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ABSTRACT 

 
JASMINE J. L. FULLER 

Role of GPR109A in NAD+ Metabolism in Aged Retinal Pigment 

Epithelium 

(Under the direction of PAMELA M. MARTIN, PHD) 

 

Age-related macular degeneration (AMD) is the leading cause of blindness in 

people over the age of 50 worldwide. The retinal pigment epithelium (RPE), located in the 

back of the eye, is most affected in AMD. Nicotinamide adenine dinucleotide (NAD+) is 

a coenzyme common to most metabolic pathways.  Reductions in NAD+ and NAD+-

dependent enzymes (e.g., SIRT1) have been linked causally to the 

development/progression of many age-related pathologies. None, however, have evaluated 

NAD+ directly or the mechanisms governing its biosynthesis and related availability in 

RPE. In our previous study, we have shown that NAD+ levels decline with age in the RPE.  

This correlated directly with decreased nicotinamide phosphoribosyltransferase (NAMPT) 

expression. SIRT1 expression and activity was also significantly reduced.  Using the 

human RPE cell line, ARPE-19, primary mouse RPE cells and FK866, a highly specific, 

noncompetitive NAMPT inhibitor, we simulated in vitro the age-dependent decline in 

NAD+ and the related increase in RPE senescence.  Using this model, we demonstrated 

the positive impact that therapies that provide supplemental or alternate energy sources 

such as nicotinamide mononucleotide (NMN) and β-hydroxybutyrate (B-HB) have on RPE 

viability and the possible role of G-protein coupled receptor, GPR109A in this process. 
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I. INTRODUCTION 

A. Statement of the Problem  

1. Age-related macular degeneration (AMD), a disease in which the 

retinal pigmented epithelium (RPE) is principally affected, afflicts 

almost 10 million individuals in the United States alone, double the 

number of Alzheimer’s disease patients and roughly the same amount 

of the total of all cancer patients combined. Direct targeting of factors, 

such as energy deprivation that precipitate RPE aging at a cellular 

level may be of therapeutic benefit in AMD. 

The RPE plays an essential role in protecting the retina from systemic insults by regulating 

immune responses [1]. Damage to or dysfunction of RPE has a significant overall impact 

on visual function. Age-related macular degeneration (AMD), a disease in which RPE is 

principally affected, is the leading cause of blindness among persons aged 50 and above 

worldwide [2]. Direct targeting of factors, such as energy deprivation that precipitate RPE 

aging at a cellular level may be of therapeutic benefit in AMD. Nicotinamide adenine 

dinucleotide (NAD+), a central metabolic cofactor, plays a critical role in regulating 

cellular metabolism and energy homeostasis [3]. Altered NAD+ metabolism precipitates 

cellular senescence.  This has been linked to the development and progression of metabolic 

and age-related diseases including Alzheimer’s disease, type 2 diabetes, and non-alcoholic 

fatty liver disease [4]. Therapies that boost NAD+ show benefit in several aging and 

metabolic diseases. Prior work in the Martin lab evaluated NAD+ metabolism in aging 
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RPE and demonstrated that this important cellular layer might be amenable to NAD+-

enhancing therapies [5]. 

β-hydroxybutyrate (B-HB) is a ketone body and can therefore act as an alternate 

energy metabolite [6]. B-HB is a physiologic ligand of GPR109A, a G-protein coupled 

receptor responsible for mediating the antilipolytic actions of niacin [7, 8]. Our lab was the 

first to demonstrate the expression of GPR109A in RPE. In RPE, GPR109A localizes to 

the basement membrane and elicits anti-inflammatory responses upon activation [8, 9]. 

Given that energy metabolism declines in aging RPE and B-HB impacts energy 

metabolism in many cell types, investigating the supplementation with B-HB will preserve 

age-related decline in energy metabolism of RPE and GPR109A may play an important 

role in this process. 
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      B.   Review of Related Literature 

             1.      Retinal Pigmented Epithelium Structure and Functions 

It takes about one third of the human brain to process all the information that comes in 

through the retina [10]. The retina has ten layers with the RPE being furthest in the back 

(Figure 1). The retinal pigment epithelium (RPE) is the monolayer of pigmented cells 

forming a part of the blood retina barrier [1]. The apical membrane faces photoreceptor 

outer segments, wrapping its long microvilli around them. RPE, as its name implies, 

appears dark brown in color because of the melanin pigment produced by melanosomes 

that are concentrated in the apical portion of RPE cells [1]. The basolateral membrane faces 

Bruch’s membrane. The RPE has numerous functions essential to normal retinal health and 

function (Figure 2) [11]. Examples of RPE functions are: absorption of light focused by 

the lens on the retina; phagocytosis of shed photoreceptor outer segments; blood-retinal-

barrier; epithelial transport of ions, water, and metabolic end products from the subretinal 

space to the blood and transport of glucose, retinol, and fatty acids from the blood and 

delivers these nutrients to photoreceptors; and visual cycle of retinal [1]. Also, it serves as 

a physiologic barrier, protecting the retina from systemic insults by regulating immune 

responses by producing and secreting a number of proinflammatory cytokines (like IL-6, 

