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ABSTRACT 

AMMAR A. ABDELRAHMAN 

 

The Role of GPR109A in Regulation of Retinal Angiogenesis and 

Blood-Retinal Barrier as a Potential Therapeutic Target in Diabetic 

Retinopathy 

(Under the direction of PAMELA M. MARTIN) 

Currently, treatments of diabetic retinopathy (DR) have limited therapeutic benefits 

and limited accessibility to the growing diabetic population at risk because of the high 

expenses and complicated procedures. Inflammation, endothelial dysfunction, and 

microvascular damage are common features of diabetic complications including DR. 

GPR109A is the metabolite sensing receptor of beta-hydroxybutyrate (BHB) the principal 

ketone body in humans. Our previous studies have shown the role of GPR109A expression 

in promoting anti-inflammatory response in retinal pigmented epithelial (RPE) cells and 

the relevance of the receptor in DR. Expression of the GPR109A in microvascular 

endothelial cells (ECs) has been reported recently. However, the relevance of GPR109A 

expression and activation to retinal EC functions are yet to be studied. Our goal in this 

study was to identify the role of GPR109A expression and activation in barrier and 

angiogenic functions of retinal ECs in context of diabetic retinopathy. We used electrical 

cell impedance sensing (ECIS) technology to evaluate barrier functions in primary human 

retinal endothelial cells (HRECs) which constitute the inner BRB. Knocking down 

GPR109A in HRECs with siRNA decreased the transendothelial electrical resistance 



 

 

(TEER) compared to scrambled siRNA. Treating HRECs with BHB increased their TEER 

and counteracted VEGF-induced barrier disruption through activation of GPR109A and 

increasing zonula occludens-1 (ZO-1) expression. Treatment of STZ-diabetic mice with 

exogenous BHB for one month protected against the pathologic albumin leakage induced 

by diabetes and improved the visual acuity of this animal model of diabetes. Using the 

mouse model of oxygen induced retinopathy (OIR), we showed that Gpr109a-/- mice had 

slower vascular recovery from pathologic angiogenesis compared to age matched wild type 

mice. Moreover, physiologic revascularization of vaso-oblitrated retinas was impaired by 

loss of GPR109a and associated with dysregulated inflammatory and angiogenic signaling. 

Collectively, these data point to a role for GPR109A in the regulation of barrier and 

angiogenic mechanisms in retinal ECs and, promote the receptor as a potential druggable 

target for impacting these mechanisms in microvascular retinal diseases such as DR.  

 

KEY WORDS: Diabetic retinopathy; Metabolite sensing receptors; GPR109A; Blood-

retinal barrier; Angiogenesis; Beta-hydroxybutyrate; VEGF.  
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I. INTRODUCTION 

I.1. Statement of the Problem 

Diabetic retinopathy (DR) is a debilitating and, unfortunately, common 

microvascular complication of diabetes mellitus (DM). Greater than ninety five percent of 

type 1 DM and greater than sixty percent of type 2 DM have some degree of retinopathy 

(Fong, D. S. et al., 2004; Klein, R. et al., 2008). Of those, ten percent have advanced, 

proliferative DR which eventually causes blindness. The number of persons with DM and 

therefore DR, is growing exponentially; it is projected that the percentage of adults with 

diagnosed diabetes in the US would increase from nine percent in 2014 to around fourteen 

percent in 2030 (Lin, J. et al., 2018). DR continues to be the most common cause of legal 

blindness in population aged 20 to 74 years, reflecting its dire socioeconomic impact on 

diabetic patients (Flaxel, C. J. et al., 2020; Yau, J. W. Y. et al., 2012). Although 

maintenance of tight glycemic control is associated with decreased risk of DR development 

and slower progression, maintaining HbA1c levels within near non-diabetic range is hardly 

achieved even with intensive insulin therapy that increases risk of hypoglycemia three folds 

(Flaxel, C. J. et al., 2020). Moreover, prevention of DR can only be achieved by early 

detection and tight glycemic control in diabetic patients as delayed intervention has lower 

impact on the development of diabetic complication (Klein, R. et al., 1984). Yet, numbers 

of diabetic patients referred to ophthalmologists by their primary care providers stay well 

below expectations leaving significant proportion of patients not only at risk of developing 

DR but at risk of progressing to advanced DR before detection (Flaxel, C. J. et al., 2020). 

Currently, photocoagulation and intravitreal anti-vascular endothelial growth factor (anti-

VEGF) therapy are the gold standard for DR treatment (Shah, A. R. & Gardner, T. W., 
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2017). Unfortunately, the success of these therapies is highly variable, and neither can be 

employed early, before significant vascular pathology and damage to retina has occurred 

(Simo, R. et al., 2014). The damaging nature of photocoagulation and the invasiveness of 

intravitreal injections poses risk of complication in patients with DR (Flaxel, C. J. et al., 

2020). Intra-ocular anti-VEGF therapy poses risks of local adverse effects including 

infection, cataract, hemorrhage and scarring which leads to retinal detachment (Flaxel, C. 

J. et al., 2020). Although such local adverse effects are rare, little is known about the long-

term systemic adverse effects which may include exacerbation of the defective wound 

healing and increased risk of cardiovascular events (Cheung, N. et al., 2014). Given the 

pro-survival effects of VEGF in both vascular and neuroglial cells, concerns regarding 

effects of anti-VEGF therapy on retinal functions has grown recently (Saint-Geniez, M. et 

al., 2008; Titchenell, P. M. & Antonetti, D. A., 2013). Beside adverse effects, requirement 

of trained personnel and advanced instruments, high costs of treatment and other logistic 

difficulties for photocoagulation and intraocular injections make current standard therapy 

of DR less accessible in developed and developing countries  (Cheung, N. et al., 2014; 

Mansour, S. E. et al., 2020). Thus, the toolbox of strategies to prevent or delay DR 

development and progression is in great need of enrichment with new therapeutic options. 

Endothelial cell dysfunction is a major feature of vascular diseases systemically 

and in the retina (Lois, N. et al., 2014), and inflammation is a primary causative factor (Xu, 

H. & Chen, M., 2017). The damaging effects of low- grade, persistent inflammation in the 

diabetic retina can be targeted by anti-inflammatory therapeutics that mitigate and delay 

the progression of DR (Rubsam, A. et al., 2018). Current practices in DR therapy include 

the use of the anti-inflammatory corticosteroids for prevention and treatment of vascular 



 

7 

 

leakage which leads to diabetic macular oedema (DME) (Flaxel, C. J. et al., 2020). 

GPR109A, also known as hydroxycarboxylic acid receptor 2 (HCAR2), is a G-protein 

coupled receptor (GPCR) that has shown robust anti-inflammatory and neuroprotective 

effects in several neurodegenerative diseases such as multiple sclerosis, Parkinson's 

disease, and ischemic stroke (Giri, B. et al., 2019; Graff, E. C. et al., 2016). GPR109A is 

the agonist of niacin and the ketone body beta- hydroxybutyrate (BHB). Both niacin and 

BHB has shown protective effects in animal models of ischemic diseases including stroke, 

peripheral arterial disease, and with regard to the retina, major retinal vein occlusion, and 

DR (Gaynon, M. W. et al., 2017; Pang, D. K. et al., 2016; Rahman, M. et al., 2014; Thaler, 

S. et al., 2010; Wang, Y. & Yan, H., 2016; Ye, X. et al., 2011). Whether the anti-

inflammatory effects of GPR109A activation by pharmacological or nutritional means can 

be employed for the prevention and treatment of DR is not yet established. Whether 

endothelial-specific GPR109A expression and activation contributes to its therapeutic 

potentials is yet to be studied. My study will address these critical gaps in knowledge by 

trying to understand the significance of GPR109A expression in endothelial cells and the 

potential its activation in endothelial cells holds with respect to preventing and treating 

retinal vascular complications with emphasis on loss of barrier function and impaired 

vascular repair associated with DR. 

I.2. Structure of the eye 

The eye is composed of three layers: an outer protective layer, a highly vascular 

middle layer, and a photosensitive inner layer (Moore, K. L. et al., 2018). The outer 

protective layer can be imagined as the result of fusion of a larger posterior opaque sphere 

(the sclera) with a smaller anterior transparent sphere (the cornea) with a circle of fusion 
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called the limbus (Figure 1-A). The sclera provides protection to the inner components of 

the eye; therefore, it is composed of tough fibrous connective tissue. The sclera also 

provides points of attachment with ligaments and extraocular muscles that allow the highly 

controlled eye movements within the orbits, the socket in the skull that encaves the eye and 

its appendages. The transparent cornea on the anterior side provides most of the eye 

refractive power to focus the light on the light-sensitive part of the eye, the retina (Moore, 

K. L. et al., 2018). 

The middle vascular layer, also referred to as the uveal tract, has a different 

composition anteriorly than posteriorly. On the posterior part, the highly vascularized 

choroid provides oxygen and nutrients to the posterior parts of the eye (Kolb, H., 1995c). 

On the anterior side, the uveal tract develops into thickened ciliary body which provides 

points of attachment to the suspensory ligaments suspending the lens by zonular fibers of 

Zinn.  It is through ciliary muscle tone that the lens change curvature to provide fine tuning 

of the eye refractive power and adjustment of the picture on the retina. The transparent 

structures of the eye, which function to focus light, are completely avascular. Therefore, 

the ciliary body produces the aqueous humor, the main source of nutrition to the avascular 

lens and cornea. The uveal tract also develops the iris that extends from the ciliary body. 

The iris constrictor and dilator muscles control the size of the pupil, hence, the amount of 

light entering the eye. It is noteworthy to mention that behind the lens, around four-fifths 

(4/5) of the eyeball volume is filled by the vitreous humor or vitreous body, a semisolid 

gel structure made up of collagen, vitrosin, and hyaluronic acid, filling the space between 

the lens and the retina at the back of the eye. The vitreous body is devoid of cells except 
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for the hyalocytes of Balaz that process the hyaluronic acid (Hildebrand, G. D. & Fielder, 

A. R., 2011; Moore, K. L. et al., 2018). 

The third and innermost layer of the eye is the neuronal tissue that contains the 

sensory photoreceptors and other neuronal cells that generate, integrate, and transmit light 

signals to the brain. Developmentally, the retina is considered an extension of the central 

nervous system and it is connected to the brain by the optic nerve through which millions 

of retinal neuronal cells provides visual information to the higher visual centers in the brain. 

It is estimated that eighty percent of the sensory input to the brain come from the retinas. 

From developmental point of view, the retina consists of two major parts, the retinal 

pigmented epithelium (RPE) and the neural retina (Heavner, W. & Pevny, L., 2012). While 

the neural retina extends on the back of the eye and delimited anteriorly by the ora-serrata, 

the retinal pigmented epithelium is in continuum with the non-pigmented epithelium that 

lines the inner surface of ciliary body and the iris (Moore, K. L. et al., 2018). 
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Figure 1. Structure of the eye and retina.  

(A) A diagram of the sagittal section of a human eye showing different layers and components the 

eye . (B) A diagram depicting the different cell types within the retina and showing the structural organization 

in different layers (Kolb, H., 1995c). 
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I.3. Retinal anatomy, histology, and physiology  

 Structural organization of the retina: 

Retinal cells are arranged in ten discernible histological layers from the outermost 

to innermost side: (1) RPE, (2) the inner and outer segments of the photoreceptors (IS and 

OS; respectively), (3) the outer limiting membrane (OLM), (4) the outer nuclear layer 

(ONL), (5) the outer plexiform layer (OPL), (6) the inner nuclear layer (INL), (7) the inner 

plexiform layer (IPL), (8) the ganglion cell layer (GCL), (9) nerve fiber layer (NFL) and 

(10) the inner limiting membrane (ILM) (Figure 1-B) (Hildebrand, G. D. & Fielder, A. R., 

2011). 

• Retinal pigmented epithelium (RPE): 

RPE is a cuboidal epithelial cell layer that shows a distinct honeycomb like 

structure in flat-mount preparations of this tissue (Bhatia, S. K. et al., 2016). On the basal 

side, RPE rests on the Bruch's basal membrane separating the fenestrated endothelium of 

choriocapillaris. RPE form tight junctions between each other to prevent uncontrolled 

passage of electrolyte and macromolecules from the blood into subretinal space through 

paracellular transport, representing the outer blood-retinal barrier (outer BRB) (Bonilha, 

V. L., 2014).  Hence, transport is an integral function of RPE. In addition, RPE secretes 

several types of cytokines, both pro-inflammatory and anti-inflammatory, that regulate 

outer retinal immune privilege and prevent vascular growth into the subretinal space. The 

dark pigment in RPE, melanin, serves to absorb the light concentrated on the back of the 

retina and protects the retina from the light induced damage.  The amount of melanin differs 

from person to person just as it does in skin.(Weiter, J. J. et al., 1986). One of the special 

features of RPE and one representative of one of its key functions in the outer retina aside 

from barrier preservation, transport, and immune regulation, is that they, through 
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microvilli, phagocytose the damaged photoreceptor discs and digest their materials for 

recycling. RPE cells also function in the visual cycle to regenerate 11-cis-retinal used in 

the formation of opsins, the visual pigment necessary in the initial steps of 

phototransduction (Strauss, O., 2005). Thus, although RPE does not actually play a role in 

signal transmission as it relates to phototransduction, propagation of this process could not 

occur without RPE. 

• Photoreceptors: 

Photoreceptors are the primary sensory neurons in the retina. They are highly 

differentiated neuronal cells that have highly specialized structures to capture the light 

photons and give chemical and electrical signals to start the sensory neuronal stimuli in the 

process of phototransduction, which was mentioned above (Molday, R. S. & Moritz, O. L., 

2015). Thus, photoreceptors are first order neurons in the visual pathway.  Each 

photoreceptor has multiple discs arranged in the outer segment; each disc contains high 

concentration of the visual pigments named opsins. Visual pigments are G-protein coupled 

receptors that become activated by photons. The chromophore in the visual pigments is 11-

cis retinal, that can capture photons and isomerize to all-trans retinal. As a result, 

conformational change occurs to the membrane bound opsin that allow it to couple to 

transducin, the G protein that activate cGMP phosphodiesterase (PDE). In turn, PDE 

activation decrease cGMP levels in the outer segments leading to closure of the 

depolarizing cGMP ion channels and eventually hyperpolarization of photoreceptor 

(Molday, R. S. & Moritz, O. L., 2015). In the dark, photoreceptors continuously release 

glutamate as a neurotransmitter causing what is called dark current. Hyperpolarization of 
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photoreceptors stops the dark current and initiate a visual signal in the following neuronal 

cells in the visual pathway (Molday, R. S. & Moritz, O. L., 2015).  

Photoreceptors are classified based on morphology of outer segments to rods or 

cones. The elongated morphology and the high number of discs, that carry the single visual 

pigment rhodopsin, in rods make them greatly effective in detecting photons; therefore, 

they are responsible for vision in dim light- also known as scotopic vision. On the contrary, 

cones have three different kinds of opsins, visual pigments that allow them to detect 

different photons of different wavelengths: blue, green and red. Therefore, cones are 

responsible for color vision- also known as photopic vision (Country, M. W., 2017). 

• Bipolar cells: 

Bipolar cells are the second neurons in the vertical pathway of visual information 

processing. Bipolar cells receive light signals from rods and cones photoreceptors and 

transfer the signal to retinal ganglion cells (RGCs). While the nucleus and cell body of 

bipolar cells are in the inner nuclear layer, they extend their dendrites to form synapses 

with photoreceptors in the OPL and their axons form synapses with retinal ganglion cells 

in the IPL (Kolb, H., 1995c). Interestingly, while glutamate is the major neurotransmitter 

released from photoreceptors, the bipolar cell response to glutamate can be excitatory or 

inhibitory depending on the type of glutamate receptor expressed. Bipolar cells that express 

inotropic glutamate receptor become excited by glutamate and carry signals in the OFF 

pathway. Light inhibit glutamate release from photoreceptors and consequently decrease 

OFF- bipolar excitation which turn off signals to the OFF-ganglion cells. ON bipolar cells 

express the inhibitory metabotropic glutamate receptor. Light signals release the inhibition 

of glutamate on this type of ON- bipolar cells allowing them to signal through ON ganglion 
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cells (Hildebrand, G. D. & Fielder, A. R., 2011). The On/ OFF set up of bipolar cells 

utilizes integrative functions of horizontal cells to transmit light signals to RGCs. 

• Horizontal cells: 

The first layer of horizontal light signal integration starts at the OPL where bipolar 

cells and horizontal cells extend their dendrites to form synapses with photoreceptors. 

Horizontal cells nuclei are located in the outer portion of the INL. Horizontal cells mainly 

release the inhibitory neurotransmitter gamma amino butyric acid (GABA) (Kolb, H., 

1995a). They have an important function in providing negative feedback to photoreceptors 

and feedforward to bipolar cells.  

• Amacrine cells: 

Like horizontal cells on the outer portion of INL, amacrine cells operate at the inner 

portion of INL. Their dendrites synapse with bipolar cells and RGCs in the IPL. Amacrine 

cells modulate the output from bipolar cells (Kolb, H., 1995b). Based on the width of the 

dendritic fields, type of neurotransmitters, and location in INL, more than 40 different types 

of amacrine cells have been identified (Kolb, H., 1995b). Amacrine cells release various 

neurotransmitters including GABA, glycine, acetylcholine, dopamine, and peptide 

neurotransmitters. Amacrine cells construct functional subunits within ganglion cells and 

contribute to the detection of directional motion.  

• Ganglion cells:  

Visual information generated and processed in the retina must be delivered for 

higher magnitude of processing and analysis at the higher visual centers in the brain. RGCs 

are highly specialized in the function of transferring retinal visual information to higher 

centers in the brain. RGC bodies are present in the ganglion cell layer while their dendrites 
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extend to the IPL to form synapses with bipolar cells and amacrine cells to receive partially 

processed visual signals. Rarely, some displaced RGCs can be detected in the INL 

(Laboissonniere, L. A. et al., 2019). Each RGC possess one long axon that run through the 

nerve fiber layer towards the optic nerve head. RGCs extends their axons to several nuclei 

in the brain including lateral geniculate nuclei, the pretectal nuclei, the superior colliculus, 

the hypothalamus, and possibly other brain structures (Hildebrand, G. D. & Fielder, A. R., 

2011). More than 18 different types of RGCs have been identified in human retina. Most 

importantly, two RGCs subtypes are involved in transferring visual information about 

color, high acuity images, light brightness, and movement of objects. The midget RGCs 

comprises the larger parvocellular pathway, which is concerned with color and high-

resolution vision. The parasol RGCs deliver information regarding luminance and motion 

detection via the magnocellular pathway (Murcia-Belmonte, V. & Erskine, L., 2019). 

• Astrocytes:  

In neuronal tissues, astrocytes are one of the macroglial cells that serve to maintain 

neuronal microenvironment and provide metabolic support to RGCs (Vecino, E. et al., 

2016). In the retina, astrocytes are exclusively present around RGCs, the nerve fiber layer 

with a few in GCL. Interaction of astrocytes with RGCs, nerve fibers and endothelial cells 

is highly vital to maintenance of the inner BRB. Astrocytes extends end feet that surround 

vascular endothelial cells and contribute to the inner blood retinal barrier formation 

(Gardner, T. W. & Davila, J. R., 2017; Vecino, E. et al., 2016). During development, 

astrocytes develop from precursors in the optic nerve that migrate towards the inner surface 

of the retina to cover it and provide guidance to vascular progenitor cells to form retinal 

blood vessels (Rancic, A. et al., 2017). 
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• Microglia:  

Microglia are the primary resident immune cells in the retina (Kierdorf, K. & Prinz, 

M., 2017). They are derived from primitive hematopoietic progenitors that enter the brain 

and retina at early stages of development (Heavner, W. & Pevny, L., 2012). They are 

phagocytic and mobile cells extending their ramified process into the IPL and OPL where 

they communicate with neuronal tissues to maintain synaptic integrity and function 

(Hildebrand, G. D. & Fielder, A. R., 2011). During development, microglia are known to 

play important role in regulating survival and apoptosis of neuronal cells, shaping neuronal 

circuitry and vascular development (Heavner, W. & Pevny, L., 2012).. 

• Müller cells: 

The main glial cells in the retina are Müller cells which originate from retinal 

precursor cells (Rancic, A. et al., 2017). The cell body of Müller cells are in the INL, but 

their processes are vastly spread throughout the neural retina. The end feet of Müller cells 

form the inner limiting membrane by forming the basement membrane that covers nerve 

fiber layer and separates it from the vitreous body. Müller cells extensions reach the outer 

retina to the photoreceptor layer where Müller cells form junctional complexes with each 

other and with rods and cones (Hildebrand, G. D. & Fielder, A. R., 2011). In light 

microscopy, these junctional complexes appear as a pseudo membrane -outer limiting 

membrane (Omri, S. et al., 2010). Müller cells play a crucial role in maintaining the local 

environment by regulation of extracellular potassium levels, uptake and degradation of 

glutamate and other neurotransmitters, and take part in the visual cycle by recycling the 

exhausted all-trans-retinal back to 11-cis-retinal (Reichenbach, A. & Bringmann, A., 

2013). 
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 Retinal blood supply and the BRB  

Interestingly, the name “retina” is thought to come from the morphology of blood 

vessels network as viewed in fundus examination; the word retina comes from Latin rete 

which means network (De Jong, P. T. V. M., 2014). While the inner retina is supplied by 

the extensive network of retinal blood vessels clearly visible in fundus examination, the 

outer retina avascular.  Thus, nourishment of the outer retina/photoreceptors is supplied by 

the highly perfused choroidal circulation via the RPE  (Hildebrand, G. D. & Fielder, A. R., 

2011).  These two independent vascular sources and respective barriers are described in 

greater detail below. 

• Choroid circulation and the outer BRB 

The choroidal circulation originates from the ophthalmic artery via the medial and 

lateral posterior ciliary arteries, which divide to long and several short posterior ciliary 

arteries. Long and short ciliary arteries branch into three different vascular layers: the 

outermost layer of Haller with large vessels including the veins that drain into the vortex 

veins; the intermediate layer of Sattler with smaller arterioles and venules; and the 

innermost choriocapillaris that rest on Bruch's membrane (Campbell, J. P. et al., 2017; 

Lutty, G. A. & Mcleod, D. S., 2018). RPE cells secretes several different cytokines that 

control the growth and features of choriocapillaris. VEGF released from RPE increase 

fenestration in the endothelial cells in choriocapillaris to allow large amounts of nutrients 

to diffuse out of the blood vessels. Because of this, RPE represents the only component in 

the outer BRB by forming the tight junctions that prevent paracellular diffusion of 

molecules, and by being polarized to control expression of several transporters and ion 

channels that control the intracellular transport of nutrients (Strauss, O., 2005). RPE also 

prevent endothelial cells from growing and penetrating the subretinal space by expressing 
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anti-angiogenic and immune modulating signaling molecules thus keeping the 

photoreceptor layer completely avascular and immune privileged (Tong, J.-P. & Yao, Y.-

F., 2006; Zhou, R. & Caspi, R. R., 2010). 

• Retinal circulation and inner BRB 

Inner layers of the retina are vascularized by the retinal blood vessels originating 

from the central retinal artery in the optic disc. Four main arterial branches, the superior 

and inferior temporal and nasal retinal arteries, run within the nerve fiber layer and 

branches into smaller arterioles within the same layer (Hildebrand, G. D. & Fielder, A. R., 

2011). The smaller arterioles branch further to give rise to 1-4 capillary layers depending 

on location in the retina (Campbell, J. P. et al., 2017). The superficial vascular plexus (SVP) 

is composed of larger arteries, arterioles, capillaries, venules, and veins within the NFL. 

The intermediate and deep capillary plexuses (ICP) and (DCP), run in the IPL and OPL 

layers, respectively. The fourth network is limited to the peripapillary region of the retina, 

hence, called the radial peripapillary capillary plexus (RPCP) (Figure 2). Retinal inner 

circulation forms the inner BRB and develops neurovascular units by the close association 

of neuronal, glial, pericytes and vascular endothelial cells (Klaassen, I. et al., 2013). Unlike 

choriocapillaris, vascular endothelial cells in the retinal blood vessels form a well-

developed junctional complex and show limited or no fenestrations. Vascular endothelial 

cells express tight junction proteins including zonula occludens 1 (ZO-1), occludin, and 

claudins 1,2,5, and 12 which control the paracellular transport pathway. Meanwhile, 

caveolar transport is also tightly regulated in retinal endothelial cells which limit the 

transcellular transport (Díaz-Coránguez, M. et al., 2017). 
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Figure 2. Special vascular distribution in different retinal regions.  

(A) Optical coherence tomography angiography image of human retina (enface orientation) showing 

central avascular zone of the macula and retinal arteries and veins originating from optic disc. Parafoveal 

region is delimited by a green circle, and perifoveal region by a blue circle (B) cross section of retina taken 

along the maculopapillary axis depicting retinal vasculature in purple and choroidal blood vessels in red 

(Campbell, J. P. et al., 2017). 
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I.4. Diabetic retinopathy (DR)  

DR is one of the most common complications of diabetes. It develops in both type 

1 and type 2 diabetes as an ocular manifestation of end-organ damage in diabetes mellitus 

(Duh, E., 2008; Flaxel, C. J. et al., 2020). For decades, DR was mainly regarded as a 

microvascular complication of diabetes mainly because of the ease of detecting vascular 

manifestations of DR in fundus ophthalmoscopy. Meanwhile, retinal neuronal deficits can 

also be detected by measuring retinal function. These deficits include decreased contrast 

sensitivity, delayed dark adaptation, blurred vision, and impaired color vision (Duh, E., 

2008). Some of these symptoms can even start before any apparent vascular dysfunction. 

