronal and vascular 

degeneration in AD brains (Roth et al., 2005). It has been seen that caspase activation 

creates Aβ production by sequential amyloid precursor protein (APP) proteolysis in 

cultured hippocampal neurons as well as in brains of Alzheimer's patients (Gervais et al., 

1999). This  same mechanism of upregulation of Aβ and activation of caspase-3 has been 

seen in RGCs after optic nerve transection in an ocular hypertensive rat model of glaucoma 

(McKinnon, 2003). In addition, it has been reported that AD patients show higher 

incidence of glaucoma as compared to their age- and sex-matched control subjects (Bayer 

et al., 2002, Tamura et al., 2006, Helmer et al., 2013). Moreover, glaucoma and AD are 

characterized by common features such as synaptic dysfunction and neuronal cell death 

(Sartucci et al., 2010, Sivak, 2013). 
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Glaucoma and Parkinson’s disease (PD): PD is characterised by deficiency of 

dopamine. PD patients have been reported to have an increased risk of glaucoma. 

Dopamine plays an important role in the eye by acting on  dopaminergic receptors, 

regulating IOP  (Scheife et al., 2000) and preventing apoptosis due to excessive oxidative 

stress (Linden, 2000). Lack of dopamine correlates with oxidative stress and 

hypersensitizes the ganglion cells. Another potential factor for an increased risk of 

glaucoma in PD is decreased levels of reduced glutathione (GSH) which is  one of the 

prominent antioxidants found in the eye (Costarides et al., 1991, Perry et al., 1982) and 

provides protection against oxidative stress (Njie-Mbye et al., 2013). A further similarity 

between glaucoma and PD is the pathophysiological role of synucleins.  These are small 

proteins, expressed in neurons, which occur in three isoforms i.e. α, β and γ-synuclein and 

posseses chaperone like activity (Souza et al., 2000). α-synuclein is predominantly found 

in PD patients (Polymeropoulos et al., 1997) while γ-synuclein is selectively and 

abundantly expressed  in retinal ganglion cells (Surgucheva et al., 2008). 

 

Glaucoma and multiple sclerosis (MS): MS is characterised by a chronic inflammation 

and demyelinating lesions in the central nervous system (Trapp and Nave, 2008) including 

the optic nerve - the latter producing optic neuritis (Arnold, 2005). Following the 

inflammatory process, RGC loss occurs from optic neuritis (Shindler et al., 2006).  

However to date there is little overlap described between glaucoma and MS pathology 

other than retinal axonal dropout. 
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1.1.8 Glaucoma models 

Glaucoma is a complex, heterogeneous disease that can be caused by different biological 

processes and affected by both environmental and genetic factors. Although glaucoma has 

complicated pathogenesis the loss of RGCs is a common finding. The brainstem, visual 

cortex and the visual pathway are also affected in the disease. The investigation of 

glaucoma has been associated with the development of animal models as these models 

help in understanding the pathophysiology of the disease. Moreover animal models are 

required for facilitating development of therapeutic strategies. A wide variety of animal 

models including rodents, monkeys, cats, dogs, and several other species have been used 

to study glaucoma. These models provide valuable information and bring a unique 

perspective to understand the disease process. For pre-clinical studies, careful selection of 

an animal model should be based on experimental needs, neuroprotective strategy and 

considering the benefits and limitations in order to halt or slow the progression of disease. 

Among all animal models, primate models are most relevant to study human glaucoma but 

they have limited scope due to their availability and high cost. Rodents are the most 

popular species to study glaucoma as they have similar ocular anatomy, a high degree of 

availability, are inexpensive, have a short life-span (relatively fast disease progression), 

small size, reproduce easily, mature rapidly and can be readily subjected to experimental 

and genetic manipulation. A wide range of rodent models for glaucoma are available and 

they are categorized depending on the pathogenesis whether it is genetic or experimentally 

induced. 

 

A) Genetic rodent models of glaucoma: There are numerous inherited rodent models 

with different genetic causes and distinct genetic backgrounds that show glaucomatous 
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pathology. Additionally one can investigate the molecular mechanisms of glaucoma by 

specific genetic mutations in rodents. A wide variety rodent models of glaucoma have 

been developed using mutations in the genes e.g. Myocilin (MYOC) (Stone et al., 1997), 

Optineurin (OPTN) (Rezaie et al., 2002) and WDR36 (Monemi et al., 2005). Knockout 

mice of the genes OXC1, FOXC2, FOXE3, PITX2, PITX3, LMX1B, PAX6, MAF (Cvekl 

and Tamm, 2004, Gould et al., 2004, Sowden, 2007, Liu and Allingham, 2011), Glast and 

Eaac1 have also been considered as genetic mouse models of glaucoma (Harada et al., 

2007). The DBA/2J mouse strain carrying recessive mutations in the Gpnmb and 

Tyrp1 genes provides a secondary pigment dispersion and angle closure model of 

glaucoma (Libby et al., 2005) and has been widely used.  

 

B) Experimentally induced rodent models of glaucoma:  

 

Laser-induced ocular hypertension: This is simple and reliable method to induce 

glaucoma in rodents in which a laser beam is applied on the corneal limbus to increase 

resistance of aqueous outflow pathways (Feng et al., 2013). This method of laser 

photocoagulation needs expensive equipment and specialized trained personnel. 

Sometimes laser treatment induces inflammation which is another major concern (Aihara 

et al., 2003). 

 

Episcleral vein saline injection: In this method episcleral veins of rats are injected with 

hypertonic saline to induce chronic IOP elevation (Morrison et al., 1997). The resistance 

to aqueous outflow is increased by inserting a microneedle into the episcleral vein. The 
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main drawback of this model is the technique for which training and experience is 

required. Another disadvantage is that IOP elevation is only for  short period of time and 

repetition of hypertonic saline injections are needed to maintain elevated IOP changes 

(Marcelo and Saragovi, 2005). 

 

Episcleral vein cauterization: The procedure of cauterization of two or more extraocular 

veins also induces significant IOP elevation in rodent eyes (Ruiz-Ederra and Verkman, 

2006). Occlusion of episcleral veins produces long-lasting IOP elevation and this method 

has been used in experimental glaucoma. This method is highly reproducible (Yu et al., 

2006). Major drawback of episcleral vein cauterization includes damage to ocular surface 

and sclera and it may also cause intraocular inflammation. 

 

Intracameral injection: Intracameral injection of inert substances into the anterior 

chamber of rodent eyes to produce sustained IOP elevation has also been frequently used. 

The inert substances include sodium hyaluronate, viscoelastic substances (Moreno et al., 

2005), polystyrene microbeads (Sappington et al., 2010) and paramagnetic polystyrene 

microspheres (Samsel et al., 2011). This model of intracameral injection is inexpensive, 

technically easy to perform and can provide a gradual elevation with sustained IOP. 

However sequential treatments are required to maintain elevated IOP in this model making 

this technique more laborious. It has been suggested that combining microbeads with a 

viscoelastic substance may provide IOP elevation for at least 3 months following a single 

co-injection (Frankfort et al., 2013).  
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Optic nerve crush or transection: This is an acute model of injury and thus not as typical 

of chronic human glaucoma. Optic nerve axotomy in mice will always induce RGC loss. 

This is an invasive surgical technique and care must be taken not to interfere with ocular 

blood flow. Optic nerve transection in rodents can be done in different ways e.g. physically 

transecting the nerve (Sun et al., 2011) or by using clips (Feng et al., 2010) or forceps 

(Ohlsson et al., 2004) to crush the nerve.  

 

Excitotoxic agent administration: Intravitreal administration of NMDA, glutamate or 

kainic acid are the most common excitotoxic agents that trigger RGC death. Glutamate-

mediated excitotoxicity is extensively associated in the pathophysiology of RGC apoptosis 

in glaucoma as glutamate is a major excitatory neurotransmitter in retina (Lucas and 

Newhouse, 1957, Thoreson and Witkovsky, 1999). Glutamate acts on N-methyl-D-

aspartate (NMDA), α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), 

and kainate (KA) receptors (Yu and Miller, 1996). If excessive amounts of glutamate are 

released then it induces excitotoxicity. This model is widely used due to its reproducibility, 

low technical difficulty and cost effectiveness.  

 

 

Retinal Ischemia/reperfusion: This model produces acute elevation of IOP to high levels 

(>60mmHg) and produces a short-term ocular ischemia. It is achieved by cannulating the 

anterior chamber and connecting it to an elevated saline infusion. The subsequent retinal 

reperfusion insult leads to RGCs death which serves as an acute glaucoma model. Injecting 
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endothelin-1 (ET1) also produces retinal ischemia (Yorio et al., 2002). This model results 

in damage to many layers of the retina so this model denotes total retinal degeneration not 

glaucoma alone. Moreover, by this method it is difficult to quantify histopathological 

changes (Buchi et al., 1994). 

 

C) Cell culture models to study glaucomatous optic neuropathy:  Retinal ganglion cell 

loss is the main pathological process of glaucoma so isolating pure RGC culture from 

retina is the best cell culture model for studying glaucomatous optic neuropathy (Hong et 

al., 2012). However some labs also use mixed retinal cultures but the major drawback of 

it is that this culture is not characteristic of RGCs. This disadvantage also parallels 

organotypic retinal explant cultures, in which entire pieces of retina are cultured. Some 

researchers also use primary cultures or cell lines derived from neurons as ischemia, 

apoptosis and growth factor deprivation can also be induced in neuronal culture (Kortuem 

et al., 2000).  

Briefly, several glaucoma models are available yet there is no ideal model due to 

complicated pathophysiology of the disease which has hampered progress in glaucoma 

research.  

There are a wide variety of in vitro as well as in vivo models for experimental glaucoma 

and it remains difficult to decide which model is best for studying glaucoma. To obtain 

valid preclinical data, preferences for the choice of model will initially be for simpler 

techniques that can rapidly and reproducibly show some neuroprotection, then moving to 

more complex models that more closely represent human glaucoma pathological 

processes.  
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S.No 
Models of 

glaucoma 
Advantages Disadvantages 

1 Genetic rodent 

models  

-These animals produce 

more uniform increase in 

IOP as well as retinal 

damage as compared to 

surgically induced models. 

-The course of glaucomatous 

pathology in genetic rodent models 

necessitates a significant time 

commitment for experimentation  

-Animals having specific 

mutations at particular gene 

that have been identified in 

human glaucoma can be 

produced.  

-It is easier to obtain a large 

number of animals with 

genetic modification.  

-These animals do not 

require specialized 

induction techniques and 

that are readily available.  

2 Experimentally 

induced rodent 

models 

  

Laser-induced 

ocular hypertension 

-Simple and reliable 

method  
-Needs expensive equipment and 

specialized trained personnel. 

 

-Sometimes laser treatment 

induces inflammation. 

Episcleral vein 

saline injection 

-Relatively cheaper method 

to produce glaucoma as it 

requires less specialized 

equipment.  

-Extensive training and experience 

is required.  

-IOP elevation is only for short 

period of time and repetition of 

hypertonic saline injections are 

needed to maintain elevated IOP 

changes. 

Episcleral vein 

cauterization 

-Produces long-lasting IOP 

elevation and highly 

reproducible. 

Risk of damage to ocular surface 

and sclera that may also cause 

intraocular inflammation. 

 

Intracameral 

injection 

-Provide a gradual elevation 

with sustained IOP. 

-Sequential treatments are required 

to maintain elevated IOP in this 

model making this technique more 

laborious. 

-Inexpensive and 

technically easy to perform.  

 

Optic nerve crush or 

transection 

-Relatively simple to 

perform in both rats and 

mice. 

-It is only an acute model of 

injury. 
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-Quick onset of pathology 

as RGC degeneration 

begins quickly following 

the procedure.  

Excitotoxic agent 

administration 

-Highly reproducible  
-Does not fully represent 

glaucoma. It is hypothesized that 

any neurological disease can be 

associated with changed state of 

excitatory amino acid. 

-low technical difficulty 

and cost effectiveness.  

Retinal 

Ischemia/reperfusion  

-Relatively easy 

method and reproducible. 

-This model results in damage to 

many layers of the retina so this 

model denotes total retinal 

degeneration not glaucoma alone. 

3 RGC culture and 

retinal explant organ 

culture  

-Convenient system that has 

been used to assess many 

aspects of RGC biology, 

pharmacology, and 

electrophysiology and 

extremely simple  

-The major drawback of in 

vitro systems is that they are not 

characteristic of RGCs e.g. in 

organotypic retinal explant 

cultures, the entire pieces of retina 

are cultured. 

 

Table 1.1 Table showing the advantages and disadvantages of  glaucoma models. 

 

1.1.9 Current available treatments for glaucoma 

The main aim for glaucoma treatment is to prevent patient's vision loss and providing them 

safe, cheap and non-invasive treatment methods which can improve their quality of life. 

POAG is one of the commonest forms of glaucoma caused by intraocular hypertension 

(Ang and Eke, 2007). Current treatment modalities are based on lowering the IOP that 

includes medications, surgery and laser therapy. Treatment with medications can be 

categorized into topical and systemic forms. The five main classes of topical ocular 

hypotensive drugs currently in clinical use are: beta-blockers (timolol, betaxolol), 

cholinergic agents (pilocarpine), carbonic anhydrase inhibitors (dorzolamide, 

acetazolamide and brinzolamide), alpha-2 agonists (brimonidine and iopidine), and 

prostaglandin analogues (latanoprost, bimatoprost, travoprost and tafluprost). Rho kinase 
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(ROCK) inhibitors are novel emerging compounds for glaucoma treatment. These agents 

are currently in Phase II and III US Food and Drug Administration trials (Wang and 

Chang, 2014). Netarsudil has recently received an FDA approval as the first Rho Kinase 

inhibitor for the treatment of glaucoma. The major drawback of long-term medication is 

non-compliance in many patients. These drugs are mainly aimed at lowering IOP and are 

the first line of treatment in the developed world. On the other hand, surgery is often 

favoured as the first-line of treatment in developing countries (Kim et al., 2008) due to 

costs and problems with supply of medications as well as issues with follow up. Glaucoma 

can also be treated by using laser procedures termed trabeculoplasty, which directly treats 

the trabecular meshwork (Brancato et al., 1991). The most common type of surgery is 

called trabeculectomy and it consists of removal of a small portion of the trabecular 

meshwork to provide a drainage route for aqueous humour to the sub-conjunctival space. 

Other non-penetrating surgeries like deep sclerectomy (Fedorov et al., 1982), 

viscocanalostomy (Stegmann et al., 1999) and canaloplasty (Lewis et al., 2007, Grieshaber 

et al., 2010) for glaucoma are also available. Apart from conventional therapies, use of 

Ologen® implant have been introduced for the management of glaucoma (Radhakrishnan 

et al., 2014, Sarkisian, 2009) . Other surgical devices and stents are also now available and 

in clinical trial phase which may improve the fluid outflow into the Schlemm’s canal like 

trabectome (Francis et al., 2006), Glaukos istent (Nichamin, 2009) and EyeOP1 

(Giannaccare et al., 2016).  

Current treatment options for glaucoma are mainly focused on lowering the IOP. However, 

studies have shown that despite reducing IOP, glaucoma continues to progress in many 

patients (Heijl et al., 2002, Wu et al., 2017). Extensive research has been conducted to find 

out the newer possible strategies for treating glaucoma. Mainly RGC loss is considered to 

be involved in the pathophysiology of all forms of glaucoma.  
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New approaches to hamper RGC loss have been recognized as beneficial to this 

incapacitating disease. Various pharmacological approaches have been developed over a 

period of time that provide neuroprotection e.g. NMDA receptor antagonists (Vorwerk et 

al., 1996), neurotrophic factors (Fu et al., 2009), anti-apoptotic agents (Osborne, 2008), 

Nitric oxide synthase antagonists (Neufeld et al., 2002), antioxidants (Dilsiz et al., 2006). 

Gene therapy and stem cell therapies are also promising modalities providing 

neuroprotection. 

1.2 Nuclear receptors  

From the past decade, research on therapies targeting nuclear receptors have gained 

substantial interest to treat neurodegenerative diseases. Yan et al published effects of a 

nuclear receptor agonist in an animal model of AD for the first time in 2003 (Yan et al., 

2003). Nuclear receptors belong to a large superfamily of ligand-regulated transcription 

factors that mediate numerous biological processes. All nuclear receptors exhibit a 

common structure comprised of 5 domains, designated as A/B, C, D, E, and F domain. 

A/B domain is also denoted as AF-1 which is highly variable NH2-terminal region and is 

capable of ligand-independent functioning. Region C or conserved DNA-binding domain 

(DBD) functions to recognise specific DNA sequences. Linker region D connects DBD to 

the conserved E region that in turn contains the ligand binding domain (LBD). Some 

receptors also possess a COOH-terminal region or F domain with unknown functions 

(Aranda and Pascual, 2001). 
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Figure 1.4 Schematic representation of a nuclear receptor. 

 

There  two  main types of NRs: Type I receptors which includes mineralocorticoid receptor 

(MR), androgen receptor (AR), progesterone receptor (PR), glucocorticoid receptor (GR), 

and estrogen receptor (ER) and Type II which includes vitamin D3 receptor (VDR), 

thyroid hormone receptor (TR), retinoid X receptor (RXR) and retinoic acid receptor 

(RAR) (Liu et al., 2017). Among all the nuclear receptors available, retinoid X receptor 

(RXR) are highly diverse owing to the ability to activate multiple nuclear receptors (Ahuja 

et al., 2003). Growing amount of compelling data indicates that RXR activation represents 

important targets for new therapeutic approaches for various neurodegenerative disorders. 

 

1.2.1 Retinoid-x-receptors (RXRs)  

In 1990, Mangelsdorf et al  isolated a novel nuclear receptor, referred to as hRXRα 

(Mangelsdorf et al., 1990). Later on, three RXR isotypes encoded by distinct genes were 

identified i.e. RXRα (NR2B1), RXRβ (NR2B2) and RXRγ (NR2B3) (Chiba et al., 1997). 

Expression of RXRs can be found in every tissue of the body: RXRα is mainly expressed 
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in skin, liver, lung, muscle, spleen kidney, intestine, epidermis, placenta and a variety of 

visceral tissues and, RXRβ can be found ubiquitously while RXRγ is mainly restricted in 

brain, cardiac and skeletal muscles (Germain et al., 2006). The understanding of pattern 

expression of all three RXRs revealed that they exhibit vital functions throughout the 

course of development as well as in adult life (Mangelsdorf et al., 1992). RXR is an 

intriguing and essential member of nuclear receptor (NR) superfamily of ligand-dependent 

transcription factors (Lefebvre et al., 2010, Dawson and Xia, 2012). RXRs control target 

genes by directly binding to DNA at specific sequences called as RA response elements 

(RAREs) (Mangelsdorf et al., 1995). RXRs functions as both homodimer (dimer with 

either itself) and heterodimer (dimer with another NR). RXR heterodimers are further 

categorized into permissive that can be activated by agonist of either RXR or 

heterodimeric partner or non-permissive in which RXR acts as a “silent partner and are 

activated only by ligands specific for the other NR. Examples of permissive heterodimers 

are liver X receptors (LXRs), peroxisome proliferator-activated receptors (PPARs), 

farnesoid X receptor (FXR), pregnane X receptor (PXR) (Aranda and Pascual, 2001) and 

the orphan receptor nur77/NGFB-1. Non-permissive heterodimers include retinoic acid 

receptors (RARs), thyroid receptors (TRs), and vitamin D receptor (VDR) (Berrodin et al., 

1992, Kliewer et al., 1992). Due to this versatility, RXRs exert pleiotropic roles in 

reproduction, cellular differentiation, bone development, haematopoiesis and pattern 

formation during embryogenesis (Chung and Cooney, 2003). From an initial evolution of 

a nuclear hormone receptor, RXR homologues are the most ancient members which give 

rise to many other receptors (Wiens et al., 2003). Several studies showed that the RXR 

signal pathway is independent of other nuclear receptors (e.g RAR) suggesting existence 

of  RXR-specific signaling which may serve as independent target for new pharmacologic 

activities (Szanto et al., 2004). Despite tremendous work to find out the specific functions 
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of RXRs, it is still on the crossroad of different metabolic biological pathways. Knockout 

studies were carried out in order to find out the significance of RXR and its subtypes in 

adult animals. RXRα -/- mice cause embryonic death due to cardiac deformities and RXRα 

ablation showed ocular defects (Kastner et al., 1994). On the other hand, mice having 

RXRβ and RXRγ mutations are phenotypically normal but show male sterility in RXR 

beta mutant mice (Kastner et al., 1996) and null mutation of RXRγ lead to memory deficits 

in mice (Wietrzych et al., 2005). More interestingly, RXR alpha +/-/RXR beta -/-/RXR 

gamma -/- triple mutants were viable but showed abnormal spermatogenesis due to loss of 

RXR beta indicating that RXR alpha is the most important RXR subtype (Krezel et al., 

1996). 

 

1.2.2 RXR ligand binding domain 

There are several crystal structures of the C-terminal ligand binding domain (LBD) of 

nucleic receptors from different organism has been studied (Rastinejad et al., 2015). RXR 

receptors consists of 11 α helices (H1-H11) and 2 small β strands (Figure 1.5). Within the 

ligand binding pocket (LBP), most of the H11 helix residues are hydrophobic and polar that 

impart the stable confirmation to the RXR protein. There is a large conformational change 

observed previously in ligand bound RXR structures at H3, and H10 helix region in 

comparison to naïve RXR structure (Bourguet et al., 1995). It was suggested that ligand 

induced the transition at H11 helix, followed by change in position of H3 and H4, all together 

this repositioning causes H11 helix to expose from hydrophobic cleft to the surface of the 

LBD. H11 helix has a major role in forming dimerization with other proteins inside the 

hydrophobic cleft formed by H3 and H4 helix residues and initiate the process of 

transcriptional activation (Gampe et al., 2000). RXRα (PDB ID: 1FM9, Homo sapiens) LBD 
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consists of 238 amino acid complexed with 9-cis-retinoic acid (9cRA). LBD of RXRα form 

a coil along H10 helix to have additional interaction with additional nuclear receptors to 

form heterodimer (Figure 1.5 A). Crystal structure of RXRβ LBD constitute similar 

structural geometry to that of RXRα but it has shorter length of amino acid, 236 amino acids 

(PDB ID: 1UHL, chain A, Homo sapiens) and has methoprenic acid bound ligand (Figure 

1.5 B).The binding of methoprenic acid in LBD of RXRβ make it to adopt L-shaped structure 

like that of 9cRA but this complex showed narrower LBP in comparison to 9cRA-RXRβ 

LBD complex (Svensson et al., 2003, Egea et al., 2002). LBD of RXRγ was taken from 

protein data bank (Figure 1.5 C) (www.rcsb.org) (PDB ID: 2GL8, Homo sapiens). Not much 

information is available about the structure of RXR γ LBD.      

  

http://www.rcsb.org/
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Figure 1.5 Ribbon-diagram overviews of A) RXRα (red) with ligand (green), B) RXRβ (pink) with 

ligand (red) and C) RXRγ (blue) (downloaded from protein data bank). 

 

 

1.2.3 Role of RXRs in eye development 

The localization of RXRs has been extensively studied in mouse ocular tissues (Mori et 

al., 2001). In developing and adult mouse retina, RXR α and γ were reported to localize to 

specific tissues or cells while RXR β showed ubiquitous distribution. Studies have shown 

that retinoic acid (RA) which is active metabolite of vitamin A (retinol) promotes proper 

functioning of the retina. RA signalling pathways and RA activated nuclear receptors play 
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specific roles during embryonic eye development. RA activity is regulated by  interaction 

of retinoid receptors i.e. retinoic acid receptors (RARs) and retinoid X receptors (RXRs). 

RAR subtypes bind both 9-cis retinoic acid (9cRA) and all-trans retinoic acid (atRA) while 

9 cis RA is the ligand for RXRs (Allenby et al., 1993). The exact mechanism of action of 

the RAR/RXR in ligand-mediated gene transcription is still a matter of debate. Genetic 

ablation studies have revealed a more direct approach to find out the specific functions of 

different retinoid receptors involved in retinoid signalling After reviewing results of single 

or double RAR or RXR mutants, it has been seen that out of all receptor knockouts only 

RXRα null-mutants died in utero. RXRα null-mutants showed severe myocardial and 

ocular malformations that relate to the fetal vitamin A deficiency. Based on these facts  it 

was concluded that RXRα is the most important receptor involved in retinoid signalling 

(Janssen et al., 1999). Further immunohistochemistry was performed to find out the 

retinoid receptor expression patterns. RXRβ was expressed  ubiquitously in mouse retina. 

RXRγ is found to be expressed in neuroretina and RXRα found in neuroretina, RPE 

(retinal pigment epithelium), iris/ciliarybody, cornea, conjunctiva (Mori et al., 2001, Cvekl 

and Wang, 2009). 

 

1.2.4 Retinoid X receptor (RXR) and Histone proteins  

Histones are the main protein components of chromatin that play a role in gene regulation. 