IL-8 and ICAM-1), as well as a few counteractive immunosuppressive molecules (TGF-β, 

IFN-β) [9]. Deficiencies in energy metabolism, such as in diabetes, mitochondrial protein 

malfunction, and oxidative stress can lead to retinopathy, visual deficits, neuronal 

degeneration, and eventual blindness [12].   
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Figure 1: Layers of the Retina 

A drawing of a section through the human eye with a schematic enlargement of the retina. Kolb H. Simple 

Anatomy of the Retina. 2005 May 1 [Updated 2012 Jan 31]. In: Kolb H, Fernandez E, Nelson R, editors. 

Webvision: The Organization of the Retina and Visual System [Internet]. Salt Lake City [13]: University of 

Utah Health Sciences Center; 1995-. [Figure, Figure 2. A drawing of a section through the human eye with 

a schematic enlargement of the retina.] Available from: 

https://www.ncbi.nlm.nih.gov/books/NBK11533/figure/ch02sretina.F2/ 

 

 

Figure 2: Functions of RPE 

The diagram illustrates the major support functions of the RPE: light absorption, visual pigment 

regeneration, phagocytosis, blood-retinal barrier, epithelial transport, and immune regulation.  Modified 

from Straus 2005. 
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2. Age-related Macular Degeneration 

The RPE is primarily impacted in age-related macular degeneration (AMD). AMD is a 

complex disease with age being the primary risk factor for its development [14]. AMD can 

be classified in two basic forms: dry (nonexudative) and wet (exudative), which is based 

on the absence or presence of blood vessels that have invaded the retina, respectively [14, 

15]. Visual dysfunction in dry AMD is associated with the degeneration of RPE cells and 

of the light-sensing photoreceptor cells that they support. Degeneration of RPE cells in 

AMD seems to begin with impaired clearance of cellular waste material. This leads to a 

state of chronic inflammation in the eye, and eventually to the formation of abnormal 

deposits called drusen, which impair the function of RPE cells (Figure 3) [15]. From a 

clinical standpoint, AMD is rarely diagnosed in the absence of drusen. Currently, there is 

no cure for AMD. Though wet AMD typically represents a more advanced or progressive 

state compared to the dry form, interestingly, there are therapeutic options for managing 

the neovascularization characteristic of wet AMD, but none for prevention and treatment 

of the dry form [15]. Most studies have focused more on identifying secondary 

consequences of aging and related RPE dysfunction as opposed to targeting directly factors 

that cause accelerated aging at a cellular level. Therefore, we focused on nicotinamide 

adenine dinucleotide (NAD+) and factors governing its bioavailability in relation to the 

overall impact on RPE viability. 
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Figure 3: Drusen deposits under RPE cells from an individual with AMD 

Confocal microscopy image of retinal tissue from an elderly female individual with a history of age-related 

macular degeneration (AMD). David L. Forest et al. Dis. Model. Mech. 2015; 8:421-427. 

 

3. Nicotinamide adenine dinucleotide 

NAD+ is a central metabolic cofactor that plays a critical role in regulating cellular 

metabolism and energy homeostasis [3]. The ratio of NAD+ to NADH (oxidized to reduced 

NAD+) regulates the activity of various enzymes essential to metabolic pathways including 

glycolysis, the Kreb’s cycle, and fatty acid oxidation [4]. In mammals, NAD+ is generated 

via one of two principal routes, the de novo or the salvage pathway (Figure 4) [4]. The de 

novo pathway only contributes a minor fraction of the NAD+ pool. The primary source of 

NAD+ biosynthesis is the salvage or Preiss-Handler pathway which utilizes dietary niacin 

as precursors and involves nicotinamide phosphoribosyltransferase (NAMPT) [4]. There 

is a host of data from studies of other primary diseases of aging (e.g., Alzheimer’s disease, 

type 2 diabetes, non-alcoholic fatty disease, etc.) demonstrating clearly a generalize decline 

in the availability of NAD+ in association with increased age [4]. The sirtuins (SIRTs), 
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NAD+ -dependent histone deacetylases (HDACs) have been implicated in aging and their 

activation may be beneficial in age-related diseases [16]. Indeed, NAMPT-mediated 

NAD+ biosynthesis declines with age in multiple organs and tissues, such as pancreas, 

adipose tissue, skeletal muscle, liver, and brain, reducing the activities of sirtuins (SIRTs), 

NAD+ -dependent histone deacetylases (HDACs) in those organs and tissues [17]. 