Therefore, DR can also be considered a neurodegenerative disease (Simó, R. et al., 2018). 

 Epidemiology 

With the growing diabetes pandemic, increasing numbers of patients with DR are 

expected to increase from 126.6 million in 2010 to 191.0 million by 2030 (Unnikrishnan, 

R. et al., 2017; Zheng, Y. et al., 2012). The economic burden of DR comes from, not only 

the treatment costs, but also the massive productivity loss as the disease strikes hardly 

population at the productive age, 20-65 years (Yau, J. W. Y. et al., 2012). All patients with 

diabetes are at risk for DR; type 1 diabetics have 2.7 higher risk to develop DR compared 

to type 2 diabetics. By 15 years of the type 1 diabetes, 80% of them will have retinopathy 

(Flaxel, C. J. et al., 2020). By 19 years of type 2 diabetes, 84% of patients on insulin therapy 

and 53% of patients not requiring insulin develop DR (Klein, R. et al., 1984). Other risk 

independent factors include: poor glycemic control, hypertension, dyslipidemia, and 

metabolic syndrome (Flaxel, C. J. et al., 2020). 
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 Classifications of DR 

DR is commonly classified to non-proliferative DR (NPDR) and proliferative DR 

(PDR). NPDR shows vascular damages in the dorm of microaneurysms, intraretinal 

hemorrhages, vascular beading, intraretinal microvascular abnormalities (IRMA) and local 

hypoperfusion. PDR is characterized by retinal pathological pre-retinal neovascularization 

and vitreous hemorrhages which severely interfere with visual functions and can lead to 

retinal detachment and vision loss (Duh, E., 2008). DME and formation of hard lipid 

exudates appear at any stage of the disease. Clinically significant macular edema (CSME) 

is defined as "retinal thickening and/or adjacent hard exudates that either involve the center 

of the macula or threaten to involve it" (Flaxel, C. J. et al., 2020). CSME is serious form 

of DR that mandates early treatment because it is the most common cause of vision loss in 

DR (Flaxel, C. J. et al., 2020). 

 Pathophysiology 

DR is initiated by the impact of prolonged exposure to hyperglycemia (Brownlee, 

M., 2001). Tissues with high metabolic demand and insulin independent glucose uptake 

are exposed to higher level of stress resulting in more profound damage to cellular 

protective mechanisms; therefore, are more likely to show the complications of diabetes. 

Although other factors contribute to diabetic tissue damage i.e. dyslipidemia, hypertension, 

and loss of insulin signaling, hyperglycemia has by far the largest contribution in 

developing diabetic complications (Zhang, W. et al., 2011). For decades, researchers tried 

to unravel the mysterious connection between hyperglycemia and microvascular 

complications. However, the entire picture of DR pathophysiology is yet to be clarified and 

sequence of events is still controversial (Shah, A. R. & Gardner, T. W., 2017). 
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• Oxidative and nitrative stress 

In studies of diabetic complications, four main molecular pathophysiologic 

mechanisms were linked directly to hyperglycemia: increased polyol pathway flux; 

increased advanced glycation end-products (AGE) formation; activation of protein kinase 

C (PKC) isoforms; and increased hexosamine pathway flux (Brownlee, M., 2001). A 

unifying hypothesis developed by Brownlee states that overproduction of superoxide by 

the mitochondrial electron-transport chain is the common factor in the four mechanisms 

(Brownlee, M., 2001). Hyperglycemia and associated increased flux of electron donors into 

the electron transport chain (ETC) increases the membrane potential of the mitochondria 

and subsequently impairing the electron transport and allowing greater production of 

superoxide ions and other reactive oxygen species (ROS) from the ETC intermediates. In 

addition to mitochondrial ROS, dysfunctions of the NADPH oxidase enzyme and 

endothelial nitrous oxide synthase (eNOS) uncoupling results in increased production of 

ROS (Al-Shabrawey, M. et al., 2008; Mustapha, N. M. et al., 2010). Accumulation of ROS 

inhibits the glycolytic enzyme Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and 

increases dihydroxyacetone phosphate (DHAP) conversion to diacyl glycerol, the PKC 

activator, and triose phosphates conversion to methylglyoxal, the reactive moiety 

responsible for production of advance glycation end-products. Fructose-6-phosphate 

accumulation increase the hexosamine pathway and Glucose-6- phosphate accumulation 

increase the flux into the polyol pathway (Brownlee, M., 2001; Giacco, F. & Brownlee, 

M., 2010). The net result of these mechanisms is disruption of cellular metabolism and 

accumulation of pathogenic protein modifications that induce chronic inflammatory 

response under the stressful oxidative environment.  
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Nitrous oxide (NO) is constitutively produced as second messenger by eNOS in 

endothelial cells and nNOS in neuronal and glial cells. NOS enzymes use molecular 

oxygen and L-arginine to produce NO and uncoupling of NOS results from depletion of L- 

arginine amino acid or the co-factor tetrahydrobiopterin which are among the metabolic 

consequences of diabetic retina (Lamoke, F. et al., 2015; Zhang, W. et al., 2011). As a 

result, NOS uncoupling result in production of superoxide by NOS which in turn react with 

NO to produce peroxynitrite which is even more reactive than NO and superoxide and 

reacts with and damages proteins, nucleic acids, and lipids (Canto, A. et al., 2019; Lamoke, 

F. et al., 2015). The result is the so called nitrative stress which add to the oxidative stress 

induced by hyperglycemia and both induce inflammatory response in the affected tissues.  

• Neuroglial dysfunction 

As early as 2 years of diabetes onset, electrophysiological studies detected loss of 

color and contrast sensitivity in diabetic patients. Neuronal high energy demands, and high 

content of polyunsaturated fatty acids (PUFA) make the retina highly vulnerable to 

oxidative stress (Schonfeld, P. & Reiser, G., 2017). The metabolic disruption induced by 

diabetes, i.e. hyperglycemia, increased free fatty acids, and increased oxidative stress, drive 

pro-apoptotic mechanisms in diabetic retina. Both human and animal studies of DR showed 

that RGCs express several proapoptotic molecules (Abu-El-Asrar, A. M. et al., 2004; 

Barber, A. J. et al., 2005; Martin, P. M. et al., 2004). In fact, RGCs are considered the most 

vulnerable population of cell types in the diabetic retina for apoptosis (Yu, D. Y. et al., 

2013). In mouse models of diabetes, significant decrease in RGCs counts and the thickness 

of GCL and NFL is evident representing the RGC loss in DR  (Barber, A. J. et al., 2005; 

Martin, P. M. et al., 2004). As a result of neuronal damage, glial cells become activated 
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and express several antiapoptotic molecules. Glial cell activation is beneficial to the 

stressed retina as activated glial phagocytose apoptotic bodies and degrade cytotoxins 

while secrete neurotrophic factors to promote neuronal survival (Smith, S. B., 2007). 

Surprisingly, glial cells were also shown to express the cytotoxic effector molecule FasL 

which is thought to result from chronic gliosis that cause dysregulated BRB and release 

pro-inflammatory cytokines that have detrimental effects on neuronal tissues (Al-

Shabrawey, M. & Smith, S., 2010). Beside RGCs, other retinal neuronal cells, including 

some subtypes of amacrine cells, bipolar and horizontal cells, decrease in number and, 

consequently, INL and IPL thickness decrease in diabetic retinas (Smith, S. B., 2007). 

These findings reveal the important neurodegenerative features of DR. 

• Inflammation 

Tissue repair is one of the functions of innate immune system and inflammation is 

the first step toward healing injured tissues (Hong, H. & Tian, X. Y., 2020). In the 

inflammatory phase, several cytokines and chemokines are released from the injured tissue 

to recruit and activate immune cells. Also, adhesion molecules are expressed by vascular 

endothelial cells under the influence of NF-B activation. Following inflammatory 

activation, tissues undergo a proliferative and protective phase of repair that involve tissue 

remodeling and inflammation regression. The brain and retina are highly sensitive neuronal 

tissues and access of leukocytes and blood components to the tissue is limited by the so-

called immune privilege of the blood retinal barrier (Zhou, R. & Caspi, R. R., 2010). 

Therefore, inflammatory response in the retina is tightly regulated and quickly develop into 

the reparative phase under the influence of neuronal and glial secreted factors. However, 

chronic inflammation results in dysregulated inflammatory response that cause more 
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damage to the tissue. In DR, oxidative stress, AGE, and nitrative stress cause activation of 

the NF-B and subsequently upregulation of pro-inflammatory molecules (Zhang, W. et 

al., 2011). 

• Vascular dysfunction 

The vascular component of DR pathogenesis cannot be overstated given the gross 

vascular damage and pathologic features of DR especially at the latter stages. Ocular blood 

flow is impaired and vascular autoregulation become compromised in DR early in the 

disease which can be connected to metabolic disturbances and perturbations of NO 

production by eNOS and nNOS (Luo, X. et al., 2015). The pericyte ghosts is one of the 

earliest vascular pathologic features in which occurs as a result of hyperglycemic stress on 

vasculature (Hammes, H. P. & Porta, M., 2010). Similarly, endothelial cells (ECs) in retinal 

capillaries become stressed by the diabetic milieu. The loss of pericytes enhances the 

impact of hyperglycemia on ECs and decrease the barrier function of ECs (Beltramo, E. & 

Porta, M., 2013). Eventually, capillary drop out increases resulting in formation of acellular 

capillaries, together with micro-thrombosis, capillary occlusion and formation of 

microaneurysms (Eshaq, R. S. et al., 2017). 

• BRB breakdown. 

Increased vascular permeability in diabetic retina, as evidenced by fluorescein 

angiography showing progressive dye leakage, is a multifactorial phenomenon that 

involves several inter-dependent mechanisms; however, the hemodynamics of macular 

edema build up is not well understood (Xia, T. & Rizzolo, L. J., 2017). Vascular 

permeability of the inner retinal blood vessels increases in diabetic patients. Moreover, 

imbalances in fluid and electrolyte transport and increases in plasma content passage 
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through the BRB causes fluid accumulation in the retina. Hence, retinal thickness may 

increase and result in DME. In severe cases, cystoid macular edema can occur when leaked 

fluid pool in a cyst like spaces within the parafoveal region of the retina (Duh, E., 2008). 

DME, when involves the foveal regions, is described as clinically significant DME and has 

the potential to become vision threatening and cause blindness (Flaxel, C. J. et al., 2020). 

Impairment of endothelial tight junctions and adherens junctions is evident in 

several DR animal models (Malek, G. et al., 2018). Moreover, transcellular transport is 

also increased and fenestrations in ECs appears allowing increased passage of fluid and 

plasma contents. EC damage and pericyte loss are major contributing factors to inner BRB 

disruption and increased vascular permeability (Durham, J. T. & Herman, I. M., 2011). 

Outer BRB, which is greatly dependent on RPE function, is also disrupted in DR (Xia, T. 

& Rizzolo, L. J., 2017). Outer BRB breakdown and albumin leakage were detected in 

rodent models of DR and in post-mortem eyes of diabetic patients (Xia, T. & Rizzolo, L. 

J., 2017). Moreover, tracer studies showed that leakage through outer BRB may contribute 

more than one third of total leakage and cause significant edema in the retina (Xu, H.-Z. & 

Le, Y.-Z., 2011). 

BRB break down starts early in DR and may result directly from hyperglycemia 

and metabolic effects that result in increased oxidative stress (Fresta, C. G. et al., 2020). 

Also, activation of PKC isoforms results in phosphorylation of junctional proteins (ZO-1, 

occludin, claudins) and subsequent ubiquitinoylation and proteasomal degradation (Eshaq, 

R. S. et al., 2017). Indirectly, diabetic milieu in the retina with increased AGE, increased 

neuronal damage, and increased glial activation results in the chronic inflammatory 

response that contributes to BRB breakdown. Activation of NF-B and subsequent release 
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of proinflammatory cytokines including tumor necrosis factor  (TNF), interleukins (IL) 

such as IL-1, and IL-6 also increase endothelial permeability by mechanisms involving 

activation of atypical PKC (Eshaq, R. S. et al., 2017; Klaassen, I. et al., 2013). Moreover, 

release of chemokines, e.g. monocyte chemoattractant protein-1 (MCP-1)- also known as 

C-C chemokine ligand -2 (CCL-2)-, CCL5, CCL12, attracts leukocytes which release more 

proinflammatory cytokines and increase the barrier disruption (Eshaq, R. S. et al., 2017). 

Prolonged exposure to chronic inflammation causes pericyte damage and loss from retinal 

capillaries and accelerates endothelial cell loss and capillaries destruction (Lois, N. et al., 

2014). The damage to the capillary bed decreases the ability of inner BRB to prevent 

passage of plasma components and directly increases vascular permeability through the 

acellular capillaries before they become occluded by microthrombi and resorbed by 

microglia (Duh, E., 2008). 

One of the major contributing factors in increasing vascular permeability is the 

VEGF which was originally named vascular permeability factor (VPF) because of its 

hyperpermeability promoting properties in cancer tissues (Senger, D. R. et al., 1993). The 

mechanisms by which VEGF disrupt the barrier properties of endothelial cells involve 

increased paracellular and transcellular permeability. VEGF receptor 2 activation results 

in PKC activation, phosphorylation of occludin and inducing the disassembly of the tight 

junctions (Antonetti, D. A. et al., 1999). In addition, phosphorylation of VE-cadherin and 

endocytosis of cadherin junctions weakens the intercellular junctions and increases 

paracellular permeability (Dejana, E. et al., 2008). On the transcellular aspect of EC barrier, 

VEGF induce vascular permeability by increasing caveolar transport, with a shift in 
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caveolar distribution from abluminal to a predominantly luminal localization and 

increasing fenestrae formation in the ECs (Caldwell, R. B. et al., 2003). 

• Neovascularization 

At later stages in DR, the widespread distribution of damaged capillaries with 

microthrombi overwhelm the weakened vascular recovery mechanisms and lead to tissue 

hypoxia (Caldwell, R. B. et al., 2003). Ischemia and hypoxia play crucial role in the 

transition from non-proliferative to PDR and the formation of pathological 

neovascularization which form defective, weak blood vessels that lack proper barrier 

properties (Gardner, T. W. & Davila, J. R., 2017). Therefore, bleeding for these blood 

vessels occurs frequently and results in preretinal and vitreous hemorrhage. The fibrous 

scar tissue resulting from these hemorrhages can cause tractional forces on the retina that 

can subsequently cause retinal detachment and blindness. 

The mechanisms by which pathological neovascularization occur is not completely 

understood. However, the role of hypoxia and excessive VEGF release has been 

extensively studied and present the basis for anti-VEGF therapy in PDR (Cheung, N. et al., 

2014). Patients with active PDR have higher levels of VEGF in both aqueous humor and 

the vitreous, showing an active role of VEGF release in the development of PDR (Cheung, 

N. et al., 2014). In addition, rodents' models of DR show increased levels of VEGF mRNA 

in the retinas even though very limited neovascularization can be detected in these models 

(Jiang, X. et al., 2015). VEGF is released by several cell types, including RPE, glial cells, 

pericytes, and retinal ganglion cells, in response to hypoxia. Glial cells, especially Müller 

cells, has a major role in producing VEGF as both neurotrophic factor and pro-angiogenic 

factor (Le, Y.-Z., 2017). Interestingly, VEGF effects on retinal microvasculature results in 
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autocrine augmentation and increased VEGF release by endothelial cells, a mechanism 

dependent on signal transducer and activator of transcription 3 (STAT-3) phosphorylation 

and activation (Bartoli, M. et al., 2003). Under hypoxic conditions, stabilization of hypoxia 

inducible factors (HIF) occur and result in the translocation of HIF1- to the nucleus. 

HIF1- acts as a transcription factor that induce expression of hypoxia responsive elements 

(HRE) including VEGF, VEGF receptors, Angiopoietin 1 &2 (ANG-1 & ANG-2), 

glycolytic enzymes, and growth factors (Dengler, V. L. et al., 2014). 

 Role of RPE in DR pathogenesis 

While vascular abnormalities have gained much attention in the development of 

DR, role of outer BRB breakdown and RPE dysfunction has been evident in models of DR 

and in tissues of DR patients (Xia, T. & Rizzolo, L. J., 2017). In rodent models of DR, 

electroretinogram (ERG) showed evidence of RPE dysfunction represented by decreased 

c-wave amplitude. C-wave in ERG represents the restoration of potassium ion levels in the 

outer retina by functions of retinal glia and RPE (Pinto, L. H. et al., 2007). Therefore, the 

decrease in amplitude of c-wave represents an early RPE dysfunction that contributes to 

the disease pathogenesis (Macgregor, L. C. & Matschinsky, F. M., 1986). Several 

morphological abnormalities in RPE cells were detected by electron microscopy in diabetic 

rat retinas including abnormal nuclei size and shape, cell membrane in-folding and altered 

melanosome distribution (Xia, T. & Rizzolo, L. J., 2017). These morphological changes in 

RPE are accompanied by alteration in photoreceptor outer segment disorganization. 

Moreover, RPE barrier functions were also dysregulated by diabetes in rodent models. RPE 

tight junctions were found disrupted in DR and evidence of increasing permeability and 

leakage of tracers from the choroid side was recorded (Xia, T. & Rizzolo, L. J., 2017). In 
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addition, RPE functions that maintain water homeostasis in the retina, including active 

transport, creation of chloride gradients, and expression of aquaporins, are impaired in 

retinas of diabetic animal models (Xia, T. & Rizzolo, L. J., 2017). It was also found that 

vitamin A metabolism and glucose transport are greatly affected by diabetes which may 

compromise RPE functions in supporting photoreceptor metabolism (Busik, J. V. et al., 

2002; Garcia-Ramirez, M. et al., 2009). The detrimental effects of diabetes and 

hyperglycemia on RPE functions contribute significantly to the development of DME and 

photoreceptor dysfunction. 

I.5. Retinal energy metabolism and regulation of energy 

substrates 

Among all other tissues of human body, the retinas are considered one of the tissues 

with highest metabolic demand per unit weight (Yu, D. Y. & Cringle, S. J., 2001). Special 

characteristics of retinal functions and metabolism with the high density of cellular 

components and synaptic connections make the retina highly dependent on energy 

availability (Country, M. W., 2017). Unlike most neurons, photoreceptors are firing in 

absence of light stimulus. This phenomenon is named the dark current, and it is estimated 

to consume significant amount of energy for maintenance of membrane polarization, and 

release of neurotransmitters (Joyal, J. S. et al., 2018). In addition, retinal tissues are exposed 

to high level of oxidative stress and ROS (Giacco, F. & Brownlee, M., 2010). Therefore, 

retinal tissues consume large amount of nutrients to serve the replenishment of antioxidant 

mechanisms(Joyal, J. S. et al., 2018). Moreover, photoreceptor outer segment shedding is 

a continuous energy and nutrient consuming process. The oxidative stress and exposure to 

focused light and high stream of photons results in continuous damage in the outer segment 
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structure(Molday, R. S. & Moritz, O. L., 2015). So, RPE are responsible for phagocytosing 

the detached outer segments and recycle its protein, lipids, and 11-trans retinaldehyde. 

Photoreceptors have high capacity of protein and membrane lipids synthesis to replenish 

the damaged discs from the outer segments. It is not surprising that photoreceptors account 

for almost 60% of oxygen consumption in the retina (Joyal, J. S. et al., 2018). 

Highly energy consuming tissues adapt to the changes in availability of fuel by 

having higher flexibility in metabolizing various forms of energy substrates: glucose, free 

fatty acids, and ketone bodies (Joyal, J. S. et al., 2018). The retina is known to metabolize 

glucose mainly by glycolysis even with oxygen availability, a phenomenon similar to the 

Warburg effect noticed in cancer cells(Vander Heiden, M. G. et al., 2009). Generally, high 

level of synthetic requirements for growth, in case of cancer, or to replace outer segment 

discs in case of photoreceptors, requires increased glycolytic products as building blocks 

for synthesis of amino acids, phospholipids, glycation adducts, and nucleotides. Also, the 

pentose phosphate pathway become exceptionally active to provide both substrates and the 

NADPH reducing power required to replenish cellular antioxidant mechanisms. Recently, 

it was found that free fatty acids are a pivotal energy substrate especially in the outer retinas 

and it provides energy that feed mitochondrial respiration through fatty acids β-oxidation 

(Joyal, J. S. et al., 2016). Similarly, ketone bodies were also found to be used in the retina 

especially in a metabolic coupling of RPE and photoreceptors (Adijanto, J. et al., 2014). 

While RPE phagocytose outer segment discs to recycle their material, released fatty acids 

incorporated in outer segment membrane phospholipids are used by RPE as substrate for 

ketogenesis. In turn, ketone bodies produced in the RPE shuttle to photoreceptors where 

they feed the Krebs cycle to produce energy and other metabolites. These relatively new 
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findings challenged the dogma that glucose is the sole energy substrate in retinal tissues 

and showed the versatility of retinal tissues in using available substrates. With evolving 

understanding of metabolic regulation in the retina, role of metabolite sensing receptors 

such as free fatty acid receptor1 (GPR40), lactate receptor (GPR81),succinate receptor 

(GPR91) and the ketone body receptor (GPR109A), in maintenance of retinal homeostasis 

and their involvement in retinal metabolic pathologies have been the interest of several 

research in the field of retinal diseases (Hu, J. et al., 2017; Joyal, J. S. et al., 2016; Madaan, 

A. et al., 2019). 

I.6. Metabolite sensing concept and function in cell homeostasis 

All living organisms need uninterrupted supply of energy to perform the required 

biological processes that keep them thriving. However, the environmental factors affect 

availability of nutrients and oxygen which mandates the development of a flexible adaptive 

system of energy retrieval from the available resources. Over billions of years of evolution, 

organisms has gained a highly efficient systems of monitoring, testing, responding, and 

adapting metabolic programs that not only provide energy requirements under various 

environmental conditions but also extends the organisms survival in drastic unendurable 

conditions to allow time for such conditions to resolve (Wang, Y. P. & Lei, Q. Y., 2018). 

Besides energy requirements, organisms need to continually monitor their environment for 

toxic substances, fluctuating osmolarity, electrolytes gradients across the membranes 

which changes membrane potentials, and many other environmental cues reflecting either 

favorable conditions for growth or ominous conditions for survival (Alfadda, T. I. et al., 

2014; Singh, A. K. et al., 2000). Therefore, a highly complex system of chemical sensing 

has evolved in all sorts of living organism as primitive as bacteria or as complex as human 
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bodies. Over the past decades, scientists unraveled great parts of the extremely complex 

metabolite sensing systems in both prokaryotic and eukaryotic organisms (Efeyan, A. et 

al., 2015; Husted, A. S. et al., 2017; Wang, Y. P. & Lei, Q. Y., 2018). Yet, our 

understanding of the metabolite sensing functions and the associated pathways still in a 

primitive phase and more pieces of the puzzle are yet to be discovered. Understanding of 

the various scenarios of metabolite sensing in human cells has attracted the interest of many 

scientists because of the tight association of the metabolic functions to metabolite sensing 

mechanisms in health and disease and the potential of manipulating the sensor mechanisms 

for human advantage to fight diseases. Enzymes, scaffold proteins, and receptors other than 

GPCRs has been implicated as sensors in metabolite sensing systems (Wang, Y. P. & Lei, 

Q. Y., 2018). However, for the purpose of this thesis dissertation, focus will be on GPCRs 

as metabolite sensing receptors. 

 G-protein coupled receptors (GPCRs) 

GPCR is a superfamily of proteins that contributes a great proportion of cellular 

signaling with more than 830 genes identified in the human genome (Bjarnadóttir, T. K. et 

al., 2006). Compared to other receptor families, GPCRs have a wide spectrum of ligands 

that can be detected with high specificity and high affinity with dissociation constants 

within the nanomolar range (Shimada, I. et al., 2019). Ligands of GPCRs can be hormones, 

proteins, lipids, pheromones, cytokines, and neurotransmitters. Within human sensory 

nervous system, GPCRs high sensitivity and specificity to their ligands qualifies them as 

the cellular sensory mechanism that mediates sensory functions such as vision mediated by 

rhodopsin and other opsins, smell mediated by the huge family of olfactory GPCRs, and 

taste mediated by GPCR taste receptors (Julius, D. & Nathans, J., 2012).  



 

34 

 

In general, GPCRs are formed of 7 transmembrane  helices interconnected by 

three intracellular loops and three extracellular loops with an extracellular N-terminal 

domain and an intracellular C-terminal domain (Shimada, I. et al., 2019). Upon ligand 

binding, GPCRs undergo conformational changes that allow the intracellular loops and the 

cytoplasmic regions of helices to form a binding pocket for G-proteins. G-proteins are 

formed of three subunits G, G, and G. Ga is a GDP bound protein and kinase at the 

same time. GPCRs act as guanine exchange factors (GEFs) resulting in replacement of 

GDP with GTP in G (Whalen, K., 2018). As a result, G-proteins dissociates into G and 

G subunits. Both subunits are involved in signal transduction to various effectors that 

mediates the functionality of GPCRs. Then, phosphorylation of GPCRs by GPCR kinases 

(GRK) results in binding of -arrestins to GPCR hindering further binding of inactive G-

proteins. Therefore, -arrestins are considered the off-switch of GPCRs; however, it was 

discovered during the past decades that -arrestins mediates GPCR signaling through 

mitogen-activated protein kinase (MAPK) and extracellular-signal-regulated kinase1/2 

(ERK1/2) (Figure 3) (Gurevich, V. V. & Gurevich, E. V., 2019). 