These histone proteins undergo various post-translational modifications such as 

acetylation, methylation, phosphorylation, ubiquitination, and sumoylation (Cosgrove et 

al., 2004). These modifications regulates various physiological and 

pathologicalconditions. The acetylation and deacetylation of histone have been identified 

as an important step in regulating gene expression (Hsieh et al., 2004, Kuo and Allis, 
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1998). In general, histone acetylation activates gene expression, and histone deacetylation 

suppresses gene expression (Barneda-Zahonero and Parra, 2012). This regulation is 

controlled by two important enzymes (a) histone acetyltransferases (HAT) and, (b) histone 

deacetylases (HDAC). HAT enzymes are the catalytic subunit of large multisubunit HAT 

complexes that acetylate the ε-amino group of specific lysine residues on histone tails to 

promote transcriptional activation whereas HDAC are a class of enzymes that remove 

acetyl groups (O=CCH3) from an ε-N-acetyl lysine amino acid on a histone, allowing the 

histones to wrap the DNA more tightly. Studies have shown that in the absence of ligands 

for RXRs, the receptors' target genes are repressed (Altucci and Gronemeyer, 2001).The 

unliganded RXRs are associated with corepressor like NCoR (nuclear receptor 

corepressor) and SMRT (silencing mediator of retinoic acid and thyroid hormone 

receptor), both of these repress transcription below basal levels. These corepressors leads 

to the recruitment of histone deacetylase (HDAC) which results in histone deacetylation 

and chromatin condensation. Several in vitro and in vivo studies have demonstrated that 

the combination of RXR agonists alongwith a HDAC inhibitor enhances the effects of 

RXR activation and gene transcription (Epping et al., 2007, Ferrara et al., 2001). In the 

retina, recent evidence shows that epigenetic modification of histones mainly 

deacetylation plays an important role in loss of RGCs after optic nerve injury (Schmitt et 

al., 2016). 
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1.2.5 Ligands for RXR  

 9-cis-retinoic acid (vitamin A derivative) was first identified as natural RXR ligand with 

high affinity (Mangelsdorf et al., 1990), but its status as an endogenous agonist is still a 

matter of debate (Wolf, 2006). Some polyunsaturated fatty acids such as docosahexaenoic 

acid (DHA), arachidonic acid, linoleic, linolenic acid and a metabolite of 

chlorophyll, phytanic acid were also recognized as specific RXR ligands but with low 

affinity (Lengqvist et al., 2004, Rühl et al., 2015, Dawson and Xia, 2012). Recently, 

honokiol which is  extract of the bark of Magnolia obovata, has been characterized as 

another natural RXR ligand having higher potency than phytanic acid and 

docosahexaenoic acid , but lower than 9-cis-retinoic acid (Kotani et al., 2010). Numerous 

synthetic RXR-specific ligands (rexinoids), have also been identified and synthesised 

(Pérez et al., 2012) e.g. bexarotene (Targretin), which is chemopreventive agent in cancer 

therapy (Qu and Tang, 2010). Apart from these agents, other RXR ligands are also known 

like organotin compounds that are used as anti-fouling agents in marine structures (le 

Maire et al., 2009). Non-steroidal anti-inflammatory agents like R-enantiomer of etodolac 

(Kolluri et al., 2005) and sulindac sulphide (Zhou et al., 2010) exert their anti-cancer 

effects by binding to RXRα. Regardless of their abundant advantageous effects, most of 

the RXR ligands induce hepatomegaly, increase in triglyceride and cholesterol levels and 

dysregulation of the thyroid hormone axis, which limits their use (Pérez et al., 2012). For 

that reason, bexarotene is the only FDA approved RXR agonist.   
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1.2.6 RXR agonist: Bexarotene  

 Bexarotene[4-[1-(5,6,7,8-tetrahydro-3,5,5,8,8-pentamethyl-2-naphtalenyl)ethenyl] 

benzoic acid] also known as LG10269 or Targretin, is a synthetic rexinoid with specific 

affinity for RXRs (Farol and Hymes, 2004). Bexarotene treatment induces gene expression 

by selectively binding and activating RXRs. 

 

 

 

 

 

 

 

 

Figure 1.6 Chemical structure of Bexarotene. 

 

 

Pharmacological actions of Bexarotene: Bexarotene is approved for treatment of 

cutaneous T-cell lymphoma (CTCL) by US Food and Drug Administration in 1999 

(Gniadecki et al., 2007). Bexarotene also shows chemopreventing activity on lung cancer  

(Zhang et al., 2011, Yen and Lamph, 2005). From the past decade, it has become evident 

that targeting RXRs reach far beyond its use as anti-cancer agent. RXR agonists e.g. 

bexarotene have been shown to regulate gene expression in the brain (Boehm-Cagan and 
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Michaelson, 2014, Mounier et al., 2015). It has been reported that RXR ligands serve as 

potential therapeutic agents providing neuroprotection. Bexarotene has been reported to 

improve a wide range of neurodegenerative diseases including AD (Cramer et al., 

2012),  aging-related synapse loss (Tachibana et al., 2016), parkinsonism (McFarland et 

al., 2013), multiple sclerosis (Natrajan et al., 2015), amylotrophic lateral sclerosis 

(Riancho et al., 2015)  and ischemic stroke (Certo et al., 2015). Apart from anti tumour 

activity and as neuroprotective agent, bexarotene also has beneficial actions in other 

metabolic pathologies like preventing atherosclerotic lesion by lowering circulating 

atherogenic cholesterol-containing lipoproteins (Lalloyer et al., 2006). 

 

Pharmacokinetics of Bexarotene: Bioavailabilty of bexarotene was confirmed after oral 

administration by pharmacokinetic studies in rats and dogs. The maximum plasma 

concentration of bexarotene was reached after 2-4 hrs of drug administration. The half life 

of bexarotene was 2 hr to 3 hr in rats and 3 hr to 6 hr in dogs after intravenous 

administration. The oral bioavailability of bexarotene was found to vary with different 

formulations. The reduction in particle size of bexarotene enhance bioavailability as 

dissolution rate is one of the rate limiting factors for drug absorption. Studies have 

demonstrated that bexarotene is distributed throughout the body after oral administration. 

It is more than 99.9% plasma protein bound drug. Oxidation and glucuronidation are the 

major routes of metabolism of bexarotene (Howell et al., 2001). More than 90% of drug 

is excreted through faecal matter after oral administration. 
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1.2.7 Role of Bexarotene in Alzheimer’s disease 

 In 2012,Cramer et al reported that oral administration of bexarotene leads to Aβ clearance 

from the brain in AD mouse which resulted in rapid reversed behavioural and olfactory 

deficits (Cramer et al., 2012). Later on other follow up studies confirmed no change in 

soluble Aβ levels with bexarotene treatment (Tesseur et al., 2013, Price et al., 2013). All 

these findings highlighted that Aβ clearance and improved cognitive deficits by 

bexarotene is still under debate. A more recent pilot  study has claimed that bexarotene 

causes improved cognitive function in AD by reducing network excitability (Bomben et 

al., 2014). This study showed that there are other possible mechanisms of bexarotene apart 

from amyloid cascade responsible for its effects on AD. Not only in AD but strong 

evidence has been found showing involvement of Aβ in glaucoma (McKinnon et al., 2002, 

Guo et al., 2007). Additionally, there are specific mechanisms which overlap between AD 

and glaucoma. Both are neurodegenerative disorders affecting mainly people with old age. 

Moreover, optic nerve degeneration and RGC loss has also been studied in AD patients 

(Hinton et al., 1986, Sadun and Bassi, 1990, Tsai et al., 1991). 

As RXRs involve in regulating gene expression in the brain and activation of these 

receptors play important roles in neuroprotection (Boehm-Cagan and Michaelson, 2014, 

Bomben et al., 2014, McFarland et al., 2013, Riancho et al., 2015, Tai et al., 2014). Based 

on its potential role in various neurodegenerative disorders we further exploit RXR 

modulation in disease conditions with a main focus on glaucoma, which is a major 

neurodegenerative disease of the RGCs. We investigated them in the retina by targeting 

pharmacologically with the RXR agonist bexarotene.  
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Figure 1.7 Schematic representation showing activation of RXR by bexarotene regulating gene transcription. 

TNFR: tumor necrosis factor receptor; FasR: first apoptosis signal receptor;JNKs: c-Jun N-terminal 

kinases;SAPKs: stress-activated protein kinases;ROS: Reactive oxygen species;CAD: Caspase-activated 

DNase;IRE1α: Inositol-requiring kinase 1α;PERK: protein kinase R (PKR)-like endoplasmic reticulum 

kinase;ATF6: Activating transcription factor 6;elf2α: eukaryotic translation initiation factor;ATF4: Activating 

transcription factor 4;CHOP: CCAAT/-enhancer-binding protein homologous protein;BH3: (Bcl-2 (B-cell 

lymphoma‐2) homologous 3);RXR;retinoid x receptor;NR:nuclear receptor. 
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Hypothesis  

Retinoid-X-Receptors (RXR) belong to the family of nuclear receptors comprising RXR 

α, β and γ isoforms. RXRs regulate the transcriptional activity of multiple genes, are 

involved in wide range of cellular pathways and are essential for normal eye development. 

RXR activation has proven to be beneficial in neurodegenerative models affecting the 

brain. Also RXR activation protects retinal neurons from oxidative stress induced 

apoptosis. Activation of RXRs has also been demonstrated to promote photoreceptor 

survival by impeding apoptosis. However neuroprotective effects of RXR activation on 

the inner retina particularly RGCs have not been investigated. Based on the known 

neuroprotective effects of RXR upregulation in the neuronal cells in brain and retina, we 

hypothesised that RXR activation could exert protective effects in the retina under 

glaucoma conditions. 

Aims 

The aims of this thesis are: 

1. To determine the effects of bexarotene on RXR (α, β and γ) expression in neuronal 

cells. 

2. To investigate the in vivo effect of RXR activation under acute as well as chronic 

glaucoma stress conditions. 

3. To study the binding pattern and stability of different RXRs with their agonist(s) 

using molecular modelling approach. 
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2.1 Animals and Ethics 

Male C57BL/6 mice (7-8 weeks) were purchased from the animal research centre, Perth 

and APP-PS1 mice tissues were obtained from University of Tasmania, Australia. All 

experimental procedures and conditions involving animals were conducted in accordance 

with the Australian Code of Practice for the Care and Use of Animals for Scientific 

Purposes and with the approved guidelines of the ARVO statement for the Use of Animals 

in Ophthalmic and Vision Research. All animals used for glaucoma studies were cared 

according to guidelines approved by the Animal Ethics Committee of Macquarie 

University, NSW, Australia (ARA: 2015/012). Animals were housed in a 12 hours light 

/dark cycle and provided with standard rodent diet and water. 

2.2 Bexarotene treatment 

Mice were weighed at the beginning of the treatment period and the necessary volume of 

solubilized bexarotene was calculated to produce a concentration of 100 mg/kg for each 

animal. Bexarotene was suspended in 10% DMSO in saline and 200 μl was administered. 

Bexarotene (100 mg/kg) was administered orally by syringe feeding to C57BL/6 mice 

once daily in drug treatment groups and continued for seven days in glutamate model and 

for fourteen days in the microbead model of glaucoma. 

2.3 Development of glaucoma models  

2.3.1 Glutamate injection: A single intravitreal injection of glutamate was performed into 

the vitreous chamber behind the pupil using a 10 μl Hamilton syringe with a 33 gauge 

needle under the surgical microscope. Mice were injected intravitreally with a volume of 

1 μl solution containing 200 nmol concentrations of glutamate dissolved in saline. 
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2.3.2 Microbead Injection: Intracameral injections of microbeads (Fluospheres, 

Molecular Probes, 10 μm) were made into the anterior chamber of the eye using a 10 μl 

Hamilton syringe with a 33 gauge needle under microscope avoiding needle contact with 

the iris or lens. The microbead injection was repeated every week for up to 2 months to 

maintain a high IOP. Prior to all injections, animals were anesthetized with combination 

of ketamine (75mg/kg) and medetomidine (0.5 mg/kg). After the animal was 

anaesthetised, a single drop of 0.5% proparacaine hydrochloride (Alcaine, Alcon) (for 

topical anesthesia) and 1% tropicamide (Mydriacyl, Alcon) (for mydriasis) was applied 

on the cornea. After the injection was performed, the needle was allowed to remain in the 

eye for further 30sec to minimise risk of loss of injected drug when the needle was 

withdrawn. Dexamethasone and 2% povidone-iodine were applied topically post injection 

to prevent any ocular inflammation and infection. Also carprofen (2.5mg/kg s.c) as pain 

killer and cephazolin (20mg/kg i.v) as antibiotic were administered. Lacri-lube (Allergan, 

NSW, Australia), an ointment to prevent drying of cornea was also applied. After the 

procedure, atipamazole (1mg/kg s.c) was given to reverse the effect of anaesthesia and 

animals were allowed to recover on a heating pad maintained at 37°C. The animals were 

closely watched and returned to the animal facility post injection when they started moving 

freely with full recovery and then monitored for two consecutive days after the injection.  

IOP was measured by using a handheld electronic tonometer (Icare Tonovet, Helsinki, 

Finland) prior to each injection. The IOP was the mean of six consecutive measurements 

as displayed on the tonometer. A total of three consecutive IOP readings were obtained 

from each eye and the average number was taken as the IOP.  
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Figure 2.1 Image showing Intracameral microbead injection (Bogner et al., 2015) (reproduced with 

permission). 

 

 

2.4 Drugs, reagents and equipment list 

2.4.1 Drugs and instruments for animal experiments and electrophysiology: Ketamine 

100 mg/ml (Ketamil, Troy Laboratories); Medetomidine 1 mg/ml (Domitor, Pfizer); 

Atipamazole hydrochlorine 5 mg/ml (Antisedan, Pfizer); Cephazolin sodium (Hospira); 

Carprofen 50mg/ml (Norbrook); Tropicamide 1.0% (Mydriacyl, Alcon); Proparacaine 

hydrochloride 0.5% (Alcaine, Alcon); Dexamethasone 0.1% (Maxidex, Alcon); 

Ciprofloxacin hydrochloride 0.3% (Ciloxan, Alcon Laboratories, NSW, Australia); 0.3% 

Tobramycin (3mg/ml, Tobrex, Alcon); glutamate, bexarotene and retinoic acid (Sigma); 

Aβ1-42 (Life Technologies, Australia); fluorescent polystyrene microspheres 

(FluoSpheres,Invitrogen); DMSO (Sigma); Homoeothermic blanket system (Harvard 

Apparatus); Goldring corneal electrode (3103RC, Roland Consult, Brandenburg, 

Germany); Hand-held multi-species electroretinograph (HMsERG) (OcuScience); ERG 
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viewer software (OcuScience); Hamilton syringe (Hamilton); TonoLab tonometer (Icare 

Tonovet, Helsinki, Finland).  

 

2.4.2 Reagents and equipments for histological studies: Paraformaldehyde (Sigma); 

Automatic tissue processor (ASP200S, Leica); Rotary microtome (Microm); Tissue Tek 

TEC tissue embedding console (Sakura Finetek); Cryostat (CM1950, Leica); Tissue Tek 

OCT cryostat embedding medium (Sakura Finetek); Hematoxylin (Sigma); eosin (Sigma); 

Silver nitrate (Sigma); Normal horse serum (Sigma); Vectashield HardSet mounting 

medium (Vector Laboratories); Axio Imager Z1 fluorescence microscope (Zeiss).  

 

 

2.4.3 Antibodies: Primary antibodies anti-RXR α (5388S), anti-RXR β (8715S) and anti-

RXR γ (5629S) antibodies were purchased from cell signalling technology. Anti-TrkB 

(sc20542), anti-GADD-153 (sc-7351), anti-p-PERK (sc-3257) antibodies were obtained 

from Santa Cruz Biotechnology, CA, USA. Anti-pTrkBY515 (ab51187), anti-beta III 

tubulin (ab78078), anti-NeuN (ab104225) were obtained from Abcam, VIC, Australia. β-

actin antibody (AC-40), bexarotene (SML0282) and retinoic acid (R2625) were obtained 

from Sigma, USA. Alexa-Fluor 488 goat anti-rabbit IgG, Alexa-Fluor 555 goat anti-mouse 

IgG, Alexa-Fluor 594 goat anti-mouse IgG and Aβ1-42 were used from Life Technologies, 

Australia.  

 

2.4.4 Cell culture: The SH-SY5Y neuronal cells was obtained from American type culture 

collection (ATCC, VA, USA). Neurobasal-A media (Life Technologies); B-27 

supplement (Life Technologies); 7,8-Dihydroxyflavone (7,8 DHF) was purchased from 
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Tocris Bioscience, UK. Cyclotraxin-B (CTX-B) was procured from Life Research Ltd, 

Australia. Dulbecco's modified Eagle's medium (DMEM) and Fetal bovine serum (FBS) 

from Life Technologies. Poly-D-lysine, Trypan blue dye, Neubauer micro-chamber were 

purchased from Sigma-Aldrich, St. Louis, MO, USA. Dapi from Molecular Probes and 

cell counter from Wertheim, Germany. All other analytical grade chemicals and reagents 

purchased from either from Sigma (St. Louis, MO, USA) or Invitrogen (Carlsbad, CA, 

USA). 

 

2.5 Electroretinographic recordings 

To assess the functional changes of RGCs, ERG recordings were done at the initial point 

to get the baseline and at the final time point after 7 days in glutamate model and after 2 

months in microbead model. Animals were dark-adapted overnight and anaesthetized as 

described earlier. The body temperature of animals were maintained at 37°C from the start 

of experiment till complete recovery of the animal. A total of three electrodes were used 

for ERG recordings: 1) Reference electrode-placed in the forehead of the animal 2) Ground 

electrode-placed in the tail of the animal. Both these electrodes were placed 

subcutaneously. 3) Recording electrode (solid gold ring) - placed on the surface of each 

eye contacting cornea. All ERGs recordings were done using a flash intensity of 3 log 

cd·s/m2 (Ocusciences, Xenotec, Inc., MO, USA. The measurements were done from 

baseline to the a-wave trough and from the a-wave trough to the peak of b-wave for a-

wave and b-wave amplitudes respectively. On the other hand, for positive scotopic 

threshold responses (pSTRs) dim stimulation (–3.4 log cd·s/m2) was delivered 30 times 
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(frequency of 0.5 Hz). For all positive STR responses, measurements were done from 

baseline to the positive peak observed around 120 ms.  

 

Figure 2.2 Instrument used for visual electrophysiology. 

 

2.6 Tissue fixation, embedding and sectioning 

Animals were euthanized with an overdose of intra-peritoneal injection of sodium 

pentobarbitone (100 mg/kg Lethabarb, Virbac Pty, Australia) and then perfused 

transcardially with 4% paraformaldehyde (PFA, Sigma). Tissues (eyes, optic nerve and 

brain) were harvested for morphometric and immunofluorescent studies. For 

morphometric analysis, the eyes were fixed for 2 hours in 4% PFA and then incubated in 

70% ethanol overnight at 4°C. Eyeballs were placed in embedding cassette and processed 

via automatic tissue processor (ASP200S, Leica). Eyes were subsequently embedded in 

molten paraffin wax. Using a rotator microtome, 7 μm thick paraffin embedded sections 

involving the whole retina as well as the optic disc, were cut from the vertical meridian of 

each eye and mounted onto Superfrost Plus slides (Menzel-Glaser Lomb). For 

immunofluorescent study, eye, optic nerve and brain tissues were kept in 4% PFA for 1-2 

hours at room temperature, followed by three subsequent washings with 1X- PBS. Tissues 
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were cryopreserved in 30% sucrose solution (in 1x PBS with 0.01% sodium azide) in 4°C 

until the tissue sank completely. Then after the samples was embedded in OCT cryostat 

embedding medium and cryosections were made using the cryostat. 

 

2.7 Hematoxylin and Eosin (H&E) staining  

H&E staining was performed on paraffin embedded sections after standard procedures of 

deparaffinization (xylene) and dehydration (graded ethanol, 100%, 95%, 75%, 50%). 

Sections were then incubated in 0.005% hematoxylin solution for 4 min, followed by 0.1% 

eosin solution for 1 min. 

2.8 Bielschowsky’s silver staining  

Bielschowsky’s silver staining was carried out to evaluate axonal density in the optic 

nerve. Slides were pre-treated in 10% silver nitrate at 40°C for 15 min, and then incubated 

in ammonium silver solution for 30 min. Next, sections were placed directly into the 

developer working solution (0.08% formaldehyde, 0.005% citric acid, 0.005% nitric acid 

and 1% concentrated ammonium hydroxide) for 30 sec, followed by incubation in 5% 

sodium thiosulfate solution for 5 min. 

2.9 Immunofluorescence  

Then after the samples were embedded in OCT cryostat embedding medium and 

cryosections were made using a cryostat (Gupta et al., 2016). Tissue sections were 

permeabilized in 0.1 % Triton X-100 in PBS (You et al., 2014). This was followed by 

incubating the sections with the appropriate primary antibodies overnight at 4°C. Further, 

slides were incubated with either of the secondary antibodies for 1 h at room temperature 
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followed by extensive washing and mounting using anti-fade mounting media with DAPI. 

Cells were similarly fixed for 10 min, permeabilised and treated with respective primary 

and secondary antibodies. Images were acquired using a Zeiss fluorescence microscope 

(Rajala et al., 2013). 

2.10 Protein extraction  

The cells or tissues were washed with cold phosphate buffered saline (PBS). After washing 

with PBS the cells or tissues were lysed in cell lysis buffer (20Mm HEPES, pH 7.4, 

1%Triton-x-100, 2mM EDTA) containing protease inhibitor cocktail and sonicated. 

Following incubation for 30 minutes on ice the lysates were clarified by spinning for 10 

minutes at 12,000 RPM at 4°C.The supernatant containing protein mix was transferred to 

fresh tube and stored at -80°C. The protein concentration was determined using the BCA 

protein assay kit. 

2.11 Western blotting 

The tissues or cell lysates were resolved by 10% SDS–PAGE and transferred to PVDF 

(polyvinylidene difluoride membrane). Following protein transfer, the membrane was 

washed with TTBS [20 mM Tris–HCl (pH 7.4), 100 mM NaCl, and 0.1% Tween 20] and 

blocked in 5% skimmed milk in TTBS for 1 h at 25°C. The membranes were  then 

incubated with primary antibody solution anti-RXRα (1:1000), anti-RXRβ (1:1000), anti-

RXRγ (1:1000), anti-GADD 153 (1:1200), anti-p-PERK (1:200), anti-TrkB (1:1000), anti-

pTrkB Y515 (1:1000)  and anti-β-actin (1:5000) at 4°C overnight and next day after three 

washes (10 min each) in TBST, immunoblots were further incubated with horseradish 

peroxidase (HRP)-labelled secondary antibodies for 1 hour at room temperature. The 
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antibody detection was accomplished with Super signal West Pico Chemiluminescent 

substrate (Pierce). Signals were detected using an automated luminescent image analyser 

(ImageQuant LAS 4000; GE Healthcare, UK). The densitometric analysis of the band 

intensities was performed using the Image J software (NIH, USA). β-actin was used as 

loading control and relative density of the peaks were calculated in excel spreadsheet after 

normalizing with β-actin.  

Statistical Analysis 

Data including fluorescence changes were analysed and graphed using excel and graph 

Pad Prism software (Graph Pad Software, CA). All values with error bars are presented as 

mean ±SD for given n sizes and compared using one way ANOVA followed by Bonferroni 

post-hoc test for multiple-comparison and student’s t test for unpaired data. The 

significance was set at p<0.05. 
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Abstract 

Retinoid-x-receptors (RXRs) are the ligand-dependent transcription factors that belong to 

the family of nuclear receptors that have gained recent research focus as potential targets for 

neurodegenerative disorders. Bexarotene is an RXR pharmacological agonist that is shown 

to be neuroprotective through its effects in promoting amyloid beta (Aβ) uptake by the glial 

cells in the brain. This study aimed to evaluate the dose dependent effects of bexarotene on 

RXR expression in SH-SY5Y neuroblastoma cells and validate the drug effects in the brain 

in vivo. The protein expression studies were carried out using a combination of various 

drug treatment paradigms followed by expression analysis using western blotting and 

immunofluorescence. Our study demonstrated that bexarotene promoted the expression of 

RXR α, β and γ isoforms at optimal concentrations in the cells and in the mice brain. 

Interestingly, a decreased RXR expression was identified in Alzheimer’s disease mouse 

model and in the cells that were treated with Aβ. Bexarotene treatment not only rescued 

the RXR expression loss caused by Aβ treatment (p<0.05) but also protected the cells 

against Aβ induced ER stress (p<0.05) and pro-apoptotic BAD protein activation (p<0.05). 

In contrast, higher concentrations of bexarotene upregulated the ER stress proteins and led 
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to BAD activation. Our study revealed that these downstream neurotoxic effects of higher 

drug concentrations could be prevented by pharmacological targeting of the TrkB receptor. 

The ER stress and BAD activation induced by high concentrations of bexarotene was 

rescued by the TrkB agonist, 7,8 dihydroxyflavone (p<0.05) while TrkB inhibitor CTX-B 

treatment further exacerbated these effects. Together these findings suggest a cross-talk of 

TrkB signalling with downstream effects of bexarotene toxicity and indicate that 

therapeutic targeting of RXRs could prevent the Aβ induced molecular neurotoxic effects. 

 

3.1 Introduction 

Identifying the novel neurodegenerative disease-modifying pathways remains a primary 

objective of neurodegeneration research. Alzheimer disease (AD) is one of the prominent 

neurodegenerative disorders of the central nervous system that has a multifactorial etiology. 

The disease is associated with aberrant Aβ aggregation and plaque formation along with 

abnormal tau phosphorylation changes (Goldsworthy and Vallence, 2013). The vast variety 

of therapeutic approaches that have been developed to treat AD and reduce Aβ levels in the 

brain have met with little success in the clinical setting (Holmes et al., 2008, Mangialasche 

et al., 2010, Rosenblum, 2014).  Recent research has also highlighted Aβ accumulation in 

the retina in various neurodegenerative disorders of the eye such as glaucoma and age related 

macular degeneration (Gupta et al., 2016). Aβ deposition has also been observed in the retina 

in AD mouse models and human retinal tissues from AD subjects (Gupta et al., 2016, 

Koronyo-Hamaoui et al., 2011). 

ApoE gene polymorphisms and plasma apolipoprotein levels are strongly shown to correlate 

with the risk associated with development of the sporadic form of AD and as a potential 

disease biomarker (Gupta et al., 2011). ApoE expression is transcriptionally regulated by  

heterodimer formation of the retinoid X receptors (RXR) with liver X receptors (LXR) and 
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peroxisome proliferator-activated receptor gamma (PPARγ) (Lefebvre et al., 2010). RXR 

also forms heterodimers with vitamin D receptors (VDR) that are critical for the 

physiological and biochemical actions of vitamin D (Barsony and Prufer, 2002). Vitamin D 

deficiency has been suggested as a risk factor for late onset AD and its receptor (VDR) as a 

susceptibility gene for the sporadic form of AD (Wang et al., 2012). RXR heterodimerizes 

with retinoic acid receptors (RAR) and defects in spatial learning and memory have been 

identified in mice with mutated RAR/ RXR receptors (Chiang et al., 1998, Wietrzych et al., 

2005). Similar to the retinoic acid receptors, three different isotypes of RXRs, RXRα 

(NR2B1), RXRβ (NR2B2), and RXRγ (NR2B3) have been identified with different tissue-

specific expression (Mangelsdorf et al., 1992). Retinoic acid administration was shown to 

attenuate amyloid accumulation and protect against the memory loss in animal model of AD 

(Goodman, 2006, Ding et al., 2008, Etchamendy et al., 2003). Therapeutic targeting of RXR 

as well as its interacting partners LXR and PPARγ using pharmacological ligands was 

effective in modulating Aβ levels and improved the cognitive function in various 

experimental models of AD (Mandrekar-Colucci and Landreth, 2011, Cramer et al., 2012). 