Additionally, these studies suggest that age-related degenerative processes might be 

prevented or at the least, the consequences thereof lessened in severity by therapies that 

boost NAD+ [4]. Little attention has been given to upstream factors that regulate NAD+ 

biosynthesis, particularly in RPE. 

 

 

Figure 4: Overview of NAD+ de novo and salvage synthesis pathways in mammals. 

 

4. GPR109A and B-hydroxybutyrate 

GPR109A (also known as hydroxycarboxylic acid receptor 2 (HCAR2), niacin receptor 1 

(NIACR1), HM74a in humans and PUMA-G in mice) is the G-protein coupled receptor 

responsible for mediating the antilipolytic actions of niacin [18, 19]. Initially thought to be 
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limited to adipocytes and immune cells, our lab was the first to discover GPR109A 

expression in RPE, localized to the basement membrane [8]. GPR109A plays an anti-

inflammatory role in RPE [9]. B-HB is a ketone metabolic produced in the liver of 

mammals [7]. It serves as an alternative energy source for the brain, heart and skeletal 

muscles during nutrient deprivation and adherence to low carbohydrate diets. Metabolism 

of one B-HB molecule into acetyl-CoA involves one molecule of NAD+, thereby 

preserving the cytoplasmic NAD pool [20]. Excess B-HB can be detrimental (e.g., 

ketoacidosis in type 1 diabetes); however, in mild to moderate levels, it has been shown to 

have effects that are largely beneficial [13]. We hypothesize that supplementation with B-

HB will preserve age related decline in energy metabolism of the RPE and GPR109A may 

play an important role in this process (Figure 5).  
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Figure 5: Schematic representation of the central hypothesis of the study. 
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II. MATERIALS AND METHODS 

1. Mice and Diet 

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. Male 

C57BL/6J mice of different age groups obtained from a commercial vendor (Jackson 

Laboratories, Bar Harbor, ME, USA) and the National Institute of Aging (National 

Institutes of Health, Bethesda, MD, USA) were housed under identical conditions in a 

pathogen-free environment with a 12:12 h light/dark cycle and free access to laboratory 

chow and water. Mice were acclimatized for at least 1 week before the experiments. 

Gprl09a-/- mice have been described previously. Breeding pairs of Gpr109a+/- 

mice were used such that Gpr109a+/+ and Gpr109a-/- mice were obtained from the same 

litter. The genotypes of the animals used in the study were confirmed by PCR using specific 

primer pairs. Age-matched Gprl09a+/+ and Gprl09a-/- mice were used to prepare total 

RNA from primary mouse RPE (mRPE) cells or isolated retinal tissues. 
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2. Cells 

Human retinal pigment epithelial (ARPE-19) cells were cultured in Dulbecco’s 

modified Eagle medium DMEM/F12 medium (supplemented with 10% fetal bovine serum, 

100 U/ml penicillin, and 100 μg/ml streptomycin) and maintained at 37 °C in a humidified 

chamber with 5% CO2. The culture medium was replaced with fresh medium every other 

day. Cultures were passaged by dissociation in 0.05% (w/v) trypsin in phosphate-buffered 

saline (PBS; 0.01 M phosphate buffer, 0.0027 M KCl, 0.137 M NaCl, pH 7.4).  Completely 

confluent, well-differentiated cultures were used for experimentation. 

Primary mouse RPE cells were prepared from C57BL/6J mouse eyes and the purity 

of these cultures was confirmed per our published method. Eyes were enucleated then 

submerged in Betadine solution and rinsed with sterile HBSS. Eyes were placed in a culture 

dish with RPE media containing DMEM/F12, FBS, Gentamicin and Pen/Strep. Eyes were 

incubated in Enzyme Solution containing HBSS, Collagenase and Testicular 

hyaluronidase. Then incubated in Enzyme Solution containing HBSS and Trypsin. Eyes 

were dissected to separate RPE from neural retina and the remainder of the eye in RPE 

media. Isolated RPE were collected fresh RPE media and centrifuged at 1200 rpm and 

resuspended cells in RPE cell culture media to seed. Primary mouse RPE cells were then 

maintained at 37 °C in a humidified chamber with 5% CO2 and sub-cultured using trypsin–

EDTA solution. All experiments were carried out using primary RPE cells in passages 1 

and 2. 