 Metabolite sensing GPCRs  

Up to the time of writing this thesis, 17 different metabolites sensing GPCRs have 

been identified, of which 7 detect intermediary carboxylic acid derivatives, 4 detect 

triglycerides and bile acids derivatives, and 6 detect amino acids and their metabolites 

(Husted, A. S. et al., 2017). The metabolite sensing GPCRs are widely expressed in various 

tissues and serve to modulate cellular functions within context of the expression sites. 

Major organs involved in nutrient processing and storage such as the gastrointestinal tract, 

the adipose tissue, and the liver express various metabolite sensing GPCRs for metabolites 
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intermediates (Husted, A. S. et al., 2017). Interestingly, those receptors are also expressed 

in other tissues not directly involved in in nutrient processing and storage such as the 

immune cells, the epithelial tissues, neuronal cells, and vascular cells (Husted, A. S. et al., 

2017). 

 GPR109A/ Hydroxycarboxylic Acid Receptor2 

GPR109A was first identified as a receptor for the anti-lipolytic drug niacin (Soga, 

T. et al., 2003; Tunaru, S. et al., 2003; Wise, A. et al., 2003). For more than a half century, 

niacin has been used as a treatment for cardiovascular disease for its beneficial anti-

dyslipidemia effects (Digby, J. E. et al., 2009). Niacin treatment at high doses, that vastly 

exceed the daily requirements a of it as a vitaminB3, has well-established beneficial effects 

on plasma lipids: lowering LDL and triglycerides and increasing HDL. Although it is 

outperformed by statins and other lipid lowering drugs, niacin is the most successful 

treatment to raise HDL in patients with dyslipidemia, a desirable effect associated with 

improved cardiovascular outcomes (Digby, Janet E. et al., 2012). However, for decades the 

mechanism of niacin beneficial effects in cardiovascular diseases remained elusive. In 

2003, first reports of a GPCR targeted by niacin appeared and started a paradigm shift in 

our understanding of niacin mechanisms of action (Soga, T. et al., 2003; Tunaru, S. et al., 

2003; Wise, A. et al., 2003). Niacin as a vitamin is utilized in the biosynthesis of NAD+ 

and NADP+ which serve as cofactors for several enzymes and are involved in 

mitochondrial respiration, redox reactions, and antioxidant mechanisms (Dolle, C. et al., 

2013). However, such roles for niacin as vitamin failed to explain its effects on LDL and 

triglycerides only at high doses given that its derivate nicotinamide failed to have the same 

anti-lipolytic effects (Offermanns, S., 2006). The discovery of the hitherto orphan GPCRs, 

GPR109A and GPR109B, as receptors of nicotinic acid directed the mechanistic 
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explanation to a GPCR mediated signaling. The receptors were found to be highly 

expressed in adipose tissue and this suggested a role in adipocyte signaling that inhibits 

lipolysis and free fatty acid release and result in the lipid lowering effects (Carlson, L. A., 

2005).  

• GPR109A agonists 

After discovery of GPR109A as a nicotinic acid receptor-1 (NIACR-1), it was not 

plausible to consider nicotinic acid the physiologic agonist of the receptor given the very 

low concentration of nicotinic acid in physiologic conditions. In 2005, Taggart et al 

discovered that the ketone body BHB is an agonist to GPR109A with a fair affinity 

allowing the receptor to respond to physiologic plasma levels of BHB during fasting or 

starvation (Taggart, A. K. et al., 2005). They suggested that the receptor mediates a 

feedback loop of ketogenesis by inhibiting lipolysis and free fatty acid release which 

control production rate of ketones; thus, allow efficient utilization of triglyceride stores in 

adipose tissue (Taggart, A. K. et al., 2005). Activation of GPR109A by BHB results in 

activation of the Gi which inhibits adenylyl cyclase and decrease cAMP levels in 

adipocytes; thus, protein kinase A activation is inhibited and hormone sensitive lipase 

activity decrease which is a key point in triglyceride lipolysis. Also, monomethyl fumarate 

(MMF), which is the main active metabolite of the anti-psoriatic drug Fumaderm or 

dimethyl fumarate (DMF), is an agonist of GPR109A (Tang, H. et al., 2008). The receptor 

has gained interest of scientists and pharmaceutical companies. Hence, several synthetic 

agonists have been developed with various activation patterns (Boatman, P. D. et al., 2008; 

Wanders, D. & Judd, R. L., 2011). Some of the developed synthetic agonists has reached 

phase 2 clinical trials; however, none of them has been approved by FDA for use in treating 
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dyslipidemia and mitigating cardiovascular risk (Boatman, P. D. et al., 2008; Wanders, D. 

& Judd, R. L., 2011). One of the challenges facing GPR109A agonists development is the 

flushing side effect that is mediated by the epidermis-resident macrophages, Langerhans 

cells, and keratinocytes (Benyo, Z. et al., 2005; Hanson, J. et al., 2010). Interestingly, 

GPR109A activation and signaling through -arrestin1 in keratinocytes and Langerhans 

cells is thought to mediate the flushing effects. However, -arrestin1 was not required to 

mediate the antilipolytic effects of niacin (Figure 3) (Walters, R. W. et al., 2009). This 

finding promoted the notion of developing the biased agonist MK-0354 which activates G-

protein signaling of GPR109A but not the undesirable flushing-inducing -arrestin1 

signaling (Gaidarov, I. et al., 2013; Walters, R. W. et al., 2009). 

• Physiologic role of GPR109A 

GPR109A is a member of a small family of metabolite sensing GPCRs named 

hydroxycarboxylic acid receptors (HCARs). HCAR1, HCAR2, and HCAR3 (Offermanns, 

S., 2017). HCARs serve a crucial role in regulation of glucose and fat metabolism through 

signaling in the adipose tissue. HCAR1 receptor, also known as GPR81, can sense levels 

of lactate that are normally produced in adipose tissue from increased glycolysis under fed 

state. The anti-lipolytic effects of insulin through insulin receptor in adipose tissue is well 

established; however, glycolysis derived lactate can also act in autocrine/paracrine 

signaling to reinforce insulin anti-lipolytic effects. Similarly, HCAR2, also known as 

GPR109A, and HCAR3, also known as GPR109B, mediates regulatory functions on 

lipolysis during fasting states. HCAR2 is activated by the ketone body -hydroxybutyrate 

and HCAR3 is activate by 3-hydroxyoctanoate, both of these metabolites result from the 

activated -oxidation in hepatocytes and skeletal muscles which depends on the free fatty   
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Figure 3. Diagram summerizing GPR109A signaling in adipocytes and in innate 

immune cells (Chai, J. T. et al., 2013a). 

Activation of GPR109A as a Gi coupled receptor inhibits activity of adenylyl cyclase thus 

decreasing the levels of cAMP and activity of protein kinase A (PKA). In adipocytes, low PKA activity 

inhibits hormone sensitive lipase activity and lipolysis. On the other hand, activation of the peroxisome 

proliferator activator receptor  (PPAR) leads to activation of cholesterol efflux pathway through the liver 

X receptor  (LXR)/ ATP binding cassette A1(ABCA1) pathway (Chai, J. T. et al., 2013b). In macrophages, 

activation of GPR109A leads to inhibition of NF-kB activation, inhibition of macrophage chemotaxis, and 

promotion of anti-inflammatory pathways (Mandrika, I. et al., 2018; Shi, Y. et al., 2017; Zandi-Nejad, K. et 

al., 2013) 
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acids (FFA) released from adipose tissue in response to starvation. As a negative feedback, 

HCAR2 and HCAR3 sense the ketogenesis products to inhibit excessive lipolysis in 

adipose tissue and prevent waste of energy stores during starvation (Offermanns, S., 2017). 

• Anti-inflammatory effects of GPR109A activation 

GPR109A expression in immune cells, such as neutrophils, monocytes, 

macrophages, and microglia, shed light on its role in preventing vascular inflammation and 

modulating atherosclerotic plaques regardless of its effects on lipid levels (Chai, J. T. et 

al., 2013a). The receptor was found to activate reverse cholesterol transport from 

macrophages in atherosclerotic plaques through a PGJ2, PPAR, LXRα-ABCA1 pathway 

(Knowles, H. J. et al., 2006). Moreover, Lukasova et al has shown that GPR109A mediated 

effects of nicotinic acid on immune cells are crucial for the anti-atherosclerotic benefits of 

niacin independently of its lipid-modifying effects (Lukasova, M. et al., 2011). Such effects 

included decreased monocyte recruitment to atherosclerotic plaques, and increased 

cholesterol efflux into HDL particles in macrophages. In fact, the anti-inflammatory effects 

of GPR109A activation has been proven under different circumstances in several disease 

models (Graff, E. C. et al., 2016). Obesity and insulin resistance which are considered to 

involve chronic inflammatory disease was shown to benefit of the anti-inflammatory 

actions of GPR109A agonists on macrophages and adipocytes including decreased M1 

activation of adipose tissue macrophages, decreased release of cytokines e.g. MCP-1 TNF-

a, and IL-6, and increased local release of the adiponectin which may indirectly mediate 

some anti-inflammatory effects of niacin (Digby, J. E. et al., 2010; Fraterrigo, G. et al., 

2012). Colon is another organ where GPR109A activation was shown to protect against 

not only inflammation but also carcinogenesis. In the colon, gut microbiota digest dietary 
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fibers and resistant starch to produce short chain fatty acids such as acetate, propionate, 

and butyrate. Despite being a relatively weak agonist, butyrate levels in the colon tissues 

are high enough to activate GPR109A to mediate a group of anti-inflammatory and tumor 

suppressor effects on colonic epithelial cells and resident macrophages (Singh, N. et al., 

2014; Thangaraju, M. et al., 2009). Activation of several metabolite sensing GPCRs in the 

colon was found to induce anti-inflammatory effects by inhibiting production of pro-

inflammatory cytokines such as IL-23 and IL-22 and promotes release of anti-

inflammatory cytokines including IL-10 and IL-18 (Bhatt, B. et al., 2018; Singh, N. et al., 

2014; Yang, W. et al., 2020). Also, activation of GPR109A in the colon macrophages and 

dendritic cells promoted differentiation of T-lymphocytes towards the T-reg and IL-10 

producing T-cells that have anti-inflammatory role in the colon (Singh, N. et al., 2014). 

Anti-inflammatory effects of GPR109A activation was also found beneficial in 

neuroinflammatory diseases (Offermanns, Stefan & Schwaninger, Markus, 2015). For 

example, multiple sclerosis (MS) is an autoimmune disease of the central nervous system 

(CNS) where inflammatory immune cells cross the blood-brain barrier (BBB) and infiltrate 

into the neuronal tissues causing damage to myelinated neurons and progressive 

impairment of higher neurological functions. Activation of GPR109A by MMF is thought 

to contribute to the anti-inflammatory effects of the drug DMF in treating multiple 

sclerosis. Also, nicotinic acid and elevation of BHB by ketogenic diets showed improved 

neurological functions in the rodent model of multiple sclerosis, experimental autoimmune 

encephalopathy (EAE) (Von Glehn, F. et al., 2018). The role of immune cells such as 

neutrophils, monocytes, macrophages, and microglial cells in the pathogenesis of EAE is 

well established and treatment with GPR109A agonists inhibits their pathologic activation 
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and accumulation in the CNS. Other neurodegenerative diseases such as Parkinson's 

disease and Alzheimer's disease have neuroinflammatory components that contribute to 

their pathogenesis. Treatment of animal models of Parkinson's disease with BHB infusion 

or ketogenic diets inhibited neuroinflammation and microglial activation and subsequently 

decreased dopaminergic neuron loss, the hallmark of Parkinson's disease (Graff, E. C. et 

al., 2016). Such anti-inflammatory effect was attributed to decrease release of cytokines 

(IL1, IL-6, TNF−) in a mechanism involving decreased NF-B activation. Moreover, 

vascular complications within the CNS were found to benefit from GPR109A activation. 

Ischemic stroke is a macrovascular complication of diabetes that results from systemic 

inflammation and endothelial dysfunction associated with diabetes (Chen, R. et al., 2016). 

Obstruction of blood flow in a part of the brain, whether thrombotic or atherosclerotic in 

origin, results in ischemia that may progress to damage neuronal tissue and infarction. 

Then, immune cells infiltrate the ischemic tissue to participate in the reparative 

mechanisms that include phagocytosis of infraction debris and activation of angiogenesis 

and revascularization of the ischemic tissue. However, inflammatory responses activated 

in immune cells contribute to neurological damage. It has been shown that treatment of 

animal stroke models with nicotinic acid or BHB decreases infarction size and improve 

neurological outcome (Rahman, M. et al., 2014). These effects were GPR109A dependent 

and the anti-inflammatory actions of GPR109A on neutrophils and macrophages decreased 

the damage by inducing a more protective phenotype Ly6Clo, that helps to repair and 

revascularize the neurological tissue, rather than the highly inflammatory Ly6Chi 

phenotype (Offermanns, Stefan & Schwaninger, Markus, 2015). 
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• Expression of GPR109A in the retina 

In 2009, my mentor Dr. Martin with collaborators has reported for the first time the 

expression of GPR109A in the eye tissues, specifically in the RPE layer both in humans 

and mice (Martin, P. M. et al., 2009). GPR109A showed a basolateral distribution in RPE 

layer facing the blood stream in the choriocapillaris, a distribution suggesting of a role for 

metabolite sensing in plasma. Furthermore, Dr. Martin has also confirmed expression of 

the receptor in retinal microglia which suggest a role in regulating gliosis and inflammatory 

response in the retina (Martin, P. M. et al., 2013). Functional studies of GPR109A in RPE 

showed that activation of the receptor with nicotinic acid or BHB induces anti-

inflammatory mechanisms by inhibiting NF-B activation and decreased cytokine 

production and cell adhesion molecule expression in response to pro-inflammatory stimuli 

(Martin, P. M. et al., 2013).  

Interestingly, Dr. Martin's laboratory has also discovered that the expression of 

GPR109A in eyes of both diabetic animal models and post-mortem diabetic patients is 

upregulated compared to non-diabetic eyes (Gambhir, D. et al., 2012). In general, 

inflammation was shown to upregulate the expression of GPR109A in several tissues 

through the activation with pro-inflammatory cytokines (Feingold, K. R. et al., 2014; 

Wakade, C. et al., 2014). For example, interferon  and TNF- are known to induce 

GPR109A expression in adipose tissue and macrophages (Bardhan, K. et al., 2015; 

Feingold, K. R. et al., 2014). The inflammatory response associated with DR pathogenesis 

can contribute to the upregulated expression of GPR109A through the upregulation of pro-

inflammatory signaling (Zhang, W. et al., 2011). The role of inflammation in development 

and progression of retinal diseases is well established and upregulation of the receptor in 
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diabetic retinas confirms the availability of the receptor to be targeted by agonists (Martin, 

P. M. et al., 2013). While BHB levels increase in untreated diabetic patients, the increase 

is suppressed by insulin treatment and other secretagogue anti-diabetic medications. 

Upregulation of GPR109A in diabetic context with only modest and transient elevation in 

BHB plasma levels suggests incomplete activation of the receptor and unmet anti-

inflammatory regulation in diabetic retinas (Gambhir, D. et al., 2012). 

• GPR109A expression in epithelial and endothelial barrier tissues 

While the expression of GPR109A in adipose tissue and innate immune cells such 

as monocytes, macrophages and microglia has been shown undoubtedly in several studies 

(Knowles, H. J. et al., 2006; Martin, P. M. et al., 2013; Taggart, A. K. et al., 2005), many 

authors excluded the possibility of GPR109A expression within vascular system with 

reference to work done by Soga et al, who did expression testing for mRNA in various 

human, mouse, and rat tissues (Lukasova, M. et al., 2011; Plaisance, E. P. et al., 2009; 

Soga, T. et al., 2003). Their results showed strong expression of GPR109A in both white 

and brown adipose tissues, the spleen, and the bone marrow. They also showed lower 

expression in the lung and limited expression in brain tissue but could not detect the 

expression in human heart nor aorta. Consequently, the notion of GPR109A being absent 

in vascular tissues spread in the literature (Digby, J. E. et al., 2012; Lukasova, M. et al., 

2011; Plaisance, E. P. et al., 2009). In fact, the expression of GPR109A was discovered in 

many tissues that were not discovered in the work of Soga et.al. For example, colon 

samples in their work did not show the expression of GPR109A, but the expression of 

GPR109A was discovered in human colon epithelial cells by our collaborators 

(Thangaraju, M. et al., 2009). Similarly, the expression of the receptor in the eyes, 
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specifically in the RPE, was discovered by our laboratory 6 years after the first 

deorphanization of the receptor (Martin, P. M. et al., 2009). Moreover, our laboratory has 

recently shown the expression of the receptor in hepatocytes despite not being detected by 

work of Soga et.al (Jadeja, R. N. et al., 2019). Despite the long-standing notion of 

GPR109A absence in vascular tissues, the receptor has been discovered in primary human 

microvascular endothelial cells (HMVECs) and in endothelial cells of human aortic tissue 

after more than 10 years of its first description (Hughes-Large, J. M. et al., 2014). 

Moreover, with reference to the Human Protein Atlas project, human brain sections showed 

expression of GPR109A protein in endothelial cells (Figure 4) (Human-Protein-Atlas., 

2020). Hence, the evidence of endothelial expression of GPR109A in vascular system 

within neuronal tissue became more prominent. However, the functional relevance of 

GPR109A expression within vascular endothelial cells has not been studied extensively. It 

has been proposed that GPR109A activation in HMVECs improves the angiogenic 

functions within lipotoxic environment which may suggest a therapeutic value of 

GPR109A agonists in treatment of peripheral arterial diseases (Hughes-Large, J. M. et al., 

2014; Pang, D. K. et al., 2016). Yet, the specific expression of GPR109A in retinal 

endothelial cells has not been reported. Interestingly, GPR109A anatomical profiling has 

shown that the receptor may not only function in regulation of adipose tissue metabolism 

and immune cell functions but also in barrier integrity of epithelial and endothelial tissues 

(Regard, J. B. et al., 2008). Whether GPR109A is involved in regulation of barrier or 

angiogenic functions of retinal endothelial cells within the neurovascular units has not been 

studied before.  
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Figure 4. GPR109A expression in endothelial cells of human brain section obtained 

from the Human Protein Atlas (www.proteinatlas.org) (2020) 

  

http://www.proteinatlas.org/
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I.7. Summary and Aims. 

Thirty percent or greater of all pharmacologic agents to treat human disease target 

GPCRs (Sriram, K. & Insel, P. A., 2018). However, none of GPCR targeting drugs is 

utilized in the treatment of DR (Flaxel, C. J. et al., 2020). Beside the anti-inflammatory 

effects of GPR109A activation, promoting barrier properties and regulating angiogenesis 

by GPR109A agonists were shown in several studies. Experimentally, treatment with 

prolonged release niacin (Niaspan) protected against blood- retinal barrier disruption in a 

murine model of DR (Gao, X. et al., 2016) and protected against BBB breakdown in a 

model of stroke in diabetic rats (Ye, X. et al., 2011). Niacin was also found to improve 

vasculogenesis and endothelial progenitor cells functions in animal model of diabetes and 

hind limb ischemia (Huang, P. H. et al., 2012; Pang, D. K. et al., 2016). However, the role 

of GPR109A in regulating endothelial barrier and angiogenic functions requires further 

investigations. Inflammation, and consequent disruption of endothelial cell barrier and 

angiogenic functions, are common to retinal and non-retinal vascular diseases (Bharadwaj, 

A. S. et al., 2013; Romero-Aroca, P. et al., 2016). My overall aim for this study is to 

understand the relevance of GPR109A expression in retinal endothelial cells and 

determining whether the beneficial effects associated with therapeutic activation of 

GPR109A in other diseases can be extrapolated to DR. GPR109A expression was shown 

by my laboratory to maintain RPE function and “outer”-blood retinal barrier integrity 

(Gambhir, D. et al., 2012; Martin, P. M. et al., 2009). Therefore, our hypothesis is that 

GPR109A expression is essential to maintenance of retinal health and, its activation by 

specific agonists will protect against VEGF-induced vascular pathologies, i.e., pathologic 

neovascularization and inner blood-retinal barrier disruption, observed in context of DR. 



 

47 

 

The below aims have been developed to validate this hypothesis. 

Aim 1: To demonstrate the efficacy of GPR109A activation by BHB to protect 

against inner blood-retinal barrier disruption and promote retinal endothelial 

barrier functions. 

1A. Junctional protein expression and barrier function will be evaluated in human 

retinal endothelial cells +/- GPR109A siRNA, +/- VEGF and +/- BHB treatment. 

1B. Visual acuity and development of retinal vascular leakage will be monitored in 

streptozotocin- (STZ) induced diabetic wild-type +/- BHB treatment. 

Aim 2: To explore the role of GPR109A expression in retinal developmental 

neovascularization and in physiologic and pathologic angiogenesis. 

2A. Retinal developmental vasculogenesis in the superficial vascular plexus and 

development of pathologic neovascularization and physiologic revascularization in the 

mouse model of oxygen-induced retinopathy (OIR) will be monitored in both wild type 

(WT) and GPR109a-/- mice. 

2B. Tube formation, and proliferation will be assessed in human retinal endothelial 

cells +/- GPR109A siRNA and in primary mouse brain endothelial cells isolated from both 

WT and GPR109a-/- mice using magnetic beads binding technique. 

The successful completion of the aims that I have proposed will complement 

existing knowledge regarding the impact of GPR109A activation on endothelial cell barrier 

and angiogenic functions with emphasis on retina and help to validate pre-clinically a new 

therapeutic target for prevention and treatment of DR. Because endothelial cell 

dysfunction, loss of blood-retinal barrier integrity, and pathologic neovascularization are 

common pathologic features of many inflammatory diseases, findings emanating from my 

study may have broad clinical implications. 
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II. MATERIALS AND METHODS 

II.1. Materials 

Tissue Culture: human retinal microvascular endothelial cells (HRECs) were 

purchased from Cell Systems Corporation (Kirkland, WA, USA). For coating cell culture 

plates with basement matrix materials, we used attachment factor (Cell Systems 

Corporation, Kirkland, WA) Growth media: complete medium kit formulated at normal 

blood glucose level (5.5 mM) with serum and supplemented by 0.2% CultureBoost™ (Cell 

Systems Corporation, Kirkland, WA) and 1% penicillin/streptomycin (vol./vol.) (Corning, 

Tewksbury, MA). For cell passaging, we used passage reagent group (PRG) 1: EDTA, 2: 

trypsin with EDTA, and 3: trypsin inhibitor (Cell Systems Corporation, Kirkland, WA, 

USA). Fetal bovine serum was from Thermo Scientific (South Logan, Utah). Matrigel 

basement membrane matrix for tube formation assay was obtained from Corning 

(Tewksbury, MA). Dynabeads sheep anti-rat magnetic beads were obtained from 

Invitrogen (Foster City, CA). 

Cell treatments: VEGF-A for cell treatments was obtained from Invitrogen (Foster 

City, CA). For mRNA silencing, small interfering (siRNA) was obtained from Dharmacon 

(Lafayette, CO). Target accession number was NM_177551.3. On-Target plus Smart pool 

was supplied as mixture of 4 different siRNA moieties: target sequence1(578-596): 

GAUCCAGAAUGGCGGUGCA, target sequence2 (333-351): 

UAUGUGAGGCGUUGGGACU, target sequence3 (382-400): 

UGCUCUUCAUGUUGGCUAU, and target sequence4 (286-304): 

UGGCUGACUUUCUACUGAU. HiPerFect transfection reagent was ordered from 

Qiagen (Germantown, MD). 



 

49 

 

Electric cell impedance sensing (ECIS) plates were obtained from Applied 

Biophysics, Inc., (Troy, NY, USA). 

Chemicals: Streptozotocin (STZ) was obtained from Enzo Life Sciences 

(Farmingdale, NY). Nicotinic acid was from Aldrich Chemical Company (Milwaukee, WI) 

and β-hydroxybutyrate was from Sigma-Aldrich (St Louis, MO). Sodium chloride was 

obtained from Fisher-Scientific (Waltham, MA). Paraformaldehyde for tissue fixation was 

obtained from Alfa-Aesar (Haverhill, MA). Tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide (MTT) was obtained from Abcam (Cambridge, UK). 

Paraformaldehyde (PFA) for tissue fixation was obtained from Alfa Aesar (Wind Hill, MA) 

Primary antibodies for VEGF-A, and ZO-1 were from Abcam (Cambridge, MA) 

Primary antibody for CD31/ Platelet endothelial cell adhesion molecule-1 (PECAM-1) was 

from BD Biosciences (San Jose, CA). Primary antibody for Albumin was ordered from 

Proteintech (Rosemont, IL). Β-actin anti body was from Sigma-Aldrich (St Louis, MO). 

Lectin for vascular visualization -biotinylated Griffonia simplicifolia (GS) isolectin B4- 

and Texas Red–conjugated avidin D were obtained from Vector Laboratories (Burlingame, 

CA). Secondary antibodies: horseradish peroxidase (HRP) conjugated anti-mouse or anti-

rabbit secondary antibodies were obtained from GE Healthcare limited (Amersham, UK). 