Similarly, upregulation of VDR expression resulted in reduced amyloid precursor 

protein (APP) transcription in neuroblastoma cells (Wang et al., 2012). Unsaturated fatty 

acids such as linoleic, linolenic, arachidonic acid and docosahexaenoic acids along with 9-

cis retinoic acid are reported as natural ligands for RXRs (Heyman et al., 1992, LaClair et 

al., 2013). 

Retinoid signalling (RA) plays a critical role in synaptic network formation and in the 

learning and memory development (Lane and Bailey, 2005, Chiang et al., 1998, Mingaud et 

al., 2008). RXR receptors can stimulate neurotrophin production in cells (Price et al., 2007) 

and RA treatment of neuroblastoma cells has been shown to induce functional expression of 

the TrkB receptor (Edsjo et al., 2003, Matsumoto et al., 1995, Lucarelli et al., 1995). TrkB 



52 
 

is essential for neuronal development, protection and plasticity in both central and peripheral 

nervous system and is known to be a key mediator of learning and memory processes in the 

brain (Minichiello, 2009). Aβ treatment is shown to induce dysregulation of TrkB receptor 

expression in neuronal cells (Jeronimo-Santos et al., 2015). Further, TrkB signalling is 

impaired in AD brains (Peng et al., 2005) and its chronic activation using pharmacological 

compounds protected against memory loss and BACE1 elevation in a mouse model of AD 

(Devi and Ohno, 2012, Zhang et al., 2014).  

RXR activation using bexarotene which is a synthetic agonist of the RXRs enhanced glial 

uptake of soluble Aβ in animal brains and decreased its concentrations (Cramer et al., 

2012). Other follow up studies on bexarotene effects argued against the level of therapeutic 

protection conferred by the drug treatment on memory preservation, changes in Aβ levels 

and cognitive aspects in animal models (LaClair et al., 2013, Ulrich et al., 

2013). Bexarotene is essentially an anti-neoplastic agent (Boehm et al., 1995) which was 

primarily approved as a drug for cutaneous T-cell lymphoma management (Gniadecki et al., 

2007). Recent findings however indicate that apart from its effects on Aβ clearance as 

mentioned above, bexarotene also exhibits beneficial effects in Parkinson’s disease 

(McFarland et al., 2013) and in Amyotrophic lateral sclerosis mice models (Riancho et al., 

2015).  

The present study investigated the differential effects of bexarotene on various RXRs in 

neuroblastoma SH-SY5Y cells and in the brain.   The molecular effects of drug treatment on 

endoplasmic reticulum (ER) stress response elucidation and its cross talk with TrkB 

modulation were also studied, with a view to determining potential therapeutic effects of 

modulating RXRs. 
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3.2 Materials and Methods 

3.2.1 Chemicals 

SH-SY5Y cell line was obtained from American type culture collection (ATCC, VA, USA). 

7,8 Dihydroxyflavone (7,8 DHF) was purchased from Tocris Bioscience, UK. Primary 

antibodies RXR (α, β, γ) antibodies were purchased from Cell Signalling Technology. TrkB 

antibody, ER stress antibodies (GADD 153 and p-PERK) were obtained from Santa Cruz, 

Biotechnology. pTrkB Y515 antibody was obtained from Abcam. β-actin antibody, 

bexarotene and retinoic acid were obtained from Sigma, USA. Cyclotraxin-B (CTX-B) was 

procured from Life Research Ltd, Australia. Alexa Fluor 488 secondary antibody, Aβ1-42, 

Dulbecco’s modified Eagle’s medium (DMEM) and Foetal bovine Serum (FBS) were 

obtained from Life Technologies, Australia. DAPI, Bicinchoninic acid assay (BCA) protein 

detection kit and Super signal West Pico Chemiluminescent substrate were obtained from 

Pierce, Rockford, USA. All other reagents were of analytical grade purchased from Sigma 

or Invitrogen. 

 

3.2.2 Animals  

Male C57BL/6 mice were purchased from Animal research centre, Perth and APP-PS1 mice 

tissues were obtained from University of Tasmania, Australia. All animal experiments were 

approved by the Institutional Animal Ethics Committee (AEC) of Macquarie University and 

followed the Australian code of practice for the care and use of laboratory animals. All 

animals were housed in cages under standard conditions, 12 h light/dark cycle, 22 °C, 35% 

relative humidity with ad libitum access to water and food. Bexarotene was administered 

100 mg/kg per os to C57BL/6 mice for seven days daily in drug treatment groups. 
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3.2.3 Cell culture and treatment 

The human neuroblastoma SH-SY5Y cell line were cultured in DMEM  supplemented with 

1% (v/v) penicillin/streptomycin (antibiotics, Invitrogen) and 10% (v/v) foetal bovine serum 

in a humidified atmosphere containing 5% (v/v) CO2 at 37°C. Cells were plated 2.0 × 

105/cm2cells into 6-well plates and maintained in growing medium. Briefly, SH-SY5Y cells 

were grown to 80% confluency. Cells were pre-differentiated with 10 µM all-trans retinoic 

acid for 2 days. Medium was changed into retinoic acid medium without antibiotics for 48 

h. Following 48 h of retinoic acid treatment, cells were exposed to different concentrations 

of bexarotene (0.001, 0.01, 0.1,1, 5 and 10 μM) for 12 h to study the effect of drug. The pre-

differentiation of the neuroblastoma SH-SY5Y cells with retinoic acid was done in both 

control and experimental group.Therefore the corresponding change in bexarotene treated 

group was not due to the effect of retinoic acid. Bexarotene was dissolved in 

dimethylsulfoxide (DMSO), which was used as control/ vehicle with final concentration 

below 0.05%. Treated cells were studied using cell survival assay, immunoblotting, and 

immunofluorescence measurement. For another set of experiments, the cells were treated 

with TrkB receptor agonist, 7,8DHF (100nM, 12h) and a cyclic peptide CTX-B, which is a 

TrkB antagonist (5 μM, 12 h) while for treatment group, cells were treated with bexarotene 

(5 and 10 μM) along with TrkB receptor agonist and antagonist. Subsequently, cells were 

harvested, lysed and the cell lysates subjected to western blotting. For the amyloid beta 

treatment experiments, the cells were pre-treated with 5 μM Aβ1-42 oligomer for 4h and then 

with optimal concentrations of bexarotene (0.1 and 1 μM) for 12 h while control cells were 

treated with 5μM Aβ1-42 peptide for 4h alone. 

 

 



55 
 

3.2.4 Measurement of in vitro cell viability  

Cell viability was measured using trypan blue vital dye exclusion assay (Strober, 2015). 

After 12 h drug treatment, the cells were harvested from plate using PBS washing followed 

by trypsinization. Then 10 μL of trypsinized and re-suspended cells were mixed with 10 μL 

of 0.4% solution of Trypan blue dye (Sigma-Aldrich) for 1 min. Cell counter (Wertheim, 

Germany) was used to evaluate cell density using a Neubauer micro-chamber (Sigma-

Aldrich).  

 

3.2.5 Protein extraction 

The method of protein extraction was described previously in chapter 2, section 2.10. 

 

3.2.6 Western blotting 

Cell lysates containing 40 µg of protein were resolved by 10% SDS–PAGE and transferred 

to PVDF (polyvinylidene difluoride membrane). Following protein transfer, the membrane 

was washed with TTBS and blocked in 5% skimmed milk in TTBS for 1 h at 25°C. The 

membranes were then incubated with primary antibody solution anti-RXRα (1:1000), anti-

RXRβ (1:1000), anti-RXRγ (1:1000), anti-GADD 153 (1:1200), anti-p-PERK (1:200), anti-

TrkB (1:1000), anti-pTrkB Y515 (1:1000) and anti-β-actin (1:5000) at 4°C overnight. Further 

detailed procedure was discussed already in chapter 2, section 2.11. 
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3.2.7 Immunofluorescence 

The SH-SY5Y cells were treated with different concentrations of drugs for various time 

points as indicated. Afterwards the cells were fixed with 4% formaldehyde for 15 min, rinsed 

three times in 1x PBS for 5 minutes each. For brain sections, animals were euthanized with 

an overdose of anaesthetics and then perfused transcardially with 4% PFA. Brains were 

harvested and fixed in 4% PFA overnight. Following fixation in 4% PFA, the brains were 

washed with PBS, incubated in 30% sucrose and embedded in OCT cryostat embedding 

medium. Brain sections were prepared using a cryostat. Then cells /brain sections were 

incubated with blocking buffer (1x PBS / 5% normal serum / 0.3% Triton X-100) for 60 min 

and incubated with appropriate primary antibodies anti- RXR α, anti-RXR β and anti-RXRγ 

at 4 °C overnight. Primary antibodies were diluted in antibody dilution buffer (1x PBS/ 1% 

BSA/ 0.3% Triton X-100). Cells were washed in PBS and then incubated with fluoro 

chrome-conjugated secondary antibody: Alexa Fluor-488 conjugated anti-rabbit (1:400) 

diluted in antibody dilution buffer for 2 h at room temperature in the dark. Finally, slides 

were mounted using prolong diamond antifade reagent containing DAPI. The images were 

captured with a Zeiss microscope. The level of fluorescence in a given region (e.g. nucleus) 

was measured using Image J. The values were then spread into excel work sheet and plotted. 

 

3.2.8 Statistical Analysis 

Data including fluorescence changes were analysed and graphed using excel and graph Pad 

Prism software (Graph Pad Software, CA). All values with error bars are presented as mean 

±SD for given n sizes and compared using one way ANOVA followed by Bonferroni post-

hoc test for multiple-comparison and student’s t test for unpaired data.. The significance was 

set at p<0.05. 
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3.3 Results 

3.3.1 Bexarotene induced modulation of RXR expression 

The effects of different concentrations of bexarotene on cell viability of SH-SY5Y 

neuroblastoma cells was investigated by treating the cells with increasing concentrations of 

drug from 0.001 to 10 µM. Drug induced cytotoxicity and cell death was observed at higher 

concentrations of 5 (98.64±7.61 to 80.08±7.69 %) and 10µM (98.64±7.61% to 

76.89.29±8.79  % (Figure 3.1). The effects of bexarotene treatment (12 h) on RXR 

expression modulation was evaluated across different concentrations ranging from 0.001-

10µM using western blotting and immunofluorescence approaches. RXRα and γ isoform 

expression was significantly elevated at 0.1 µM while RXRβ isoform also demonstrated an 

enhanced expression in this range with peak expression levels at 1µM bexarotene 

concentration. β-actin was used as an internal control and the expression changes were 

evaluated using densitometric quantification for comparison (*p<0.05) (Figure 3.2 A-D). 

Effects of bexarotene treatment (0-10µM) on RXR expression and protein localisation were 

further evaluated using immunofluorescence staining in the cells. Expression of all the three 

RXR isoforms was found to be upregulated in response to drug treatment showing maximum 

expression of RXRα and γ isoform at 0.1 µM and RXRβ isoform at 1 µM (Figure 3.3). The 

effects of bexarotene on RXR expression were further investigated in vivo in the mice brains 

that were administered the drug orally for 7 days and compared with the control animal 

tissues. In accordance with our observations in neuroblastoma cells, an increased expression 

of the RXR isoforms was also identified in the mice brain (Figure 3.4 A-C). These results 

indicated that the bexarotene which is an RXR agonist induced expression changes in various 

isoforms of the receptor in the neuronal cells in culture as well as the brain in vivo (Figure 

3.3 and 3.4). 
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Figure 3.1   Dose-dependent effects of bexarotene on SH-SY5Y cell-viability. SH-SY5Y cells were treated 

with (or without) varying concentrations of bexarotene starting from 0.001 to 10 μM for 12 h. Cell viability 

after bexarotene treatment was measured by Trypan blue exclusion assay. Values are the means ± SD of of 

three independent experiments; *p<0.05 versus control as indicated by  Student-t test. 
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Figure 3.2  Immunoblot analysis of RXR (α, β and γ) protein expression in SH-SY5Y cells following 

bexarotene treatment. A) SH-SY5Y cells were treated with bexarotene (0.001-10 µM) for 12h. After 

exposure to different concentrations of bexarotene, the expression of RXRs (α, β and γ) was detected by 

western blotting. The equivalent loading of proteins in each well was confirmed by probing with β-actin 

antibody. B-D) Densitometric quantification of immunoblots relative to β-actin shows significant changes at 

0.1 µM for RXR  α and γ isoforms while for RXR β, significant changes were observed at 1 µM 

concentration. Data represent mean ±SD; n=3; (*p<0.05, student’s t test) (*p< 0.05, one way ANOVA 

followed by Bonferroni post-hoc test). 
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Figure 3.3 Immunofluorescence staining of Bexarotene treated SH-SY5Y cells for RXR (α, β and γ) 

expression. SH-SY5Y cells were grown on coverslips and treated with different concentrations of bexarotene 

ranging from 0.001 to10 µM for 12 h as indicated. After 12 h, the cells were fixed and immunostained with 
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anti-RXR (α, β and γ) followed by Alexa Flour 488 secondary antibody to detect RXR α, β and γ expression 

(red) (pseudo coloured). Nuclei were stained with DAPI (blue). Scale bar =10µm. 
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Figure 3.4 Bexarotene treatment upregulates RXR(α, β and γ) expression in the brain. The mice brain sections 

were fixed and immunostained with  anti-RXR (α, β and γ) antibodies followed by Alexa Flour 488 secondary 

antibody  to detect RXR α, β and γ (red) (pseudo coloured). Nuclei were stained with DAPI (blue). Scale 

bar=50µm. Brain sections from bexarotene treated mice showed enhanced expression of RXR receptors as 

compared to control mice brains as indicated by white arrows.  

 

3.3.2 Reduced RXR expression in the brain of mouse model of Alzheimer’s disease 

Bexarotene has previously been shown to modulate the AD pathology in mouse models in 

various studies. However, whether the drug induces any changes in the expression of its 

pharmacological target RXR receptors is not known. In this study, we investigated RXR 

expression changes in the brains of aged APP/PS1 mouse model. The expression of all the 

three isoforms of RXR was found to be much reduced in the brain tissue lysates as 

demonstrated by immunoblotting using isoform specific antibodies (Figure 3.5A-D). Actin 

was used as internal control. The results were also evaluated using immunofluorescence 

staining in the APP/PS1 mice brain sections using RXR α, β and γ specific antibodies and 

the results demonstrate a reduced expression of each of these isoforms in the brain in the AD 

mouse model (Figure 3.6).  
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Figure 3.5 Immunoblotting analysis of RXR (α, β and γ) expression in APP/PS1 mice brains. A) The 

expression of RXRs (α, β and γ) in WT type and APP/PS1 mice brain lysates was investigated by western 

blotting. The equivalent loading of proteins in each well was confirmed by probing with β-actin. B-D) 

Densitometric quantification of immunoblots relative to β-actin shows significantly higher expression of RXRs 

in WT type mouse brain lysates as compared to APP/PS1 mice brain samples. Data represent mean ±SD ; n=3; 

(**p<0.05, ***p<0.001, student’s t test)  
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Figure 3.6 Immunofluorescence staining revealed reduced RXR (α, β and γ) staining in APP/PS1 mice brains. 

The WT and APP/PS1 mice brain sections were fixed and immunostained with  anti-RXR (α, β and γ) 

antibodies followed by incubating with Alexa Flour 488  secondary antibody  to detect RXR A) α B) β and C) 

γ expression. Nuclei were stained with DAPI (blue). Scale bar =50µm. APP/PS1 mice brain sections showed 

relatively less RXR  immunoreactivity when compared to WT mice as indicated by white arrows.  
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3.3.3 Aβ induced RXR suppression is rescued by bexarotene treatment 

We sought to understand whether the loss of RXR expression in brains of APP/PS1 mice 

was associated with increased Aβ levels and tested this hypothesis using Aβ treated SH-

SY5Y cells in culture. Briefly, the cells were treated with Aβ1-42 (5µM) for 4 hours and the 

effects on RXR expression evaluated using immunoblotting for α, β, and γ isoforms of RXR 

expression using specific antibodies. Densitometric quantification of the westerns revealed 

a significant reduction in the RXR expression upon Aβ treatment (RXRα: *p<0.05; RXRβ: 

*p<0.05) (Figure 3.7A-F) 

As bexarotene was observed to upregulate the RXR expression (Figure 3.2), we investigated 

whether the drug could modulate Aβ induced effects on RXR expression changes. The cells 

were treated with optimal concentrations of bexarotene (0.1 and 1µM) after they were pre-

treated with Aβ 1-42 peptide and it was observed that the loss of RXR expression caused by 

Aβ treatment was significantly alleviated upon drug treatment. Densitometric quantification 

of immunoblots was carried out for expression comparison and actin was used as the loading 

control in each case (RXRα, RXRβ and RXRγ: p<0.05) (Figure 3.7A-F).  
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Figure 3.7 Amyloid beta treatment suppressed RXR expression and the impact of bexarotene treatment. SH-

SY5Y cells  were incubated with amyloid beta peptide for 4 h at concentration of 5µM before addition of RXR 

receptor agonist bexarotene (0.1 and 1μM). A, C and E) Protein levels of RXR  in amyloid beta treated cells 

were evaluated by Western blotting. The equivalent loading of proteins in each well was confirmed by β-actin. 

B, D and F) Densitometric quantification indicated that bexarotene treatment significantly protected against 

RXR expression loss induced by amyloid beta. Data represent mean ± SD from 3 independent experiments; 

p<0.05, student’s t test) (**p< 0.05 (RXRα), **p< 0.05 (RXRβ),  *p< 0.05(RXRγ) ,one way ANOVA followed 

by Bonferroni post-hoc test). 
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3.3.4 Bexarotene protected against Aβ induced ER stress response and BAD activation  

Aβ has previously been shown to induce ER stress response in AD (Cornejo and Hetz, 2013, 

Fonseca et al., 2013). In this study, we identified that Aβ treatment resulted in enhanced 

GADD153 (***p<0.001) and p-PERK (*p<0.05) expression in SH-SY5Y cells. PERK  is 

an ER transmembrane protein  which undergoes autophosphorylation during early stages of 

ER stress (Liao et al., 2013) and is a key sensor of unfolded protein response (UPR). 

GADD153, also known as C/EBP homologous protein (CHOP), has an important role as an 

ER stress- induced cell death modulator (Oyadomari and Mori, 2003). The effects of 

bexarotene on Aβ induced ER stress markers GADD153 and p-PERK were investigated 

using immunoblotting. The cells were treated with bexarotene (12 h) after they were pre-

treated with Aβ (5 µM). Significant reduction in both GADD153 and p-PERK expression 

was observed when the cells were treated with either 0.1 (GADD153: **p<0.05; p-PERK: 

*p<0.05) or 1 µM (GADD153: **p<0.05; p-PERK: *p<0.05) bexarotene. The upregulated 

expression of pro-apoptotic proteins is one of the major mechanisms for the cell death 

process. Therefore, expression changes in pro-apoptotic member of the Bcl-2 gene family 

i.e. Bcl-2-associated death promoter (BAD) protein which is involved in processes that 

favour apoptosis were studied. Enhanced ER stress caused by Aβ was associated with 

upregulation of apoptotic protein BAD expression in cells (****p<0.001) and bexarotene 

treatment resulted in significant reduction in BAD protein expression (0.1µM: *p<0.05; 

1µM: *p<0.05). The immunoblots of cellular lysates were quantified and data plotted with 

actin as internal control (Figure 3.8A-E). 

https://en.wikipedia.org/wiki/Apoptosis
https://en.wikipedia.org/wiki/Bcl-2
https://en.wikipedia.org/wiki/Protein
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Figure 3.8 Bexarotene protected against amyloid beta induced ER stress induction and BAD upregulation. SH-

SY5Y cells were pretreated with amyloid beta peptide for 4 h (5µM) followed by bexarotene treatment. A and 

D) Levels of GADD 153, p-PERK and BAD proteins were determined by western blot analysis. β-actin was 

used as an internal control. B,C and E) Densitometry analysis showed that expression of GADD 153, p-PERK 

and BAD significantly decreased after bexarotene treatment. Data represent mean ± SD; n=3; (*p,**p<0.05, 

***p, ****p<0.001, student’s t test) (****p< 0.0001 (Aß vs. Aß+B-0.1), *** p< 0.001 (Aß vs. Aß+B-1)  (GAD 

153), **p< 0.05 (p-PERK),  *p< 0.05 (BAD), one way ANOVA followed by Bonferroni post-hoc test). 
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3.3.5 High concentration of bexarotene mediated ER stress and BAD response in 

neuroblastoma cells  

As bexarotene is an anti-neoplastic agent that exerts cytotoxic effects in a concentration 

dependent manner (Budgin et al., 2005, Zhang et al., 2002), we sought to investigate the 

dose dependent effects of bexarotene on the ER stress markers GADD153 and p-PERK 

expression in neuroblastoma cells. Cell lysates were subjected to immunoblotting and 

densitometric quantification suggested an increased expression of these markers implying 

elevated ER stress at higher drug concentrations (5 µM, GADD153: *p<0.05; p-PERK: 

*p<0.05) (10µM, GADD153: **p<0.05; p-PERK: *p<0.05) (Figure 3.9A-C). The band 

intensities were quantified and plotted (Figure 3.9E). In accordance with ER stress induction 

at high drug concentrations, an upregulated expression of pro-apoptotic BAD protein was 

also observed in cellular lysates (5µM, **p<0.05) (10µM, **p<0.05) (Figure 3.9D).  
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Figure 3.9 Effects of various bexarotene concentrations on ER  stress and pro-apoptotic protein BAD 

expression. A and D) Immunoblotting analysis of SH-SY5Y cells treated with different concentrations of 

bexarotene against GADD 153, p-PERK (ER stress  antibodies) and BAD (pro-apoptotic protein). B,C and E) 

Densitometry analysis showed that expression of GADD 153, p-PERK  and BAD significantly increased at 5 

and 10 µM  concentrations.  Data represent mean ±SD ; n=3; *,**p<0.05, student’s t test) (***p< 0.001 (GAD 

153), **p< 0.05 (Control vs. 5 µM), *** p< 0.001 (Control vs. 10 µM) (p-PERK),  ****p< 0.0001 (Control 

vs. 5 µM), *** p< 0.001 (Control vs. 10 µM) (BAD), one way ANOVA followed by Bonferroni post-hoc test). 
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3.3.6 Neurotoxic molecular effects of bexarotene were moderated by pharmacological 

modulation of TrkB receptor 

BDNF/TrkB pathway has previously been shown to suppress ER stress response activation 

in tunicamycin treated neuroblastoma cells (Chen et al., 2007). TrkB agonist 7,8 

dihydroxyflavone was also recently shown to attenuate ER stress activation in HK-2 cells 

(Ma et al., 2016). We sought to identify whether ER stress induced by high concentrations 

of bexarotene treatment in SHSY5Y cell is modulated upon pharmacological treatment with 

TrkB agonist, 7,8 dihydroxyflavone (7,8DHF). Accordingly, the cells pre-treated with 

bexarotene (5 and 10µM; 12h) were incubated with TrkB agonist 7,8 DHF (100nM; 12 h). 

Following this treatment paradigm, the cells were harvested, lysed and subjected to 

immunoblot analysis using specific antibodies against ER stress markers GADD153 and p-

PERK. Densitometric quantification indicated that bexarotene treated cells that were also 

treated with 7,8DHF demonstrated significantly reduced ER stress marker expression 

compared to the bexarotene treated cells alone (GADD153: bex 5µM, *p<0.05; bex 10µM, 

*p<0.05) (p-PERK: bex 5µM, *p<0.05; bex 10µM, *p<0.05).  

Alternatively, we also evaluated potential detrimental effects of TrkB antagonist cyclotraxin-

B (CTX-B) on the ER stress response in bexarotene treated cells. An exacerbation of the ER 

stress markers was identified in the neuroblastoma cells that were treated with CTX-B (5μM, 

12 h) subsequent to bexarotene treatment (Figure 3.10 A-C). 7,8 DHF treatment also resulted 

in reduction in the expression levels of pro-apoptotic protein BAD in neuroblastoma cells 

after they were treated with high concentrations of bexarotene (bex 5µM, *p<0.05; bex 

10µM, **p<0.05). In contrast, CTX-B treated cells demonstrated elevated BAD protein 

levels compared to bexarotene treated cells alone (Figure 3.10D-E).  
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In the control experiments, SHSY5Y cells were treated with 7,8DHF and CTX-B separately. 

In accordance with previous reports, 7,8DHF resulted in elevated TrkB phosphorylation 

while CTX-B treatment resulted in significant reduction in pTrkB levels (pTrkB Y515 

residue) (*p<0.05) (Figure 3.11A-B). A significant upregulation of the ER stress protein 

markers as well as pro-apoptotic protein BAD expression was identifiable upon treatment of 

the cells with CTX-B. This suggested that loss of TrkB signalling was involved in enhanced 

ER stress response (GADD 153: **p<0.05; p-PERK: ***p<0.001) and BAD protein 

activation (***p<0.001) (Figure 3.11C-G). Actin was used as loading control for each 

sample.  
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Figure 3.10 ER stress and BAD protein activation caused by bexarotene are moderated by TrkB modulation. 

A and D) Bexarotene treated cells were subjected to further treatment with either 7,8 DHF or CTX-B and 

lysates subjected to western blotting. The blots were probed for GADD153, p-PERK and β-actin. B, C and E) 

Densitometry quantification shows  that expression of GADD 153, p-PERK  and BAD significantly decreased 

upon 7,8DHF  treatment, while an increasing trend was observed upon CTX-B treatment. Data represent 

mean ±SD; n=3; p<0.05, student’s t test) (**p< 0.05 (GAD 153), *p< 0.05 (p-PERK),  *,**p< 0.05 (BAD), 

one way ANOVA followed by Bonferroni post-hoc test). 
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Figure 3.11 Effects of TrkB modulation on ER stress protein and BAD expression. A) Cells were treated with 

either 7,8 DHF or CTX-B and the effects of the drugs on expression of A) pTrkB, TrkB C) GADD153, p-

PERK and F) BAD protein investigated. B) D) G) Densitometric quantification of bands demonstrated 

significant increase in pTrkBY515 in 7,8 DHF treated cells and decrease in in CTX-B treated cells. Data 

represent mean ± SD; n=3; *p<0.05. Further, GADD 153, p-PERK  and BAD expression significantly 

increased with CTX-B treatment. Data represents mean ± SD ; n=3; **p <0.05, *** p<0.001, student’s t test) 

(**p< 0.05 (GAD 153), ****p< 0.0001 (p-PERK), ****p< 0.0001 (BAD), one way ANOVA followed by 

Bonferroni post-hoc test). 
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3.4 Discussion 

Recent studies have highlighted mixed and sometimes partly contradictory findings 

illustrating the effects of the retinoid x receptor agonist bexarotene in mediating glial uptake 

of Aβ and facilitating its clearance from the brain with cognitively beneficial effects in 

animal models of AD (Fitz et al., 2013, LaClair et al., 2013, Price et al., 2013, Tesseur et 

al., 2013, Veeraraghavalu et al., 2013, Cramer et al., 2012). This report provides evidence 

that bexarotene has a concentration dependent effect on expression of various RXR isoforms 

in neuroblastoma cells. SH-SY5Y cells were used in the present study as the cultures of SH-

SY5Y cells include both adherent and floating cells, both types of which are viable. Also, 

SH-SY5Y cells are commonly used in studies related to various neurodegenerative diseases 

like Parkinson’s disease, Alzheimer’s disease, Amyotrophic Lateral Sclerosis and 

Huntington’s disease. On the other hand, the cultures of hippocampal neurons is particularly 

challenging since mature neurons do not undergo cell division and show signs of cell death 

after 2 or 3 weeks. The magnitude of receptor expression changes can vary depending on the 

drug concentration. However, it is important to note that RXRs being nuclear receptors play 

critical roles in biological processes such as regulating chromatin condensation, acetylation 

of histone proteins and transcription regulation (Brazda et al., 2014, Mounier et al., 2015), 

therefore even relatively modest expression changes may have profound effects over a 

period of time such as in chronic neurodegenerative conditions like AD. RXR expression 

analysis in mice brains that were treated with bexarotene corroborated our findings that 

bexarotene treatment resulted in RXR expression modulation in vivo (Figure3.4).  

Although bexarotene has previously been shown to act as RXR agonist, this is the most 

comprehensive investigation to date to evaluate RXR expression changes in response to 

differential drug concentrations. This study also identified for the first time that the APP/PS1 
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mouse model of AD has reduced levels of RXR expression in the brain (Figure 3.5 and 3.6). 

We sought to determine whether these findings could be attributed to altered Aβ levels in 

these mice brains and tried to recapitulate this experiment in neuroblastoma cells in culture 

that were treated with Aβ peptide. Aβ1-42 treatment resulted in reduced RXR expression 

levels in these cells (Figure 3.7). This is the first study to identify that Aβ is associated with 

a reduction in RXR expression. In addition, we demonstrate that at low concentrations, 

bexarotene can rescue the loss of RXR expression caused by Aβ administration (Figure 3.7). 

Previous studies have indicated that amyloid beta pathology may be important in regulating 

the biological activity of RXR agonists in vivo (Tai et al., 2014). Bexarotene treatment in 

human AD subjects was shown to reduce Aβ levels in brain along with upregulated blood 

Aβ1–42 concentrations especially in ApoE4 noncarriers but the exact biochemical basis of 

these observations is unclear (Cummings et al., 2016). Amyloid β induced RXR expression 

changes and protection conferred by optimal concentrations of bexarotene can be a potential 

molecular basis of the bexarotene effects in cell culture experiments and in animal models 

of AD (Kuntz et al., 2015, Mariani et al., 2017, Bachmeier et al., 2013) This report will guide 

future studies aiming to investigate the role of RXR expression changes in AD and also 

suggests a molecular mechanism underlying bexarotene induced protective effects observed 

in some of the recent studies (Bomben et al., 2014, Boehm-Cagan and Michaelson, 2014, 

Nam et al., 2016). 

Aβ has been shown to be associated with enhanced ER stress marker response in  brain 

endothelial cells (Fonseca et al., 2013). Increased ER stress response has also been shown in 

animal models of AD (Ho et al., 2012, Rozpędek et al., 2016), glaucoma (Zode et al., 2014) 

and other neurodegenerative disorders like Parkinson's, Huntington's disease and 

amyotrophic lateral sclerosis (Paschen and Mengesdorf, 2005). Although RXR receptors 
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have previously been implicated in AD (Kawahara et al., 2014), targeting RXRs using 

bexarotene and modulating ER stress response expression is a novel area. We observed a 

significant upregulation of GADD153 and p-PERK expression in cells that were treated with 

Aβ and identified that these neurotoxic effects of Aβ on ER stress response elucidation were 

partially suppressed when the cells were subsequently treated with low concentrations of 

bexarotene (Figure 3.8 A-C). Enhanced ER stress response has been shown to promote pro-

apoptotic pathways in neurodegenerative diseases (Tabas and Ron, 2011) as well as 

cardiovascular diseases (Szegezdi et al., 2006). Ding et al. (Ding et al., 2012)  demonstrating 

that sustained ER stress could lead to deleterious effects in epithelial cells triggering cell 

death. Apoptotic pathway activation has previously been established in Aβ treated cells  

(Alvarez et al., 2004) and in mouse models of AD (Cancino et al., 2008). Our data 

substantiated these observations and reported an upregulation of pro-apoptotic protein BAD 

in the cells upon Aβ1-42 treatment (Figure 3.8 D-E). More importantly, treatment with optimal 

concentrations of bexarotene facilitated partial reduction in BAD protein levels suggesting 

a molecular protective effect of the drug treatment. Our data thus far indicated that Aβ 

negatively affected RXR expression, enhanced ER stress response and promoted pro-

apoptotic pathways and that pharmacological treatment using optimal concentrations of 

bexarotene could protect the cells under these conditions.  

The role of RXR agonist in moderating ER stress and apoptotic pathway suppression is an 

important finding; however, bexarotene is also an established anti-neoplastic agent that is 

known to induce cell apoptosis in cutaneous T-cell lymphoma cells (Zhang et al., 2002). 

Accordingly, we examined the changes induced by the bexarotene on neuroblastoma cells 

at relatively higher drug concentrations (5-10 µM). The drug treatment resulted in an 

upregulation of the ER stress marker proteins, GADD153 and p-PERK. Increased ER stress 
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response at higher concentrations also corresponded with enhanced BAD protein activation 

and together these results implicate that the drug has concentration dependent cellular effects 

in SH-SY5Y cells (Figure 3.9).  

The BDNF/TrkB pathway has previously been shown to selectively block both the stress-

induced upregulation and intracellular translocation of GADD153 in human neuroblastoma 

SH-SY5Y cells (Chen et al., 2007). Treatment with 7,8 DHF which is a potent TrkB agonist 

resulted in GADD153 suppression in HK-2 cells reducing the ER stress response and thereby 

supporting the evidence of protective effects of TrkB pathway activation on ER stress (Ma 

et al., 2016). 7,8 DHF binding induces TrkB autophosphorylation and its dimerization and 

activates the intracellular PI3K/Akt and MAPK/Erk signalling in neuronal cells (Gupta et 

al., 2013, Gupta et al., 2013c). Furthermore, TrkB activates Akt pathway which is 

downstream of the receptor tyrosine kinase signalling and blocks the pro-apoptotic Bcl-2 

family member BAD (Nguyen et al., 2009). 7,8 DHF treatment was indeed shown to block 

the BAD protein activation in mouse model of experimental brain injury (Wu et al., 2014). 

Similarly, cyclotraxin-B is a potent and selective TrkB inhibitor that blocks Tyr515 

phosphorylation, its downstream Akt activation and associated biochemical signalling 

pathways (Cazorla et al., 2010, Gupta et al., 2013, Gupta et al., 2014). Pharmacological 

treatment of neuroblastoma cells with 7,8 DHF and CTX-B resulted in modulation of ER 

stress response proteins and pro-apoptotic BAD protein expression changes induced by 

high concentrations of bexarotene (Figure 3.10). Supporting previous literature, our study 

elucidated that 7,8 DHF treatment resulted in enhanced pTrkBY515 phosphorylation while 

CTX-B treatment lead to significant decline in pTrkB activation (Gupta et al., 2013) 

(Figure 3.11 A-B). In addition to its effects on TrkB activation, CTX-B treatment 

upregulated the ER stress markers (GADD153/ p-PERK) and BAD protein expression in 
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SHSY5Y cells (Figure 3.11 C-G). TrkB agonist treatment on the other hand, resulted in 

reduced GADD153/ p-PERK and BAD protein expression (Figure 3.11 C-G). While 

7,8DHF treatment resulted in reduced expression of ER stress proteins caused by high 

levels of bexarotene, CTX-B treatment further exacerbated the ER stress protein 

expression induced by the drug (Figure 3.10). The cross-talk of TrkB signalling with RXR 

pathway in regulating ER stress proteins GADD-153 and p-PERK, and BAD protein 

expression is an intriguing finding both mechanistically and because of significant 

implications in developmental, oncogenic and neurodegenerative processes. These results 

suggest a mechanistic rationale for TrkB pathway as an additional drug target that may 

help reduce the side effects associated with high concentrations of bexarotene. Future 

studies will help validate tissue specific relevance of these findings in humans and in 

various animal models of disease. 

Overall, in addition to its implications in cancer research, such as in neuroblastoma and 

cutaneous T-cell lymphoma, better therapeutic targeting of RXRs may be useful in AD 

drug development. These findings are also relevant to retinal degenerative conditions 

associated with enhanced Aβ levels such as glaucoma, age related macular degeneration 

and AD pathology (Gupta et al., 2016). BDNF/TrkB signalling has been consistently 

shown to support the survival of neurons in brain and for the retinal ganglion cells (Gupta 

et al., 2014, Gupta et al., 2013, Nagahara et al., 2009). Our study raises the possibility of 

specific biochemical pathway linking RXR expression changes with Aβ accumulation and 

its cross-talk with TrkB receptor signalling. These findings and potential therapeutic 

applicability provide rationale to further explore bexarotene pharmacodynamics along 

with RXR biological cross talk with TrkB receptor signalling. 
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RETINOID-X-RECEPTOR MODULATION 
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Abstract 

Glaucoma is a progressive optic neuropathy associated with loss of retinal ganglion cells 

(RGCs). Neuroprotective strategies to prevent RGC loss are being extensively explored to 

rescue vision loss in glaucoma. Mounting evidence suggests that RXR activation may be 

neuroprotective in the central nervous system. However, its potential neuroprotective role 

in the retina and specifically in glaucoma remains unexplored. This study investigated 

changes in RXR expression in the mouse retina under glaucomatous stress conditions and 

investigated the effect of RXR modulation on the RGCs using pharmacological 

approaches. RXR protein levels in retina were downregulated in glaucoma while 

bexarotene treatment resulted in upregulation of RXR expression particularly in the inner 

retinal layers. Retinal electrophysiological recordings and histological analysis indicated 

that inner retinal function and retinal laminar structure were preserved upon treatment with 

RXR agonist, bexarotene. These protective effects were associated with downregulation 

of ER stress marker response upon bexarotene treatment under glaucoma conditions. 

Overall, RXR modulation significantly protected RGCs by suppressing ER stress 

activation and rescuing the inner retinal deficits in glaucoma. 
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4.1 Introduction 

Glaucoma is the second most common cause of vision loss after cataract and it is 

anticipated that by 2020, 79.6 million people will suffer from this disease globally 

(Quigley and Broman, 2006, Sappington et al., 2010). The disease is characterised by slow, 

progressive degeneration of retinal ganglion cells (RGCs) and optic nerve atrophy. 

Retinoid receptors play an important role in the course of eye development and are 

localized to specific cell types in the adult retina (Mori et al., 2001). RXR activation has 

proven to be beneficial in neurodegenerative models affecting the brain. However 

neuroprotective role of RXR activation on RGC in glaucoma has not been explored. RXR 

activation was found to protect retina pigment epithelial cells (RPE) from oxidative stress-

induced apoptosis suggesting RXR agonists might be protective in the retina (Ayala-Peña 

et al., 2016). There are also reports indicating that RXR activation may be protective 

against amyloid beta toxicity (Bachmeier et al., 2013), mitochondrial dysfunction (Lee et 

al., 2015) and glutamate excitotoxicity (Mariani et al., 2017). All these factors are reported 

to be involved in RGC death in glaucoma. 

RXRs belong to the superfamily of steroid/thyroid receptors, are involved in number of 

cellular and metabolic processes and are classified into α, β, and γ subtypes (Dawson and 

Xia, 2012). These can form both homodimer as well as heterodimer with other nuclear 

receptors making it a unique member of nuclear hormone receptor family that includes 

peroxisome proliferator-activated receptor (PPAR), liver-X-receptor (LXR), farnesoid X 

receptor (FXR), pregnane X receptor (PXR), retinoic acid receptor (RAR), vitamin D 

receptors (VDR), thyroid hormone receptor (TR) etc (Forman et al., 1995, Kurokawa et 

al., 1994). This versatile role of RXR to serve as a common heterodimer partner for 

multiple NRs enables this receptor to be involved in several key cellular signalling 
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pathways. RXRs also regulate gene expression by forming homodimers upon being 

activated by selective agonists.  

The RXR agonist bexarotene is approved for the treatment of cutaneous T-cell lymphoma 

and more recently, therapeutically beneficial effects of the drug are being explored for 

metabolic disorders like diabetes and obesity inflammatory disorders, atherosclerosis, and 

other cardiovascular diseases (Altucci et al., 2007, Claudel et al., 2001). Evidence from 

recent reports strongly suggests a neuroprotective role of the drug in other 

neurodegenerative diseases such as Parkinson’s disease (McFarland et al., 2013), multiple 

sclerosis (Natrajan et al., 2015) and Alzheimer’s disease (Crunkhorn, 2012). RXR 

activation by bexarotene is also promising neuroprotective therapy for amyotrophic lateral 

sclerosis (ALS) as it delays motor neuron degeneration and maintains neuronal survival in 

transgenic SOD1G93A mice (Riancho et al., 2015). Recently, RXR activation by 

bexarotene has been found to decrease neuronal hyperexcitability in mouse models of 

epilepsy (Bomben et al., 2014). 

Recent in vitro studies demonstrated that bexarotene treatment protects neurons from 

glutamate-induced excitotoxicity (Huuskonen et al., 2016). It is a highly selective 

synthetic retinoid which has high blood brain permeability and activates all the three 

isoforms of RXRs i.e RXRα, RXRβ and RXRγ (Cramer et al., 2012). Understanding of 

the role of RXRs in the retina is rather limited and the potential effects of RXR activation 

in glaucoma have not been previously investigated. 

In this study, we sought to investigate the involvement of RXRs in the retina with 

particular focus under glaucoma conditions. The effects of bexarotene treatment on RXR 

expression and other biochemical effects in the retina were studied.  The effects of RXR 

modulation in the retina in two different experimental models of RGC injury were studied. 
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A glutamate mediated increased excitotoxicity model was used to understand relatively 

acute effects of the RGC injury and a microbead injection model with chronically 

increased intraocular pressure (IOP) was utilised to study the IOP related effects. Our 

findings underscore that RXR activation using bexarotene suppresses the ER stress and 

apoptotic processes and protects the retinal ganglion cells and retinal function in 

glaucoma, thus providing a novel therapeutic target for the treatment of glaucoma and 

possibly other neurodegenerative disorders. 

 

4.2 Materials and Methods  

Ethics, animals, drug (bexarotene treatment), chemicals, glaucoma models (glutamate 

and microbead) and equipments used are described in chapter 2 under sections 2.1, 2.2, 

2.3 and 2.4 

 

4.2.1 Electroretinographic recordings 

Detailed method to perform electroretinogram recordings is discussed in chapter 2, 

section 2.5. 

 

4.2.2 Histology 

Animal tissue (both eye and optic nerve) fixation, embedding and sectioning were done 

as described in chapter 2, section 2.6.The retinal sections were stained with H and E 

staining as discussed in chapter 2, section 2.7. The number of cells in the ganglion cell 

layer was counted over a length of 300 μm (100 μm to 600 μm from the edge of the 

optic disc) for both superior and inferior retina. For each eye, cell counts were averaged 
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over three consecutive sections to analyse the number of cells in the retinal ganglion 

cell layer (GCL). The optic nerve sections were subjected to Bielschowsky silver 

staining as explained in chapter 2, section 2.8 and axonal density was determined for 

each optic nerve by counting number of axons. 

 

4.2.3 Western blotting  

After retinal enucleation, optic nerve head region of the retina was excised from the 

retina. The tissue lysate was prepared as described in chapter 2, section 2.10. The protein 

concentration was determined using the BCA protein assay kit. Western blotting was 

performed as discussed in chapter 2, section 2.11. Membranes were incubated overnight 

with anti-RXRα (1:1000), anti-RXRβ (1:1000), anti-RXRγ (1:1000), anti-GADD 153 

(1:1200), anti-p-PERK (1:200), and anti-β-actin (1:5000). Further procedure already 

reported in chapter 2, section 2.11. 

 

4.2.4 Immunofluorescence 

Method of immunofluorescence of retinal cryosections was discussed previously in 

chapter 2, section 2.9. 

 

4.2.5 Statistical Analysis 

GraphPad Prism software was used to analyse ERG/pSTR amplitudes, GCL density, 

axonal density as well as protein expression.  All values with error bars are presented as 

mean ±SD for given n sizes and compared using one way ANOVA followed by Bonferroni 
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post-hoc test for multiple-comparison and student’s t test for unpaired data.. The 

significance was set at p<0.05. 

4.3 Results 

4.3.1 Glaucoma downregulates RXR  expression in mice retinas 

We assessed the expression of RXR receptor isoforms in the mice retinas and evaluated 

the effects of glaucomatous injury on the RXR expression levels. Immunostaining of the 

retinal sections revealed that RXR α was observed to be well expressed in all the retinal 

layers while RXR β staining was predominantly localised in the ganglion cell layer. RXR 

γ immunoreactivity was also identified in all the retinal layers (Figure 4.1 and 4.2). The 

expression of various RXR receptors was also studied in the optic nerve head tissue using 

western blotting in the control and experimental glaucoma groups in glutamate 

excitotoxicity and microbead induced increased IOP model (Figure 4.3A). Microbead 

administration resulted in chronic increase in IOP i.e. 20.11±2.63 mmHg (mean± SD) 

compared to control group with an average IOP of 9.16± 0.43 (p<0.001) (Figure 4.4A). 

No IOP increase was observed in the glutamate treated group (Figure 4.4B). Results from 

immunofluorescence and densitometric quantification of the immunoblotting indicate that 

RXR expression was significantly downregulated in both the experimental glaucoma 

models compared to the control groups (RXR α, control 113 ± 6.699 vs glutamate 

53.23±4.657, ***p<0.001; microbead 53.21±4.446, ***p<0.001; RXR β, control 101.8 ± 

5.27 vs glutamate 65.96 ±3.303, **p< 0.05; microbead 65.33 ± 3.186, **p< 0.05; RXR γ, 

control 101.7 ±3.258 vs glutamate 51.58±2.982, ****p< 0.0001; microbead 49.95±2.373, 

****p< 0.0001 mean±  SD %) (Figure 4.3 B-D).  
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Figure 4.1 Changes in expression of RXR (α, β, and γ) in control, glutamate and glutamate +bexarotene 

group (A), (B) and (C) represents immunofluorescence of mice retinal cryosections with anti-RXRs (α, β, 

and γ) and anti NeuN (neuronal marker) from different groups. Red colour and green color indicates staining 

for RXR and NeuN respectively while blue nuclei is for DAPI; GCL, retinal ganglion cell layer; INL, inner 

nuclear layer; ONL, outer nuclear layer. Microscopic images after immunostaining revealed that bexarotene 

treatment in mice exposed to intravitreal glutamate upregulates expression of all the three isoforms of RXR 

as compared to glutamate group. Scale bar =50 μm. 
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Figure 4.2 Changes in expression of RXR (α, β, and γ) in control, microbead and microbead+bexarotene 

group (A), (B) and (C) represents immunofluorescence of mice retinal cryosections with anti-RXRs (α, β, 

and γ) and anti NeuN (neuronal marker) from different groups. Red colour and green color indicates staining 

for RXR and NeuN respectively while blue nuclei is for DAPI; GCL, retinal ganglion cell layer; INL, inner 

nuclear layer; ONL, outer nuclear layer. Microscopic images after immunostaining revealed that bexarotene 

treatment in mice exposed to Intracameral microbeads upregulates expression of all the three isoforms of 

RXR as compared to microbead group. Scale bar =50 μm. 
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Figure 4.3 Bexarotene mediated upregulation of RXRs (α, β, and γ) in control, glaucoma and 

glaucoma+bexarotene group (A) represents western blot of RXR (α, β, and γ) expression in optic nerve lysates 

of control, bexarotene, glaucoma and glaucoma+ bexarotene group. (B), (C) and (D) Densitometric analysis 

showed a significant upregulation of RXRs in glaucoma+ bexarotene as compared to glaucoma.  (**p< 0.05, 

***p<0.001, ****p< 0.001, student’s t test) (***p<0.001, ****p< 0.0001, one way ANOVA followed by 

Bonferroni post-hoc test). 
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Figure 4.4 Intraocular pressure (IOP) measurements. Mean IOP in control, bexarotene, glaucoma (glutamate 

and microbead) and glaucoma +bexarotene mice eyes were measured. (A) represents sustained increase in 

IOP observed from 0 week to 8 weeks with microbead injection. (B) represents that there was no significant 

rise in IOP was observed in control, bexarotene, glutamate, glutamate+ bexarotene groups. 

 

 

4.3.2 Treatment with RXR agonist bexarotene enhanced retinal RXR expression 

To investigate the effects of bexarotene drug treatment on the RXR expression in the 

retinas under control and experimental glaucoma conditions, optic nerve head lysates were 

subjected to immunoblotting analysis. Results demonstrated increased expression of RXR 

α,β, and γ isoforms in the bexarotene treated groups as compared to glaucoma conditions 

(RXRα, bexarotene 92.51± 5.869, **p< 0.05 (glutamate), 93.23 ± 5.931,**p< 0.05 

(microbead); RXRβ, bexarotene 122.4±6.912, ***p< 0.001, (glutamate), 

120.6±6.83***p< 0.001 (microbead); RXRγ, bexarotene 120.7±4.722,****p< 0.0001 

(glutamate), 114.6±3.96,****p< 0.0001 (microbead) mean±  SD %) (Figure 4.3 B-D). 

Drug treatment as such did not result in any IOP increase or decrease in control or 

experimental glaucoma groups. The retinal sections from the bexarotene treated animals 
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were also subjected to immunofluorescence analysis. Results substantiate the WB findings 

and highlight that bexarotene treatment resulted an increased RXR expression in retinas 

exposed to glaucomatous injury (Figure 4.1 and 4.2). The increased expression was 

predominantly associated with the inner retina partcularly GCL and localised with the 

NeuN postive ganglion cells. 

 

4.3.3 RXR activation reduces ER stress response in experimental glaucoma 

Taking into account that ER stress is associated with retinal ganglion cell death, we 

investigated ER stress associated changes in our acute and chronic mouse model of 

experimental glaucoma (Doh et al., 2010, Jing et al., 2012, Shimazawa et al., 2007). 

Expression of ER stress protein markers p-PERK and GADD 153 was evaluated in retinal 

sections using immunofluorescence and data indicates increased staining in the glaucoma 

conditions. The reactivity of p-PERK was mainly localised to the GCL, outer plexiform 

layer and INL while for GADD153 it was mainly localised to the GCL (Figure 4.5). DAPI 

was used for orientation and to identify various cellular layers in the retina. The effects of 

the RXR agonist bexarotene on the ER stress protein localisation and protein expression 

was evaluated in the retinal sections. Drug treatment of the glaucoma animals resulted in 

reduced expression of both p-PERK and GADD 153 proteins and no remarkable changes 

were noticed in the localisation of the protein with respect to retinal layers in either 

glaucoma or tissues from drug treated mice (Figure 4.5 A-B). 
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Figure 4.5 Effects of bexarotene on glutamate and microbead injections induced ER stress (A) and (B) 

Immunohistochemical images of mice retinal sections stained with p-PERK (red) and GADD 153 (green), 

revealed that there is upregulation of p-PERK and GADD 153 (ER stress markers) in glaucoma (glutamate 

and microbead). Bexarotene treatment suppressed the expression of ER stress markers. DAPI was used as 

nucleus marker. Scale bar =50 μm.   

 

 

The changes in ER stress protein markers p-PERK and GADD 153 was also evaluated in 

the optic nerve head lysates using western blotting and data quantified using band 

intensities. A significant increase in the ER stress proteins was identified in both glutamate 

and microbead models compared to control tissues (p-PERK, control 99.6 ± 6.6 vs 

glutamate 182.9 ±14.08, **p<0.05; microbead 216±11.13, ***p<0.001; GADD153, 

control 129 ± 10.38 vs glutamate 204 ±14.09, **p< 0.05; microbead 208 ± 19.02, *p< 

0.05; mean±  SD %) (Figure 4.6 A-C). Tissue lysates from glaucoma mice treated with the 

RXR agonist demonstrated a significantly reduced activation of p-PERK and GADD153 

proteins compared to the glaucomatous tissues alone (p-PERK, (mean± SD %)  130.5± 

5.37,*p< 0.05 (glutamate), 123.6 ±9.94, ***p<0.001 (microbead) ; GADD153, (mean± 
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SD %) 151± 12.3, *p< 0.05 (glutamate),155.2±10.08, *p< 0.05 (microbead) (%) (Figure 

4.6 A-C). Together, these experiments establish that bexarotene can reduce the ER stress 

activation in the glaucoma models in vivo. 