PCR reagents: Trizol reagent for mRNA extraction was from Qiagen 

(Germantown, MD). The iScript cDNA synthesis kit was ordered from Bio-Rad (Hercules, 

CA). The 96-well plates for qPCR and optical adhesive films were from Applied 

biosystems (Foster City, CA). The SYBR Green master mix used for qPCR was from Bio-

Rad (Hercules, CA). 
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Western blot reagents: Acrylamide reagent for Polyacrylamide gel electrophoresis 

(PAGE) gel preparation, gel set-up frames, polyvinylidene difluoride (PVDF) membranes, 

sample preparation Laemelli buffer and chemiluminescence reagents were from Bio-Rad 

(Hercules, CA). Autoradiography films were from Denville (Holliston, MA) and were 

processed in a Kodak processor (Kodak Co., Rochester, NY). Radioimmunoprecipitation 

assay (RIPA) cell lysis buffer, and protease and phosphatase inhibitor cocktails were from 

Thermo Scientific (Rockford, IL). 

II.2. Animals 

All experiments involving animals adhered to the Public Health Service Policy on 

the Humane Care and Use of Laboratory Animals (2015 Department of Health, Education 

and Welfare publication, NIH 80-23), the Association for Research in Vision and 

Ophthalmology Statement for use of Animals in Ophthalmic and Vision Research and were 

approved by the Augusta University Institutional Animal Care and Use Committee. 

Gpr109a-/- mice, and C57BL/6J wild type mice were housed with a 12:12 h light/dark cycle 

and free access to laboratory chow and water. Gpr109a-/- mice have been described 

previously (Tunaru, S. et al., 2003). This strain was a generous gift from Dr. Stefan 

Offermanns. In these mice, GPR109A gene was mutated by replacing the open reading 

frame with a β-galactosidase expression cassette and the HSV-tk-promotor-driven 

neomycin gene resistance cassette. The resulting gene is defective in binding to GPR109A 

agonists and the high-affinity binding capacity of adipocyte-derived plasma membranes 

for niacin was decreased significantly (>75% reduction) as compared to WT membranes. 

Gpr109a-/- mice are viable without severe phenotypic pathologies. However, their response 

to the anti-lipolytic effects of niacin treatment is abolished (Tunaru, S. et al., 2003). 
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Gpr109a-/- mice also shows increased susceptibility to form colitis and colon cancer 

(Singh, N. et al., 2014).  

 BHB concentration assays in serum 

BHB concentration in serum was measured using BHB concentration assay kit from 

Sigma-Aldrich (St Louis, MO) according to manufacturer's instructions. For measurement 

in small pups (P3 to P14), blood was collected by cardiac puncture form 3 pups and pooled 

together to provide enough volume for sample processing. For time course concentration, 

retro-orbital blood was collected from each adult mouse for the indicated time points. 

Blood samples were left to coagulate for 30 minutes before centrifugation at 5000 rpm for 

10 minutes. Serum samples were then filtered through 10 Kda molecular weight cutoff 

(MWCO) spin filter to remove protein from the sample and avoid interferences with the 

assay. 

 Vascular development of mouse retina 

While development of mouse retinas takes place before birth, inner retinal vascular 

development starts after birth in response to increased oxygen demands by the developing 

neural retina (Stahl, A. et al., 2010). Given the ease of accessibility of retinal tissue after 

birth for vascular imaging and molecular analysis, the physiologic vasculogenesis in mice 

has been widely used to study the endothelial functions in vascular developments and the 

interaction of other cell types in the process (Gariano, R. F., 2003; Stahl, A. et al., 2010; 

Weiner, G. A. et al., 2019). We used both WT and Gpr109a-/- pups at several time points 

(P3, P7) to study the loss of function impact of GPR109A on physiologic vascular 

development in the inner retina. Briefly, pups were euthanized, and eyeballs extracted. 

Eyes enucleated from sacrificed pups were kept immediately in 4% paraformaldehyde for 

24hr fixation then in phosphate buffer saline (PBS) at 4 °C until further processing. After 
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removal of cornea, lens, sclera, and retina pigmented epithelial layer under dissecting 

microscope, neural retinas were permeabilized by washing with 0.02% triton-X in PBS 

then blocked using 4% goat serum. Then visualization of blood vessels using Isolectin-B4 

proceeded as detailed under Visualization of retinal blood vessels  

 Mouse model of OIR 

Because diabetic mouse models do not show significant pathological 

neovascularization in the retinas, other models of hypoxia induced neovascularization are 

widely used for understanding and testing treatments targeting pathological 

neovascularization (Connor, K. M. et al., 2009; Smith, L. E. et al., 1994). As a model of 

retinal neovascularization, we used the mouse model of OIR as per our collaborators 

published protocols (Gutsaeva, D. R. et al., 2017). In this model, mouse pups at P7 with 

their nursing mother were placed in oxygen chamber at oxygen partial pressure of 70%±2 

for 5 days (Smith, L. E. et al., 1994). Oxygen level in the chamber was continuously 

monitored and regulated using digital oximeter. At P12, pups and mom were taken back to 

ambient oxygen ~21%. Age matched pups kept at ambient O2 level served as controls. 

Pups were sacrificed at P12, P14, P17, and P23 and retinas were isolated for preparation 

of flat-mounts and isolation of RNA and proteins. 

 Visualization of retinal blood vessels  

Retinas were separated from other eye parts under dissecting microscope. Then, 

retinas were labelled with biotinylated Griffonia simplicifolia isolectin B4 and Texas Red–

conjugated avidin D (Vector Laboratories, Burlingame, CA) to visualize blood vessels . 

Hyaloid blood vessels were removed under dissecting microscope. Imaging of retina was 

done using Fluorescent microscope (Leica DM5500B) connected to CoolSNAP HQ2 

camera (Leica Biosystems, Wetzlar, Germany). 
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 Quantification of vascularized, avascular, and neovascular tufts 

areas 

 Areas of vascularized retina, vaso-obliterated central retina and neovascular tufts 

were measured using Adobe PhotoShop CS6. To control for retinal size, the total area of 

retinal flat mount was measured by determining the outer borders of the flat mount in the 

image. Retinas with considerable broken areas or lost tissue were excluded from analysis. 

Vascularized area of superficial retinal layer was calculated based on borders of migrating 

tip cells towards the peripheral regions at P3 and P7. Vaso-obliterated areas in OIR model 

were determined based on the outer borders of central avascular areas at P12, P14, P17, 

and P23. Measurements of neovascular tufts areas was conducted by selecting the 

neovascular tufts by trained personnel using the magic wand, magnetic select, and selection 

correct functions of Adobe PhotoShop CS6. Selection of pathologic neovascular tufts was 

based on morphological features, brightness of staining, proximity to avascular areas 

(Connor, K. M. et al., 2009). The total area covered by neovascular tufts, pre-retinal 

vessels, and abnormally enlarged venules was measured by Adobe PhotoShop CS6. All 

measurements were normalized to total retinal flat mount areas and were done by a blinded 

investigator. 

 Diabetes induction by streptozotocin (STZ) 

To induced diabetes in mice, we injected 8-week-old male C57BL/6J mice with 

STZ, according to the laboratory established and previously published protocol (Martin, P. 

M. et al., 2004). The dose of STZ used was 75mg/kg injected intraperitoneally for three 

consecutive days. Due to the chemical instability of STZ, ice cold sodium citrate buffer 

(0.01 M- pH 4.5) was used as vehicle to dissolve STZ and the solution was injected within 

15 minutes of preparation. To avoid severe hypoglycemia caused by surge in insulin release 
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from damaged -islets of the pancreas after STZ injection, 10% sucrose solution was 

provided to animals after injections. Blood glucose (BG) levels of tail-tip blood was 

monitored biweekly using commercial glucometer. Mice were considered diabetic if BG 

reading was > 250 mg/dl. Table 2 show the levels of BG of the different treatment groups 

before and after treatment with BHB or vehicle. 

Table 2 Levels of BG and weights of C57Bl/6J mice before and after treatment with 

STZ 

Treatment 

group 

N Diabetes 

duration 

(weeks) 

Weight (g) 

after STZ 

BG (mg/dl) 

after STZ 

Weight (g) 

after 

treatment  

BG (mg/dl) 

after 

treatment  

Control 4 0 21 ±0.65 126±17.5 29 ±1.51 134 ±5.3 

DM+PBS 8 9-10 22 ±0.83 313±16.7 23 ±0.87 435 ±38.1 

DM+  BHB 

(700mg/kg/day)  

8 9-10 23 ±0.95 348 ±33.9 22 ±0.79 298 ±51.2 

 

 Animal treatment with agonists 

Diabetic mice were treated with intraperitoneal (IP) injection of BHB at 700 mg/kg 

for 4-5 weeks starting at 4-5 weeks after diabetes induction. BHB levels elevation after 

injection was confirmed in tail tip blood by using ketone meter (Keto-Mojo, Napa, CA).  

 Fundoscopic examination of mouse retina and fluorescein 

angiography 

As an indicator of retinal barrier integrity, fluorescein leakage from blood vessels 

was used to study impact of GPR109A activation on retinal vasculature permeability in 

both healthy and diabetic conditions. Fluorescein angiography was performed on the three 
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treatment groups using the standard protocols of our collaborators(Promsote, W. et al., 

2016). Briefly, diabetic mice and age matched controls were anesthetized by IP injection 

of rodent anesthesia cocktail (ketamine 100 mg/mL, xylazine 30 mg/mL, acepromazine 

10 mg/mL). For pupil dilatation, we used 1% tropicamide ophthalmic solution (Akron Inc., 

Lake forest, IL) and for eye lubrication, we used Systane lubricant eye drops (Alcon Inc., 

Fort Worth, TX). The mouse was secured on a stand for imaging by the Phoenix Micron 

III retinal imaging microscope (Phoenix Research Laboratories). Visualization of blood 

vessels in vivo was attained by injecting 10–20 μl fluorescein sodium (10% Lite) (Akron 

Inc., Lake forest, IL); then, timed acquisition of fluorescent images ensued for ∼5 min. 

 Optokinetic Tracking (OKT) response 

Optokinetic testing (OptoMotry; Cerebral Mechanics, Inc., Lethbridge, AB, 

Canada) was performed to examine changes in visual acuity after 9-10 weeks of diabetes 

in mice as per our previously published protocol (Jadeja, R. N. et al., 2020). Visual stimulus 

was displayed on LCD screens oriented in four directions around a central mouse stand. 

The optokinetic reflex of unrestrained mouse (one at a time) to the rotating vertical sine 

wave grating rotating at 12d/s was recorded by manual tracking of reflexive head 

movements. To determine spatial frequency thresholds, an increasing staircase paradigm 

was utilized starting at 0.042 cycles/deg (c/d) with 100% contrast. Manual recording of 

mouse reflexes was done by a blinded investigator. 

II.3. Mammalian cell culture, treatment, and transfection. 

 Culture of HRECs 

Cells were seeded at density of 1.5x104 cell/ cm2 (50-70 % confluency) of plate 

area coated by attachment factor (Cell Systems Corporation, Kirkland, WA) and were 

grown at 37°C under 5% CO2 in complete medium kit formulated at normal blood glucose 
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level (5.5 mM) with serum and supplemented by 0.2% CultureBoost™ (Cell Systems 

Corporation, Kirkland, WA) and 1% penicillin/streptomycin (vol./vol.) (Corning, 

Tewksbury, MA). Cells were washed using PRG1. For cell detachment using 

trypsinization, we used PRG2 and protease activity was inhibited after cell detachment 

using PRG 3 (Cell Systems Corporation, Kirkland, WA, USA). The cells were serum 

starved for, 8-16 hours prior to treatments. For passaging cells, Passage Reagent Group™ 

(Cell Systems Corporation, Kirkland, WA, USA) were used as described by manufacturer's 

manual. Only cells between P3 to P7 were used in the experiments. 

 Transfection optimization of HRECs with green fluorescent 

protein (GFP) plasmid 

For transfection of nucleic acids, using Invitrogen Lipofectamine 2000 transfection 

reagent showed more apoptotic cells than HiPerFect transfection reagent. Therefore, we 

used HiPerFect transfection reagent as described by manufacturer's specific protocol for 

endothelial cells. To ensure highest transfection efficiency, HRECs were transfected by 

green fluorescent protein (GFP) plasmid with varying conditions (concentration of 

transfection reagent, medium for lipoplex preparation, and transfection duration). Using 

HiPerFect reagent at concentration below 15ul/ ml significantly decreased transfection 

efficiency (Figure 5). For preparation of the lipoplex mixture, both Cell Systems serum 

free medium and OPTI-MEM media showed similar transfection efficiencies (Figure 5). 

In the protocol, HRECs are incubated with the lipoplex mixture for at least 3 hours then 

the transfection is terminated by adding complete growth medium which has serum that 

stops the transfection. Transfection durations for 6 hours and 9 hours showed significant 

toxicity with no difference in transfection efficiency. 
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 RNA interference 

HRECs were transfected by siRNA obtained from Dharmacon (Lafayette, CO, 

USA) or scrambled Silencer™ Select Negative Control No. 2 siRNA from Ambion 

(Austin, TX, USA). Sequences of the GPR109A smart pool of siRNA:  

target sequence1(578-596): GAUCCAGAAUGGCGGUGCA,  

target sequence2 (333-351): UAUGUGAGGCGUUGGGACU,  

target sequence3 (382-400): UGCUCUUCAUGUUGGCUAU, and  

target sequence4 (286-304): UGGCUGACUUUCUACUGAU.  

HRECs were transfected by siRNA at 70% confluency and then left to grow in complete 

growth medium. Different concentrations of siRNA (5nM to 200nM) and different 

transfection durations (24 and 48 hours) were tested to optimize GPR109A knockdown.  

To prepare the transfection lipoplex, HiPerFect reagent, at 15ul/ ml, was diluted with Cell 

Systems serum free medium and siRNA at the indicated concentration were incubated for 

at least 15 minutes before addition to the cell culture for transfection. Cells were seeded in 

complete growth medium with serum and culture Boost in 6, 24, or 96 well plates 

depending on experimental design. After overnight settling, complete growth medium was 

removed, and cells were washed with PBS before addition of the transfection lipoplex 

solution. HRECs were incubated at 37°C under 5% CO2 with the lipoplex solution for 3 

hours. Then, complete growth medium was added to terminate the transfection process. 

For ECIS assay, transfected cells were left to grow for 72 hours before they were passaged 

and transferred to prepared ECIS plates. For MTT assay, transfected cells were left to grow 

for 72 hours before addition of MTT reagents. For tube formation assay, HRECs were left 

to grow for 48 hours before passaging and seeding on Matrigel. 
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Figure 5. Optimization of HRECs transfection conditions 

 (A)HRECs were cultured at 50% confluency and left to grow to 70% of confluency before 

transfection with GFP plasmid at the indicated concentrations of HiPerFect transfection reagent diluted in 

the indicated media. Cells were left in the transfection mixture for 3 hours before terminating the transfection 

using complete growth medium with 10% serum. Images were taken after 24 hours of transfection. (B) 

counting of number of GFP positive cells in each images n=4 wells/ treatment. NGF: Cell Systems serum 

free medium with no growth factors. * p<0.05 compared to other concentrations. 
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 Measuring transcellular barrier resistance using electric cell 

impedance sensing technology (ECIS). 

Transendothelial electrical resistance (TEER) was measured using ECIS from 

Applied Biophysics, Inc., (Troy, NY, USA). Plates used for experiments were 96W1E+ or 

96W20idf arrays. These arrays were coated with cysteine for 30 minutes, washed with 

ultrapure water (type 1), then coated with attachment factor for 30 minutes. Culture media 

was then added to the wells and resistance recordings of cell free wells were taken. Using 

the electrical stabilization function of ECIS instrument, wells baseline readings were 

stabilized before seeding the cells. HRECs were then seeded at a density of 4x104 cells/ 

well. Cells were left to become fully attached and form confluent monolayer with stable 

capacitance and resistance. The time course program for measurements was set to multiple 

frequency/ time. Recordings were continued for the time course of the experiments and 

data was collected and analyzed at frequency 4000 Hz. TEER normalization was done as 

the ratio to baseline pre-treatment TEER (normalized resistance). 

 Cell treatment by agonists 

Cells were treated with BHB at the indicated concentrations for each experiment. 

For ECIS experiments, sodium BHB and sodium chloride controls were prepared in 20X 

stock solution so that only 5% of well volume is added in treatment to minimize turbulence 

in ECIS wells that may cause shear stress on cultured cells and affect TEER readings. 

Depending on the experiment setup, cells were pretreated with BHB for at least 30minutes 

up to 24 hours before challenging with VEGF-A at 50ng/ml. 
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 Isolation of primary mouse brain endothelial cells (mBECs) with 

specific 1o antibodies and 2o magnetic beads. 

One litter (4 to 8 mouse pups) between P17 to P23 were anesthetized using 

Isoflurane, decapitated and the brain was extracted from the skull. The brainstem and 

cerebellum were dissected away from the cerebral hemispheres which were used to isolate 

micro-vessels after removal of main large vessels. Cerebral hemispheres were then washed 

with PBS, homogenized, and digested in collagenase/ dispase enzyme mixture at 

concentration of 1-2 mg/ml for two hours at 370C. After digestion, complete medium with 

serum was added and cell suspension was further homogenized by repeated pipetting. The 

homogenized cell suspension was passed through a 100-μm mesh to remove undigested 

particles or cell clumps. The filtrate was collected in 50-ml conical tubes and centrifuged 

at 1500 rpm for 5 minutes.  Collected cells were washed with PBS twice then with 20% 

bovine serum albumin to remove the myelin layer. After centrifugation and discard of 

supernatant, single cell suspension is incubated with rat anti-mouse PECAM 1 (CD31) (BD 

Biosciences, San Jose, CA, USA) for 3 hours on rocker. Then, cell suspension is washed 

with PBS and incubated with sheep anti-rat Dynabeads™ (magnetic beads) (Invitrogen, 

Austin, TX, USA) for 1 hour at 40C on rocker. Cells were pulled down by magnetic stand 

and washed in PBS before seeding on gelatin coated culture plates. Growth medium was 

changed every other day until confluency. To ensure the purity of the cultures, we stained 

the cells with CD31 and found more than 90% of the cells stained positive for the 

endothelial marker (Figure 6). To exclude contamination with astrocytes, cells were also 

stained with glial fibrillary acidic protein (GFAP) and less than 1% of the primary cultured 

cells were positive.   
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Figure 6. Expression of the endothelial marker CD31 as an indication of primary 

mBEC culture purity. 

Mouse brains were extracted, homogenized, and digested in collagenase/ dispase enzyme mixture 

at concentration of 1-2 mg/ml for two hours at 370C. The homogenized cell suspension was diluted in 

complete growth medium and passed through a 100-μm mesh. The filtrate was centrifuged at 1500 rpm for 

5 minutes. Collected cells were washed with PBS twice then with 20% bovine serum albumin. Single cell 

suspension was incubated with rat anti-mouse PECAM 1 (CD31) (BD Biosciences, San Jose, CA, USA) for 

3 hours. Then, cell suspension was washed with PBS and incubated with sheep anti-rat Dynabeads™ 

(magnetic beads) (Invitrogen, Austin, TX, USA) for 1 hour at 40C on rocker. Cells were pulled down on 

magnetic stand and washed in PBS before seeding on gelatin coated culture plates. Growth medium was 

changed every other day until confluency. 
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 In vitro angiogenesis assays (proliferation/survival, tube 

formation assays). 

• Proliferation/survival assay: 

We used the MTT proliferation assay to assess effects of agonists treatment on 

HRECs survival or proliferation and to determine toxic concentrations of the agonists. In 

MTT assay, the reducing power of living cells mitochondria reduces the yellow tetrazolium 

salt (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide or MTT) to purple 

formazan crystals. Accumulated formazan can then be dissolved in organic solvent 

dimethyl sulfoxide (DMSO) and color absorbance is measured by spectroscopy at 

wavelength 590nm. For determination of survival or toxicity, agonists were prepared at a 

series of increasing concentrations and add to the cells after reaching full confluency for 

24 to 72 hrs. For proliferation assays, cells were seeded at about 50% confluency and 

allowed to grow for 24 to 72 hours, then 0.5 mg/ml of MTT solution in culture medium 

was added for 3 hours then the formed formazan product was dissolved in DMSO and 

shaken on rocker for 30 minutes before colorimetric measurement at 590nm.  

• Tube formation assay 

HREC cells were transfected with GPR109A siRNA or scrambled siRNA 

according to the previously described protocols. Two days after transfections, the cells 

were activated with 50 ng/mL VEGF-A for 2 hours. Then, cells were transferred to 96-well 

plates coated with Matrigel matrix following the manufacturer’s protocol for the tube 

formation assay. HRECs were seeded at cell density of 1.5 × 104 cells/well and left to form 

the tube-like structures for 12 hours at 37 °C, 5% CO₂ for 12 h. For each well, 4 images at 

the 4 poles of the well were taken with 4X objectives to cover largest proportion of the 
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wells. Images were analyzed using imageJ angiogenesis analyzer (Carpentier, G., 2012). 

Average values form 4 images for each well were used for the statistical analysis. 

II.4. Reverse transcription–quantitative polymerase chain 

reaction 

qPCR Assays were performed in 96-well PCR plates using All-in-One™ qPCR 

Mix (Genecopia, USA). The reaction volume of 20 μl contained 10.0 μl SYBR green 

master mix (2X), 2 μl cDNA, 2 μl of each primer set and 6 μl nuclease-free water. The 

following two-step thermal cycling profile was used (StepOnePlus Real-Time PCR, Life 

Technologies, Grand Island, NY): Step I (cycling): one time 95 °C for 5 min, then 95 °C 

for 10 s, 55 °C for 20 s and 72 °C for 15s cycling for 40 cycles. Step II (melting curve): 60 

°C for 15 s, 60 °C 1 min and 95 °C for 30 s. The template amplification was confirmed by 

melting curve analysis. mRNA expression of genes was normalized to 18S expression and 

fold change in expression was calculated by 2–∆∆Ct method. To decrease biological 

variability, data were transformed, mean-centralized and autoscaled according to Willems 

E et al (Willems, E. et al., 2008) and as suggested in The Minimum Information for 

Publication of Quantitative Real-Time PCR Experiments (MIQE) guidelines (Bustin, S. A. 

et al., 2009). Primers used in the qPCR experiments are listed in Table 3. The genotypes 

of the animals used in the study were confirmed by PCR using specific primer pairs (Table 

3). 
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Table 3 Primer sets for PCR 

 

h: human, m: mouse, ANG-1: angiopoetin-1, ICAM-1: intercellular adhesion molecule-1, 

TNF- : tumor necrosis factor-  VEGF-A: vascular endothelial growth factor-A 

  

Gene Forward (5'→3') Reverse (5'→3') 

h GPR109A GAAGATGACAGGTGAGCCAGA TGGTTATTTAAGGAGAGGTTGGG 

m ANG-1  CACATAGGGTGCAGCAACCA CGTCGTGTTCTGGAAGAATGA 

m GPR109A GTTACAACTTCAGGTGGCACGAT CTCCACACTAGTGCTTCGGTTATT 

m GPR109A 

for 

genotyping 

TCAGATCTGACTCGTCCACC 

 (WT): 

CCATTGCCCAGGAGTCCGAAC 

 (Gpr109a-/-): 

CCTCTTCGCTATTACGCCAGC 

m ICAM1 TCCGCTGTGCTTTGAGAACT TCCGGAAACGAATACACGGT 

mTNF- CGAGTGACAAGCCTGTAGC AATGAGAAGAGGCTGAGAC   

mVEGF-A CTGTGCAGGCTGCTGTAACG GTTCCCGAAACCCTGAGGGA 

18S CCCGTTGAACCCCATTCGT GCCTCACTAAACCATCCAATCGGTA 
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II.5. Western blotting 

Cell culture plates and retinal tissues were treated with RIPA buffer supplemented 

with protease inhibitor cocktail and phosphatase inhibitor cocktail as per manufacturer 

instructions. Samples were homogenized by sonication or by rotating tissue homogenizer 

on ice. Protein concentration was determined by DC protein assay (Bio-Rad, Hercules, 

CA). To prepare samples under reducing conditions,15-20 ug of protein were mixed with 

Laemmli buffer with  -mercaptoethanol by vertexing then heated for 5 minutes at 95 °C. 

Sample running on sodium dodecyl sulphate (SDS)-PAGE gel (7.5% to 12.5%). The 

running buffer used was tris-glycine SDS (25 mM Tris, 250 mM glycine, 10% SDS, pH 

8.3). Proteins were then transferred to PVDF membrane in cold transfer buffer (national 

diagnostics, Atlanta, GA) (48 mM Tris, 39 mM glycine, 0.4% SDS, 20% methanol, pH 

8.3). All wash buffers and blocking solutions were prepared in tris buffer saline/tween 

(TBST) (0.05 M Tris HCl, 0.15 M NaCl, 0.1% Tween-20, pH 7.4). The membrane was 

blocked for at least 1 hour in 5% non-fat milk solution or 3% bovine serum albumin and 

incubated with appropriate primary antibody at 4C overnight. Membranes were then 

incubated with anti-rabbit or anti-mouse HRP conjugated secondary antibodies diluted in 

respective blocking solution for at least 1 hour at room temperature. Membranes were 

washed with TBST for 10 minutes repeated three times after each antibody incubation. 

Visualizing of protein bands was done by adding 1:1 mixture of chemiluminescence 

substrate and enhancer to the top of a semi-dry membrane for 5minutes followed by 

exposure to autoradiography film in dark room and developing of films by a Kodak 

processor (Kodak Co., Rochester, NY). Visible bands were scanned and densitometric 

quantification of bands was done using ImageJ software (U. S. National Institutes of 
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Health, Bethesda, MD). Western blotting analysis of VEGF-A content in retinal tissues 

was conducted as previously described (Lamoke, F. et al., 2011). Briefly, VEGF-A protein 

levels in the retinal extracts were determined by subjecting equal amounts of retinal protein 

lysates to heparin binding affinity beads followed by VEGF-A extraction from the beads 

by boiling for 20 minutes in Laemmli buffer with -mercaptoethanol. VEGF-A bands at 

19 KDa were prepared using standard western blotting procedures. Primary antibody: 

mouse anti-VEGF-A (1:1000, Abcam, Cambridge, MA).  

II.6. Statistics 

All in vitro experiments were repeated at least two times using independent cell 

preparations with 3 to 6 technical repeats. For animal experiments three to eight animals 

were used per group after power analysis and considering availability. Data are presented 

as mean ± SEM. For comparison of parametric data between two groups, Student’s t-test 

was used. In case of more than two groups, analysis of variance (ANOVA) was used 

followed by Fisher's least significant difference (LSD) post-hoc multiple comparison. For 

experiments with two independent variables, two-way ANOVA was used to determine 

main effects and Fisher's LSD test for multiple comparison. Data processing, and 

normalization were done in Microsoft Excel ® for Microsoft 365 ® (Microsoft Corp., 

Redmond, WA). Curves, charts, bar graphs and statistical inference calculations were done 

in GraphPad Prism 8.3.0 software (GraphPad Software, San Diego, CA). Quantification of 

images was done in ImageJ 1.51j8 (U. S. National Institutes of Health, Bethesda, MD). 
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III. RESULTS 

 

Inflammation, endothelial cell damage and consequent loss of barrier integrity are 

common features of vascular diseases including microvascular complications of diabetes 

such as DR (Zhang, W. et al., 2011). Studies in experimental models and in humans have 

revealed these as major contributing factors in the development and progression of DR 

(Bharadwaj, A. S. et al., 2013). Disruption of BRB caused by diabetic injury to retinal 

blood vessels contributes to the formation of DME which develops at any stage of DR 

(Flaxel, C. J. et al., 2020; Klaassen, I. et al., 2013). DME which manifest as thickening in 

the macula results from the increased leakiness of retinal microvasculature and the 

breakdown of BRB. In severe cases, DME can affect visual acuity and may result in vision 

loss if it involves the central parts of the macula (Flaxel, C. J. et al., 2020; Klaassen, I. et 

al., 2013). My mentor’s prior published work demonstrated the essential role of GPR109A 

expression and activation in maintenance of RPE function as “outer”-blood retinal barrier 

integrity (Martin, P. M. et al., 2014). Her additional collaborative publications have 

demonstrated the importance of GPR109A expression and activation to maintenance of 

barrier function outside of retina (Singh, N. et al., 2014). This is congruent with studies by 

others that demonstrate GPR109A agonists have barrier-preserving effects in several 

different tissues (Braniste, V. et al., 2014; Chen, G. et al., 2018). My current work expands 

upon these studies and evaluates GPR109A expression and function in ECs normally and 

in the context of pathophysiological conditions of the retina (e.g., diabetic retinopathy). 
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III.1. Aim1: To demonstrate the efficacy of GPR109A 

activation by specific agonists against endothelial cell 

damage and barrier disruption in diabetic retina. 

Experimentally, treatment with prolonged release niacin (Niaspan) protected 

against blood- retinal barrier disruption in a murine model of DR (Wang, Y. & Yan, H., 

2016), and protected against BBB breakdown in a model of stroke in diabetic rats (Ye, X. 

et al., 2011). Whether the barrier promoting effects of niacin is mediated by GPR109A 

activation is still unclear. In this chapter, we aimed to demonstrate the role of GPR109A 

expression and activation on the ECs' barrier functions in the retina and the potential 

application of this property in the mouse model of diabetes. We assessed the impact of 

GPR109A receptor inhibition by siRNA and activation with BHB on TEER and the 

expression of tight junction proteins. We also used the STZ-mouse model of diabetes to 

study the effect of treatment with BHB for one month in vivo on diabetic retinopathy. 

 Expression of GPR109A in HREC 

GPR109A receptor is predominantly expressed in adipocytes and innate immune 

cells, including macrophages, monocytes, neutrophils, and microglia (Knowles, H. J. et al., 

2006; Martin, P. M. et al., 2013; Taggart, A. K. et al., 2005). For long time, expression of 

GPR109A within vascular system has been ignored with the focus on expression in other 

cell types (Digby, J. E. et al., 2012; Lukasova, M. et al., 2011). The first report of the 

receptor expression in human vascular ECs appeared after more than 10 years since the 

receptor was deorphanized (Hughes-Large, J. M. et al., 2014). Yet, the specific expression 

of GPR109A in HREC was not explored before. Previously, we showed the expression of 

the receptor in the RPE layer localized to the basolateral membrane(Martin, P. M. et al., 

2009). Expression in other epithelial tissues, including colonic epithelial cells, 
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keratinocytes, mammary epithelial cells was also reported (Elangovan, S. et al., 2014; 

Hanson, J. et al., 2012; Thangaraju, M. et al., 2009). Indeed, anatomical profiling of GPCRs 

in human tissues showed possible association of GPR109A with three discrete tissue/cell-

type clusters:  barrier tissues, adipose tissues and immune cells(Regard, J. B. et al., 2008). 

The former is supported strongly by the human protein atlas project whose website 

describes GPR109A as localized to cell junctions in epithelial cells (Human-Protein-Atlas., 

2020; Thul, P. J. et al., 2017; Uhlen, M. et al., 2015). This is congruent with my mentor's 

previous publication showing localization of the receptor in the basolateral membrane of 

the RPE (Martin, P. M. et al., 2009). Because ECs within the CNS form tight junctions and 

constitute the BBB or BRB, we expected HRECs to express the GPR109A receptor as part 

of barrier-genic expression program. The Human Protein Atlas shows low staining for 

GPR109A with moderate intensity in ECs of the cerebral cortex (Figure 4- in introduction). 

Our current studies sought to confirm the specific expression of GPR109A in primary 

HRECs (Figure 7). To do so, we used two different batches of primary HRECs, each 

subjected to experimentation in triplicate, to confirm the results from different donors. We 

extracted mRNA samples from HRECs and human fetal RPE (hfRPE) cultures (positive 

control) then we passed the samples through gDNA Eliminator columns to exclude 

genomic DNA contamination in the samples. We then prepared cDNA of the mRNA 

samples and run qPCR reaction for amplification of PCR products which were run on gel 

and visualized by ethidium bromide to confirm products size and purity.   
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Figure 7. Expression of GPR109A in outer and inner BRB cells. 

(A) RT-PCR products of GPR109A mRNA extracted from primary cell cultures of HRECs and 

hfRPE and purified to eliminate gDNA. Cells were grown in the complete culture media with normal glucose 

level 5.5 mmol/l. C1 and C2 are two different culture batches of HRECs obtained from Cell Systems. PCR 

Products are visualized using ethidium bromide and observation of agarose gels via UV light. (B) HRECs 

were transfected with either scrambled or GPR109A siRNA for 48 h and mRNA was extracted and purified 

for quantification by real-time qPCR to confirm knockdown (KD). Data are presented as mean ±S.E.M. * p 

< 0.05.   
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 GPR109A expression regulates endothelial barrier properties in-

vitro. 

After confirming the receptor expression in RECs, we questioned the impact of 

GPR109A expression on endothelial barrier function. Previously, we showed that mice 

lacking functional Gpr109a gene (Gpr109a-/-, GPR109A knockout) show increased retinal 

permeability to fluorescein dye in fluorescein angiography (Powell F. L.  et al. unpublished 

data). Furthermore, RPE cells isolated from Gpr109a-/- showed increased permeability to 

FITC dextran in transwell assay as compared to RPE cells from age matched WT mice 

(Powell F. L.  et al. unpublished data). Expression of GPR109A in barrier tissues implies 

a possible role for the receptor in gaining or regulating cells barrier functions (Regard, J. 

B. et al., 2008). To test this hypothesis in ECs, we determined the effect of GPR109A 

knockdown (KD) by RNA interference on barrier resistance to electrical current using 

ECIS technology in HRECs cultures. HRECs were transfected with either scrambled 

siRNA as a control or GPR109A-specific siRNA. To improve the siRNA efficiency and 

decrease off-target effects, we used a pool of four different siRNA sequences targeting 

different regions on GPR109A mRNA. Transfection efficiency was confirmed using GFP 

plasmid transfection and GPR109A KD efficiency was measured on the mRNA level by 

RT-qPCR. After optimizing the transfection protocol, GPR109A KD efficiency reached 

~50% of control after 48 hours at the mRNA level (Figure 7 B). Cells transfected with 

either scrambled or GPR109A siRNA were left to grow to confluency for 72 hours then 

transferred to ECIS plate. TEER measurements were recorded using ECIS machine. 

Resistance was measured using multifrequency measurements (MFT) mode in which 

TEER is measured at 9 different frequencies for each well (0.25 to 64 kHz). After around 

three hours of recording, we could detect significantly decreased TEER measurements with 
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GPR109A KD (8219± 145 ohm) as compared to control (9175± 224 ohm) at 4 kHz (n=3 

independent transfections measured in triplicates, p < 0.01) (Figure 8A). Throughout the 

recording time, GPR109A KD in HRECs maintained lower baseline TEER as compared to 

scrambled control HRECs. 

 In ECIS plates, cells form a monolayer directly attached to the electrode surface 

through the interaction of integrins to basement membrane proteins used to coat the 

electrode surface, e.g., gelatin, fibronectin, and laminins. Then, cells with strong barrier 

functions form cell-cell junctions that limit the paracellular passage of solutes through 

expression of tight junction proteins and other junctional proteins, i.e., adherens junction, 

desmosomes, and gap junctions (Stolwijk, J. A. et al., 2015). Therefore, cells contribute to 

the measured TEER by forming constricted cell-cell junctions and constricted path between 

cells bottom surface and the electrode surface, besides the impedance of current as cell act 

as capacitors and the bulk resistance coming from the culture medium (Robilliard, L. D. et 

al., 2018; Stolwijk, J. A. et al., 2015). Using the MFT mode allows for using the 

mathematical model of Giaever and Keese to calculate the parameters Rb and alpha which 

represents two different components of the measured TEER (Giaever, I. & Keese, C. R., 

1991). Rb represents the resistance to current flow through the intercellular space 

(resistance between cells) and is sensitive to changes in tightness of cell-cell interactions 

while alpha represents the resistance to flow in the tight cleft between the cells and the 

electrode surface and is affected by cell radius, electrolyte composition in the basal side of 

the cell monolayer, and cell-basal matrix interactions (Pulous, F. E. & Petrich, B. G., 2019; 

Stolwijk, J. A. et al., 2015). These two parameters are automatically calculated by ECIS 

Z/θ software using the data generated by MFT mode. In our experiments, analyzing the Rb 
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and alpha parameters revealed that the decrease in TEER of GPR109A KD HRECs was 

mainly due to decrease in Rb parameter but not alpha. After the stabilization of HRECs 

TEER as evidenced by reaching plateau, GPR109A KD cells had statistically significant 

lower calculated Rb values (1.079±0.097 ohm.cm2) than the control (1.778±0.095 

ohm.cm2, p <0.01) and such difference was maintained throughout the experiment (Figure 

8B). Meanwhile, no significant difference in alpha values was detected between GPR109A 

KD and the control HRECs after TEER stabilization (Figure 8C). These results imply that 

GPR109A specific expression had a major impact on HRECs barrier functions through 

disruption of intercellular junctions rather than cell adhesion to basal matrix. 

 Treatment with BHB increases barrier function of HRECs.  

GPR109A has several natural and synthetic agonists with varying affinities and 

activities (Boatman, P. D. et al., 2008). In the retina, we believe the main physiologic 

agonist that activates the receptor on the BRB is the major ketone body BHB (Taggart, A. 

K. et al., 2005). Although butyrate is another documented physiologic agonist for 

GPR109A especially in the colon, where gut microbiota produce butyrate and butyrate 

concentrations are the millimolar (Singh, N. et al., 2014; Thangaraju, M. et al., 2009), its 

plasma levels are very low and rarely reach the required concentration to activate the 

receptor (Martin, P. M. et al., 2013; Sowah, S. A. et al., 2020). Similarly, niacin physiologic 

levels are very low, and it only activates the receptor when given in high doses 

pharmacologically as in the treatment of dyslipidemia (Offermanns, S., 2006). As 

GPR109A specific inhibition decreased HRECs TEER, we asked whether activation of the 

receptor with the physiologic agonist could promote barrier properties of HRECs and 

increase its TEER.  BHB as an agonist of GPR109A has relatively lower affinity to the   
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Figure 8. GPR109A inhibition decreases HRECs barrier by impairing cell-cell tight 

junctions. 

HRECs were transfected at 70% confluency with either scrambled or GPR109A siRNA then 

transferred to ECIS plate after growth and confirmation of KD at 72 h for TEER measurement which started 

immediately after seeding and continued for 8h on MFT mode at 9 different frequencies for each well (0.25 

to 64 kHz). (A) Resistance readings by ECIS at 4kHz in scrambled or GPR109A siRNA transfected HRECs 

(n = 3 independent experiments measured in triplicates). (C&D) Rb & α parameter values, respectively, of 

scrambled or GPR109A siRNA transfected HRECs as calculated by ECIS Z/ software applying 

mathematical model of Giaever and Keese on TEER measurements in MFT mode. Significant decrease was 

detected in Rb values with GPR109A KD, but not in α parameter, after stabilization of TEER measurements. 

Data are presented as mean ±SEM * p < 0.05.  
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receptor -EC50 ~ 750uM- when compared with other pharmacologic agonists 

(Offermanns, S., 2017). However, BHB levels increase in the plasma after fasting or during 

exercise and can reach concentrations up to 6 mM that can fully activate the receptor 

(Stubbs, B. J. et al., 2017). To test the effects of BHB on HRECs TEER, we treated the 

cells at three different concentrations (1,3, and 5 mM) of BHB within physiologic range, 

meaning that the tested concentrations could be reached therapeutically either via ketogenic 

diets or by exogenous supplementation (Stubbs, B. J. et al., 2017). 

BHB has a chiral center and two enantiomers can be synthesized. However, only 

the D isomer is produced in high concentrations physiologically. Therefore, we used the 

purified (D)-BHB as sodium salt (Taggart, A. K. et al., 2005). Changes in sodium 

concentrations, even with few mM increases, are known to affect vascular permeability, 

vascular endothelium stiffness and nitric oxide production in ECs (Oberleithner, H. et al., 

2011; Oberleithner, H. et al., 2007; Rorije, N. M. et al., 2018). Because the salt form of 

BHB contains equimolar amounts of sodium, we used equimolar concentrations of sodium 

chloride treatments as control for sodium content (Taggart, A. K. et al., 2005). BHB as an 

agonist can take several hours to show its full effect (Kim, S. R. et al., 2020; Liu, K. et al., 

2019). So, we continually measured the effects of BHB treatment on HRECs TEER 

overnight. Interestingly, BHB treated cells showed dose dependent increase in TEER 

measurements, normalized to pre-treatment values. The effect reached statistical 

significance after 8 hours of treatment at 3mM and after 5.5 hours with 5 mM treatment 

while the 1 mM treatment showed no significant difference from sodium chloride control 

in normalized TEER (Figure 9A-C). The increase in normalized TEER with 3 and 5mM 

BHB treatment was sustainable, lasting for up to 20 hours. Applying the mathematical 
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model of Giaever and Keese, we found that 1mM treatment caused slight increase in 

normalized Rb parameter that was statistically significant after 3hours of treatment and up 

to 11 hours after treatment (Figure 9D). No significant difference between 1mM treatment 

and control was detected in  parameter (Figure 9G). With 3mM treatment, sodium BHB 

treated cells showed significantly higher Rb parameter values as compared to sodium 

chloride controls. The difference reached statistical significance after 11 hours and 

continued for the duration of treatment (Figure 9E). As for the alpha component, a slight 

increase was detected with the 3mM sodium BHB treatment, but the increase did not reach 

statistical significance (Figure 9H). Similarly, 5 mM treatments showed a significant 

increase in Rb but only a slight increase in alpha that reached statistical significance at few 

time points (Figure 9F-I). Together these data show that BHB treatment increases HRECs 

TEER mainly through increasing cell-cell interaction and to a slight extent through 

affecting cell-matrix interaction at higher concentrations. 

 BHB induces barrier function in HRECs in GPR109A dependent 

manner. 

Mechanistically, the effects of BHB that were observed on HREC barrier function 

could be mediated by several mechanisms including: activation of GPR109A signaling 

cascade, epigenetic modification through class I histone deacetylase (HDAC) inhibition, 

post-translational β-hydroxybutyrylation of histones, indirect metabolic effects on 

mitochondrial respiration, reactive oxygen species production from respiratory complex I 

and/or alterations in NAD+/NADH ratio (Achanta, L. B. & Rae, C. D., 2017; Puchalska, P. 

& Crawford, P. A., 2017). We have shown that GPR109A KD decreased baseline TEER 

in HRECs even in the absence of agonists and, BHB can increase HREC TEER possibly 

by inducing the expression of tight junction proteins. Because it is possible that BHB could   
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Figure 9.BHB treatment induces HRECs barrier mainly through increasing cell-cell 

tight junctions. 

HRECs were seeded on ECIS plate and left until TEER measurement stabilized then treated with 

sodium BHB (1, 3 and 5 mM) and respective sodium chloride to control for the effects of sodium on 

endothelial barrier functions (A-C) TEER readings at 4kHz normalized to pre-treatment values of HRECs 

treated with sodium chloride (controls) or sodium BHB at 1,3,or 5 mM as indicated (n= 6-7 wells for each 

treatment).(D-F) Rb parameter values normalized to pre-treatment values at the indicated concentrations. (G-

I) α parameter normalized to pre-treatment values at the indicated concentrations. Data are presented as mean 

±S.E.M. * p < 0.05, ** p<0.01. *** p<.0.001 as compared to corresponding controls. 
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elicit receptor-dependent as well as receptor-independent effects, we sought to determine 

whether the BHB-induced TEER that we observed in our HREC cultures is dependent upon 

GPR109A expression and activation. To answer this question, we measured the effect of 

5mM treatment of HRECs in both scrambled and GPR109A siRNA transfected cells 

(Figure 11). We have shown before that our optimized transfection protocol was capable 

of knocking down the expression of GPR109A mRNA to 50% of scrambled control after 

48 hours. Therefore, we did not expect that GPR109A KD with RNAi would completely 

abolish BHB effects on HRECs TEER. In our experiment, treatment of HRECs with BHB 

resulted in significant increase in the measured TEER in both GPR109A and scrambled 

siRNA transfected cells (Figure 11A). Meanwhile, the increase in TEER after BHB 

treatment was significantly lower with GPR109A KD as compared to scrambled control 

(Figure 11B). We speculate that GPR109A KD with RNAi left enough expression of the 

receptor to partially mediate BHB effects. The results of this experiment do not exclude 

the possibility that other mechanisms play role in increasing endothelial TEER in response 

to BHB treatment. Afterall, the data confirms that BHB barrier promoting effects in HRECs 

is, at least, partially mediated by GPR109A expression. 

 BHB counteracts VEGF-A induced barrier disruption in 

GPR109A dependent manner. 

VEGF-A is a well-established pathogenic factor in DR and other diseases with a 

significant pathologic neovascular component. Not surprisingly therefore, the most 

successful pharmacological treatment options for DME and PDR at present are anti-VEGF 

therapies (Simo, R. et al., 2014). DME, which can occur at any stage of DR, is believed to 

result from excessive VEGF-A release which impairs the inner BRB and result in leakage 

of fluid and albumin causing edema (Klaassen, I. et al., 2013). VEGF-A causes disruption 
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of inner BRB by impairing endothelial tight junctions and increasing endothelial 

permeability through activation of protein kinase C and phosphorylation of occludin and 

ZO-1 proteins (Antonetti, D. A. et al., 1999; Antonetti, D. A. et al., 1998). These effects of 

VEGF-A on HRECs resistance can be best recorded by ECIS as a highly sensitive 

technique for barrier disruption (Jiao, W. et al., 2019; Ramos, C. J. et al., 2018). As we 

confirmed the barrier promoting effects of BHB on HRECs, we wanted to challenge these 

effects with VEGF-A as a pathologic factor. Based on previous results in Figure 9, BHB 

full effects can be recorded after prolonged time of treatment (in hours). Therefore, HRECs 

were pre-treated with BHB for 24 hours at 1,3,5 mM or corresponding equimolar sodium 

chloride as controls. Then, media was changed, and fresh treatments were added to ensure 

availability of BHB during the treatment with VEGF-A. After media change cells were left 

for settlement for 4 hours to avoid influences of shear stress on TEER measurements. Then, 

VEGF-A was added to a final concentration of 50 ng/ml and TEER measurement was 

recorded at frequency of 4 kHz for 12 hours. Although VEGF-A decreased TEER of 

HRECs in all the wells compared to baseline, BHB pre-treatment at 3 and 5mM but not 

1mM caused HRECs to maintain higher TEER compared to sodium chloride controls after 

VEGF-A treatment (Figure 10A-C). We analyzed the TEER measurements at several 

timepoints after treatment to test for statistical significance using two-way ANOVA and 

we show one timepoint 8hrs after treatment in Figure 10D as an example. Analysis showed 

significant effect of BHB concentration and VEGF-A treatment on HRECs TEER (p<0.001 

for both factors). BHB pre-treatment at 1 mM did not show any significant increase in 

normalized TEER after VEGF-A treatment as compared to 1mM sodium chloride control 

(0.807 ±0.025 vs 0.799± 0.015, p=0.2486). For the treatment at 3 mM level, BHB pre-
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treatment increased normalized TEER values of HRECs against VEGF-A treatment 

(0.883±0.021 vs 0.802±0.025, p=0.0128). At 5mM level of treatment, BHB protective 

effects were more prominent and HRECs normalized TEER after VEGF-A treatment was 

higher as compared to equimolar vehicle control (0.991±0.016 vs 0.889±0.025, p=0.0061). 

To test whether the BHB-protective effects against VEGF-A induced permeability 

are GPR109A dependent, we again used HRECs in which GPR109A expression was 

knocked down using GPR109A siRNA; scrambled siRNA treated cells served as controls. 

Following transfection, cells were transferred to ECIS plate and left to settle and form 

monolayer. After baseline TEER stabilized, we treated the cells with 5 mM of either 

sodium -BHB or sodium chloride for 24 hours, then VEGF-A was added to a final 

concentration of 50 ng/ml (Figure 12). Because our main interest was to study the effects 

of VEGF-A and BHB in presence or absence of the receptor, we employed two-way 

ANOVA for the two siRNA types, i.e. GPR109A-specific, or scrambled siRNA. All the 

TEER measurements were normalized to baseline TEER readings before treatment. Two-

way ANOVA analysis showed, as expected, statistically significant effect of VEGF-A 

(p<0.01 for both conditions) decreasing TEER values of HRECs (Figure 12E-F). While 

control (scrambled siRNA) transfected cells showed statistically significant effect of BHB 

in increasing TEER values (p=0.007), GPR109A KD HRECs did not show statistically 

significant effect of BHB treatment (p=0.2746). This implies a role for GPR109A in 

mediating BHB protective effects against VEGF-A barrier disruption. 

Cell-cell junctions include tight junctions, adherens junctions, and gap junctions. 

Regarding barrier permeability, tight junctions are responsible for sealing the intercellular 

gaps and preventing paracellular passage of molecules (Díaz-Coránguez, M. et al., 2017). 
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The increase in HRECs TEER through enhanced cell-cell interaction may be the result of 

upregulation of tight junction proteins. Our previous studies showed that the expression of 

ZO-1, also known as tight junction protein 1 (TJP-1), is impaired in RPE of Gpr109a-/- 

mice, and retinas of Gpr109a-/- mice show increased fluorescein leakage in fluorescein 

angiography (Powell F. L. et al. unpublished data). We hypothesized that GPR109A 

expression and activation may regulate tight junction proteins expression in ECs. To test 

this hypothesis, we measured the expression of ZO-1 in HRECs after treatment with BHB 

at 3 and 5mM for 24 hours. ZO-1 protein expression significantly increased after treatment 

with 5mM BHB as compared to control (Figure 13A). Moreover, we asked whether ZO-1 

upregulation can mediate the protective effects of BHB on HRECs against VEGF-A 

induced barrier disruption. We treated HRECs with 5mM BHB treatment overnight and, 

after changing the media and adding second BHB dose, we challenged HRECs with 

50ng/ml VEGF-A for 6h. Treatment of HRECs with VEGF-A resulted in decreased 

expression of ZO-1 protein (Ghassemifar, R. et al., 2006), but BHB pre-treatment protected 

against the VEGF-A detrimental effects on ZO-1 expression (Figure 13B).  
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Figure 10. BHB treatment dose dependently counteracts VEGF-A reduction in 

resistance in HRECs.  