                      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 Effect of bexarotene on glutamate and microbead injections mediated ER stress marker response 

(A) Western blot of p-PERK and GADD 153 expression in mice optic nerve lysates. (B) and (C) Statistical 

analysis of western blot results indicates that the protein level of p-PERK and GADD 153 was significantly 

decreased with bexarotene treatment as compared to glaucoma group. (*p< 0.05, ***p< 0.001, student’s t test) 

(*,**p< 0.05, ****p< 0.0001, one way ANOVA followed by Bonferroni post-hoc test). 
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4.3.4 Reduced apoptotic pathway activation in glaucoma upon RXR activation 

We evaluated the expression of BAD protein which is an apoptotic marker in both 

glutamate and microbead induced glaucoma model using immunoblotting. Quantifications 

showed significant BAD upregulation in glaucoma tissues compared to control tissues 

(Control 99.26 ± 7.2 (mean± SD %), glutamate 224.4 ± 9.5, ***p<0.001; microbead, 227.1 

± 15.1, ****p< 0.0001). Bexarotene treatment of the glaucoma mice resulted in BAD 

suppression in vivo as demonstrated by reduced band intensities (glutamate, 144± 10.09, 

**p<0.05; microbead, 127.2 ± 9.78, ** p<0.05). Actin was used as loading control in each 

case. Bexarotene treatment of the control mice did not result in any significant changes in 

BAD protein expression suggesting that RXR activation was effective in reducing BAD 

expression once it is activated in experimental glaucoma conditions (Figure 4.7 A-B).  
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Figure 4.7 Bexarotene mediated suppression of apoptosis (A) Western blot of BAD expression in mice optic 

nerve lysates. (B) Statistical analysis of western blot results indicates that the protein level of BAD was 

significantly decreased with bexarotene treatment as compared to glaucoma group. (**p< 0.05, student’s t test) 

(***p< 0.001, ****p< 0.0001, one way ANOVA followed by Bonferroni post-hoc test). 
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Figure 4.8 Effects of bexarotene on glaucoma induced upregulation of apoptosis. Immunohistochemical 

images of mice retinal sections stained with TUNEL assay kit for apoptotic changes. Images showing 

increased TUNEL reactivity (red) in glaucoma.  DAPI was used as nucleus marker. Scale bar =50 μm. 
 

Mice retinal sections were also investigated for apoptotic changes using TUNEL staining 

(Figure 4.8). Glutamate and microbead injected mice revealed more TUNEL-positive 

retinal cells. Bexarotene treatment reduced the number of TUNEL-positive cells. These 

results suggest that apoptotic pathway activation associated with ER stress protein 

upregulation in glaucoma can be suppressed by pharmacological activation of RXR 

receptors in the retina. We have seen TUNEL staining within the retinal nuclear layers. It 

is important to highlight that the images were taken at 20X. Images at high resolution ie 

at 63X or 100X can be taken to further see the single cell staining that co-localizes with 

the nucleus. 
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4.3.5 RXR activation deteriorated amyloid β accumulation in the retinas of glaucoma 

mice 

Recent studies have shown increased amyloid beta accumulation in retina of glaucoma 

mice. In this study, we observed increased amyloid reactivity in the retina in glaucoma 

animals and this staining was significantly reduced in the tissues of mice that were 

pretreated with RXR agonist (Figure 4.9 A-C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9 Bexarotene treatment reduces amyloid beta accumulation in glaucoma eyes. Representative 

images of mice retinal sections in control, glaucoma and glaucoma +bexarotene group immunostained with 
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Aβ specific antibodies (red). The white arrows indicating. Aβ deposition and DAPI (blue colour) was used 

as nuclear marker. Scale bar= 50 μm. 

 

 

 

4.3.6 RXR activation ameliorated inner retinal functional deficits associated with 

glaucomatous stress 

Both glutamate excitotoxicity and experimental glaucoma models are reported to be 

associated with inner retinal functional deficits characterised by a reduced positive 

scotopic threshold response (pSTR) (Bui et al., 2009, Della Santina et al., 2013). In this 

study both intravitreal glutamate injection and microbead administration resulted in 

reduction of pSTR amplitudes (29.35± 2.71 μV; n=6 in glutamate model and 22.82± 1.80 

μV; n=8 in microbead model) as compared to control mice (55.97± 6.92 μV, n=10, mean 

± SD) (Figure 4.10 A, B, E and F). We investigated whether treatment with the RXR 

agonist and resulting increased expression of various RXR isoforms correlated with any 

effects on the retinal functional recordings. The loss of pSTR amplitude was significantly 

prevented upon bexarotene treatment in both the glutamate (40.82± 3.14 μV; *p< 0.05; 

n=9) and microbead (41.28± 3.078 μV; ***p< 0.001; n=9) groups as compared to the 

corresponding glaucoma groups. The whole retinal scotopic ERG recordings demonstrated 

no significant changes in a- or b- wave amplitudes in either glaucoma or RXR agonist 

treatment groups suggesting that effects of glaucoma injury and protective effects of RXR 

agonist treatment were mainly localised to the inner retina (Figure 4.10 C,D,G and H). 

These results indicate that RXR upregulation by its pharmacological agonist partially 

rescues the retinal functional impairment caused by glutamate excitotoxicity and 

microbead induced increased IOP injury. 
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Figure 4.10 Effects of bexarotene on electroretinography (ERG) and positive scotopic threshold response 

(pSTR) responses (A) and (E) represents positive scotopic threshold responses of all groups (both glutamate 

and microbead model) (B) and (F) Quantification of pSTR amplitudes indicates a significant elevated 

amplitude of pSTR in the bexarotene treated mice as compared to the glaucoma mice. *p< 0.05, ***p< 

0.001, student’s t test) (*p< 0.05, ****p< 0.0001, one way ANOVA followed by Bonferroni post-hoc test). 

(C) and (G) Representative ERG for the control, glaucoma and glaucoma+bexarotene group (D) and (H) 

Data analyses of ERG indicates no significant change in a-wave and  b-wave. 

 

 

4.3.7 Effects of RXR agonist on the ganglion cell layer and optic nerve 

We investigated whether the protective effects of the drug on electrophysiological 

recordings was supported by protection of cellular morphology in the retinal laminar 

structure. Retinal sagittal sections were subjected to immunohistochemical analysis using 

H and E staining, (Fu and Sretavan, 2010) and analysed using light microscopy (Figure 
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4.11 A). A significant decrease in the number of cells in GCL was observed in both 

glutamate and microbead induced glaucoma injury models (79.49 ± 3.42 % cells in control 

versus 43.83 ± 2.17 cells % in glutamate, ***p< 0.001, and 33.15±1.87 in microbead 

model, ****p< 0.0001) (Figure 4.11). Interestingly, the RXR agonist significantly 

prevented the loss of GCL density and increased number of cells were identified in both 

the experimental glaucoma injury models (58.17 ± 2.66 % cells in glutamate **p< 0.05, 

and 57.41±2.8 in microbead model, ***p<0.001) (Figure 4.11 B-C) compared to controls. 

 

Figure 4.11 Histological changes in control, glaucoma and glaucoma+bexarotene group using H and E 

staining to reveal retinal morphology (A) Representative images of H and E stained mice retinal sections 

showing a decline in number of retinal ganglion cells in glaucoma (both glutamate and microbead) (B) and 

(C) Quantification indicating significant preservation of GCL with bexarotene treatment as compared to 

glaucoma in mice retinal sections (**p< 0.05, ***p< 0.001, student’s t test) (*p< 0.05, ***p< 0.001, one 

way ANOVA followed by Bonferroni post-hoc test). Scale bar= 50 μm. 
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The retinal sections were also subjected to immunofluorescence staining using beta-III 

tubulin which is a ganglion cell specific marker in the retina (Figure 4.12A ) (Jiang et al., 

2015). These results corroborate H and E staining observations and demonstrate 

significantly reduced βIII tubulin positive ganglion cells in the retinas of glutamate and 

microbead models (p<0.001). An increased number of βIII tubulin positive cells were 

observed in the bexarotene treated mice groups indicating that the drug has a protective 

effect on the RGCs in experimental glaucoma conditions (p<0.05) (Figure 4.12 B-C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12 Immunostaining with β-III-tubulin to study RGC loss (A) Microscopic images of retinal 

sections that were immunostained by anti–β-III-tubulin (green colour) in control, glaucoma and glaucoma 

+ bexarotene group. The white arrows indicating loss of RGCs caused by glutamate and microbead 

injections. DAPI (blue colour) was used as nuclear marker. (B) and (C) Quantification indicating significant 

changes in GCL density with bexarotene treatment (*p< 0.05, student’s t test) (*p< 0.05, one way ANOVA 

followed by Bonferroni post-hoc test). Scale bar= 50 μm. 
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Axons of the RGCs converge to the optic nerve through which signals from retina are 

transmitted to higher visual centres in the brain. The protective effect of the RXR agonist 

on the RGCs was evaluated by monitoring axonal density of the optic nerve sections in 

experimental glaucoma and drug treated groups. Optic nerve sections were stained using 

Bielschowsky’s silver staining and axonal density analysed using light microscopy (Figure 

4.13A) (You et al., 2011). Whereas both the experimental glaucomatous injury models 

showed a loss of axonal density in the optic nerve (control 85.12 ± 6.27, glutamate 58.95 

± 5.22%, ****p< 0.0001, microbead 42.2±4.78 % (mean ± SD), ****p< 0.0001), the 

amount of loss was much reduced in the mice that were being pharmacologically treated 

with RXR agonist (glutamate 71.82± 5.88%;**p< 0.05, microbead 60.4± 4.29 %;**** p 

<0.0001, n=6 each) (Figure 4.13 B-C).  
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Figure 4.13 Prevention of axonal loss in optic nerve by bexarotene treatment (A) Representative images of 

Bielschowsky’s silver staining of optic nerve sections in control, glaucoma and glaucoma +bexarotene 

group. (B) and (C) Quantification revealed that bexarotene significantly rescued axonal loss caused by 

glaucoma. **p< 0.05, **** p <0.0001, student’s t test) (**p<0.05, ****p <0.0001, one way ANOVA 

followed by Bonferroni post-hoc test). Scale bar= 10 μm. 

 

 

Results indicate that treatment with RXR agonist helps prevent RGC and optic nerve 

axonal loss in glaucoma conditions that also correlate with retinal electrophysiological 

protection conferred by the drug (Figures 4.10-4.13). 
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4.4 Discussion 

This study examined the role of RXR activation in the retina in glaucoma using its 

pharmacological agonist bexarotene. Emerging evidence indicates that bexarotene plays a 

neuroprotective role in the CNS and has particularly been shown to reverse cognitive and 

behavioural deficits in AD models, although the extent of protection conferred by the drug 

requires further investigations (Certo et al., 2015, Riancho et al., 2015, Tousi, 2015, 

Bachmeier et al., 2013). Glaucoma has been shown to exhibit biochemical similarities in 

cellular neurodegenerative pathways with AD (Ghiso et al., 2013) and we and others have 

shown increased accumulation of amyloid β species in the retina in glaucoma conditions 

(Gupta et al., 2016). The objective of this study was to examine various biochemical 

pathways affected by the drug in the retina to enhance our understanding of the role of 

RXR in the retina in healthy and glaucoma conditions. 

RXR are well expressed in the retina (Mori et al., 2001) and recent studies indicate that 

activation of these receptors promotes photoreceptor survival and suppresses apoptosis 

(German et al., 2013). This study demonstrated that glaucoma leads to a decrease in the 

expression of various RXRs in the retina, particularly in the inner retinal layers. Treatment 

with bexarotene during initial stages of the glaucomatous injury is effective in inducing 

an increased expression of the various RXRs in the retina. Further, RXR activation reduced 

the ER stress marker proteins in the inner retina in both of these models and suppressed 

the apoptotic pathway activation. Pharmacological upregulation of RXRs was 

demonstrated to be effective in protecting against the inner retinal functional and 

anatomical deficits induced by glaucoma in both of these experimental models. 

Our results indicating loss of RXR expression in the inner retina in glaucoma are novel 

and RXR activation caused by bexarotene treatment is in agreement with previous reports 
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(Janakiram et al., 2012, Mounier et al., 2015, Riancho et al., 2015). RXR expression was 

decreased in both the mouse models of RGC injury indicating that effects on RXR 

expression are independent of IOP changes are associated with converging pathways 

associated with RGC degeneration. In addition, we also identified that RXR expression 

was downregulated in human glaucoma retinal tissues. We observed increased expression 

of RXR α, β and γ isoforms in the inner retina in bexarotene treated mice tissues using 

both western blotting and immunofluorescence approaches. 

As in other neurodegenerative diseases, many studies have shown that ER (endoplasmic 

reticulum) stress pathway gets activated in the retina of glaucoma mice model and plays a 

key role in RGC death (Yasuda et al., 2014, Yang et al., 2016).  Drugs showing anti-ER 

stress properties have been shown to prevent RGC death (Tsuruma et al., 2012, Nakamura 

et al., 2017). Bexarotene has been demonstrated to reduce protein aggregation and inhibit 

accumulation of cytoplasmic inclusion bodies and maintaining neuronal proteostasis 

(Riancho et al., 2015). Any disturbances in homoeostasis results in improper protein 

processing leading to ER stress with subsequent accumulation of structurally abnormal or 

unfolded proteins in the ER lumen (Zhang and Kaufman, 2006). Unfolded protein 

response eliminates misfolded proteins and decreases translocation of protein into the ER 

lumen (Schroder and Kaufman, 2005a). PERK (protein kinase RNA (PKR)-like ER 

kinase), is a major ER stress sensor (Harding et al., 1999, Yoshida et al., 1998, Mori et al., 

1993) and previous studies found that the CHOP (transcriptional factor C/EBP 

homologous protein, also known as GADD 153) signal pathway plays a role in RGC death 

associated with ER stress (Doh et al., 2010).  Activation of the p-PERK and GADD153 

during chronic ER stress promotes pro-apoptotic pathways (Zinszner et al., 1998, Wang 

et al., 1996). Our studies found that bexarotene treatment diminished the expression of p-

PERK and GADD 153 in both the models of experimental glaucoma. We also observed 
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reduced BAD (Bcl-2-associated death promoter) activation in the retina in drug treated 

animals. Increased endoplasmic reticulum (ER) stress has been demonstrated to contribute 

to the glaucoma pathology (Zode et al., 2014, Zode et al., 2011) and prolonged ER stress 

has been shown to play a key role in retinal apoptosis and cell death (Jing et al., 2012, 

Anholt and Carbone, 2013, Doh et al., 2010, Shimazawa et al., 2007, Yang et al., 2011, 

Anholt and Carbone, 2013).  ER stress and unfolded protein response (UPR) has been 

implicated in both in the experimental acute (Awai et al., 2006)  and chronic glaucoma 

models (Doh et al., 2010).  

Previous studies have shown that amyloid precursor protein (APP) mediates ER stress-

induced apoptosis through CHOP activation (Takahashi et al., 2009). Increased amyloid 

beta levels in the inner retina in glaucoma has been reported by us and other groups. We 

have seen that bexarotene reduces Aβ deposition in the mice retina under glaucomatous 

conditions. This observation supports the previous studies that have highlighted decreased 

amyloid levels in the brains of AD mice models that were treated with bexarotene (Mariani 

et al., 2017). 

In order to understand, whether these biochemical changes were associated with any 

effects on retinal function, we tested the control and drug treated animals with 

electrophysiological recordings and then examined retinal structure histologically. Our in 

vivo retinal functional and ex-vivo structural analyses demonstrated that RXR targeting 

is effective in ameliorating inner retinal dysfunction caused by both acute and chronic 

models of experimental glaucoma. 

The functional protection identified in the drug treated animals corresponded with 

protective effects on retinal laminar structure. Histological analysis indicated significant 

loss of the GCL in both of these glaucoma models and RXR activation lead to significant 
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protection against this loss in both of these models. Consequently, these results suggest 

that RXR activation protects the RGCs against both excitotoxic and IOP induced injury 

and can protect the retina under both acute and chronic glaucoma conditions. 

Immunological staining of the retinal sections by β III tubulin also indicated reduced 

numbers of RGCs in the glaucoma which were partially protected in RXR activated 

conditions. Furthermore, optic nerve axonal density evaluation using Bielschowsky’s 

silver staining substantiated the fact that the drug was effective in significantly protecting 

the RGC axons in glaucoma conditions. 

In summary, these findings support our conclusion that activation of RXR receptors, 

demonstrated in this case by bexarotene, offers a potential treatment for glaucoma, and 

that this may be via its anti-ER stress role. The results obtained from functional and 

structural data supports that bexarotene exerts neuroprotective effects on retina and optic 

nerve in normal as well as increased IOP models in mice. To this extent, RXR activation 

could be a novel strategy to manage glaucoma as a complementary therapy, possibly in 

combination with surgical intervention and IOP lowering therapies. 
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PHARMACOLOGICAL TARGETING OF RXR 
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Abstract 

Retinoid-x-receptors (RXR) are the nuclear receptors which upon binding with ligands 

undergo heterodimerisation in association with other nuclear receptors and regulate gene 

transcription. There are three different forms of RXR i.e α, β and γ and these isoforms are 

known to express in brain and retina. Retinoic acid, a RXR agonist, is the naturally occurring 

ligand and is believed to transactivate RXRs. Due to low concentration of endogenous 

retinoic acid, it is important to find other agonists of RXR receptors. We have 

computationally studied natural (retinoic acid and calcitriol) and synthetic (bexarotene, 

acitertin, tamibarotene and tazarotene) origin retinoids using the integrated approach of 

docking and molecular simulation to assess the binding affinities of these retinoids to RXR 

α, β and γ receptors. Docking and simulation studies suggest strong binding affinities of 

bexarotene with RXR α and β but not with γ isoform in comparison to retinoic acid. The 

hydrogen bonding and hydrophobic interactions predominantly contribute to the stability of 

bexarotene in RXR α and β complexes. Therefore, bexarotene can further be exploited for 

their potential to serve in treatment of brain and retinal disorders.          
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5.1 Introduction 

Retinoid- X -receptors (RXRs) are characterized as ligand dependent transcription factors 

and are important member of the nuclear receptor superfamily (Dawson and Xia, 2012). 

There are three known RXR isotypes i.e RXRα, RXRβ and RXRγ, each of these RXR 

subtypes showed distinct tissue patterns (Lefebvre et al., 2010). RXRα is mainly expressed 

in liver, lung, muscle, kidney, epidermis, and intestine, RXRβ is found to be expressed 

ubiquitously and RXRγ is found in brain, cardiac and skeletal muscle (Germain et al., 

2006). 9-cis-retinoic acid (9-cis-RA) was the first proposed natural ligand of RXR, but many 

researchers found it to be controversial. Later on, unsaturated fatty acids, particularly 

linoleic, linolenic, and docosahexaenoic acids were found to be natural RXR ligands which 

selectively bind and activate RXR but with poor affinities (Wolf, 2006). RXRs are master 

regulators of gene expression because of their ability to form both homodimers as well as 

heterodimers making RXRs to exert diverse pleiotropic functions in various biological 

processes, including cell development, differentiation, homeostasis and various aspects of 

metabolic signaling pathways (lipid and glucose metabolism) (Ahuja et al., 2003). They 

serve as promising target for cancer therapy. Not only in cancer but RXRs also play an 

important role as pharmacological interventions in various metabolic, autoimmune, and 

neurodegenerative disorders (Vaz and de Lera, 2012, Yamada and Kakuta, 2014, Thomas 

et al., 2012). RXR serve as common partner for many other nuclear receptors and activates 

various nuclear receptors complexes which prompted the search for novel RXR selective 

ligands. In this context, much effort has been focused on the development of synthetic 

retinoids or retinoids with more affinity and stability as compared to natural ligands.  

The detailed studies to understand the retinoid actions in the development and functions of 

the eye can be utilized to understand the mechanistic insight of this important receptor that 

are involved in numerous cell process which are essential for normal eye development (Mori 
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et al., 2001). Mori et al, reported ocular abnormalities in RXRα null mutant’s mice including 

dysfunction of the photoreceptors cells (Mori et al., 2004). The functional roles of RXR 

receptors are still unknown in inner part of retina, particular in retinal ganglion cells (RGCs) 

and it is of great importance to determine whether RXRs activation by its agonist provide 

retinal neuroprotection. Naturally occurring ligand (retinoic acid), has high binding affinity 

to all the three isoforms of RXRs receptors (Tsuji et al., 2015). There is little known about 

the binding affinity of other agonists to the RXRs.   

To understand the structural information of RXRs protein, the X-ray crystal structures of 

ligand binding domain (LBD) was utilised to study the binding interaction affinity of natural 

and synthetic retinoids using computer-aided simulation approach of docking and molecular 

dynamics to predict the binding pattern and stability of the protein-ligand complex. Although 

crystal structure of RXR α and β share structure similarities but the computational studies 

presented here showed different binding competences of retinoids to the RXRs protein. This 

study will provide deep understanding of retinoids agonist role of RXRs proteins for 

emergence of drug target in various neurodegenerative diseases.              

 

5.2 Methods 

5.2.1 Macromolecule selection and its preparation  

Crystal structure of the RXR α, β and γ ligand binding domain (LBD) was selected from 

protein data bank (PDB) (https://www.rcsb.org/). RXRα LBD only chain A was selected as 

it was bound to retinoic acid (PDB: 1FM9) (Gampe et al., 2000), RXRβ LBD (PDB:1UHL) 

(Svensson et al., 2003) and RXRγ (PDB:2GL8) (Renaud et al., 1995) from human. The 

selection of three isoform of RXR proteins were carried out based on resolution.  2.1 Å, 2.9 

Å and 2.4 Å were the resolution for RXR α, β and γ LBD respectively. Surflex Dock v2.1 in 

https://www.rcsb.org/
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SYBYL-X v2.0 (Jain, 2007, Guette-Fernandez et al., 2017) was utilized for the proteins 

optimization. Binding pocket was determined from the bounded ligand for RXR α and β 

LBD using the active site residues  whereas Castp server (Dundas et al., 2006) for the RXRγ 

LBD. 

 

5.2.2 Ligand structure optimization 

The 3D structures of the naturally occurring retinoids (i.e., retinoic acid and calcitriol) and 

synthetic retinoids Bexarotene, Acitertin, Tamibarotene and Tazarotene were downloaded 

from PubChem Chemical database (https://pubchem.ncbi.nlm.nih.gov/). All 6 compounds 

were optimized by Chemoffice 2004 (http://www.cambridgesoft.com/) with the default 

parameters and saved into protein databank format. Austin Model-1 (AM1) module in 

ChemOffice 2004 package was utilized to performed energy minimization (Chitranshi et al., 

2016). The energy minimization step was continued till the root mean square (RMS) gradient 

value became smaller than 0.100 kcal/mol Å and later MOPAC (Molecular Orbital Package) 

of ChemOffice was used to re-optimization of AM1 energy minimized molecules till the 

RMS gradient attained a value lesser than 0.0001 kcal/mol Å (Menikarachchi et al., 2013). 

 

 

5.2.3 Molecular docking of retinoids in RXRα, RXRβ and RXRγ binding domain  

We employed AutoDock v.4.2 (Chitranshi et al., 2013) and Surflex-Dock, available in 

SYBYL-X v2.1, for the docking of natural and synthetic retinoids into the ligand binding 

site of RXRα, β and γ. Water molecules in the crystal structures were first cleaned and other 

ligands GI262570 from RXRα, N-(2,2,2-trifluoroethyl)-N-{4-[2,2,2-trifluoro-1-hydroxy-1-

(trifluoromethyl) ethyl] phenyl} benzene sulphonamide and methoprenic acid from RXR β 

https://pubchem.ncbi.nlm.nih.gov/
http://www.cambridgesoft.com/
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were excluded for the better comparison and docking score (Jee et al., 2017). In order to 

compare the results from docking protocols, water molecules and other ligands GI262570 

(RXRα),N-(2,2,2-trifluoroethyl)-N-{4-[2,2,2-trifluoro-1-hydroxy-1-(trifluoromethyl) ethyl] 

phenyl} benzene sulphonamide and methoprenic acid from RXR β were excluded for the 

better docking score (Jee et al., 2017). Macromolecule was treated as rigid body whereas 

rotatable bonds of the retinoid ligands were allowed to be free (Moitessier et al., 2004). 

Protein–ligand interactions was studied using rigid docking via AutoDock Tools. Rigid 

docking procedure was followed as describe previously (Chitranshi et al., 2015). Briefly, the 

macromolecules, atom and bond types were first assigned. The polar hydrogen atoms, 

Gasteiger charges and solvation parameters were added on macromolecules but the non-

polar hydrogen atom was merged. Gasteiger charges were assigned and non-polar hydrogen 

atoms were merged in all retinoid ligands. Autogrid program was used to generate grid maps 

for each atom type in all the ligands and include the active site of RXR(s) proteins. Manually 

adjusted parameters was used for grid box dimension (60 x 60 x 60 A˚) and grid spacing 

(0.375 A˚) because to keep the ligand flexible around the protein active site. Empirical free 

energy function along with the Lamarckian genetic algorithm (LGA) was used to perform 

docking (Guan et al., 2017). Default parameters of LGA protocol like population size, energy 

evaluations, mutation rate, crossover and elitism were kept 150 individuals, 250,000, 0.02, 

0.8 and 1.0 was kept respectively. Twenty different confirmations were generated for each 

ligand and has association with the binding free energy. Binding energies were determined 

using estimated inhibition constant (Ki) and were ranked according to the scores (Morris et 

al., 2013, Morris et al., 2008). Maestro v11 (Schrödinger Release 2017-4), Discovery Studio 

Visualizer v2.5 (Pettersen et al., 2004) and UCSF Chimera v1.11.2 (Chitranshi et al., 2015) 

software’s were used for ligand-protein interactions and visualization.   
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5.2.4 Molecular dynamics simulation studies 

Molecular dynamics was performed on the top hit compound screened from docking 

algorithm to study the binding stability of RXR-ligand complex. Due to strong binding 

affinity of bexarotene to the RXR protein, RXR-bexarotene complex was selected for MD 

studies. GROMACS v4.5.0 was used for MD studies applying GROMOS96 43a1 force field 

(Viet and Li, 2012). Solvated model system was used in a dodecahedron box and water 

molecules were assigned Simple point charge (SPC). PRODRG server generated Gromos 

force field topologies for ligand were used in GROMACS (Gharaghani et al., 2013). 

Gromacs inbuilt steepest descent algorithm was run to do the energy minimization by 

applying maximum force field of <10.0 kJ/mol/nm that was obtained in maximum 

50,000 number of steps. Unfavourable contacts between each molecule were relaxed by 

using Varlet cut-off scheme. Constant temperature and pressure were maintained during the 

energy minimization systems till 100 ps. Berendsen thermostat, a modified program, v-

rescale was selected for temperature coupling (Basconi and Shirts, 2013) with addition of 

pressure coupling in Parrinello–Rahman dynamics  (Martonak et al., 2003) was applied. MD 

program was run using leap-frog integrator for 20 ns. Bond lengths constrains was calculated 

using LINCS (Hess, 2008) algorithm whereas trajectory files were analysed using 

GROMACS inbuilt scripts.      
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5.3 Results and Discussion 

 

S.No. Ligands RXR Alpha [1FM9] 

 

(LEU436, ARG316, 

ALA327, ILE345, 

ILE268) 

RXR Beta [1UHL] 

 

(ILE339, ARG387, 

ALA398, CYS503, 

LEU507) 

RXR Gamma 

[2GL8] 

 

(K264, E417, E414, 

R278/Blind) 

∆G Score ∆G Score ∆G Score 

1.  Retinoic acid 

[CID444795] 

-7.73 5.24 -8.70 4.38 -8.82 3.10 

2.  Bexarotene 

[CID82146] 

-10.31 0.12 -11.13 3.71 -7.74 4.65 

3.  Acitretin 

[CID5284513] 

-6.85 4.68 -6.11 1.11 -8.44 5.37 

4.  Calcitriol 

[CID5280453] 

-3.45 -17.99 -6.41 -11.02 -6.97 4.71 

5.  Tamibarotene 

[CID108143] 

-7.84 0.19 -6.03 -5.60 -8.50 1.44 

6.  Tazarotene 

[CID5381] 

-6.17 -1.15 -7.04 -2.27 -8.30 3.54 

 

Table 5.1 Docking results of retinoids, based on lowest binding energy (∆G) and scoring function of different 

RXR’s-retinoids complex.   

 

 

5.3.1 Interaction modes of different retinoids and RXRα 

The docking protocol started with a population size of 150 individuals and 20 runs. The 

binding energy distribution of the natural and synthetic retinoids ligand poses were analysed 

to identify the best binding pose. The mean binding energy of the RXRα-retinoic acid 

complex was found to be -7.73kcal mol−1, scoring 5.24. The interaction analysis of the least 

energy conformation revealed the presence of a conventional hydrogen bond between 

Arg316 and O2 atom of the retinoic acid (Figure 5.1 A). Bexarotene formed the hydrogen 

bond with Ala327 and Arg316 and pi-sigma bond with Phe313 and Ala271 residues of 

RXRα (Figure 5.1 B). The mean binding energy of bexarotene was found to be -10.31 kcal 

mol−1, scoring 0.12 which was highest among the other retinoids. The mean binding energy 
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of acitretin was found lower than retinoic acid -6.85kcal mol−1, score 4.68 and pi-sulphur 

and hydrogen bond interaction with Cys269 and Gln275 respectively were observed (Figure 

5.1 C). The least binding energy (-3.45kcal mol−1, score -17.99) was observed in calcitriol 

docking with RXRα. Arg316 and Ala319 residues formed the hydrogen bond with the 

hydroxy group of ligand (Figure 5.1 D). Arg316 and Ala327 of RXRα was found to be 

interacting commonly with tamibarotene and tazrotene retinoids (Figure 5.1 E, F). 

Tamibarotene has additional hydrogen bonding with Leu309 (Figure 5.1 E). Pi-Pi and 

amide-pi stacking was also observed in tamibarotene and tazrotene with Phe313 and Ala271 

respectively. However, the binding score of last two retinoids was lower than bexarotene (-

7.84kcal mol−1, score 0.19 and -6.17kcal mol−1, score-1.15 for tamibarotene and tazarotene 

respectively) (Table 5.1). Table 5.2 summarizes the different interaction of six retinoids 

conformations with RXRα. 
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S.No Ligands 

van der 

Waals 

Hydrogen 

bond 

pi-pi 

(sigma) 

bond Alkyl/pi-Alkyl bond 

1 Retinoic acid None Arg316 none  

Val265, Ile268, Ala272, 

Leu309, Ile310, Phe313, 

Ile345, Cys432, His435, 

Leu436, Phe439   

2 Bexarotene None Ala327, Arg316 
Phe313, 

Ala271 

Val265, Ile268, Ala271, 

Ala272, Trp305, 

Leu309, Ile310, Phe313, 

Ile324, Val349, Cys432, 

Leu436   

3 Acitretin Leu309 Gln275 None 

Val265, Ile268, Ala271, 

Trp305, Ile310, Phe313, 

Ala327, Cys432, 

Leu436, Phe439 

4 Calcitriol None Arg316, Ala319 None 
Pro244, His315, 

Arg316, Ile318 

5 Tamibarotene Cys432 
Arg316, 

Ala327, Leu309 
Phe313 

Val265, Ile268, Ala272, 

Ala271, Phe313, 

Val342, Ile345, Phe346, 

His435, Leu436, Phe439   

6 Tazrotene 
Cys432, 

Leu309 
Arg316, Ala327 Ala271 

Val265, Ile268, Ala272, 

Ala271, Val342, Ile345, 

His435   

 

Table 5.2 RXRα-retinoids complex interactions analysis based on bond interaction with different amino acid 

residues.  
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Figure 5.1 Molecular visual representation of different retinoids complexed with RXRα protein in three-

dimensional (3D) and two-dimensional (2D) plot of (A) retinoic acid (B) bexarotene (C) acitretin (D) calcitriol 

(E) tamibarotene and (F) tazrotene. Van der Waals (light green), hydrogen bond (green), pi-pi stacking (dark 

pink), alkyl stacking (light pink) and pi-sulphur (yellow).   
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5.3.2 Interaction modes of different retinoids and RXRβ 

As seen in Table 5.1, the lowest binding energy of bexarotene is highest than other RXR 

agonists, including retinoic acid. The lowest binding energy and score of six retinoids docked 

with RXRβ are tabulated in Table 5.1. Retinoic acid and bexarotene revealed the 

conservation of residues involved in the interactions with the ligand in majority of the 

conformations, however, owing to the ligand conformational flexibility, the interactions 

were formed with Arg387 residues but Gln346 and Leu380 are the additional hydrogen bond 

in retinoic acid-RXRβ docking complex (Figure 5.2 A). Hydrogen bond (Ala398) and Pi-

sigma bond (Ile339) were also observed between bexarotene and RXRβ docking complex 

(Figure 5.2 B). A pi-cationic interaction (Lys435) was observed in acitretin docking 

including two hydrogen bonds with Thr349 and Arg442 residues (Figure 5.2 C). His386 

form pi-sigma, pi-pi stacking and hydrogen bond with calcitriol (Figure 5.2 D), tamibarotene 

(Figure 5.2 E) and tazrotene (Figure 5.2 F) retinoids respectively. Gln313 and Ser383 was 

found to form a hydrogen bond with Calcitriol (Figure 5.2 D). In contrast, pi-cationic 

(Glu308) and pi-anionic (Arg387) along with Gln313 hydrogen bond was observed in 

tamibarotene docking (Figure 5.2 E). Similarly, a pi-cationic interaction (Lys435) was also 

observed in tazrotene and forming Arg387 hydrogen bond in the docking studies (Figure 5.2 

F).  Table 5.3 summarizes the different interaction of six retinoids conformations with 

RXRβ. 
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S.No Ligands 

van der 

Waals 

Hydrogen 

bond 

pi-pi 

(sigma) 

bond Alkyl/pi-Alkyl bond 

1 Retinoic acid None 

Gln346, 

Leu380, 

Arg387 

None  

Ile339, Ala342, Ile381, 

Phe384, Ala398, 

Val413, Phe417, 

Cys503, Leu507 

2 Bexarotene None Ala327, Ala398 Ile339 

Ile339, Ala342, Ala343, 

Leu380, Ile381, Phe384, 

Ala398, Val413, 

Phe417, Val420, 

Cys503, His506, 

Leu507 

3 Acitretin 
Leu350, 

Arg384 

Thr349, 

Arg442 
None  

Val311, Leu380, 

His386, Arg387, 

Lys435 

4 Calcitriol Glu308 
Gln313, 

Ser383, Asp390 
His386  

His386, Arg387, Ile389, 

Lys435 

5 Tamibarotene Lys435 Gln313 His386 Arg387, Ile389 

6 Tazrotene Glu312 His386, Arg387 None 
Val311, His386, 

Arg387, Ile389, Arg432 

 

Table 5.3 RXRβ-retinoids complex interactions analysis based on bond interaction with different amino acid 

residues.  
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Figure 5.2 Molecular visual representation of different retinoids complexed with RXRβ protein in three-

dimensional (3D) and two-dimensional (2D) plot of (A) retinoic acid (B) bexarotene (C) acitretin (D) calcitriol 

(E) tamibarotene and (F) tazrotene. Van der Waals (light green), hydrogen bond (green), pi-pi stacking (dark 

pink), alkyl stacking (light pink) and pi-cation/ anion (yellow).   
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5.3.3 Interaction modes of different retinoids and RXRγ 

The binding modes of retinoids agonists with the binding site of RXRγ were identified using 

LigandFit program (Wang et al., 2016b). Figure 5.3 depicts the binding conformations of 

the retinoids in the ligand binding pocket of RXRγ. The active site of RXRγ comprises of 

mostly hydrophobic amino acids Leu55, Thr57, Trp84, Ser91, Leu105, Leu212, Leu215, 

Phe216 and Phe218. Among which Arg95 and Ala106 forms strong hydrophobic 

interactions with all the 6 ligands. There was no pi-pi sigma bond observed in retinoic acid 

binding to RXRγ buy Trp84, Cys211 and Phe216 form the pi-alkyl bond (Figure 5.3 A). 

Napthalene group of bexarotene formed pi-pi and pi-alkyl bond with Trp84 and Phe216 of 

RXRγ amino acids (Figure 5.3 B). Acitretin, tambibarotene and tazrotene showed similar pi-

pi sigma bond with Trp84 but no pi-pi sigma bond was observed in calcitriol (Figure 5.3 C-

F). Whereas Trp84 amino acid was seen to form pi-alkyl bond with calcitriol, tamibarotene 

and tazrotene (Figure 5.3 D-F). Table 5.1 summarises the docking energies and docking 

score for all the retinoids.        
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S.No Ligands 

van der 

Waals 

Hydrogen 

bond 

pi-pi 

(sigma) 

bond Alkyl/pi-Alkyl bond 

1 Retinoic acid None 
Leu88, Ser91, 

Arg95, Ala106 
None  

Trp84, Ile89, Phe92, 

Leu105, Cys211, 

Phe216 

2 Bexarotene None Arg95, Ala106 

Phe92, 

Leu105, 

Phe216 

Trp84, Leu88, Phe92, 

Leu215 

3 Acitretin His214 
Leu88, Arg95, 

Ala106 
Trp84  

Leu55, Leu88, Cys211, 

His214 

4 Calcitriol None Ala50, Phe217 None  
Leu55, Trp84, Leu88, 

Phe216 

5 Tamibarotene None 
Leu88, Arg95, 

Ala106 

Trp84, 

Phe92 

Trp88, Leu88, Leu212, 

His214 

6 Tazrotene 
Leu88, 

Leu215 
Arg95, Ala106 

Phe92, 

Trp84 

Leu55, Trp84, Leu88, 

Leu105 Phe216 

 

Table 5.4 RXRγ-retinoids complex interactions analysis based on bond interaction with different amino acid 

residues.  
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Figure 5.3 Molecular visual representation of different retinoids complexed with RXRγ protein in three-

dimensional (3D) and two-dimensional (2D) plot of (A) retinoic acid (B) bexarotene (C) acitretin (D) calcitriol 

(E) tamibarotene and (F) tazrotene. Van der Waals (light green), hydrogen bond (green), pi-pi stacking (dark 

pink), alkyl stacking (light pink), pi-sigma (purple) and pi-sulphur (yellow).   

 

 

5.3.4 Molecular Dynamics (MD) Simulation 

Bexarotene complexed with RXR α, β and γ receptors was selected for MD simulation to 

estimate the stability of the docked complex over a longer timescale. Data from 20 ns MD 

runs provided important information on the stability and interactions of the retinoid agonist 
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Bexarotene when docked with the different RXR receptors. The RMSD of the protein 

backbone with respect to the initial positions of the atoms in the backbone was also evaluated 

for each RXR. It was found that the RMSD of RXR β was the lowest of those for the RXR: 

an average between 0.21-0.27 nm (Figure 5.4). This implies that the backbone of RXRβ 

shows less structural variation than the backbones of the other RXR when bound with 

bexarotene. The average RMSDs of the protein backbones of RXRα, and RXRγ were found 

in between 0.25-0.38 nm and 0.39-0.40 nm, respectively. The stable RMSD was found to 

remain constant between 0.1nm – 0.2nm. RXRα protein backbone atoms RMSD converged 

and remained stable between 0.2nm – 0.3nm. A constant RMSD suggests that protein has 

stable conformations with bexarotene in the binding mode (Figure 5.4 A) (Schreiner et al., 

2012). Similar constant RMSD was observed in RXRβ between 0.2nm – 0.3nm that depicts 

same aspect of bexarotene binding and conformational stability (Figure 5.4 B). The fused 

ring of bexarotene demonstrated higher occupancy in the binding pocket and formed strong 

hydrogen bond with Arg387 and Ala398 throughout the simulation paradigm. On the other 

hand, RXRγ showed higher RMSD in comparison to other RXR isoform. RMSD between 

0.3nm-0.4nm was observed in RXRγ-bexarotene complex (Figure 5.4 C). The reason for 

higher RMSD could be the effect of bexarotene binding in N-terminal loop region of LBD 

of RXRγ (Siddiqui et al., 2003). Overall, bexarotene showed constant RMSD between 

0.05nm – 0.15nm in all the RXR forms. Some acceptable fluctuations were seen for 

bexarotene at 5nsec and 18nsec in RXRα, 4nsec, 7-10nsec in RXRβ and 4 – 5nsec, 10 – 

14nsec and 19nsec in RXR γ dynamics complexes. The possible reason for these fluctuations 

was a distinctive shift of ketone bridgehead in bexarotene forming weak interactions away 

from the hydrophobic area formed by Phe313 in RXRα, Phe384, Leu380 and ILE381 in 

RXRβ, Phe92 and Leu105 in RXRγ. The stability of each RXR complex, the RMSD of the 

ligand with respect to the initial positions of the ligand’s atoms was evaluated for each 
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complex (Figure 5.4). It was found that bexarotene presents the smallest RMSD (0.143 nm 

on average) when bound to RXRβ; the ligand remained in its original position for most of 

the simulation when docked to RXRβ. Stability of bexarotene remained constant as it 

completely fits in the binding pocket of RXRα and β LBD and does not show any interaction 

with loop regions of the protein. For the other RXR systems, the RMSD of bexarotene was 

found to be in stable state in the following order: RXRα (∼0.173 nm) < RXRγ (∼0.146 nm). 

These results imply that the conformation of bexarotene is stable when it is docked with 

RXRα, RXRβ and RXRγ. The loop domain from Glu214-Lys219 in RXRγ in the terminal 

regions showed interactions with bexarotene which make least stable complex of 

bexarotene-RXRγ.  

 

Figure 5.4 RMSD plot of (A) RXRα (B) RXRβ and (C) RXRγ with bexarotene ligand during 20 ns MD 

simulations. RXRα (black), RXRβ (green), RXRγ (blue) and bexarotene (red). 
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To elucidate the flexibility in ligand-protein complex, we examined the RMSF analysis 

(Figure 5.5). RMSF value of ligand-protein complexes gave a maximum value of 0.5nm for 

RXRα. Initial stable RMSF flexibility was observed between 0.1nm-0.21nm in RXRα 

protein backbone. Two large peaks of RMSF were seen between residues at 400-415 and 

445-447 that comes from alpha helical region and fluctuated between 0.25nm-0.5nm (Figure 

5.5 A). This large peak was due to binding of bexarotene that affects the second structure of 

RXRα. There was no change in secondary structure and any large fluctuations in RMSF was 

observed in the loop region of RXRβ when bexarotene bind to RXRβ (Figure 5.5 B). Like 

RXRα, RXRγ backbone atoms from 214-224 showed high fluctuations between 0.21nm-

0.52nm RMSF in the loop region (Figure 5.5 C). Based on RMSD and RMSF plots, we can 

deduce that the RXRβ-bexarotene system is the most stable; in the other systems, the ligand 

attempts to find a better docking conformation throughout the 20 ns of simulation. 
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Figure 5.5 Binding effect of bexarotene on ligand binding domain of (A) RXRα (black) (B) RXRβ (green) and 

(C) RXRγ (blue) during 20 ns MD simulations.  

 

 

5.3.5 Trajectory motion of RXR’s-Bexarotene during different time scale 

In order to determine the changes in bexarotene-RXR’s complex, the snapshot at different 

time scales (0ns, 5ns, 10ns, 15ns and 20ns) were captured. We analysed the phenotypic 

modifications within the bexarotene-RXR’s proteins (Figure 5.6). RXRα and β structure 

start-off with an open confirmation from 0ns time scale and continued till 20ns simulations, 

on the contrary no major unfolding and structure disintegration was observed in these 

protein-ligand complex (Figure 5.6 A-D). While bexarotene in RXRγ protein complex broke 

down within 5 ns and continued for 15 ns simulations (Figure 5.6 E-F). Yellow, cyan and 

magenta colours are shown to represent the breakdown of bexarotene at 5 ns, 10 ns and 15 
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ns respectively. This breakdown was not continuous and bexarotene re-arranged its structure 

in 20 ns (shown in green colour), Figure 5.6 F, in LBD of RXRγ. Simulation studies provided 

a positive indication of strong binding of bexarotene to RXRα and β but conformational 

breakdown of bexarotene in RXRγ seems to make the ligand unstable in LBD of RXRγ.   

 

 

 

Figure 5.6 Depiction of bexarotene complex with different RXR’s at distinctive simulation time executions 

(A) RXRα trajectory (B) bexarotene binding trajectory in RXRα (C) RXRβ trajectory (D) bexarotene binding 

trajectory in RXRβ (E) RXRγ trajectory and (F) bexarotene binding trajectory in RXRγ at 0ns (red), 5ns 

(green), 10ns (cyan), 15ns (magenta) and 20ns (yellow).  
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5.4 Conclusion 

In present study, we aimed to investigate the 6 different retinoids agonists candidates of 

RXR receptors isoforms (α, β and γ), and predicted the binding affinities of retinoic acid, 

bexarotene, calcitriol, acitertin, tamibarotene and tazarotene. Bexarotene, had potent 

binding affinities to LBD of RXR α and β than retinoic acid. However, the binding affinity 

of bexarotene in RXR γ LBD was weaker than retinoic acid. Bexarotene showed strong 

hydrogen bond with Ala327 and Arg316 in RXRα LBD, and Arg387, Ala398 in RXRβ 

LBD. However, a weak hydrogen bond (Arg95 and Ala106) of bexarotene was observed 

in RXRγ. Molecular dynamic simulation was carried out to evaluate the stability of 

bexarotene-RXRs complex. RMSD and RMSF analysis demonstrated insights on docked-

complex stability over longer period in case of RXR α and β but stability loss was observed 

in RXR γ-ligand complex after 5 ns of simulation.  Thus, the combined docking and 

dynamic approach could be utilized to study bexarotene as potential RXR agonist and 

further in vitro/ in vivo experimental methods can be used to confirmed potential of this 

anti-cancer drug as alternative to other neurodegenerative disorders. 
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LXR/RXR and FXR/RXR pathways activation was confirmed in human retinal and 

vitreous tissue samples by comparative investigative proteomics analysis. Protein profiles 

of 10 retinal and vitreous tissue samples obtained from open angle glaucoma patients were 

compared with age matched controls. Differentially expressed proteins were mapped for 

biological roles in canonical pathways using Ingenuity Pathway Analysis software.  

 

Data presented in this chapter have been published as: 

 

Mehdi Mirzaei, Veer B Gupta, Joel M Chick, Todd M Greco, Yunqi Wu, Nitin Chitranshi, 

Roshana Vander Wall, Eugene Hone, Liting Deng, Yogita Dheer, Mojdeh Abbasi, Mahdie 

Rezaeian, Nady Braidy, Yuyi You, Ghasem Hosseini Salekdeh, Paul A Haynes, Mark P 

Molloy , Ralph Martins, Ileana M Cristea, Steven P Gygi, Stuart L Graham and Vivek K 

Gupta.  Age-related neurodegenerative disease associated pathways identified in retinal and 

vitreous proteome from human glaucoma eyes. Scientific Reports. doi: 10.1038/s41598-

017-12858-7. 

Contribution to this manuscript: Analyses and interpretation of the data, preparation of 

retinal and vitreous samples, performed protein estimation as well as western blotting and 

writing the manuscript. 

 

Abstract 

Glaucoma is a chronic disease that shares many similarities with other neurodegenerative 

disorders of the central nervous system. This study was designed to evaluate the association 

between glaucoma and other neurodegenerative disorders by investigating glaucoma-
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associated protein changes in the retina and vitreous humour. The multiplexed Tandem 

Mass Tag based proteomics (MS3-TMT) was carried out on retinal tissue and vitreous 

humour fluid collected from glaucoma patients and age-matched controls followed by 

functional pathway and protein network interaction analysis. About 5000 proteins were 

quantified from retinal tissue and vitreous fluid of glaucoma and control eyes. Of the 

differentially regulated proteins, 122 were found linked with pathophysiology of 

Alzheimer’s disease (AD) and other common neurodegenerative conditions. Pathway 

analyses of differentially regulated proteins indicate defects in mitochondrial oxidative 

phosphorylation machinery. The classical complement pathway associated proteins were 

activated in the glaucoma samples suggesting an innate inflammatory response. Majority 

of the common differentially regulated proteins in both tissues were members of functional 

protein networks associated brain changes in AD and other chronic degenerative 

conditions. Identification of previously reported and novel pathways in glaucoma that 

overlap with other CNS neurodegenerative disorders promises to provide renewed 

understanding of the aetiology and pathogenesis of age related neurodegenerative diseases. 

 

6.1 Introduction 

Glaucoma represents one of the major causes of irreversible blindness in the elderly. This 

complex degenerative disorder is characterised by progressive and selective loss of retinal 

ganglion cells (RGCs) (Guo et al., 2005) in the inner retina. The axons of RGCs form the 

core component of the optic nerve, relaying visual information detected by the retina to the 

brain. Therefore, a loss of structural and functional integrity of RGSs plays a major role in 

the development and progression of visual deficits reported in common optic neuropathies 
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and particularly in glaucoma (Weinreb et al., 2014). While several risk factors have been 

identified that are associated with premature loss of RGCs, high intraocular pressure is 

currently the most significant risk factor in glaucoma (Heijl et al., 2002). The molecular 

mechanism(s) that result in RGC dysfunction in various optic neuropathies however remain 

ill-defined. Greater understanding of the underlying neurodegenerative processes is crucial 

for the development of effective therapeutic strategies for glaucoma. 

It is increasingly recognized that glaucoma and AD show overlap of several molecular 

pathological features including β-amyloid accumulation in the retina (Ghiso et al., 2013, 

Frost et al., 2010, Gupta et al., 2016). AD is characterized by the presence of extracellular 

plaques containing abnormal amyloid β (Aβ) aggregates as well as intracellular 

neurofibrillary tangles composed of hyper-phosphorylated tau, a microtubule-associated 

protein localised in axons. Clinically, patients exhibit a progressive decline in memory, 

cognition and learning, which are accompanied by visual and ocular manifestations, similar 

to glaucoma (Frost et al., 2010, Roberson et al., 2007). These pathological features may 

explain the impaired contrast sensitivity and motion perception often reported in AD 

patients. There is evidence for a positive association of glaucoma in patients with AD, and 

the involvement of Aβ and hyper-phosphorylated tau in ocular degeneration in glaucoma 

patients (London et al., 2013, Sivak, 2013).  

We have previously demonstrated that AD is associated with ocular deficits including inner 

retinal thinning and impaired retinal electrophysiological response in animal models of AD 

(Gupta et al., 2016). Similar anatomical and functional deficits predominantly localised to 

the inner retina have also been reported in clinical studies in AD subjects (Lu et al., 2010). 

However, the molecular bases of these links remain obscure mainly due to the limited 

availability of data concerning biochemical and “omics” related retinal changes either in 
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glaucoma and/or AD. Importantly, the lack of sufficient information about which 

molecular changes are involved in either glaucoma or AD pathology precludes either an 

early and accurate disease diagnosis, or the development of critical target-based therapeutic 

development. 

In this study, we investigated the molecular basis of glaucoma pathogenesis by taking a 

systems level perspective of the retina and vitreous proteome using unbiased quantitative 

proteomics approaches. Large-scale proteome profiling of human post-mortem tissues 

were conducted, comparing protein abundances in vitreous and retinal tissues from 

‘control’ and glaucoma eyes. This study provides significant mechanistic advancements 

into the common molecular pathways implicated in the pathogenesis of glaucoma and other 

neurological disorders with a particular focus on AD as a representative neurodegenerative 

condition.  
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6.2 Materials and Methods 

6.2.1 Human eye samples, retina and vitreous extraction  

Frozen human post-mortem eye tissues (20 donors) from open angle glaucoma (9 male, 1 

female) and age matched control (8 male, 2 female) subjects (Lions NSW Eye Bank), 

Australia were used in the study. Both the retinal and vitreous tissues were examined 

(average ages: control 64.5±10, n=10 and glaucoma: 71.5 ±8.5, n=10, respectively). 

Tissues were obtained within 6 hours after death. None of the subjects had a known history 

of AD, Parkinson's disease, ocular surgery, macular degeneration or other ocular disorders 

affecting visual function. Frozen eyes were allowed to thaw and washed with PBS; retina, 

optic nerve head and vitreous tissues were carefully removed from the eyecups without the 

retinal pigment epithelium (RPE) layer contamination under the surgical microscope (Carl 

Zeiss, Oberkochen, Germany).  

 

 

 

6.2.2 Preparation of protein samples 

Retina and vitreous tissues were lysed in lysis buffer (20 mM HEPES, pH 7.4, 1% Triton 

X-100, 1 mM EDTA) containing 10 μg/ml aprotinin, 10 μM leupeptin, 1 mM PMSF and 1 

mM NaVO3, 100 mM NaF, 1 mM Na2MoO4 and 10 mM Na4P2O7 and sonicated using a 

probe sonicator (3 pulses/15s/50 Hz with 20s between each pulse). Insoluble materials were 

removed by centrifugation at 15,000 g for 10 min at 4°C. Extracted proteins were reduced 

with 5mM DTT for 15 minutes at room temperature, and then alkylated with 10mM 

iodoacetamide for 30 minutes in the dark at room at 4°C. The alkylation reaction was then 
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quenched with addition of 5mM DTT for 15 minutes in the dark. In order to remove the 

interfering detergents and contaminants, proteins were precipitated using the chloroform 

methanol precipitation protocol (Wessel and Flügge, 1984). The protein pellet was 

resuspended in 200 μl 8M Urea in 50mM Tris (pH 8.8). Protein concentration was 

determined by BCA assay kit (Pierce, Rockford, USA) using bovine serum albumin (BSA) 

as a standard. Dual digestion was carried out on 150ug protein, initially with Lys-C (Wako, 

Japan) at a 1:100 enzyme: protein ratio overnight at room temperature, followed by Trypsin 

(Promega, Madison, WI) at a 1:100 enzyme: protein ratio for at least 4 hours at 37 C. 