HRECs pre-treated with sodium chloride (controls) or sodium BHB for 24hours, then media was 

changed, and a second dose was added. Cells were left to settle for 4 hours then; cells were treated with 

VEGF-A treatment at 50ng/ml or vehicle control. (A-C) TEER reading at 4kHz normalized to pre-treatment 

values at the indicated concentrations with or without 50ng/ml VEGF-A (n= 3-4 wells for each treatment). 

(D) Normalized TEER in the indicated treatment groups after 8hours of VEGF-A at dot vertical lines in (A-

C). Data are presented as mean ±SEM., * p < 0.05, **p<0.01, **** p<0.0001 as compared to VEGF-A 

treatment. NS=non-significant. 
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Figure 11. GPR109A KD decreases BHB-induced endothelial resistance. 

HRECs were transfected with either scrambled or GPR109A siRNA then transferred to ECIS plate 

for TEER measurement. Cells were left to settle overnight and after TEER measurement stabilized cells were 

treated with BHB or sodium chloride control at 5mM (A) Resistance readings at 4kHz normalized to pre-

treatment values of HRECs transfected with scrambled or GPR109A siRNA and treated with 5mM sodium 

chloride or soduim BHB. (B) Relative increase in normalized TEER in(A) after 12hrs treatment of scrambled 

or GPR109A siRNA transfected HRECs with BHB at concentration of 5mM. Data are presented as mean 

±SEM. * p < 0.05.  
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Figure 12. BHB pre-treatment mitigates VEGF-A induced permeability in 

GPR109A dependent manner. 

HRECs transfected with scrambled or GPR109A siRNA then transferred to ECIS plate and pre-

treated with 5mM sodium chloride control or sodium - BHB then treated with 50ng/ml VEGF-A or vehicle 

control (A, D) Normalized TEER at 4kHz of HRECs transfected with scrambled siRNA or GPR109A siRNA, 

respectively, treated as described. (B, E) normalized TEER after 6hrs of VEGF-A treatment in (A, D), 

respectively. (C, F) statistical results of two-way ANOVA tests for data in (B, E), respectively. Date are 

represented as mean ±SEM **** p<0.0001, ** p<0.01, * p < 0.05.  
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Figure 13. BHB treatment upregulates ZO-1 content in HRECs. 

(A) Western blot of ZO-1 in BHB treated HRECs and sodium chloride controls with densitometric 

analysis. (n= 3 independent experiments). (B) Western blot of ZO-1 in HRECs treated with (50ng/ml) VEGF-

A with or without (5mM) BHB treatment with densitometric analysis (n= 3 independent experiments). Data 

are presented as mean ±SEM. ** p<0.01. ***p<.0.001 as compared to corresponding controls.  
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 BHB treatment mitigates impairment of visual acuity and 

reduces inner BRB disruption in the diabetic retina. 

We have shown previously the upregulation of GPR109A in the retina of STZ-

induced diabetic mice, Ins2Akita/+ (Akita) mice, db/db mice and in postmortem retina 

samples obtained from human diabetic donors (Gambhir, D. et al., 2012). In addition, we 

have shown that GPR109A loss is associated with decreased barrier functions in the RPE 

and decreased ZO-1 expression in the retina (Powell F. L.  et al. unpublished data,(Martin, 

P. M. et al., 2014). We have also found that GPR109A loss potentiates inflammatory 

cytokine production and inflammatory cell recruitment in the retina and pre-treatment with 

BHB reduced these effects in the lipopolysaccharide (LPS)-induced uveitis mouse model- 

an acute model of retinal inflammation- (Powell F. L.  et al. unpublished data). We further 

confirmed that BHB anti-inflammatory effects in the LPS-induced uveitis mouse model 

were at least in part GPR109A dependent (Gambhir, D. et al. unpublished data). In the 

study in hand, we found that GPR109A expression and activation in HRECs promoted their 

barrier properties in-vitro. We wondered whether BHB treatment can be effective in 

preventing diabetes induced BRB disruption and if it can be a viable therapeutic 

intervention to prevent DR. The STZ-induced diabetes mouse model is a well-studied and 

characterized model of diabetes, and recapitulate some prominent features of the human 

disease early stages including pericyte loss, inner BRB disruption, RGC degeneration, and 

decline in visual functional assessments (Klaassen, I. et al., 2009; Martin, P. M. et al., 2004; 

Sergeys, J. et al., 2019; Shalaby, L. et al., 2020). Therefore, we used STZ-induced diabetic 

mouse model to test the effectiveness of BHB in mitigating DR in a pre-clinical study. At 

8weeks postnatal, mice were injected with STZ and blood glucose levels were monitored 

weekly to confirm the diabetic status of the mice. Age-matched mice were injected with 
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plain citrate buffer to serve as controls (Ctrl). Diabetes in mice was determined when blood 

glucose levels were > 250 mg/dl. After one-month, diabetic mice were divided into two 

groups of comparable blood glucose levels and weights: the treatment group (DM+BHB) 

received daily IP injections of 700 mg/kg of BHB dissolved in PBS while the control group 

(DM+PBS) received PBS only. Treatments were administered daily for one month. By the 

end of the treatment period, we noticed that the blood glucose level in the DM+BHB group 

was significantly lower than that of DM+PBS group suggesting that BHB treatment 

decreased blood glucose levels (298 ±51.2 vs 435 ±38.1, respectively, p<0.05). Further 

studies of BHB effects on BG in diabetes are required to explore the role of BHB in 

regulating glucose metabolism, insulin release, and food intake (Chen, L. et al., 2015; 

Laeger, T. et al., 2010; Wang, N. et al., 2016).  

To ascertain the impact of BHB on visual function, we evaluated visual acuity using 

optokinetic tracking (OKT) for the three treatment groups: Ctrl, DM+PBS, and DM+BHB. 

Two months of diabetic damage to the retina resulted in significant decrease in the 

threshold of optokinetic reflexes (Figure 14A). However, daily BHB treatment prevented 

this decline in visual function as demonstrated by increased threshold of the BHB treated 

diabetic animals. To gauge whether there were any gross vascular anomalies, we monitored 

vascular leakage in the retinas of diabetic mice using combined fundus and fluorescein 

angiographic imaging for qualitative assessment. Retinas of DM group showed significant 

focal leakages of fluorescein dye, evident as hyperfluorescent patches in several areas 

(asterisks) (Figure 14A). On the contrary, the integrity of retinas of BHB-treated DM mice 

was much improved, showing little to no evidence of leakage consistent with decreased 

inner BRB breakdown/preservation of barrier function. To confirm the qualitative 
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assessment of fluorescein angiography, we monitored albumin extravasation in retinal 

tissues from the three groups (Figure 14C-D). First, we perfused three animals from each 

group with PBS to eliminate intravascular albumin from the measurement. Then, we 

measured albumin levels in the retinas using Western blots. Retinal albumin level in DM 

mice was significantly increased compared to controls however, BHB-treated DM mice 

did not show increases in albumin levels as compared to controls. Together, these data 

show that BHB treatment protected retinas of diabetic mice against diabetes-induced inner 

BRB disruption. 
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Figure 14. BHB treatment mitigates STZ-induced diabetic retinopathy in mice. 

C57Bl/6J mice at 8weeks postnatal were injected with STZ to induce diabetes. Age matched mice 

served as Ctrl. After 4 weeks, diabetic mice received daily IP injections of 700 mg/kg of BHB dissolved in 

PBS (DM+BHB) while the diabetic control group (DM+PBS) received PBS only. Treatments were 

administered daily for 4 weeks. The three groups were then evaluated by OKT, fluorescein angiography and 

measurement of retinal albumin levels by Western blot after whole body perfusion with PBS. (A) Visual 

acuity measurement of control normoglycemic and diabetic mice with IP injection of BHB (700mg/kg) or 

PBS treatment using OKT (n=4-8 mice) (B) Fluorescein angiography from control normoglycemic and 

diabetic mice with IP injection of BHB (700mg/kg) or vehicle (PBS) treatment. (n = 3 mice/group). (C) 

Representative Western blot assessing albumin levels in retinal protein extracts of mice intracardially 

perfused with PBS. (D) Densitometry analysis of albumin expression in C (n = 3 mice/group). Data are 

presented as mean ±SEM **** p<0.0001, ** p<0.01, * p < 0.05 as compared to DM. 
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III.2. Aim2: to explore the role of GPR109A expression in 

retinal physiologic and pathologic angiogenesis. 

As DR progress to late stages and significant loss of both neurons and vascular cells 

(i.e. pericytes and ECs) ensues, tissue hypoxia and ischemic response of retinal tissue 

become unregulated leading to excessive secretion of proangiogenic factors and the 

development of the proliferative phase of DR (Flaxel, C. J. et al., 2020; Le, Y.-Z., 2017). 

PDR is characterized by development of pathological neovascular lesions growing on the 

inner surface of the retina and towards the vitreous (Duh, E., 2008). The developed 

abnormal blood vessels are more prone to leakage, and rupture causing preretinal or 

vitreous hemorrhages which can directly cause vision loss. In addition, the glial tissue 

formed around these pathological lesions contributes to the traction forces and can cause 

retinal detachment which is a second direct cause of blindness in PDR patients (Duh, E., 

2008; Durham, J. T. & Herman, I. M., 2011). 

We have shown the protective effects of GPR109A activation on retinal endothelial 

barrier functions which can contribute to protection from DME in DR patients by 

promoting both outer and inner BRB. We further wondered whether GPR109A activation 

can relate to endothelial angiogenic functions. GPR109A activation with niacin has been 

shown to protect microvascular ECs angiogenic functions in non-neuronal tissue from the 

lipotoxicity associated with obesity (Hughes-Large, J. M. et al., 2014; Pang, D. K. et al., 

2016). On the other hand, niacin was also shown to inhibit ECs migration which may 

suggest anti-angiogenic properties (Pan, L. et al., 2017). Although niacin was shown to 

improve vascular restoration after stroke model in rats (Ye, X. et al., 2011), whether 

GPR109A is involved in this effect is not yet established. Here, we questioned whether 
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GPR109A expression and activation can affect retinal physiologic revascularization and 

pathological neovascularization in DR. Because mouse models of diabetes, such as STZ-

induced diabetes that we used for studying barrier disruption, do not develop pathological 

neovascularization, researchers utilize other models of retinal ischemia to study the process 

of pathological neovascularization (King, A. J. F., 2012). We used the oxygen induced 

retinopathy (OIR) mouse model to answer the question whether GPR109A can impact 

retinal endothelial angiogenic functions in response to hypoxia. The model has the 

advantage of providing details on different phases of pathological neovascularization 

development: vaso-obliteration, neovascular pre-retinal vascular tufts formation, and tufts 

regression along with physiologic revascularization (Kim, C. B. et al., 2016). 

 GPR109A activation in the retinas of mouse pups 

With the OIR model, we paid attention to special consideration of the 

developmental factors and their extrapolation to DR pathology. First, we detected the 

expression of GPR109A mRNA in mouse pups during development to confirm the 

applicability of the model to study GPR109A. Second, during early stages of life, 

nutritional factors can have great effect on the metabolic patterns in the neonates compared 

to adults. During first 2 weeks of mouse pups' life, their food intake is entirely dependent 

on the dam's milk which is high in protein and fat content and relatively low in 

carbohydrate content (Sadowska, J. et al., 2015).  Given the relatively low carbohydrate 

content and high fat and protein, the mouse milk composition makes it ketogenic (Girard, 

J. et al., 1992). Hence, we checked BHB levels in mouse pups at the several time points: 

P7, P14, P17, P21 and P24 (Figure 15A). For P7 pups, amounts of blood samples, obtained 

by intracardial blood withdrawal, were very little to run the BHB assay; therefore, samples 

of each three pups were pooled together giving a final 9 pups represented in three pooled 
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samples. As expected, P7 pups had an elevated ketone levels and BHB levels reached 1.37 

± 0.0047 mM (Figure 15A). We noticed low variability in BHB levels in P7 pups from the 

same litter. Pooling three samples together may have decreased the observed variability. In 

addition, the low variability in BHB levels can be explained by the low activity of the pups 

and being fed at the same time which results in similar concentration patterns in pups of 

the same litter. On the other hand, older pups, P14, P17, and P21 are more active especially 

after eye opening and they start to increase their intake from the regular chow which has 

high carbohydrate content. Therefore, increased variability and slightly lower BHB levels 

were observed at these time points. After weaning, the growing pups depend entirely on 

regular chow and the ketogenic milk is no longer available, which explained the drop in 

BHB levels after weaning to adult level of BHB 0.16 ± 0.0216mM (Figure 15A). Gpr109a-

/- mice are known to have altered BHB metabolism as a result of lack of BHB effects on 

adipose tissue lipolysis (Offermanns, S., 2017). In another experiment, we injected adult 

WT and Gpr109a-/- mice with 300 mg/kg BHB and monitored BHB levels over 30 minutes 

(Figure 15C). We found that Gpr109a-/- mice had higher BHB peak level and area under 

the curve compared to WT mice; however, we could not detect significant difference in 

baseline BHB levels. This result confirmed that Gpr109a-/- adult mice has slower 

distribution and metabolic rate for BHB than WT mice. Hence, we wanted to ensure that 

Gpr109a-/- pups had BHB levels comparable to WT pups. We measured BHB levels in 

both WT and Gpr109a-/- pups at P7, P17 and P24 after weaning (Figure 15B). We could 

only detect higher BHB levels in Gpr109a-/- pups at P7 but not P17 nor P24. 

  



 

 

94 

 

 
Figure 15. Levels of BHB in suckling mouse pups and adult mice injected with 

exogenous BHB. 

(A) Measurement of BHB concentration in WT mouse pups at P7, P14, P17, P21 (before weaning), 

and P24 (weaned) (n= 3 mice/ group, except for P7 n= 9 mice pooled in 3 samples). Data are presented as 

mean ±SEM, * p<0.05 as compared to P24(weaned), # p<0.01 as compared to P7, P14 and P17 (B) 

Comparison between WT and Gpr109a-/- serum level of BHB at P7, P17, P24 (weaned). (n= 3mice/ group, 

except for P7 n= 9 mice pooled in 3 samples). * p < 0.05 WT vs Gpr109a-/-. (C) Comparison of BHB levels 

after exogenous injection of 300mg /kg BHB in adult WT and Gpr109a-/- mice. Data are presented as mean 

±SEM (n=3 mice/ genotype). 
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Figure 16. GPR109a loss increases the rate of superficial vascular plexus growth in 

the mouse retinal vascular development. 

Eyes of WT and Gpr109a -/- pups at P3 and P7 were collected and fixed with 4% PFA overnight 

then, stored in PBS at 4 C until processing. Fixed eyes were dissected under microscope and cornea, lens, 

optic nerve, and sclera with the choroid parts were removed and the neural retina was then stained with 

biotinylated GS Isolectin-B4 and Texas red conjugated avidin D for visualization of blood vessels. Hyaloid 

blood vessels were removed under microscope to avoid interference with imaging of blood vessels in 

superficial plexus. Retinas were cut four radial lines to form flat mounts. (A, C) Representative retinal flat 

mounts of P3 & P7, respectively, WT and Gpr109a -/- pups stained with GS Isolectin-B4 to visualize 

superficial vascular plexus delimited by white dash lines. Scale bar is 1mm. (B, D) Quantification of 

vascularized area inside the dash lines in A &C, respectively, as percentage of total retinal area. Values are 

mean ± SEM (n = 4-6 retinas per group). ** p-value <0.01. 
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Figure 17. Representative retinal flat mounts of P12, P14, P17, and P23 pups of WT 

and Gpr109a-/- grown in ambient air conditions. 

Eyes of WT and Gpr109a-/- pups at P12, P14, P17, and P23 were collected and fixed with 4% PFA 

overnight then, stored in PBS at 4 C until processing. Fixed eyes were dissected under microscope and 

cornea, lens, optic nerve, and sclera with the choroid parts were removed and the neural retina was then 

stained with biotinylated GS Isolectin-B4 and Texas red conjugated avidin D for visualization of blood 

vessels. Hyaloid blood vessels were removed under microscope to avoid interference with imaging of 

superficial blood vessels. Retinas were cut four radial lines to form flat mounts. (A) Representative retinal 

flat mounts of WT Gpr109a-/- pups at P12. (B) Representative retinal flat mounts of WT Gpr109a-/- pups at 

P14. (C) Representative retinal flat mounts of WT Gpr109a-/- pups at P17. (D) Representative retinal flat 

mounts of WT Gpr109a-/- pups at P23. No morphological aberrations were detected at the time points 

indicated. Scale bar is 1 mm.  
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 Impact of Gpr109a loss on physiologic vascular development 

Retinal vascular development in mice has been used as a model to study retinal 

vasculogenesis and with the ease of genetic manipulations in mice, it provides a great 

platform to study impact of genetic manipulations on neovascularization in mouse retinas 

(Stahl, A. et al., 2010). Retinal vascular development in mouse pups starts post-natal and 

the three vascular plexuses of retinal blood vessel forms following a well-studied schedule 

that is characteristic for each species and strain. In our mouse model, we use the C57B/6J 

mice which develop superficial vascular plexus between P0 to P9, deep vascular plexus 

between P8 to P 14, and the intermediate vascular plexus P12 to P17 (Stahl, A. et al., 2010). 

Abnormalities in this pattern of vascular development in genetically manipulated mice or 

with treatments has been a useful tool to study functions of genes and therapeutic potential 

of anti-angiogenic treatments (Dorrell, M. I. et al., 2007; Joyal, J. S. et al., 2016; Madaan, 

A. et al., 2019). To accurately determine age of pups after birth, pregnant dams were 

monitored twice daily after 20 days of setting in mating cage. P0 was defined as the first 

day of detecting pups in the cages. Comparing morphological features of pups to standards 

set by Jackson laboratories was used as confirmation. We collected eyes from WT and 

Gpr109a-/- pups at P3, P7, P12, P14, P17 and P23, then prepared retinal flat mounts and 

stained them with GS Isolectiv-B4 that stains both ECs and activated microglia (Figure 16-

17). At P3, we detected significant increase in the superficial vascularized area in Gpr109a-

/- pups as compared to WT P3 pups (32.26±2.11% vs 21.27±1.55%, respectively, 

p=0.0053) (Figure 16 A, B).  However, by P7, no significant difference in the superficial 

vascularized area was detected between WT and Gpr109a-/- pups (Figure 16 C, D). Figure 

17 shows representative flat mounts of both WT and Gpr109a-/- retinas of pups at P12, P14, 

P17 and P23. No significant changes in the gross morphological features were detected 
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which is consistent with our previous unpublished studies showing normal retinal functions 

at early stages of life in Gpr109a-/- mice (Powell et.al. unpublished results). Further studies 

of the development of deep and intermediate vascular plexuses with confocal microscopy 

are needed. 

 Impact of Gpr109a loss on vaso-obliteration by hyperoxia in OIR 

mouse model 

In the hyperoxia phase of OIR model, the developing superficial vascular plexus of 

P7 pup retina becomes exposed to high levels of oxygens that drastically inhibits pro-

angiogenic signaling and activates vascular regression mechanisms (Scott, A. & Fruttiger, 

M., 2010). The obliterating effect of the hyperoxia is maximal towards the central retina 

where large arteries emerge from the optic nerve head. Only immature capillaries become 

obliterated while large vessels are stabilized and only minimally affected by hyperoxia 

(Scott, A. & Fruttiger, M., 2010). As a result, a central avascular zone, devoid of capillaries, 

starts to grow within the first hours in hyperoxia chamber and maximize by day 2 (P9) 

(Lange, C. et al., 2009). Loss of central capillaries is mainly driven by the increased 

oxidative and nitrative stress, microglial activation, and pro-apoptotic and repulsive 

signaling activation (Rivera, J. C. et al., 2016). To establish whether GPR109A is involved 

in regulation of vaso-obliterative mechanisms of OIR mouse model, we measured the 

percentage of the central vaso-obliterated area as percentage of the whole dissected retinal 

area in both wild type and Gpr109a-/- pups after exposure to hyperoxia (70% ± 2 oxygen) 

for 5 days (P7 to P12) (Figure 18 A, C). We could not detect significant differences between 

wild type and Gpr109a-/- pups with respect to the level of vaso-obliteration (64.32 ± 3.478 

%, n=5 vs 67.95 ± 5.092 %, n=5 respectively, p= 0.57). 
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Figure 18. GPR109a loss increases the rate of revascularization at early stages of 

OIR hypoxic phase. 

Pups of WT and Gpr109a-/- were kept with their nursing mother in oxygen chamber at 70% ± 2 

oxygen starting at P7 and they were returned to ambient air environment at P12. Oxygen levels in the chamber 

were continuously monitored with calibrated oximeter. Pups were sacrificed at P12 and P14 for retina 

collection. Isolated retinas were processed as described above. (A, B) Representative retinal flat mounts of 

OIR pups at P12 and P14, respectively, stained with GS Isolectin-B4 to visualize blood vessels. Avascular 

areas are marked by white dash lines. Scale bar is 1mm (C, D) Quantification of central avascular zone area 

as percentage of total retinal area in A and C, respectively. Values are mean ± SEM (n = 5 retinas per group). 

** p-value<0.01  
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 Loss of Gpr109a increased rate of retinal revascularization at 

early hypoxia of OIR model 

After transition from the hyperoxia chamber to ambient air, the retinal hypoxic 

phase of the OIR mouse model ensues. The central vaso-obliterated areas of the retina 

become hypoxic due to lack of proper capillary blood supply (Smith, L. E. et al., 1994). 

Due to continued retinal development, retinal energy requirements and subsequent oxygen 

demands increase especially at central retina that has the highest density of photoreceptors. 

Although choroidal vasculature is not obliterated in the OIR model, the increased energy 

demands in the inner layers of the retina cannot be met by choroid blood supply and 

eventually central retinal hypoxia becomes evident and drives neovascularization which 

can be either reparative physiologic neovascularization growing within the retinal nerve 

fiber layer or pathologic pre-retinal neovascular tuft growing toward the vitreous (Kim, C. 

B. et al., 2016; Stahl, A. et al., 2010). Hypoxic response of retinal tissue stimulates pro-

angiogenic and pro-inflammatory signals which guides revascularization of the central 

retina (Gerhardt, H., 2008; Kociok, N. et al., 2006; Scott, A. & Fruttiger, M., 2010). Our 

previous studies in adult Gpr109a-/- showed various abnormal vascular features including 

abnormal arteriovenous anastomosis and arteriovenous nicking- both can be signs of 

malfunction in angiogenic organization and guidance. Evaluation of pups with OIR at P14 

revealed congruent behavior. When we evaluated the revascularization of central retinas at 

P14 (early hypoxic response) after 2 days in ambient air, the central avascular area in 

Gpr109a-/- pups decreased more rapidly than in WT pups (67.95% to 42.49 ± 2.017%, n=5, 

vs 64.32% to 58.62 ± 1.583 %, n=5, respectively, p < 0.001) (Figure 18 B, D). Looking 

more closely on the angiogenic front, Gpr109a-/- pups with OIR showed more angiogenic 

sprouts and tip cells density at P14 compared to WT especially around the venous side of 
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the vascular tree (Figure 19 A, B). While the growing revascularization network in the 

retinas of WT OIR pups at P14 were confined in the superficial vascular layer in the 

vascular front between the central avascular zone and the regrowing vascular tree, 

Gpr109a-/- pups retinas showed multilayer growing network at the vascular front which 

reflects the disorientation of the growing vascular tree with GPR109A loss (Figure 19A). 

To understand the molecular signaling behind the abnormal behavior of ECs in 

Gpr109a-/- OIR retinas at P14, we measured the relative expression of pro-angiogenic, and 

pro-inflammatory molecules as compared to WT retinas. At this early stage of hypoxia, we 

detected significantly increased mRNA expression of TNF- in Gpr109a-/- OIR retinas 

(Figure 22 A). Meanwhile, significant upregulation of ANG-1, but not VEGF-A, was also 

detected in Gpr109a-/- retinas at P14 (Figure 23 B). In vitro, TNF- was shown to 

upregulate the expression of ANG-1 and its receptor Tie-2 (Hangai, M. et al., 2006; 

Willam, C. et al., 2000). ANG-1 is an important proangiogenic molecule that act 

synergistically with VEGF-A to promote vascular growth and stabilization of newly 

formed vessels (Cabral, T. et al., 2017). Moreover, ANG-1 was shown to promote vascular 

density and vessel sprouting in OIR mouse model, as well as regulate angiogenic sprout 

guidance (Lee, J. et al., 2013). Hence, we can explain the increased revascularization with 

impaired guidance in the Gpr109a-/- retinas by the dysregulated ANG-1 signaling as a 

result of upregulated pro-inflammatory signaling through TNF-.  

We observed similar behavior of HRECs with in-vitro assay of angiogenesis after 

GPR109A KD (Figure 19 C, D). We used the Matrigel tube formation assay to see the 

impact of GPR109A KD on angiogenic functions in HRECs and found that HRECs, with 

VEGF-A treatment at 50 ng/ml, form a more complex tube network on Matrigel when 
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GPR109A is knocked down as compared to control (scrambled siRNA) transfected 

HRECs. The tube network of GPR109A KD showed significantly more branching and 

increased number of junctions which reflects the higher tendency of HRECs with inhibited 

GPR109A expression to form budding and branching vessels. 

 GPR109a loss increased proliferative neovascular tufts formation 

and decreased physiologic revascularization at later hypoxia. 