Samples were then acidified with TFA to a final concentration of 1% (pH 2 to 3) and 

desalted using SDB-RPS (3M- Empore) Stage Tips (Kulak et al., 2014).  

 

6.2.3 TMT labelling 

To accommodate the 40 biological samples (10 control and 10 glaucoma for retina and 

vitreous tissues each), four separate 10plex TMT experiments were carried out (two TMT 

experiments for retina and two for vitreous tissues). A detailed experimental design and 

TMT workflow is illustrated in Figure 6.1. Briefly, dried peptides were resuspended in 200 

mM HEPES (pH 8.2) and peptide concentration was measured using the MicroBCA 

protein assay kit (Thermo Scientific- Rockford, IL). 70 μg of peptides from each sample 

were subjected to TMT labelling with 0.2 mg of 20μl reagent per labelling reaction. 

Labelling was carried out at RT for an hour with occasional vortexing. To quench any 

remaining TMT reagent and reverse tyrosine labelling, 8 μl of 5% hydroxylamine was 

added to each sample, this was followed by vortexing and incubation for 15 mins at RT. 

For each of the four 10plex experiments the 10 labelled samples were combined, and then 

dried down by vacuum centrifugation. Each of the TMT experiments was fractionated by 
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basic, reversed-phase isocratic step elution using reverse phase spin columns (Pierce). 

Samples were loaded onto the reverse phase cartridges and elution was performed using 12 

fractionation steps with the following acetonitrile concentrations in 10 mM ammonium 

bicarbonate (5, 10, 12.5, 15, 17.5, 20, 22.5, 25, 27.5, 30, 40, 80% ACN). These fractions 

were then pooled into 6 subsets (Fraction 1-7, 2-8, 3-9, 4-10, 5-11, 6-12). Each fraction 

was dried and then desalted using SDB-RPS (3M- Empore) Stage Tips. 
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Figure 6.1 Experimental design and TMT labelling workflow of the experiment. Human retinal and vitreous 

tissues were extracted from postmortem eyes of control (age: control 64.5±10, n=10) and glaucoma subjects 

(age: 71.5±8.5, n=10). Extracted proteins form 40 samples subjected to reduction, alkylation and subsequent 

digestion with Trypsin and Lys-C.  Extracted peptides were quantified and labeled in a 10 plex TMT reaction. 

Four TMT experiments were carried out to accommodate all the biological replicates. Briefly, 2 sets of 5 

control and 5 glaucoma replicates of retina tissue were used in TMT 1 and 2 experiments, and the same design 

was used for vitreous samples in TMT3 and TMT4 experiments. Labelled samples within each TMT 

experiment were pooled together, then were fractionated by basic, reversed-phase isocratic step elution using 

reverse phase spin columns, and analyzed by LC-ESI-MS/MS on ThermoFisher Orbitrap Fusion mass 

spectrometer (SPS-MS3 method).  Functional pathway and protein network data analysis was performed 

using Ingenuity and Reactome pathway analysis.  
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6.2.4 Liquid chromatography electrospray ionization tandem mass spectrometry 

(LC-ESI-MS/MS)  

Fractionated peptide samples were reconstituted in 30 μl of 0.1% formic acid and 10 μl of 

samples were analysed using an Orbitrap Fusion Tribrid-MS (Thermo Scientific, USA) 

equipped with an ultra-high pressure liquid chromatography system (Proxeon). Peptides 

were separated for 3-hours on a reverse phase column with a gradient of 6-30% acetonitrile 

in 0.125% formic acid at a flow rate of ~400 nl/min. In each data collection cycle, one full 

MS scan (400-1400 m/z) was acquired in the Orbitrap (120,000 resolutions at 400 m/z and 

an AGC of 2 x 105). MS3 was performed using HCD with 55% collision energy and 

reporter ion detection in the Orbitrap with an AGC of 150,000 ions, a resolution of 60,000 

and a maximum ion accumulation time of 150 ms. Peptide fragmentation and collection of 

reporter ion spectra were performed using the synchronous precursor selection (SPS)-MS3 

method (McAlister et al., 2014). In this method, first MS2 analysis was conducted using 

CID fragmentation on the top 10 most intense ions with following settings: normalized 

collision energy of 35%, AGC 4x103, isolation window 0.5 Da, maximum ion 

accumulation time 150 ms with 40 seconds of dynamic exclusion. Following each MS2 

scan, for the MS3 analyses, precursor isolation was performed using a 2.5 Da window and 

fragmented in the ion trap using CID as above, except with an AGC setting of 8,000. 

Multiple fragment ions (SPS ions) were co-isolated and further fragmented by HCD at 

normalized collision energy (NCE) of 37.5%. Selection of fragment ions was based on the 

previous MS2 scan and the MS2-MS3 was conducted using recently described sequential 

precursor selection (SPS) methodology (McAlister et al., 2014). 

 

 



141 
 

 

6.2.5 Database searching/quantification and statistical analysis 

In-house software tools were used to convert RAW file to the mzxml format (Chick et al., 

2016). Correction of erroneous charge state and monoisotopic m/z values were performed 

using method detailed in Huttlin et al (Huttlin et al., 2015). Sequence assignment of 

MS/MS spectra were made with the Sequest algorithm (Eng et al., 1994) using an indexed 

human Uniprot database prepared with forward and reversed sequences concatenated as 

per the target-decoy strategy (Elias and Gygi, 2010). Data searches were conducted using 

cysteine carbamidomethylation and TMT on the peptide N-termini and lysine residues as 

static modifications, oxidation of methionine as a dynamic modification, precursor ion 

tolerance of 20 ppm and a fragment ion tolerance of 0.8 Da (for CID). Sequest matches 

were filtered using linear discriminant analysis to a false discovery rate (FDR) of 1% at the 

peptide level based on matches to reversed sequences, as previously reported (Elias and 

Gygi, 2010). The final peptide-level FDR fell well below 1% (~0.2% peptide level). A 

reductionist model was used for assignment of peptides to protein matches, where all 

peptides were explained using the least number of proteins. Protein rankings were 

generated by multiplying peptide probabilities and the dataset was finally filtered to 1% 

protein FDR.  

Quantitation of peptides using TMT reporter ions was performed as previously published 

(McAlister et al., 2012, Chick et al., 2016). Briefly, a 0.003 Th window centred on the 

theoretical m/z value of each reporter ion was recorded for each of the 10 reporter ions, 

and the intensity of the signal closest to the theoretical m/z value was recorded. TMT 

signals were also corrected for isotope impurities as per manufacturer’s documentation. 

Peptides were only considered quantifiable if the total signal-to-noise (S/N) for all channels 
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was >200 and a precursor isolation specificity of >0.75. Within each TMT experiment, 

reporter intensities values were normalized by summing the values across all peptides 

within each channel and then each channel was corrected so that each channel had the same 

summed value. Protein quantitation was performed by summing the normalized S/N values 

for all peptides assigned to a given protein. The protein quantitations from the two TMT 

experiments for each respective sample type (vitreous and retina) were aggregated into a 

single report. The proteins were regarded as differentially expressed based on a two sample 

t-test p-value (p ≤0.05) and a fold change threshold (≥ 1.3 for up-regulation or ≤ 0.76 for 

down-regulation). The reproducibility of all four TMT experiments output was evaluated 

by further statistical analysis such as overall data quality, un-supervised analyses such as 

clustering and PCA analysis, all implemented using our in-house ‘TMTPrepPro’ software 

(Mirzaei et al., 2017). 

 

6.2.6 Electrochemiluminescence (ECL) assay  

Selected proteins identified by quantitative mass spectrometry as being differentially 

abundant in glaucoma versus control samples and also previously reported to be altered in 

AD were analysed using a highly sensitive electrochemiluminescence (ECL) based MSD 

platform. Serum amyloid A (SAA), C-reactive protein (CRP), soluble vascular adhesion 

molecule 1 (sVCAM1), soluble intercellular adhesion molecule 1 (sICAM1), alpha-2-

macroglobulin (A2M), beta-2 microglobulin (B2M), Factor VII (FVII), adiponectin, 

clusterin and Tenascin (TNC) were quantified in human retinal and vitreous samples from 

control and glaucoma subjects. Aliquots from tissue lysates were prepared according to the 

manufacturer’s instructions for each panel of assays. Assay plates were washed and 

blocked using the supplied buffers.  Samples and standards were then loaded in duplicate 
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into each assay plate, sealed and incubated at room temperature for 2 hours.  Plates were 

washed using PBST (pH 7.4), then secondary detection antibodies added and plates were 

re-sealed and incubated again for 1 hour.  Plates were finally washed 3 times with PBST, 

read solution added according to the assay instructions and read using a Sector Imager 1200 

plate reader (MSD, Maryland, USA). The supplied software was used to determine 

standard curve and sample concentration, according to 5 parameter logistic curve-fitting 

techniques. 

 

6.2.7 Western blotting 

Western blot analyses were carried out on selected proteins (CLU, VTN, CRYBB2 and 

CRYBB3) to confirm the proteomic data. 25 μg of proteins from each sample was separated 

by 4–12% SDS-PAGE and transferred to PVDF membrane. Membranes were blocked by 

Tris-buffered saline containing 5% milk for 1 hour, and primary antibodies added at a final 

concentration of 1–2 μg/ml. After incubation with the primary antibody overnight at 4 °C, 

blots were washed with Tris-buffered saline and then incubated with anti-IgG antibody 

linked to horseradish peroxidase for 2 hours. Signals indicative of protein levels were 

detected using an enhanced chemiluminescent substrate (Clarity Western ECL Substrate, 

Bio Rad) and Bio-Rad ChemiDoc MP detection system and band intensities quantified in 

the linear range of detection. 
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6.2.8 Bioinformatics and functional pathway analysis 

Pathways enrichment analysis was carried out on differentially expressed proteins using 

Ingenuity Pathway software (Ingenuity® Systems, www.ingenuity.com), Reactome 

Functional Interaction (FI) network (http://www.reactome.org/) and ClueGO. For 

Ingenuity, the gene identifiers and their fold change value (glaucoma vs. control) for each 

tissue were uploaded separately to the software. Identified proteins were correlated to 

corresponding gene using Ingenuity Pathway Knowledge Base (IPKB). Significant 

interaction networks (p < 0.05) and molecular and cellular functions were identified based 

on known protein–protein interactions in the published literature (knowledge base). 

Networks were “named” on the most common functional group(s) present. Canonical 

pathway analysis allowed us to identify the function-specific genes significantly present 

within the networks. For specific functional protein ontologies that were differentially 

regulated, the list of differentially expressed proteins for both retina and vitreous were 

analysed by the Reactome Functional Interaction (FI) network Cytoscape plug-in. All 

relevant data are available in the paper and its Supporting Information files. 

 

6.3 Results  

6.3.1 Differential protein regulation in glaucoma eye tissues quantified by multiplexed 

proteomics 

We identified 4765 proteins from retinal tissue, and 4987 proteins from vitreous humour, 

which were quantified by multiple peptides at an initial protein FDR of less than 1%. A 

series of descriptive statistical analyses were performed to confirm the reproducibility of 

http://www.ingenuity.com/
http://www.reactome.org/
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the data. The overall distribution of median-normalized and log-transformed protein 

abundances were visualised in density and box plots. Within each tissue (retina and 

vitreous), the boxplots showed similar median and 95% confidence intervals. Moreover, 

comparison of density plots for each individual biological sample showed similar and 

highly overlapping patterns, with no major asymmetric bias, satisfying the normality 

assumption for further analysis. Overall, these statistical metrics confirm the similarity in 

overall protein abundance distributions of individual biological replicates, and demonstrate 

the reproducibility of measurements within sample groups.  

To identify differentially expressed proteins, we used a combination of statistical and 

empirical thresholds to ensure a high confidence in the reported protein abundance 

differences. Quantified proteins were retained if their abundances in the glaucoma versus 

control patients were (1) statistically significant (p-value  0.05) using a student t-test and 

(2) differed by at least ±30 %. This two-step differential analysis of glaucoma versus 

control for retina tissue yielded 252 up regulated proteins (p-value ≤ 0.05 and ≥ 1.3-fold 

change) and 133 down regulated (p-value ≤ 0.05 and ≤ 0.77-fold change (Figure 6.2B). In 

comparison, a greater proportion of differentially expressed proteins were identified in 

vitreous, with 554 and 599 proteins exhibiting increased and decreased abundance, 

respectively (Figure 6.2C). Hierarchical clustering analysis of proteins with differential 

abundance illustrated the overall consistency of the up and down regulation within 

respective control and glaucoma cohorts (Figure 6.2D and E). However, when comparing 

differential proteins between the vitreous and retinal tissues, we observed only moderate 

overlap (Figure 6.2F). Given the overall retinal and vitreous proteomes were qualitatively 

similar (see Figure 6.2A), the differences in these proteins suggested tissue specific 

dysregulation in glaucoma. It is possible that the cellular pathways dysregulated in 

glaucoma or their regulation is distinct in these tissues. 
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Figure 6.2 Results of proteomics analysis and quality control measurements. A) Venn diagram indicating 

the overlap between the proteins identified and quantified from vitreous and retinal tissues (1% FDR). (B, C) 

Volcano plots demonstrating the dual thresholds for differentially regulated proteins. Each data point 

represents a single quantified protein. The x-axis represents log fold change in abundance (glaucoma/control). 

Vertical blue lines indicate 1.3 and 0.77 ratio. The -log (p-value) is plotted on the y-axis. Proteins above the 

red horizontal line indicate significance ≤0.05. Proteins within the upper and outer quadrants meet both the 

fold change and p-value cut-off, and are therefore considered as differentially regulated. (D, E) Heatmaps 

(hierarchical clustering) of the log-transformed ratios of differentially expressed proteins (glaucoma vs. 

control) in retina and vitreous. Column colours indicate treatment type. Red and green color-coding indicate 

relative increase or decrease in protein abundance, respectively. (F) Venn diagram representing the overlap 

between the differentially regulated proteins quantified in vitreous and retinal tissues (glaucoma vs. control, 

p-value ≤ 0.05, ≥ 1.3-fold or ≤ 0.77-fold. 

 

 

6.3.2 Cellular pathway and protein network analysis reveals functionally coordinated 

protein abundance changes 

To explore these possibilities in greater depth and gain more detailed information about the 

molecular mechanisms and biological processes that are altered in glaucoma, we performed 
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cellular pathway enrichment and functional protein network analyses on the differentially 

expressed proteins of vitreous (1130 proteins) and retinal tissues (355 proteins). 

Analysis of the differentially regulated proteins using Ingenuity Pathway Analysis (IPA) 

revealed that the top canonical pathways associated with immune and inflammatory 

pathways (e.g. LXR/RXR activation, FXR/RXR activation, acute phase response, and the 

complement system) were similarly over-represented in the vitreous and retina (Figure 

6.3A). In contrast, mitochondria-related pathways, such as, oxidative phosphorylation, 

NO/ROS production, and mitochondrial dysfunction were more significantly enriched in 

the retina (Figure 6.3A, orange bars), while the coagulation system, gluconeogenesis I, and 

G protein and EphrinB signalling pathways were enriched more significantly in the vitreous 

(Figure 6.3A, blue bars).  

To visualize the functional connectivity among these differential proteins, we assembled 

together retinal and vitreous protein networks using the Reactome analysis tool. A high 

degree of connectivity, with 136 of the 357 differential proteins in the retina and 568 of the 

1153 differential proteins in vitreous, forming interconnected networks (Figure 6.3B) was 

identified. High network connectivity for the retinal proteins involved in mitochondrial 

dysfunction, complement pathway, and receptor-mediated endocytosis and retinoid 

metabolic processes was observed (Figure 6.3B). Within clusters of functionally connected 

proteins, the relative abundance in glaucoma and control tissues was similar (Figure 6.3C). 

For example, 13 subunits of the NADH dehydrogenase: ubiquinone oxidoreductase 

complex I (NDUFA9, NDUFS2, NDUFB3, NDUFB11, etc), four subunits of cytochrome 

b-c1 complex III (UQCRQ, UQCRC2, UQCR10, UQCRC2), and four subunits of complex 

IV (COX7B, COX7A2L, NDUFA4, MT-CO2) in the mitochondrial inner membrane were 

all down regulated, while majority of the functional cluster containing components of the 

complement signalling cascade (C1QB, C1QC, C1R, etc.) were up regulated. Since the 
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total number of differential proteins in vitreous was higher compared to that of the retina, 

significantly higher number of network clusters were identified representing wider array of 

cellular pathways in vitreous than in the retina. These included complement and 

coagulation pathways, PI3K-AKT signalling, cholesterol metabolism, apoptotic process, 

glycolysis, proteasome, RNA processing, mitochondrial ribosomal machinery, glutathione 

metabolism, oxidative phosphorylation, calcium signalling, synaptic vesicle transport, 

PPAR signalling, ion trans-membrane transport and receptor-mediated endocytosis. As 

with the retinal functional protein network (Figure 6.3B), functional clusters were largely 

co-ordinately regulated, including an upregulated cluster with RNA processing functions, 

and a ten protein cluster associated with glutathione metabolism, which was down 

regulated. Overall, the combination of canonical IPA pathway and Reactome-based protein 

network analysis enabled statistical evaluation and visualization of the most significantly 

over-represented cellular processes that were impacted in retina and vitreous glaucoma 

tissues.  
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Figure 6.3. Results of functional protein interaction network and pathway analysis (A) Comparison of the 

top 10 canonical pathways enriched from IPA analysis of differentially regulated proteins (glaucoma vs. 

control) from vitreous and retina tissues. The significance of functional enrichment is plotted on the y-axis 

as the -log (p-value). (B) Retinal reactome functional interaction networks analyzed by the Reactome FI 

Cytoscape plugin.  Of 355 retinal differentially expressed proteins, 136 proteins were had at least one other 

known functional connection. Network nodes are labeled with gene symbols. The Reactome plugin was used 

to assign functional clusters, which were color-coded and labelled with representative broad functions. (C) 

Reactome network in (B) color-coded by log2 (glaucoma/control) relative abundance quantified from TMT 

analysis. 
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6.3.3 Functional pathway analysis identifies association with Alzheimer’s disease 

markers in the retina and vitreous 

IPA analysis was performed to investigate the top disease-related biological functions 

commonly associated with the differential proteins in the retina and vitreous. This analysis 

highlighted networks associated with neuropathological diseases such as amyloidosis, 

tauopathy, and dementia (Figure 6.4A). Specifically, out of 1510 differentially expressed 

proteins from retina and vitreous tissues analysed by IPA, 122 were assigned specifically 

to dementia and AD categories, of which 40 proteins overlapped between the retina and 

vitreous (Figure 6.4C). While 15 proteins were uniquely expressed in the retina (Figure 

6.4B), the remaining 65 proteins were exclusive to vitreous tissue (Figure 6.4D). Majority 

of these proteins were directly associated with the top IPA canonical pathways (Figure 

6.3A), including mitochondrial dysfunction, oxidative phosphorylation, acute phase 

response signalling, complement signalling, and the coagulation cascade. Based on the 

bioinformatics evidence linking glaucoma cellular pathology associated with 

neurodegenerative disorders of the brain, in the following sections, we discuss several 

examples of pathways and functional protein classes that have common pathophysiology 

with glaucoma and other CNS disorders particularly AD. 
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Figure 6.4. Top disease related biological functions and the list of 122 AD associated markers (A) 

Representation of the top disease-related biological functions, which were commonly enriched in retina and 

vitreous. (B - D) Heatmaps of the log-transformed abundance ratios (glaucoma vs. control) quantified in 

retina and vitreous datasets for the 122 AD-associated proteins. Black columns indicate the corresponding 

protein either was not changed or detected in the dataset, yellow and blue represent up and down regulation, 

respectively. Relative abundances of (B) 16 AD-associated proteins identified only in the retina, (C) 40 

common AD-associated proteins identified both in the retina and vitreous, and (D) 65 AD-associated proteins 

identified exclusively in the vitreous. 

 

 

6.3.4 Down-regulation of the mitochondrial electron transport chain proteins  

Mitochondria play a central role in regulating neuronal cell survival and its impairment is 

associated with cell death since it governs both energy metabolism and apoptosis (Bernardi 

et al., 1999). The energy required for cell growth, development and differentiation is 

provided by mitochondria in the form of ATP produced via oxidative phosphorylation 
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(OXPHOS) (Green and Reed, 1998). The mitochondrial OXPHOS machinery comprises 

five key enzyme complexes consisting of 80 proteins, of which 13 are coded by the 

mitochondrial DNA. The mRNAs for these proteins are translated on mitochondrial 

ribosomes. The malfunction of ribosomal machinery is associated with decreasing the 

capacity for protein synthesis, followed by a significant reduction in ribosomal RNA and 

tRNA levels and subsequently up-regulation of RNA oxidation (Serre et al., 2013). This 

dysregulation in protein synthesis lead to OXPHOS malfunction affecting all complexes, 

except the complex II. The electron transport chain is major source of reactive oxygen 

species (ROS) that accelerates oxidative damage followed by lipid peroxidation that 

eventually leads to OXPHOS damage that eventually culminates in cell death due to energy 

restriction (Rötig, 2011). These processes are considered converging features of 

neurodegenerative diseases, and have been implicated in both glaucoma (Osborne, 2010) 

and AD (Martin, 2010, Lin and Beal, 2006, Moreira et al., 2010). 

In our dataset, we identified 32 retinal and 16 vitreous proteins associated with 

mitochondrial dysfunction and oxidative phosphorylation, plus seven proteins linked to the 

mitochondrial ribosomal machinery. Of the 32 retinal proteins, 24 were identified as down 

regulated, and belonged to outer and inner membranes and ETC complexes I–V, including 

13 subunits of complex I (NADH: ubiquinone oxidoreductase), 4 subunits of complex III 

(Ubiquinol cytochrome c-oxidoreductase), 4 subunits of complex IV (cytochrome c 

oxidase complex) and 3 subunits of complex V (ATP synthase). In contrast, in the vitreous, 

proteins in complex III and V were not affected, and 3 subunits of complex I (NDUFV3, 

NDUFA4L2 and NDUFS5) were up regulated although these were down regulated in the 

retina1 tissue. Similarly, four subunits of complex IV (COX5B, COX5A, COX6C and 

COX4I1) were downregulated in the vitreous but not the retina (Figure 6.5A). All seven 

mitochondrial ribosomal proteins including MRPL13, MRPL39, MRPL47, MRPL20, 
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MRPL28, MRPL3, MRPL50, MRPS23 were exclusively down regulated in vitreous, but 

were either not detected or did not change significantly in the retinal tissue (Figure 6.5B).  

 

Figure 6.5. Down regulation of ETC proteins and mitochondrial ribosomal proteins in glaucoma (A) A 

schematic diagram representing the overall down regulation of proteins associated with the electron transport 

chain (ETC) complexes of the mitochondria in glaucoma condition. (B) A table representing the down 

regulation of 7 mitochondrial ribosomal proteins in vitreous, which were not detected (ND) or not 

significantly altered (NC) in the retina (p- value ≤ 0.05).  

 

 

6.3.5 Activation of classical complement and coagulation cascades 

In agreement with previous studies in glaucoma (Doudevski et al., 2014, Williams et al., 

2016, Lauwen et al., 2017) and AD (Inoue et al., 2013, McGeer et al., 1989, Hong et al., 

2016), the activation of classical complement pathway in glaucoma patient samples was 

also observed in this study. We quantified majority of key proteins associated with classical 

complement pathway, such as C1q, C1s, C1r, C4a, C4b, C3, C5, C6, C7, C8a, C8b, C8g 
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and C9, as up-regulated in glaucoma condition for both vitreous and retinal tissues when 

compared to the controls. Supporting these findings, two membrane attack complex (MAC) 

assembly endogenous inhibitors, vitronectin and clusterin, were also found to be 

upregulated in glaucoma (Figure 6.6A, B). The expression of these inhibitory proteins was 

further validated using western blotting (Figure 6.6C). The coagulation cascade exhibited 

a similar expression pattern, where the majority of proteins involved such as F2, F3, A2M, 

PLG, KNG1, CFB, F9, F10, FGG, KLB1, PROC were up-regulated in glaucoma. However, 

higher expression of these proteins was observed in vitreous samples compared to that of 

the retina. Additionally, F9, F10, FGG, KLKB1 and PROC were exclusive to the vitreous 

tissue (Figure 6.6A). 
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Figure 6.6. Activation of complement (classical) and coagulation cascades (A) A bar graph representing the 

comparison of the relative abundance of proteins involved in complement and coagulation cascade.  The x-

axis represent the average fold changes (p-value ≤ 0.05 and ≥ 1.3-fold change, n=10). (B) A schematic 

diagram showing the details of the three pathways activating the complement cascade (classical, lectin and 

alternative), of which our quantitative proteomics data supports the activation of the classical pathway in both 

Western blotting analysis measuring the protein level of CLU (retina and vitreous, n = 10) and VTN in 

vitreous (n = 10) of glaucoma and control samples. GAPDH was used as the loading control. The bar graphs 

indicate average densitometry measurements (ImageJ software) (n = 10, average ± sd, *, p-value < 0.05). 

Black bars represent control, while the light grey bars represent glaucoma. The copy right of the basic 

complement pathway image belongs to Noris, Mescia, & Remuzzi, Nat. Rev Neprh. 2012. 

 

 

6.3.6 A) Induction of cholesterol metabolism and transport proteins 

Defects in cholesterol transport and metabolism have been reported in several 

neurodegenerative diseases (Liu et al., 2010) including glaucoma (Fourgeux et al., 2009),  

AD (Puglielli et al., 2003, Cutler et al., 2004, Martins et al., 2009), Huntington’s (Valenza 
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et al., 2005, Valenza et al., 2010), and Parkinson’s disease (Huang et al., 2015). 

Apolipoproteins are lipid transport and redistribution vesicles in the CNS and other tissues 

(Martins et al., 2009). Recent genetic studies highlighted the importance of apolipoprotein 

gene polymorphisms as key elements and risk factors for a number of neurological diseases 

including AD (Van Cauwenberghe et al., 2015, Saykin et al., 2015). This study identified 

12 members of apolipoproteins as upregulated in glaucoma compared to samples from 

control subjects. Of these, five members (APOA1, APOA4, APOC1, APOC3, APOH) 

were identified in both vitreous and retinal tissues, however a greater abundance related 

differences were observed in the vitreous. Four other members were specific to the retina 

(APOB, APOE, APOL1, APOM) and three were detected uniquely in the vitreous 

(APOA2, APOL2 and APOC2). Interestingly, of the 12 identified apolipoproteins, eight 

have previously been reported to be associated with neuropathological progression in AD 

(Song et al., 2012, Zhou et al., 2014, Liu et al., 2013, Caramelli et al., 1999, Elliott et al., 

2010, Khoonsari et al., 2016) (Figure 6.7A).  

 

6.3.6 B) Reduced expression of glutathione S-transferase proteins  

This study identified three distinct groups of Glutathione-S-Transferases (GSTs): GSTM1, 

GSTM2, GSTM3 and GSTM5 from the mu family, GSTT1 and GSTT2 from the theta 

family, and two microsomal GSTs, MGST1 and MGST2. Interestingly, all eight GSTs 

were identified as down-regulated in glaucoma eyes compared to the control samples 

(Figure 6.7B). Five of these GSTs were quantified in both retina and vitreous, with the 

extent of regulation consistently greater in the vitreous, while the other three (MGST1, 

MGST3 and GSTM2) were distinctly affected in the vitreous (Figure 6.7B).   
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6.3.6 C) Up-regulation of proteins associated with RNA processing 

Defects in RNA splicing occur in several age related neurodegenerative conditions and are 

reported previously in glaucoma (Jain et al., 2014) and AD (Tollervey et al., 2011, Bai et 

al., 2013). Accordingly, we identified 29 protein associated with mRNA processing as 

significantly up regulated in vitreous along with SRSF9 and HNRNPM proteins, which 

were upregulated in both the retina and vitreous. From this network, 8 members of the 

serine/arginine-rich splicing factors (SR proteins) were found, which are involved in 

alternative mRNA splicing via the spliceosome, including; SRSF1, SRSF2, SRSF3, 

SRSF4, SRSF7, SRSF9, SRSF10 and SRSF11. Additionally, 5 members of hnRNPs 

complexes (Heterogeneous nuclear ribonucleoproteins) HNRNPC, HNRNPH3, HNRNPF, 

HNRNPM, HNRNPU and 7 members of small nuclear ribonucleoproteins (SNRA, 

SNRPD2, SNRPD3, SNRPE, SNRP70 and EFTUD2) were upregulated exclusively in the 

vitreous tissue. 

 

6.3.6 D) Down regulation of Crystallins 

 Crystallins are known as dominant structural proteins of the lens and are classified into 3 

main families, alpha, beta and gamma (Andley, 2007). Due to their significant homology 

and characteristic similarities with heat shock proteins and chaperones, they are known to 

play a role in enhancing cellular resistance to ageing induced apoptotic cell death. We 

identified 11 members of crystallin family as significantly down-regulated exclusively in 

the vitreous samples. Crystallins were the most differentially expressed proteins in our 

dataset (up to 18-fold down regulation in glaucoma condition compared to control). The 

Reactome pathway analysis revealed that crystallins are clustered with proteins associated 

with cholesterol transport and apoptosis. Of these 12 proteins, 7 belonged to the beta 
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(CRYBA1, CRYBA2, CRYBB2, CRYBA4, CRYBB1, and CRYBB3), 2 to alpha 

(CRYAA, CRYAB) and 3 to the gamma family (CRYGB, CRYGS, and CRYGD). The 

protein expression of CRYBB3 and CRYBB2 were validated using western blotting 

approach (Figure 6.7C and D). 

 

Figure 6.7. Upregulation of Apolipoproteins and down regulation of Crystallin and GSTs in glaucoma (A) A 

bar graph representing the expression pattern of 12 differentially expressed Apolipoproteins identified in 

retina and/or vitreous (p-value ≤ 0.05 and ≥ 1.3-fold change, n = 10). (B) A bar graph representing the relative 

abundance of eight differentially expressed GSTs identified in retina and/or vitreous (p- value ≤ 0.05 and ≤ 

0.77 -fold change, n = 10). (C) A bar graph representing the relative abundance of 12 differentially expressed 

crystallin proteins identified in vitreous (p- value ≤ 0.05 and ≤ 0.77 -fold change, n=10) (D) Western blotting 

analysis for measuring the relative protein expression level of CRYBB2 and CRYBB3 in vitreous (n= 10) of 

glaucoma and control samples. GAPDH was used as the loading control. The bar graphs indicate average 

densitometry measurements (ImageJ software) (n = 10, average ± SD, *, p-value < 0.05). Black bars represent 

control, while the light grey bars represent glaucoma. 
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6.3.7 Confirmation of proteomics data (selected AD associated markers) using an 

ECL assay 

To support our quantitative MS results and provide further evidence for the molecular 

association of glaucoma with other neurodegenerative diseases, specifically AD, we 

selectively examined expression changes of proteins that are widely reported to be affected 

in AD, using a quantitative ECL based assay. ECL assay was carried out on ten known AD 

biomarkers (A2M, B2M, Clusterin, TNC, FVII, Adiponectin, CRP, SAA, ICAM-1 and 

VCAM-1), which were identified in our proteomics datasets. The association of these 

markers with AD is extensively reported in the literature (Varma et al., 2017, Doecke et 

al., 2012, Yu and Tan, 2012, O'Bryant et al., 2016, O'Bryant et al., 2011, Ewers et al., 

2010). The up regulation of A2M, Clusterin, SAA, ICAM-1 VCAM-1 and down regulation 

of TNC in both tissues was detected, consistent with the proteomics experiments. B2M 

remained unchanged in vitreous and was up regulated in the retina, while MS analysis 

showed that both of these markers were up regulated. Similarly, TNC and FVII were up 

regulated in vitreous and down regulated or unchanged in retina using ECL, but remained 

unchanged or were not detected in either tissue using proteomics (Figure 6.8). This may be 

attributed to differences in the capture affinity of the detection antibodies used in ECL, 

potential for cross-reactivity, buffers and other reagents that are used in these assays. 

Together both these approaches demonstrate that six of these ten markers were similarly 

affected in the disease condition. 
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Figure 6.8. ECL analysis of AD associated markers. ECL analysis of selected proteins (SAA, CRP, 

sVCAM1, sICAM1, A2M, B2M, FVII, TNC), which are known as AD biomarkers in the literature and also 

identified in the proteomics data of this study.  All samples (n = 10 control and n = 10 glaucoma) were 

assayed in duplicate via a multiplex biomarker assay platform using ECL on the SECTOR Imager 2400A 

from Meso Scale Discovery.  

 

 

 

6.4 Discussion 

This study used a combination of multiplexed mass spectrometry-based proteomics (TMT 

labelling), functional protein network and pathways analyses, ECL analysis, and western 

blotting to delineate global and specific proteomics changes in human retinal and vitreous 

glaucoma tissues. Only a limited number of proteomics studies have been performed on 
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human glaucoma tissues (Funke et al., 2016, Tezel et al., 2010). For instance, Funke et al 

(Funke et al., 2016) has previously reported identifying 600 proteins from human retinal 

tissues, of which about 10% showed proteome alterations in the glaucomatous tissues. In 

the current study, our approach analysed both retinal and vitreous tissue proteomes to a 

significant depth of about 5000 proteins, providing the first comprehensive elucidation of 

proteome changes in the these tissues from glaucoma patients. We report differential 

regulation of 122 proteins in retinal and vitreous tissues, which overlap with functional 

networks associated with neurodegenerative conditions of CNS with a particular focus on 

AD pathology. We believe that the elucidation of the complex proteome alterations 

occurring in the vitreous and retinas of glaucoma subjects will serve as a key source for the 

identification of glaucoma specific biological targets for diagnostic biomarkers, disease 

prevention, and therapeutic strategies. Our in-depth computational analysis highlights 

several unique biochemical pathways that are also known to be impaired in AD conditions. 

The proteomics overlap highlighting similarities and differences between glaucoma and 

AD will further help to elucidate converging pathological mechanisms underlying AD and 

various other neurodegenerative disorders.  

More specifically, our data analysis revealed that a significant proportion of annotated 

proteins belonged to categories related to neuronal components and neurological disorders. 

Pathway enrichment analysis followed by examining functional networks supported the 

notion that pathways linked to cellular energy regulation, complement pathway activation, 

antioxidant defence mechanisms and acute phase response signalling were predominantly 

affected. Our findings also implicate impairment in mitochondrial machinery, cholesterol 

metabolism, inflammatory responses, regulation of cytoskeletal proteins, receptor 

mediated endocytosis and retinoid nuclear receptor alterations in glaucoma conditions. 

Interestingly, we observed significant downregulation of several crystallin proteins in the 
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vitreous of glaucoma subjects. Crystallins are a class of heat shock protein which are 

suggested to protect neurons by suppressing signals linked to stress mediated apoptosis; 

therefore, reduced crystallin levels in glaucoma vitreous could make the retinal neurons 

more vulnerable to cytotoxic injury and cell death. Downregulation of various crystallin 

proteins and mRNA has previously been reported in a rat model of experimental glaucoma 

(Piri et al., 2006, Anders et al., 2017).  

Several in vivo and in vitro studies have demonstrated the potential neuroprotective role of 

crystallins (β-crystallin B2) in survival of injured retinal ganglion cells in rat(Böhm et al., 

2012) and axonal regeneration in the injured optic nerve and photo receptors in animal 

experimental model (Böhm et al., 2015). Interestingly the most recent retinal proteomics 

study of the experimental glaucoma model (Anders et al., 2017) reported down regulation 

of several crystalline proteins 3 week after IOP elevation, however, their expression trend 

was reversed after 7th week.  Furthermore the authors showed that an intravitreal injection 

of β-crystallin B2 during the IOP elevation is responsible for increasing the retinal 

ganglion cell survival and protecting against the loss of the retinal nerve fiber layer and 

optic nerve injury (Anders et al., 2017). 

Conversely, while AD brains show increased αB-crystallin expression, changes in retinal 

expression of various crystallins in AD remains unclear (Renkawek et al., 1994).  

Proteome characterization of the retina and vitreous tissues, which are primarily associated 

with glaucoma disease process, represent the first step towards enhancing our molecular 

understanding of this complex neurodegenerative disorder and explain the development of 

specific features of the disease. Functional network analysis of the differentially regulated 

proteins in glaucoma may hold the key to pathognomonic processes associated with other 

CNS neurodegenerative disorders that have increasingly been shown to affect molecular, 
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anatomical and functional networks in the retina. We also validated our proteomics 

findings using highly sensitive electro-chemiluminescence assay on MSD platform 

(O'Bryant et al., 2016) to evaluate protein expression of selected candidate markers such 

as clusterin, vitronectin and crystallins (B2 and B3). Consistent with mass spectrometry 

findings, we observed that A2M, B2M, Clusterin, TNC, FVII, Adiponectin, CRP, SAA, 

ICAM-1 and VCAM-1 were differentially affected in the retinas and vitreous of glaucoma 

subjects. Importantly, of these A2M, B2M, Clusterin, TNC, FVII, Adiponectin represent 

metabolic markers that are modulated in AD (O'Bryant et al., 2016). Altered expression of 

AD associated vascular markers like CRP, SAA, ICAM-1 and VCAM-1 also correlated 

well with our proteomics analysis. These observations support the hypothesis that 

glaucoma is associated with both neuronal and vascular stress.  

The biochemical interactions identified in several signalling networks elucidated in this 

study could lead to neurodegeneration through cell apoptosis. The impact of altered 

metabolic and biochemical function on complex biomolecules can lead to conformational 

alterations and covalent modifications. It is difficult to determine whether proteome 

alterations in glaucoma are a consequence or cause of the disease. Our analysis highlighted 

a significant decrease in proteins associated with regulating glutathione metabolism that 

directly modulates oxidative stress response, which may reflect an attempt, by the retinal 

and vitreous tissues to neutralize the increased oxidative stress associated with glaucoma 

pathogenesis. Similarly, we observed a down regulation of proteins involved in 

mitochondrial function and ATP generation, which may suggest an inability of the retinal 

tissue to meet the energy requirements leading to shifting of equilibrium to pro-apoptotic 

pathways. Increased expression of some of the components of complex 1 in vitreous may 

represent a compensatory effect or efflux of these proteins from dying retinal cells.   
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Apart from oxidative stress, our study suggests complement cascade involvement in 

glaucoma. The complement pathway not only plays a critical role in the inflammatory 

response, but is also involved in synaptic development and pruning. Defective synaptic 

elimination has been associated with limited refinement of the retinogeniculate pathway. 

Preferential over-expression of several components of the complement pathway were 

identified in glaucoma samples. Our study provides a highly inclusive data set regarding 

alterations in complement proteins. Together with previous observations, our findings 

corroborate the reported upregulation of C1q complement protein in glaucoma (Stasi et al., 

2006). C1q along with synaptic markers such as PSD95 has been implicated in early 

glaucoma pathogenesis, suggesting complement activation in synaptic regulation in 

glaucoma. Increased C1q expression was also reported in neurons in AD animal models 

(Fonseca et al., 2011). Differential effects on complement pathways is known in other 

neurodegenerative disorders and amyloid β accumulation in particular is an activator of 

complement pathway (Salminen et al., 2009). 

Aβ deposits are well known to accumulate in the retinas in both AD and glaucoma 

conditions (Gupta et al., 2014, Gupta et al., 2016). Similarly, plaque formation in AD is 

influenced by cholesterol, chronic oxidative stress, complement activation and 

neuroinflammation. The inflammatory responses, such as the activation of complement 

pathways play a fundamental role in synaptic development and pruning, cell death and 

ultimately in pathophysiology of numerous neurodegenerative diseases, including 

glaucoma (Stephan et al., 2012, Dunkelberger and Song, 2010). The complement system 

is activated by three separate pathways; the classical, alternative and lectin (Noris et al., 

2012). However, among the three pathways, the classical pathway has been shown to be 

predominantly affected in both AD (McGeer et al., 1989) and glaucoma (Williams et al., 

2016). The classical complement pathway is comprised of more than 20 proteins, 
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comprising several serine proteinases linked as an amplifying cascade. There is evidence 

for the bidirectional cross-talk between the complement and coagulation cascades (Levi et 

al., 2004, Levi and van der Poll, 2005). Since some complement proteins act as substrates 

for coagulation factors, enhanced levels of coagulation cascade proteins could potentially 

promote the complement cascade activation. Alternatively, complement activation might 

also lead to coagulation and fibrin deposition (Cortes-Canteli et al., 2012).  

We identified for the first time a direct link of apolipoprotein expression in glaucoma. Our 

study found significant upregulation of various apolipoproteins in the retinas and vitreous 

of glaucoma subjects.  Apo A-I plays a crucial role in cholesterol transport and metabolism 

and we observed increased Apo A-I concentrations in glaucoma samples. The regulatory 

effects of Apo-A1 on reverse cholesterol transport pathway have also been suggested in 

AD. ApoE4 changes were primarily localised to the retina and no overexpression of ApoE4 

was identified in the vitreous. Importantly the APOE allele variant is a significant risk 

factor for sporadic type of late onset AD (Liu et al., 2013). The APOE allele is involved 

in moderating Aβ proteolysis and clearance, and is associated with both glaucoma and AD 

effects on the retina (Gupta et al., 2016, Gupta et al., 2016). This study establishes the 

changes in expression of various members of the apolipoprotein family, indicating 

significant alterations in apolipoprotein metabolism. It is thus highly likely that 

apolipoproteins may form potential biomarkers to predict the effects of glaucoma in the 

future. 

Increased ROS production underlies oxidative damage to macromolecules in the cells, 

including lipids, proteins and nucleic acids. These changes have been directly associated 

with aging and neurodegeneration (Lin and Beal, 2006). Association between the 

production of oxidant/free radical species, dysfunction of the antioxidant system, and the 

onset and progression of neurodegenerative diseases has been increasingly well established 
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(Barnham et al., 2004, MatÉs et al., 1999). For instance, glutathione (GSH), a thiol-

containing tripeptide, and GSH-related enzymes (GSTs) are important endogenous 

antioxidant components that are involved in mediating protection of cells against oxidative 

stress by neutralising highly reactive free radical species (Marí et al., 2009). GSTs catalyse 

the conjugation of reduced GSH to xenobiotic compounds, which are less reactive and 

more soluble, and hence facilitate clearance from the body. GSH synthetases regulate the 

GSH system in both cytoplasm and endoplasmic reticulum and dysregulation of the system 

is linked with neurodegeneration (Generally, 1997). GST has also been described as a 

glaucoma associated stress marker, and increased serum GST immunoreactivity was 

reported in glaucoma patients.  Furthermore, polymorphisms of selected GSTs such as 

GSTM1 and GSTT1 were shown to be associated with the onset and development of 

glaucoma (Jansson et al., 2003, Ünal et al., 2007), cataract (Çelįk et al., 2014, Qi et al., 

2015), PD (Wang and Wang, 2014, Perez-Pastene et al., 2007) and AD (Wang et al., 

2016a).    

A limitation of our approach is that we analysed whole retinal tissues, and thus cannot 

distinguish the individual contribution of distinct cell types that comprise the retina. This 

may lead to changes in proteins in the inner retinal region, which are particularly affected 

in glaucoma to be masked, or lead to significantly diminished fold alterations. Future 

studies may use techniques like laser dissection microscopy in the unfixed tissues to 

identify region and layer specific proteomics changes in the retina. Immunostaining of the 

retinal sections with selected markers will further help to elucidate the layer/region specific 

protein expression differences in the retina under glaucoma conditions. The protein 

expression changes in vitreous may similarly be caused by efflux of proteins from retinas 

or other ocular tissues and may not reflect bona fide vitreous proteome alterations. Further, 

although a great deal of reproducibility was observed between the samples suggesting 
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differential regulation of proteins in the disease state, detailed information from the post-

mortem donor samples including the drug treatments etc. will help for in-depth analysis of 

the data. Nevertheless, this study enables us to understand the complex nature of disease-

associated pathology in retinal and vitreous tissues although it does not suggest whether it 

is a cause or effect of the chronic disease condition. Furthermore, the downregulation of 

several proteins in the retina may be caused by loss of neuronal cells in glaucoma leading 

to reduced protein quantity from particular retinal cells. This may reflect reduced 

expression at the tissue level and not at individual neuronal levels.  

Overall, very few studies have tried to substantiate the molecular similarities and 

differences between open angle glaucoma and more generalised CNS neurodegenerative 

disorders such as AD. The comprehensive profile of the eye proteome changes identified 

in this study provides novel insights into the pathobiology of glaucoma. Similarities and 

differences between various proteins in glaucoma and other neurodegenerative conditions 

may lead to the development of novel drug targets and disease specific biomarker 

identification. Our results provide a significant advancement towards a better 

understanding of the mechanistic basis of glaucoma and its association with other 

neurodegenerative diseases. 
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CHAPTER 7 

CONCLUSION AND FUTURE PERSPECTIVES 
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Glaucoma is a degenerative optic neuropathy affecting 80 million individuals by 2020 

worldwide (Quigley and Broman, 2006). Glaucoma is mainly manifested as alterations of 

optic disc with progressive degeneration of retinal ganglion cells (RGCs) contributing to 

visual field loss. High intraocular pressure (IOP) is considered as the main risk factor of 

glaucoma. Unfortunately, a significant number of patients show disease progression 

despite treating with IOP lowering drugs. So, RGC degeneration cannot be prevented only 

by reducing eye pressure. There is need for development of more novel strategies targeting 

retinal neuroprotection. Within this context, this PhD project aimed to assess the potential 

neuroprotective effect of RXR activation by its agonist bexarotene both in vitro studies as 

well as in vivo in the acute and chronic glaucoma models. Retinoid X receptors (RXRs) are 

ligand-dependent transcription factors that belong to the nuclear receptor (NR) 

superfamily. RXRs have three different isoforms (α, β, and γ) and can form both homo- 

and heterodimers with other nuclear receptors. Numerous studies have linked RXR 

modulation with neuroprotection. This thesis was mainly focused to elucidate the role of 

bexarotene as RXR modulator in glaucoma pathology.  

In the first part of this work (chapter 3), we observed concentration-dependent decrease in 

cell viability using the trypan blue vital dye exclusion assay. Higher concentrations of drug 

induces cytotoxicity and cell death (Figure 3.1). We demonstrated RXR expression 

modulation by using different bexarotene concentrations ranging from 0.001-10µM using 

western blotting and immunofluorescence approaches. Result of both methods showed that 

drug treatment leads to upregulation of expression of all the three RXR isoforms with 

maximum expression of RXRα and γ isoform at 0.1 µM and RXRβ isoform at 1 µM (Figure 

3.3). We further identified an increased RXR expression in the mice brains treated with 

bexarotene in comparison to control mice brain tissues (Figure 3.4). As previous studies 

have shown that bexarotene modulates the AD pathology in mouse models, we also 
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observed reduced levels of RXR expression in APP/PS1 mouse model (Figures 3.5 and 

3.6) as well as in Aβ treated SH-SY5Y cells (Figure 3.7). The result of in-vitro studies 

proved that optimum concentrations of bexarotene significantly alleviate loss of RXR 

expression caused by Aβ treatment. Aβ has been shown to induce ER stress response which 

further results in apoptosis. We observed that optimum concentrations of bexarotene (0.1 

and 1 µM) protects against Aβ-induced ER stress and apoptosis (Figure 3.8). We also 

observed that high concentration of bexarotene (5 and 10 µM) upregulates ER stress and 

BAD activation in neuroblastoma cells (Figure 3.9) which were moderated by 

pharmacological modulation of TrkB receptor (Figure 3.10). 

In the second part of this work, we investigated potential neuroprotective effects of 

activation of RXR receptors in animal models of glaucoma (Chapter 4). Systemic treatment 

with bexarotene promoted upregulation of RXR expression in different retinal layers 

confirmed by both immunofluorescence and immunoblotting (Figures 4.1, 4.2 and 4.3). As 

ER stress is associated with retinal ganglion cell death so further we investigated the 

expression of ER stress protein markers p-PERK and GADD 153 in retinal sections. We 

observed that RXR activation inhibits retinal ER stress and related apoptosis in both acute 

as well as chronic glaucomatous stress (Figures 4.5, 4.6, 4.7 and 4.8). RXR activation by 

bexarotene also reduced Aβ accumulation in glaucoma eyes (Figure 4.9). The significant 

increase in amplitude of pSTR (Figure 4.10) and preservation of ganglion layer cells 

(Figures 4.11 and 4.12) with bexarotene treated animals reflects that bexarotene treatment 

maintained inner retinal functional and structural integrity. These results showed that RXR 

activation exerts neuroprotective effects in mice in preventing loss of retinal ganglion cells 

(RGCs) under both acute and chronic experimental glaucoma conditions. Docking studies 

have also validated binding of natural and synthetic retinoids with RXRs. High and stable 

binding affinity of bexarotene to RXR α and β receptors was observed but weak binding 
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with RXR γ was predicted by molecular modelling studies which indicated that bexarotene 

has higher potential to activate RXR receptors (Chapter 5).Proteomics data from human 

retinal lysates revealed activation of LXR/RXR and FXR/RXR activation pathways in 

glaucoma confirming that these pathways could serve as possible targets for glaucomatous 

therapeutic benefits (Chapter 6). To our knowledge, no previous studies have been 

published which target RXR receptors in glaucoma treatment. In fact, modulation of RXR 

receptors has been described to be one of the most promising neuroprotective strategies in 

various neurodegenerative disorders. Therefore altogether this work shows that RXR 

activation by bexarotene is neuroprotective to RGCs and can be used in the treatment of 

glaucoma. 

This thesis involved in vitro, in vivo and in silico approaches to understand the effects of 

RXR agonist on the RXR receptors and protective effects of RXR activation in glaucoma. 

The results from this thesis support the hypothesis that RXR activation can be 

neuroprotective to RGCs in preventing apoptosis and cell death. Bexarotene, a RXR 

agonist may have great potential for future therapeutic management of glaucoma. 

Future perspectives: 

1. To further elucidate molecular mechanisms of RXR activation which provides 

neuroprotection. Our studies suggest that RXR activation can serve as potential 

target in the treatment of glaucoma.  A more detailed study using preclinical and 

clinical trials and additional experiments are needed to evaluate the involvement of 

RXR activation-mediated neuroprotection in glaucoma.   

2. The role of TrkB agonist is well known in providing neuroprotection, and in vitro 

studies confirmed TrkB signalling along with RXR modulation provides an 
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additional drug target to minimize endoplasmic reticulum (ER) stress response and 

apoptosis. Further in vivo studies are needed to investigate the mechanism on how 

TrkB/RXR signalling cross-talk in glaucoma and potentially in other retinal 

diseases.  

3. Future work with RXR knock down studies in adult mice will provide greater 

understanding of RXR involvement in retinal morphology and visual function.  

4. In the present study, oral route of drug (bexarotene) administration was used. 

Possible further work in future can lead to topical application of the drug e.g. eye 

drops. 

5. Our study showed that treatment with RXR agonist induces significant suppression 

of ER stress and apoptosis in retina. Future studies will be required to understand 

the other mechanisms of RXR-mediated neuroprotection in retina which will help 

to understand the therapeutic benefits of the drug.  

6. Further sequence analysis can be carried out using a combination of bioinformatics 

tools such as BLAST, PolyPhen, CUPSAT and CLUSTALW/X for a 

comprehensive knowledge on the expression profile of these RXR receptors in the 

eye. 

7.  As RXRs are involved in histone acetylation and chromatin condensation 

processes and several of the histone deacteylase inhibitors have a protective effect 

on RGCs. Future experiments can be conducted to detect any pathological changes 

in the RXR receptors that would reflect in abnormal deacetylation of histone 

proteins in glaucoma.  

8. This study can be further extended in the development of a sustained release 

(extended release) of bexarotene by incorporating it in polymer, polyamidoamine 

(PAMAM) dendrimer. Dendrimer hydrogel (DH) formulation can be made from 
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PAMAM from generation- G2.0 to G3.0. The delivery and RGC protective action 

of bexarotene/ its derivatives can be studied for the ocular drug delivery system.  
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