The main feature of the OIR mouse model that closely resemble human DR 

pathological neovascularization is the formation of preretinal tufts growing towards the 

vitreous (Malek, G. et al., 2018). The formation of pre-retinal neovascular tufts in OIR 

model starts around 48 hours after the transition of pups from the hyperoxia chamber to 

the relative hypoxia (Stahl, A. et al., 2010). Neovascular tufts grow gradually and increase 

in number and severity and peak at P17 (Kim, C. B. et al., 2016). We found small 

neovascular tufts -neovascular buds- were already evident in Gpr109a-/- pups with OIR at 

P14 in contrast with WT pups which rarely showed neovascular buds (Figure 19A yellow 

arrows). In the OIR model, macrophage influx and polarization play a major role in the 

pathological neovascular tufts formation and increased macrophages influx in the hypoxic 

retina starts early and peaks after 4-6 days in the hypoxia phase (Davies, M. H. et al., 2006; 

Zhou, Y. et al., 2015; Zhu, Y. et al., 2017). The increased neovascular buds formed at P14 

in Gpr109a-/- retinas suggested increased inflammatory response in the retinas at this early 

stage of hypoxia. 
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Figure 19. GPR109A expression regulates tip cell formation and vascular tree 

branching. 

(A) Representative retinal flat mounts of OIR pups at P14 stained with GS Isolectin-B4 to visualize 

blood vessels, growing pre-retinal tufts (green arrows) and tip cells with extended filopodia (white triangles). 

Images were taken at the growing vascular front. Scale bar is 200 m. (B) Counting number of tip cells per 

field. Data points represent average of 5-8 images were taken per retina. (C) Image of tube formation assay 

in Scr and GPR109A siRNA transfected HRECs treated with 50ng/ml VEGF-A. Scale bar is 150 m (D) 

Analysis of images of tube formation assay in C using ImagJ software with angiogenesis analyzer 

(Carpentier, G., 2012). Average of 4 images per well were used for the analysis (n=3 wells/ treatment. 

Representative of two independent experiments with similar results. Values are mean ± SEM.**** p-

value<0.0001.*** p-value<0.001.** p-value<0.01.* p-value<0.05). Scr: Scrambled, Nb Jx: number of 

junctions, Tot. mesh. A: total meshes area, Tot. seg. L: total segment length, Bra. Inter: branching interval. 
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As we evaluated the OIR pathological features at later stages of hypoxia, we found 

that the retinas of P17 Gpr109a-/- OIR retinas showed more neovascular tufts than age 

matched OIR WT retinas as measured by the area covered by neovascular tufts relative to 

whole retinal area (18.12 ± 2.013%, n=6 % vs 10.36 ± 1.258, n=6 % respectively, p < 0.01) 

(Figure 21 A, B). On the other hand, no significant difference in the avascular area was 

detected between Gpr109a-/- and WT pups at P17 (29.88 ± 2.04 %, n=6 vs 29.88 ± 4.261%, 

n=6, p = 0.999) (Figure 20 A, B). Given the lower avascular area in Gpr109a-/- OIR retinas 

at P14, the lack of difference in the avascular area of P17 retinas implies that GPR109A 

loss, which lead to initial higher rate of revascularization between P12 and P14, had 

opposite effect on the revascularization rate at later hypoxia between P14 and P17. This 

decreased rate of physiologic revascularization was accompanied by an increased rate of 

pathological neovascular tufts formation (Figure 21). 

Expression of VEGF-A increases dramatically within the first 12 hours after the 

onset the hypoxic phase in OIR mouse model and this increase continues for several days 

into the proliferative phase and decrease gradually to the baseline during the regression 

phase of OIR (Pierce, E. A. et al., 1995). We measured the expression of both VEGF-A 

mRNA and protein in WT and Gpr109a-/- retinas and found significant increase in the 

mRNA expression at P17. We could also detect trends toward increased VEGF-165 protein 

expression in Gpr109a-/- retinas of OIR pups at P14 and P17 but results from limited 

number of samples did not reach statistical significance. These results suggest that the 

increased rate of neovascular tufts formation at P17 can be partially explained by increased 

expression of VEGF-A in Gpr109a-/- retinas as compared to WT. While Müller cells are 

known to be a major source of VEGF-A in the inner retina in the OIR model (Le, Y.-Z., 
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2017; Pierce, E. A. et al., 1995), we speculate that the increased VEGF-A mRNA 

expression in Gpr109a-/- OIR retinas comes from the increased macrophage influx and glial 

activation that peaks at later stages of OIR hypoxia phase. Similar to our findings at P14, 

both the expression of TNF- and ANG-1 were upregulated more in Gpr109a-/- OIR retinas 

at P17 compared to WT (Figure 22 A, Figure 23 B, respectively). This dysregulated pro-

inflammatory and pro-angiogenic signaling in Gpr109a-/- OIR retinas may have 

contributed to more pathological neovascularization and decreased physiological 

revascularization. To determine the impact of GPR109A expression in endothelial cell 

angiogenic functions in vitro, we performed the MTT proliferation assay on both primary 

mouse BECs and on HRECs (Figure 21 E, F). For mouse BECs, we isolated primary ECs 

from 4 pooled mouse brains of either WT or Gpr109a-/- at P17 using the endothelial specific 

marker CD31 antibody and secondary magnetic beads as indicated in the methods section, 

Then, we cultured the cells for two weeks before performing the proliferation assay. In this 

assay, we seeded 4x103 cells in each well of 96 well plates and left them to grow for 72 

hours after subculture. Then, we performed the MTT assay as a measure of viable cells in 

each well. We found that Gpr109a-/- BECs showed around ten percent increase in 

proliferation compared to WT cells. Similarly, when we performed the assay with HRECs 

transfected with either scrambled or GPR109A siRNA, GPR109A KD resulted in around 

eight percent increase in proliferation of HRECs after 72 hours of growth after transfection. 

Together, these results show that GPR109A expression in ECs may regulate their 

proliferative functions. However, the role of GPR109A in regulation of differentiation, 

sprouting, and inflammatory response seem to be of more significance (Figure 19 C, D). 
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Figure 20. GPR109a loss decreases rate of revascularization at late stages of OIR 

hypoxic phase. 

Pups, exposed to high oxygen as described above in OIR model, were sacrificed at P17 and P23 for 

retina collection. Isolated retinas were stained against GS Isolectin-B4 to visualize blood vessels. (A, C) 

Representative retinal flat mounts of OIR pups at P17 and P23, respectively, stained with GS Isolectin-B4. 

Avascular areas are marked by white dash lines. Scale bar is 1mm (B, D) Quantification of central avascular 

zone area as percentage of total retinal area in A and C, respectively. Values are mean ± SEM (n = 4-6 retinas 

per group). ** p-value<0.01  

  

 

 

 

             

 

 

       

       



 

 

107 

 

 

Figure 21. GPR109a loss exacerbates pathological neovascularization and delays 

recovery phase of OIR. 

(A, C) Representative retinal flat mounts of OIR pups at P17 and P23, respectively, stained with GS 

Isolectin-B4 to visualize blood vessels. Neovascular areas are colored yellow. Scale bar is 1mm (B, D) 

Quantification of area of neovascular tufts and abnormal vasculature as percentage of total retinal area in A 

and C, respectively. Values are mean ± SEM (n = 5 retinas per group, **p <0.01).  (E) MTT proliferation 

assay of primary mBECs grown for 72 hrs after seeding of 4x103 /well of 96 well plate (n= 4 mice/ group). 

(F) MTT proliferation assay of HRECs transfected with Gpr109A siRNA or scrambled siRNA and grown 

for 72hrs after seeding at 4x103 /well of 96 well plate (n= 8 wells/ group). (G) Expression of GPR109A in 

WT retina in OIR model at p12, 14, 17, and 23 (n=3 mice of each genotype at each time point) * p-value<0.05. 
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 GPR109a depletion delayed pathologic neovascularization 

regression.  

After reaching peak pathologic neovascularization at P17, the OIR models begins 

the regression phase in which preretinal neovascular tufts regress and disappear gradually 

between P17 up to P25 (Kim, C. B. et al., 2016). During this phase, revascularization of 

the central area continues to form the three vascular plexuses that feed inner layers of the 

retina (Stahl, A. et al., 2010). The regression phase was shown to involve complex 

interaction between macrophages and ECs that results in decreasing inflammation and 

promotion of tissue repair mechanisms. Resolution of neovascular tufts was shown to 

involve activation of apoptosis and phagocytosis of cellular debris by macrophages. 

Different subpopulations of macrophages were found to have different roles in the 

development and regression of OIR pathology. Mainly, M1 polarized macrophages were 

found to predominate the OIR retina at the first 72 hours after return to normoxia (Zhu, Y. 

et al., 2017). M1 polarized macrophages interact with vascular sprouts and tip cells to 

provide guidance at the edges of the avascular zone. In contrast, M2 polarization was found 

to predominate at the later stages of hypoxia and promote cell fusion and vascular 

anastomosis (Zhu, Y. et al., 2017). To evaluate the impact of GPR109A loss on the 

regression phase of OIR, we examined the retinal flat mounts of WT and Gpr109a-/- OIR 

pups at P23. Consistent with our observation at P17, Gpr109a-/- OIR retinas showed larger 

areas of neovascular tufts (6.973 ± 1.345%, n=5) as compared to WT (1.171 ± 0.3745%, 

n=4, p <0.01) (Figure 21B). Moreover, more avascular areas were noticed in Gpr109a-/- 

retinas (9.114 ± 1.18%, n=5 vs 2.005 ± 0.53%, n=4, p <0.01) (Figure 20 B). Together, these 

results show that GPR109A loss, not only slowed down the physiologic revascularization 

of central avascular zone, but also impaired the resolution of neovascular tufts. 
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Intriguingly, we found that expression of GPR109A in OIR retinas increased significantly 

at P23 of the WT OIR retinas which implies a potential role of the receptor in promoting 

reparative mechanisms and neovascular tufts regression (Figure 21 G). 
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Figure 22. GPR109A regulates inflammatory signaling response in OIR mouse 

model. 

  
Pups, exposed to high oxygen as described above in OIR model, were sacrificed at P17 and P23 for 

retina collection. Isolated retinas were lysed and homogenized for mRNA extraction in Trizol reagent and 

purification. Expression of indicated gene was measured after preparation of cDNA using real time qPCR. 

Loading control for mRNA was 18S and fold change calculation proceeded using Ct method.  (A-B) 

Expression of pro-inflammatory genes by RT-qPCR for TNF- and ICAM-1, respectively, in retinas of WT 

and Gpr109a-/- OIR pups at P14 and P17.  Values are mean ± SEM (n = 3 mice per group; *** p<0.001, 

*p<0.05).   
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Figure 23. GPR109A regulates pro-angiogenic response in OIR mouse model. 

Pups, exposed to high oxygen as described above in OIR model, were sacrificed at P14 and P17 for 

retina collection. Isolated retinas were lysed and homogenized for mRNA or protein extraction and 

purification.  (A, B) Expression of pro-angiogenic genes by RT-qPCR for VEGF-A & ANG-1 mRNA, 

respectively, in retinas of WT and Gpr109a-/- OIR pups at P14 and P17. Loading control for mRNA was 18S 

and fold change calculation proceeded using Ct method. (C) Expression of VEGF-A 165 protein in WT 

and Gpr109a-/- OIR retinas at P14 and P17 using heparin beads pull down method. Of each sample, 50 g of 

protein was incubated with heparin beads overnight to ensure VEGF-A 165 binding. Heparin beads were 

washed then denatured by boiling in Lamelli buffer with SDS for 20 minutes and protein samples were 

analyzed using Western blots (D) Densitometry analysis of VEGF-A 165 bands in C. Values are mean ± 

SEM (n = 3 mice per group, *** p<0.001, *p<0.05).  
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IV. DISCUSSION 

The focus of the study in hand is to describe in detail the functions of the GPR109A 

receptor expression and activation in the endothelial cells of the retinal vasculature as an 

important player in the pathogenesis of diabetic retinopathy. We have confirmed the 

expression of GPR109A in primary HRECs and showed the effects of GPR109A loss on 

barrier function of the endothelial cells. The functions of GPR109A were also shown to 

contribute to the ketone body BHB desirable effects in the retina of STZ diabetic mouse 

model: anti-inflammatory and barrier protecting. In addition, the receptor expression was 

shown to have inhibitory effects on pathologic angiogenesis while promoting vascular 

healing after ischemic injury. Collectively, the results of the study show promising benefits 

of GPR109A targeting in the prevention of diabetic retinopathy progression. 

IV.1. GPR109A is a potential target to prevent BRB disruption 

and DME in DR. 

 Role of BRB in DR progression 

Damage of endothelial cells in DR is a progressive process that starts to ensue with 

the early stages of diabetes and continues rampantly towards the late stages (Durham, J. T. 

& Herman, I. M., 2011). In addition to vascular damage, DR involves significant neuronal 

damage that starts early in the disease process. The resultant neurodegeneration also feed 

into the progressive demise of the neurovascular unit (Gardner, T. W. & Davila, J. R., 

2017). Hyperglycemia induces several biochemical changes to the retinal tissues that 

results in excessive oxidative and nitrative stress that cause damages to both the neuronal 

and vascular cells in the retina (Giacco, F. & Brownlee, M., 2010; Lamoke, F. et al., 2015). 

Among the earliest changes noticed in vascular tissues is the increased pericyte loss, 



 

 

113 

 

thickening of basement membrane, and increased capillary permeability (Durham, J. T. & 

Herman, I. M., 2011). Retinal endothelial cells are central components in the neurovascular 

units and their ability to form tight junctions is constitutive to the development of the BRB 

(Díaz-Coránguez, M. et al., 2017). In DR, activation of pro-inflammatory cascade and 

excessive VEGF-A release leads to the breakdown of BRB through several mechanisms. 

VEGF-A was shown to activate protein kinase C which phosphorylates occludin, ZO-1 and 

other tight junction components leading to their redistribution and proteasomal degradation 

(Antonetti, D. A. et al., 1999; Klaassen, I. et al., 2009). In addition, VEGF-A and other 

cytokines induce the expression of adhesion molecules such as ICAM-1 which increase the 

adhesion of leukocytes to capillary walls -leukostasis (Lu, M. et al., 1999; Miyamoto, K. 

et al., 2000; Thichanpiang, P. et al., 2014). Adherent inflammatory cells cause direct 

damages to endothelial cells through occluding capillaries and further release of 

proinflammatory cytokines including TNF-α, interleukin-6, and interleukin-1β (Durham, 

J. T. & Herman, I. M., 2011). As a result, increased vascular permeability and leakage of 

plasma components into the neuronal microenvironment cause more damage to neuronal 

cells and activation of glial cells. Eventually, neuroinflammation adds more stress on the 

endothelial cells through induction growth factors release and loss of pro-barrier factors 

leading to even more BRB disruption and increased leakage. When the vicious circle of 

neurovascular damage extends to larger parts of the retina, significant albumin leakage and 

fluid accumulation result and manifest as DME. 

 GPR109A potential as anti-inflammatory and barrier promoting 

therapeutic target in DR. 

Given the significant role played by inflammation and BRB disruption in 

promoting the neurovascular damage in DR, anti-inflammatory treatments, such as 
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steroids, have been used to curb the proinflammatory signaling associated with DR 

(Felinski, E. A. & Antonetti, D. A., 2005; Flaxel, C. J. et al., 2020). In this study, we have 

shown that GPR109A expression and activation promote retina endothelial barrier 

properties in a mechanism involving upregulation of ZO-1 expression (Figure 13). We used 

ECIS technology to monitor the effects of GPR109A inhibition by RNA interference on 

retinal endothelial cells. After achieving around 50% knockdown of GPR109A at the 

mRNA level, HRECs showed significantly decreased basal resistance (Figure 8). We 

benefited from the advanced abilities of ECIS technology to further identify the resistance 

component responsible for the observed difference. ECIS software applies the 

mathematical modelling of ECIS resistance measurements to provide analysis of the 

different components of the cell monolayer resistance (Giaever, I. & Keese, C. R., 1991). 

In this model, cells in the monolayer are considered as discs of certain diameter and 

thickness and form a constricted path to electrical current between the cells and each other 

and another path between cells lower surface and the electrode surface. Resistance in the 

constricted path between the cells is represented by the parameter Rb which is measured 

in ohm*cm2. Resistance in the constricted path beneath the cells is represented by the 

parameter  which is measured in the square root of Rb units (ohm1/2*cm). The third 

parameter measured by the model is cell membrane capacitance (Cm) which is mostly 

affected by cell dimensions and other characteristics of the cell line used in the 

experiments. 

In our experiments, only Rb -but not  nor Cm- decreased significantly to 55% of 

the control values after GPR109A knockdown, which implies a defect in the intercellular 

junctions (Figure8B). These results suggest that GPR109A may be required for assembly 
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and/or maintenance of tight junctions. In fact, GPR109A is coupled to Gi-protein which 

was shown to be directly involved in tight junction biogenesis and maintenance (Denker, 

B. M. et al., 1996; Saha, C. et al., 1998). Specifically, Gi2 subunit was found to localize 

at TJs and immunoprecipitated with ZO-1 (Saha, C. et al., 1998). Concordantly, human 

protein atlas also shows that GPR109A is mainly localized to cellular junctions (Human-

Protein-Atlas., 2020). In the retinal tissues, Dr. Martin et al showed the localization of 

GPR109A in the basolateral membrane of RPE (Martin, P. M. et al., 2009). Other authors 

have also shown significant localization of GPR109A on the cell junctions in RPE and 

other epithelial cells (Li, G. et al., 2010; Yu, A. L. et al., 2014). Moreover, our previous 

unpublished experiments showed that ZO-1 expression in RPE of Gpr109a-/- mouse was 

decreased and disrupted in vivo and RPE  primary cultures showed increased permeability 

(Martin, P. M. et al., 2014). The study in hand has extended these observations from RPE, 

as representing the outer BRB, to HRECs, as representing inner BRB. However, the exact 

molecular mechanism involved in endothelial barrier disruption with GPR109A loss needs 

to be further investigated. 

The fact that impaired expression of GPR109A is associated by disrupted barrier 

functions in epithelial or endothelial cells is not confined to the retina. In fact, colon 

epithelial cells of Gpr109a-/- mouse also showed exaggerated decrease in claudin-3 

expression in response to pro-inflammatory insult which led to increased permeability 

(Singh, N. et al., 2014). The role of GPR109A expression in regulation of tight junctions 

and barrier properties in epithelial tissues has been predicted by work of Regard et al who 

used the anatomical distribution of GPCRs expression to discover unconventional 

functions of GPCRs (Regard, J. B. et al., 2008). Using traditional clustering analysis, 
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GPR109A was placed in the adipose cluster where many metabolite sensing receptors are 

strongly expressed. However, when Regard et al. used expression correlation clustering 

matrix, GPR109A was clustered with the adipose GPCRs off-diagonally which led them 

to explore more off-diagonal clusters. Other off-diagonal clusters revealed that GPR109A 

can also be related to the immune cluster, which was expected given the anti-inflammatory 

actions of GPR109A activation (Digby, J. E. et al., 2012). Much to their surprise, 

GPR109A was also found off-diagonally within the "barrier cluster"(Regard, J. B. et al., 

2008). Several barrier forming tissues have been shown to express GPR109A including 

RPE, colon epithelial cells, keratinocytes, mammary epithelial cells, and, as shown in our 

study and by others, vascular ECs (Graff, E. C. et al., 2016). 

Not only GPR109A, but also, other metabolite sensing GPCRs has been associated 

with barrier functions in epithelial or endothelial tissues. For example, the lactate receptor 

GPR81, another member of the HCARs family, was also shown to be associated with 

endothelial barrier functions in the BBB (Boitsova, E. B. et al., 2018). In addition, Gpr81-

/- mice showed impaired expression of barrierogenic signaling in the retina, implying a role 

in regulation of barrier functions (Madaan, A. et al., 2019). Similarly, activation of free 

fatty acid receptor 1 (GPR40) was also found to improve colon epithelial tight junction 

expression in a mouse model of colitis (Miyamoto, J. et al., 2015). Establishing a role for 

GPR109A, as a metabolite sensing receptor, in regulation of barrier functions is a new 

aspect of the crosstalk between metabolic and barrierogenic pathways that will help us 

understand the role played by different metabolites in metabolic diseases that involve 

barrier disruption such as DR. 
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Because GPR109A is known to be activated endogenously by the major ketone 

body in humans, HB, we tested the effects of  on barrier functions both in vitro, 

HRECs, and in vivo, STZ-induced diabetic mouse model.  has moderate affinity to 

GPR109A and its estimated EC50 is ~ 700 M (Taggart, A. K. et al., 2005). Compared to 

other pharmacological agonists of GPR109A, BHB has particularly lower affinity to the 

receptor which allows for a dynamic responsive range around the physiological 

concentrations in humans. Normally in adults,  has very low concentrations below 0.1 

mM. These concentrations are not enough to stimulate GPR109A (Offermanns, S., 2017). 

With prolonged fasting or ketogenic diets,  levels can increase up to 5 mM (Owen, O. 

E. et al., 1969; Van Delft, R. et al., 2010). Therefore, GPR109A metabolite sensing 

functions can only be activated when  levels correspond with physiologic or 

nutritional ketosis.  

In our experiments with HRECs, we used treatment concentrations that reflects the 

physiological concentration range i.e., 1mM, 3mM and 5mM. At these concentrations, 

effects of  treatment on HRECs barrier functions could be detected on ECIS 

recordings (Figure 9). While the lower range of concentration (1mM) only showed 

minimal changes in Rb parameter that did not last for long time, higher concentrations (3 

and 5mM) showed significantly increased resistance and Rb parameter values (Figure 9A-

C). The increase in HRECs barrier with  treatment developed within few hours of 

treatment and lasted as long as the treatment continued. This pattern in response to 

 treatment suggest a time dependent signaling cascade that result in accumulation of 

barrier promoting factors. In our previous studies, ZO-1 expression in RPE was affected 

by GPR109A loss in Gpr109a-/- mice (Powell et.al. unpublished data). Congruent with 
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these results in RPE, we found that 24 hours activation of GPR109A with  at 5mM 

lead to significant increase in ZO-1 protein expression in HRECs (Figure 13). Interestingly, 

while GPR109A knockdown decreased the ability of  to increase HRECs resistance, 

it did not completely abolish  effects, implying that other mechanisms may also be 

involved especially at the higher levels of treatment (Figure 11). An alternative explanation 

might be the incomplete knockdown of GPR109A with RNA interference may have left 

residual expression of GPR109A to partially mediate effects. It is of noteworthy that 

a statistically significant increase in the  parameter with the treatment of HRECs at 5mM 

of  was detected in a few time points while a trend toward increase was evident in 

other time points (Figure 9). This trend might reflect another mechanism by which  at 

higher concentrations increase resistance through affecting cell-matrix interactions. 

Together, these results suggested that  barrier promoting effects on HRECs were, at 

least partially, dependent on its activity on GPR109A and associated with increased ZO-1 

content. 

In fact, GPR109A is not the sole target of HB; on the contrary,  has been 

shown to play significant role in other mechanisms in the cells.  is known to inhibit 

histone deacetylases, and this effect was associated with suppression of oxidative stress 

(Shimazu, T. et al., 2013). Furthermore,  was shown to induce antioxidant 

mechanisms in HMVECs through upregulation of nuclear factor erythroid 2-related factor 

2 (Nrf-2) and heme oxygenase-1 (HO-1) (Meroni, E. et al., 2018).. Moreover,  can 

also improve antioxidant mechanism in ECs by providing energy and sparing glucose from 

undergoing glycolytic pathway and shifting glucose metabolism towards the pentose-

phosphate pathway which replenishes cellular NADPH stores, which are used for recycling 
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of glutathione and other antioxidant molecules (Wood, T. R. et al., 2018). The role of 

oxidative stress in impairment of endothelial tight junctions has been established for 

decades (Rao, R., 2008). Hence, antioxidant mechanisms induced by  can inhibit the 

oxidative stress-induced tight junction disruption and promote barrier properties in ECs. 

In our experiments, not only did  treatment increase HRECs barrier resistance 

at baseline, but also it mitigated VEGF-induced barrier disruption dose dependently 

(Figure 10). VEGF-A is a crucial factor in the development of vascular diseases in the 

retina such as DR. In early stages, VEGF-A is released from Müller glial cells as a 

neurotrophic factor that promote neuronal and vascular survival in early stages of DR (Le, 

Y.-Z., 2017). However, upon progression of DR and with extended damage to retinal 

vasculature, excessive VEGF-A release is responsible for the BRB breakdown and the 

pathologic neovascularization (Penn, J. S. et al., 2008; Simo, R. et al., 2014). Therefore, 

anti-VEGF therapy is currently the mainstay pharmaceutical treatment to DR and other 

retinal vascular disease (Flaxel, C. J. et al., 2020). However, given the neurotrophic 

properties of VEGF, concerns about anti-VEGF effects on neurodegeneration has raised 

questions about possible adverse effects (Cheung, N. et al., 2014). HB, while being 

neuroprotective as evidenced in many studies (Cheng, B. et al., 2009; Fu, S. P. et al., 2014; 

Offermanns, S. & Schwaninger, M., 2015; Puchowicz, M. A. et al., 2008; Thaler, S. et al., 

2010; Wood, T. R. et al., 2018), can also promote BRB through enhancing endothelial 

barrier functions. In our experiments,  counteracted VEGF-induced barrier disruption 

in HRECs, an effect that was dependent on GPR109A (Figure 12). Moreover, in the STZ- 

induced DR mice, HB treatment decreased the diabetic induced retinal hyperpermeability 

as evidenced in fluorescein angiography and albumin content in the retinas (Figure 14). 
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Together, these results provide new evidence of vascular protective role of  in the 

diabetic retina through activation of GPR109A. 

The exact mechanism by which  counteracted VEGF-A induced-barrier 

breakdown is not clearly understood. On the ECs, pretreatment increased ZO-1 

protein expression even after treatment with VEGF-A (Figure 13). VEGF-A is known to 

induce endothelial barrier breakdown by several mechanisms that include increased 

phosphorylation, disassembly, and degradation of tight junction proteins (Antonetti, D. A. 

et al., 1999). Whether effects reflect a mechanism in which ZO-1 expression increases 

to counteract VEGF-A effects independently or  activates pathways that inhibit 

VEGF-A signaling cascades that degrade tight junction proteins is yet to be investigated. 

We have shown that  treatment increases HRECs barrier resistance, at least partially, 

through GPR109A activation (Figure 11). Our previous studies have also shown that 

GPR109 inhibits nuclear factor kappa B (NF-B) activation in in RPE cells (Gambhir, D. 

et al., 2012). NF-B activation by inflammatory mediators such as TNF- or IL-1 has 

been shown to play a role in disrupting tight junctions and decreasing ZO-1, and claudin-

5 expression in endothelial or epithelial cells (Aveleira, C. A. et al., 2010; Jacob, A. et al., 

2011; Ma, T. Y. et al., 2004). Although VEGF-A was shown to activate NF-B (Grosjean, 

J. et al., 2006), the exact role of this activation in mediating VEGF-A induced tight junction 

breakdown is not yet investigated (Simons, M. et al., 2016). We postulate that GPR109A 

may interfere with VEGF-A signaling that disrupt tight junctions and barrier integrity in 

endothelial cells through inhibition of NF-B, a mechanism that requires further 

investigations. 
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In our preclinical trial on STZ-induced diabetic mice,  treatment, which was 

started after one month of DM and continued for another month, managed to reduce 

diabetes induced retinal pathology as evidenced by visual acuity measurement using OKT, 

fluorescein angiography, and decreased albumin content (Figure 14). These results 

corroborate our previous unpublished results that have shown that  treatment 

decreased retinal inflammation in LPS-induced model of acute retinal inflammation 

(Powell et.al. unpublished data).  decreased expression of inflammatory cytokines 

such as IL-1  and chemokines such as CCL-2.  also decreased the expression of 

ICAM-1, and recruitment and adherence of leukocytes on retinal blood vessels in 

leukostasis assay of LPS-induced uveitis. Moreover, fluorescence-activated cell sorting 

(FACS) analysis has also shown that  decreased the proinflammatory immune cells 

(CD1b+/ GR*1+) population in the retina (Powell et.al. unpublished data). The effects of 

 were GPR109A dependent as Gpr109a-/- mice treated in the same way did not show 

decrease in immune cell infiltration with  treatment. In the study in hand, we used the 

STZ-induced diabetic model as a model of chronic inflammation to evaluate the effects of 

 treatment in context of DM. decreased albumin and fluorescein leakage in the 

diabetic retinas (Figure 14B) which supports our finding that  improves REC barrier 

properties and protects from VEGF-A induced barrier disruption. Furthermore, 

 improved visual acuity in diabetic mice, which can be attributed to several 

mechanisms: promoting barrier function, decreasing oxidative stress, inhibiting 

inflammatory immune cells infiltration and glial activation, improving cellular energetics, 

and neuroprotection (Achanta, L. B. & Rae, C. D., 2017; Shimazu, T. et al., 2013; Thaler, 

S. et al., 2010; Youm, Y. H. et al., 2015). These mechanisms can together inhibit diabetes-
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induced neurovascular damage and promote retinal health to prevent or delay DR 

progression. 

IV.2. GPR109A is a potential target to prevent pathological 

neovascularization in DR. 

One of the major causes of vision loss in DR is the development of pathological 

preretinal neovascularization, which has more tendency to bleed into the vitreous and 

associates with fibrous scar tissues that add to the tractional forces pulling out the retina 

and may cause retinal detachment (Duh, E., 2008). Because STZ-induced diabetic mouse 

model and other mouse models of DM rarely develop pathological neovascularization, we 

studied the role of GPR109A in regulation of neovascularization using OIR mouse model 

and the physiologic mouse vascular development which together provide great details to 

study different aspects of both physiologic and pathologic neovascularization (Stahl, A. et 

al., 2010). 

 Roles of different cell types in retinal angiogenesis 

Retinal neovascularization is a complex process that involves several cell types and 

activation of great number of signaling pathways in order to sculpture the final permanent 

retinal vascular network (Behzadian, M. A. et al., 2008). Different cells and different ways 

of cell activation play distinct roles in the development of the retinal vasculature with the 

characteristic neurovascular unit. Astrocytes are known to form the guiding network that 

ECs use as template during early stages of vascular development (O'sullivan, M. L. et al., 

2017). Endothelial tip cells activate notch signaling and express higher levels of Dll-4 

receptor that paly a great role in developing and maturation of the vascular network (Lobov, 

I. & Mikhailova, N., 2018). While endothelial stalk cells actively proliferate to provide 

increasing length of the growing sprouts, tip cells minimally proliferate. Their main 
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function is to migrate following molecular gradients of pro-angiogenic signals to reach the 

angiogenic stimulus. Tip cells form multiple filopodia with increased expression of VEGF-

R2 to detect the source of VEGF-A release in the tissue and direct the growing angiogenic 

sprout toward the areas with highest metabolic needs (Lobov, I. & Mikhailova, N., 2018). 

Also, other growth factors including Insulin-like growth factor 1 (IGF-1), and ANG-1 Tie-

2 signaling are also implicated in activation of endothelial sprouting and vascular 

remodeling. Neurons in the retina contribute in guiding vascular development via secretion 

of cytokines and other neuronal guidance molecules, such as semaphorins, netrins, ephrins, 

and slits, which provide detailed cues for the migrating tip cells to help shape the vascular 

tree (Sun, Y. & Smith, L. E. H., 2018). Glial cells and neurons also use repulsive cues such 

as secretion of the anti-angiogenic factor pigment epithelium-derived factor (PEDF) which 

inhibits angiogenesis to maintain certain areas in the retina completely avascular e.g. the 

foveal avascular zone (FAZ), the ONL, and the inner and outer segment layers (He, X. et 

al., 2015; Tong, J.-P. & Yao, Y.-F., 2006). Macrophages were also found to play a great 

role in regulation of angiogenesis in vascular development and specifically during tissue 

repair after ischemic injury (Hong, H. & Tian, X. Y., 2020). Macrophages secrete cytokines 

and chemokines, induce apoptosis during pruning of the developed vascular tree, 

phagocytose cellular debris resulting from apoptotic bodies or ischemic injury, provide 

guidance for the growing sprouts and help with the fusion of growing sprouts to from 

anastomosis (Zhu, Y. et al., 2017).  

 GPR109A role in regulation of angiogenesis and vascular 

restoration 

In our studies on Gpr109a-/- mice, we found peculiar phenotype in retinal vascular 

development and in the OIR mouse model. Gpr109a-/- pups showed higher rate of vascular 
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development with increased tendency to form branches which may represents 

dysregulation of vasculogenic sprouting activity (Figure 16). OIR mouse-model has three 

major stages, vaso-oblitrative stage (P7-P12), proliferative phase (P12-17), and regressive 

phase (P17-P25) (Stahl, A. et al., 2010). While the vaso-oblitrative phase did not show 

significant difference between WT and Gpr109a-/- mice, both the proliferative phase and 

the regressive phase showed significant deviations. Intriguingly, the proliferative phase 

showed bimodal changes with regard to physiologic revascularization, while the changes 

in pathological neovascularization followed uniform pattern. With physiologic 

revascularization, Gpr109a-/- pups showed higher rate of revascularization between P12 

and P14 (early hypoxic response) (Figure 18); then, the rate of revascularization 

dramatically decreased between P14 and P17(Figure 20). Meanwhile, rate of pathological 

neovascularization was constantly higher during the proliferative phase in Gpr109a-/- mice 

(Figure 19 & Figure 21). Both the decreased rate of physiologic revascularization and 

increased pathological neovascularization in Gpr109a-/- mice continued during the 

regressive phase of the model (Figure 20 & Figure 21). 

To understand the peculiar behaviors of Gpr109a-/- retinas in the OIR model, we 

keep in mind that we used a whole-body knockout mouse model where the expression of 

the receptor was depleted in several cell types with different roles in the model. Within the 

inner retinal layers, ECs and associated macrophages/ microglia are the major cell types 

expressing GPR109A (Martin, P. M. et al., 2013). The role of endothelial cells responding 

to hypoxic response in the OIR model starts within the first hours of the proliferative phase 

as VEGF-A expression increases dramatically. However, several studies have shown that 

macrophage influx and contribution to the OIR model starts weak at the first 2 days in the 
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proliferative phase and increase gradually afterwards through the proliferative and the 

regressive phases (Davies, M. H. et al., 2006; Zhou, Y. et al., 2015; Zhu, Y. et al., 2017). 

Therefore, we may explain the bimodal response of changes in physiologic 

revascularization in Gpr109a-/- retinas to the interference of macrophage with the 

endothelial response. At low interference of macrophage influx, ECs showed increased but 

dysregulated activity in sprouting and regrowth of the vascular tree. Then, with growing 

macrophage influx and increased interaction between ECs and macrophages in Gpr109a-/- 

retinas, increased pathological neovascularization and decreased physiologic 

revascularization occurs.  

The fact that GPR109A loss in endothelial cells favors vascular tree development 

in absence of inflammatory macrophage influence was supported by the fact that P3 

Gpr109a-/- retinas showed increased vascularized area compared to age matched WT 

retinas (Figure 16). Moreover, GPR109A knockdown in HRECs in vitro resulted in higher 

activity in developing branched network in Matrigel tube formation assay (Figure 19C-D). 

The implication that GPR109A signaling regulates endothelial differentiation and tip cell 

formation require further investigation to understand the molecular mechanisms behind it. 

We found increased expression of TNF- and ANG-1 in Gpr109a-/- retinas at P14, which 

may explain the increased branching activity in vivo. Yet, this behavior and the increased 

branching in in-vitro Matrigel tube formation assay require further molecular 

investigations. 

 Role of macrophage polarization in vascular recovery and the 

potentials of GPR109A in preventing vascular pathology. 

The attention to the role of macrophage in angiogenesis and vascular repair has 

grown significantly during the past decade (Hong, H. & Tian, X. Y., 2020). Resident 
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macrophages and microglia continuously scan the tissue microenvironment to ensure 

homeostasis and detect any pathological injuries (Jantsch, J. et al., 2014). In response to 

microbial infection, tissue damage, hypoxia, or other injuries, macrophages and microglia 

become activated to perform several functions in fighting the cause of injury and repairing 

the induced damage. As part of the reparative process, macrophages and microglia interacts 

with endothelial cells to provide guidance and regulation to the angiogenesis following 

ischemic injury to the tissue. With this regard, macrophages or microglia has been shown 

to follow two classical divergent forms of activation namely M1 or M2. M1 activated 

macrophages are pro-inflammatory and secrete cytokines and chemokines to recruit 

inflammatory leukocytes. The M1 phenotype is usually induced by interaction with signals 

of infection and injury known as pathogen-associated molecular patterns (PAMPs) and 

damage-associated molecular patterns (DAMPs), respectively. In vitro, treatment of 

macrophages with interferon  (IFN-) or LPS induce M1 differentiation. Therefore, M1 

activation is thought to be an initial activation of macrophage to fight the intruding 

organism or respond to injury. On the other hand, M2 activation is thought to be an opposite 

phenotype that counteracts inflammation and promotes tissue repair. Macrophages treated 

with anti-inflammatory ILs, e.g. IL-4, IL-10, and IL-13, become "alternatively activated" 

into M2 phenotype which was found to secrete growth factors and other cytokines involved 

in extracellular matrix remodeling, angiogenesis, and inflammation resolution. 

In the mouse model of OIR, macrophage polarization was shown to modulate the 

interaction between macrophages and ECs to organize and guide retinal revascularization, 

and metabolic interaction between the two cells may be involved in the pathologic 

angiogenesis (Liu, Z. et al., 2020). Zhu et al has identified M1 and M2 polarized 
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macrophages in the course of OIR model and found distinctive functions in the 

angiogenesis for each sub population at different phases of the model (Zhu, Y. et al., 2017). 

At the initial hypoxic phase, M1 polarized macrophages predominate in the first 2-3 days 

and tend to interact with the developing tip cells and secrete pro-inflammatory and pro- 

angiogenic molecules that promote endothelial sprouting. Consistent with the classic view 

of M1 vs M2 role in tissue repair, they also found that M2 polarized macrophages 

predominates in the later 4-7 days of hypoxia which reflects polarization shift from M1 to 

M2. The proangiogenic functions of M2 macrophages include interaction with adjacent 

angiogenic sprouts to promote cell fusion and anastomosis (Zhu, Y. et al., 2017). However, 

whether M1 or M2 activated macrophage are responsible for the development of the 

preretinal pathological neovascularization in OIR model is still elusive. Zhou et al found 

that M2 activated macrophages were associated with neovascular tufts in OIR model and 

selective M2 depletion decreased the area of pathological neovascularization and enhance 

the physiologic revascularization (Zhou, Y. et al., 2015). Meanwhile, Marchetti et al has 

shown that intravitreal injection of M2 polarized macrophages reduced the pathological 

neovascularization in OIR mouse model (Marchetti, V. et al., 2011). Recently, Liu et al 

have shown that endothelial macrophage interaction results in a unique activation of 

macrophages that show mixed M1/M2 polarization based on flowcytometric analysis of 

OIR retinas at different time points (Liu, Z. et al., 2020). Their results confirmed the M1 

to M2 polarization shift that supports retinal repair and regression of neovascular tufts and 

shed light on the complexity of macrophage polarization in response to tissue injury. 

The anti-inflammatory effects of GPR109A activation has been widely studied in 

several organ systems and these effects can explain the phenotype we observed in OIR 
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model of Gpr109a-/- retinas (Graff, E. C. et al., 2016). With particular focus on 

neuroinflammation, many neurodegenerative diseases, which share inflammatory factors, 

have been shown to benefit from activation of GPR109A by modulating the inflammatory 

response and promoting neuroprotection (Morris, G. et al., 2020; Offermanns, S. & 

Schwaninger, M., 2015). Diseases such as Parkinson's disease, multiple sclerosis, spinal 

cord injury, amyotrophic lateral sclerosis, and juvenile epilepsy have all shown promising 

outcomes with treatment with GPR109A agonists (Graff, E. C. et al., 2016). With particular 

relevance to ischemic retinal diseases such as DR and retinopathy of prematurity (ROP), 

ischemic stroke models have shown improved revascularization and neuroprotection with 

GPR109A activation. In the study by Rahman et al, using a ketogenic diet to raise plasma 

level of BHB, or using niacin treatment decreased the infarction size in the medial cerebral 

artery occlusion rat model of ischemic stroke (Rahman, M. et al., 2014). In this model, 

monocytes infiltrate into the ischemic neuronal tissue and differentiate in M2-like activated 

macrophages -Ly-6Clo. This pro-repair activation is thought to depend on GPR109A 

activation and involve the production of prostaglandin-D2 (PGD2) and its derivative 15 

deoxy-prostaglandin J2 (15d-PGJ2) which activates PPAR- and inhibits NF−B activation. 

As a result, improved angiogenesis and decreased pro-inflammatory signaling in the 

ischemic parts in the brain promotes recovery and restoration of proper blood flow 

(Rahman, M. et al., 2014). The role of GPR109A in promoting macrophage pro-repair 

activation to M2 macrophages has also been implicated in Parkinson's disease patients 

treated with niacin (Wakade, C. et al., 2018). In our experiments with Gpr109a-/- OIR mice, 

loss of GPR109A resulted in exaggerated inflammatory response as evident by the 

increased expression of TNF- and ICAM-1, and disrupted angiogenic signaling as evident 
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by increased expression of VEGF-A and ANG-1 (Figure 22 & Figure 23). Such disruption 

in inflammatory and angiogenic signaling resulted in excessive pathological features of 

OIR in Gpr109a-/- pups at P17 that had slower healing rate (Figure 21). Moreover, we 

found that GPR109A expression is upregulated during the recovery phase of OIR in WT 

mice (Figure 21G). Whether GPR109A activation is involved in the M1 to M2 polarization 

shift, required for OIR healing process, is a question that needs further investigation.  

 Role of metabolite sensing receptors in regulation of 

angiogenesis 

The retinal tissue requires a delicate balance between vascular supply and light 

transparency that require high level of regulation of vascular development and vascular 

density (Lutty, G. A. & Mcleod, D. S., 2018). Excessive vascularization of the retina may 

interfere with light signals reaching the photoreceptors while decreased blood supply 

results in energy failure. In DR, the initial vascular damage caused by hyperglycemia and 

other metabolic distress associated with diabetes tip the balance towards more energy 

failure events within the inner retina and results in increasing hypoxia (Durham, J. T. & 

Herman, I. M., 2011). As the retinal tissue activates pro-angiogenic and pro-inflammatory 

signaling to restore tissue oxygenation and nutrients supply and to remove the damaged 

apoptotic cell debris, the balance may become even more disturbed by exaggerated and 

dysregulated responses from vascular and immune cells involved in the angiogenic 

process. One of the regulating factors that prevent the balance from falling apart is 

signaling through metabolite sensing receptors. Several metabolite sensing receptors were 

found to interfere with retinal metabolic processes and energy production which control 

the angiogenic signaling in the retina (Joyal, J. S. et al., 2018). For example, the free fatty 

acid receptor 1 (FFAR1) was found to interfere with retinal energy balance and results in 
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pathologic phenotypes in VLDL receptor (VLDLR) -/- mice. These mice have impaired 

ability to uptake VLDL and have high levels of circulating VLDL and FFA. Joyal et al 

found that VLDLR -/- mice show retinal angiomatous proliferation-like blood vessels 

growing into the photoreceptor layer. This peculiar phenomenon is caused by energy 

failure in photoreceptors that results in excessive HIF1- stabilization and activation of 

pro-angiogenic signaling (Joyal, J. S. et al., 2016). Photoreceptors, which depends on both 

glucose and FFA oxidation as source of energy, downregulate the expression of glucose 

transporter 1 (GLUT-1) and glucose uptake in response to activation of FFAR1 which is 

one of several GPCR that sense the levels of FFAs. Another example of metabolite sensing 

receptor interfering with angiogenic signaling is the succinate receptor GPR91 expressed 

by RGCs. Hypoxic environment in the retina, as in ischemic retinal diseases, e.g. ROP and 

PDR, has been shown to disturb the metabolic processes and result in accumulation of 

certain metabolites such as succinate, one of the intermediates in Krebs cycle (Hu, J. et al., 

2017). Activation of GPR91 by the accumulation of succinate in ischemic retina results in 

excessive production of VEGF-A by RGCs which may contribute to the development of 

pathological neovascularization (Sapieha, P. et al., 2008). Similarly, lactate receptor 

GPR81 expressed by Müller glia becomes activated as retinal lactate levels increase during 

the development of retinal vascular tree. The activation of GPR81 leads to activation of the 

pro-angiogenic signaling in the deep vascular plexus (Madaan, A. et al., 2019). Our 

understanding of the functions of metabolite sensing receptor in the process of retinal 

angiogenesis is growing and will help in identifying novel targets for treatment of retinal 

diseases that involve pathological angiogenesis such as DR and ROP. 
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Hypoxia and energy deficiency in DR impacts strongly RGCs which are 

exceptionally vulnerable to metabolic deficiencies. Decreased thickness of GCL and 

decreased RGCs counts in the STZ- induced diabetic mouse model were reported and 

represent direct evidence of the special vulnerability of RGCs to the metabolic disruption 

of diabetes (Martin, P. M. et al., 2004; Sergeys, J. et al., 2019). In human postmortem 

diabetic eyes, increased expression of pro-apoptotic markers including activated caspases, 

FasL, and Bcl-2-associated X protein (BAX) in GCL (Abu-El-Asrar, A. M. et al., 2004; 

Thomas, C. N. et al., 2017). Moreover, NFL thickness decreases in patients with DR and 

this decrease correlates with impaired metabolic regulation which suggest a particular 

vulnerability of this retinal layer (Ozdek, S. et al., 2002). The OIR model of ischemic 

retinopathy recaps this specific vulnerability of the inner retinal layers to hypoxia and lack 

of nutrients. Vaso-obliteration of retinal capillaries within the central retina at the 

superficial vascular plexus leaves the NFL and the GCL with very limited vascular supplies 

during the hypoxic phase of the model (Dailey, W. A. et al., 2017). Recently, it has been 

established that not only oxygen but also energy demands of retinal neurons are the main 

drivers of retinal vascular development (Joyal, J. S. et al., 2016; Weiner, G. A. et al., 2019). 

Ischemia in parts with high energy demands with in the retina results in chaotic pro-

angiogenic signaling and energy failure which induce pro-apoptotic signaling and 

subsequently inflammatory and glial activation (Kim, C. B. et al., 2016).  

The specific vulnerability of nerve fiber layer to energy deficits comes from the 

fact that the part of RGC axons running in the retinal NFL are unmyelinated axons to avoid 

interference of myelin sheath with light absorption in the photoreceptors (Yu, D. Y. et al., 

2013). Unmyelinated nerve fibers require more energy to maintain their polarized 
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membranes and the ability to fire and conduct action potentials compared to myelinated 

nerve fibers (Yu, D. Y. et al., 2013). One other factor contributing to the high energy 

demands within the GCL and NFL is the great distance travelled by axons to reach their 

synaptic ends in the lateral geniculate body. With greater distances, transport of materials, 

such as neurotransmitters, mitochondria, proteins, and other gene products from the cell 

soma to long axons become more expensive energetically and replacement of damaged 

axon components requires more time (Vecino, E. et al., 2016). Unlike interneurons within 

the INL which are surrounded by Müller glial cells rich in stored glycogen, GCL is mainly 

served by astrocytes which have less capacity than Müller cells to store glycogen (Vecino, 

E. et al., 2016). Moreover, choroid supply of oxygen and nutrients, while it is mostly 

consumed within the photoreceptors and ONLs, can reach the inner layers in the OPL and 

INL at times of metabolic stress but not the further away layers i.e. GCL and NFL 

(Rutkowski, P. & May, C. A., 2016). Unlike photoreceptors, RGCs are not known to 

metabolize fatty acids with -oxidation (Joyal, J. S. et al., 2016). In fact, expression of 

VLDL receptor required for FFA retrieval is very low in the GCL and NFL (Joyal, J. S. et 

al., 2016). In the brain, using FFA as energy substrate by  -oxidation is suppressed in 

neurons (Schonfeld, P. & Reiser, G., 2017). Instead,  -oxidation in astrocytes provide 

energy substrates in the form of ketone bodies to neurons that can be used as fuel (Guzman, 

M. & Blazquez, C., 2004).  

Our studies have shown that GPR109A plays an important role in regulation of 

angiogenesis in the retina under ischemic conditions. Therefore, its main physiologic 

ligand, BHB, might play a significant role in the protective mechanisms that retinal tissues 

employ to survive hypoxia and lack of nutrients. The presence of ketone body shuttle in 
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the retina similar to that found in the brain has been suggested before based on the 

availability of the required transporters (Ganapathy, V. et al., 2008). A similar ketone body 

metabolic coupling was found between RPE and photoreceptors(Adijanto, J. et al., 2014). 

However, further studies are needed to confirm the metabolic coupling of astrocytes and 

RGCs with regard to fatty acid  -oxidation and ketogenesis. Macrophages can be other 

possible ketogenic cells during ischemic retinopathies. In response to apoptotic cell death 

resulting from tissue injury, macrophages phagocytose apoptotic bodies in a process named 

efferocytosis. Lately, it was found that efferocytosis contributes to anti-inflammatory 

reprogramming of macrophages through activation of IL-10 release (Zhang, S. et al., 2019). 

Interestingly, the anti-inflammatory cytokine release by macrophages requires release of 

FFA from the phagocytosed load and FFA  -oxidation which is a pivotal step in 

ketogenesis (Zhang, S. et al., 2019). Previously, it has been shown that macrophages 

express both ketogenic and ketolytic enzymes (Youm, Y. H. et al., 2015). However, the 

exact conditions under which macrophages may produce ketone bodies are still unknown. 

Further investigation into the role of macrophages in providing local nutrients and 

ketogenesis to support neurons and protect against ischemic retinopathy may reveal novel 

therapeutic strategies to treat ischemic retinal diseases. 



 

 

134 

 

V. SUMMARY 

 

In summary, our previous and current studies have revealed new potentials of the 

metabolite sensing receptor GPR109A as regulator of vascular endothelial barrier and 

angiogenic functions. With the rise in using ketogenic diets and ketone supplements in the 

treatment of various neurodegenerative diseases, our studies provide promising evidence 

of the neuroprotective effects exerted by the ketone body BHB through activation of its 

metabolite sensing receptor GPR109A in prevention of DR development and protection 

from the two blinding pathological features of DR: DME and proliferative 

neovascularization. 
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