3. FK866, Nicotinamide mononucleotide (NMN) and B-hydroxybutyrate 

(B-HB) treatments 
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ARPE-19 cells were serum starved overnight and treated with varying doses (0.01-

10μM) of FK866 (Sigma-Aldrich) for different time intervals (24, 48 or 72 h). Following 

FK866 treatment, cells were collected for one or more of the following analyses: MTT 

assay, NAD+ measurement, SIRT1 activity assay, RNA or protein studies. Primary mouse 

RPE cells were treated and analyzed similarly except that lower doses of FK866 (0.01, 0.1 

and 0.5 μM) were employed. The above experiments were used to establish the optimal 

dose and time for use of FK866 to adequately inhibit NAMPT without inducing robust 

cellular toxicity in ARPE-19 and primary RPE cells. Congruent with these studies, ARPE-

19 and primary mouse RPE cell cultures were exposed to FK866 (10 μM) for 72 h in the 

presence or absence of varying concentrations of the NAD+ precursor, nicotinamide 

mononucleotide (NMN; 0.05-1.0 mM). Congruent with these studies, ARPE-19 cell 

cultures were exposed to FK866 (1 μM) for 72 h in the presence or absence of varying 

concentrations of Β-hydroxybuytrate (B-HB; 0.05-1.0 mM). 

4. Reverse transcription-quantitative polymerase chain reaction 

Total RNA was isolated from RPE/eyecup of mice (2, 12 and 18 months old) or 

ARPE-19 cells using RNAeasy mini kit (Qiagen, USA). cDNA was prepared from total 

RNA using the iScript cDNA Synthesis Kit (Bio-Rad) and subjected to qPCR assay. 

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), 1 μl 

cDNA, 1 μl of each primer and 7 μl nuclease-free water. Primer sequences are listed in 

Table 1. The following two-step thermal cycling profile was used (StepOnePlus Real-Time 

PCR, Life Technologies, Grand Island, NY): Step I (cycling): 95 °C for 5 min, 95 °C for 

15 s, 60 °C for 30 s and 72 °C for 15s for 40 cycles. Step II (melting curve): 60 °C for 15 
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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–ΔΔCt method (Table 1). 

Table 1: Primer sequences used for qPCR.  

Gene Forward (5'-3') Reverse (5'-3') 

Homo sapiens 

Gpr109

a 

GGACAACTATGTGAGGCGTTG

G 

GGGCTGGAGAAGTAGTACAC 

18S CCCGTTGAACCCCATTCGT GCCTCACTAAACCATCCAATCG

GTA 

Mus musculus 

Nmnat CCTTCAAGGCCTGACAACAT ACCGACCGGTGAGATAATGC 

Nampt AACCAATGGCCTTGGGGTTA TAACAAAGTTCCCCGCTGGT 

Qprt GTGGAATGTAGCAGCCTGGA TGCAGCTCCTCAGGCTTAAA 

Gpr109

a 

GTTACAACTTCAGGTGGCACG

AT 

CTCCACACTAGTGCTTCGGTTA

TT 

18S CCAGAGCGAAAGCATTTGCCA

AGA 

AGCATGCCAGAGTCTCGTTCGT

TA 

 

 

 5. Western Blotting 

Protein was extracted from RPE/eyecup of mice (2, 12 and 18 months old) or 

ARPE-19 cells or primary RPE cells using RIPA cell lysis buffer (Thermo Scientific) 

containing protease and phosphatase inhibitors and concentration was determined using 

the coomassie protein assay reagent (Sigma-Aldrich, USA). Equivalent amount of protein 

samples were subjected to SDS–PAGE, transferred to PVDF membranes, and then 

incubated with primary antibodies: SIRT-1 (1:1000; Cell signaling) overnight at 4°C. Next 

day, blots were washed with TBST and incubated with horseradish peroxidase conjugated 

secondary antibody (1:3000; Sigma-Aldrich, USA) for 60 min with gentle shaking at room 

temperature. Blots were then washed (with TBST) and developed with chemiluminescence 

reagent (Bio-Rad, Hercules, CA) using autoradiography films (Genesee Scientific, San 
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Diego, CA). β-actin (1:3000; Sigma-Aldrich, USA) expression was evaluated to determine 

equivalent loading. Scanned images of blots were used to quantify protein expression using 

NIH ImageJ software (http://rsb.info.nih.gov/ij/). 

 6. NAD+ Assay 

NAD+ levels in cells and tissue were quantified with a commercially available kit 

(Sigma, MO, United States) according to the manufacturer's instructions. NADH standards 

were prepared from a 10 µM standard solution: 0, 20, 40, 60, 80 and 100 pmole/well. 

Samples were prepared by washing cells with cold PBS. NADH/NAD Extraction Buffer 

were added to the cells, scraped and transferred to tubes. Samples were sonicated and 

centrifuged at 13000xg for 10 minutes. Supernatant were transferred to spin columns and 

spun at 10000xg for 10 minutes. Top portion left in column was used for NAD assay and 

the bottom portion were used for protein assay to standardize NAD levels. The Master 

Reaction Mix was set up according to the scheme (Table 2). 100 µL of the Master Reaction 

Mix is required for each reaction [5]. After added Master Reaction Mix, the 96 well plate 

is placed on a horizontal shaker and incubated for 5 minutes. The NADH Developer is 

added to each well and place on shaker for 1-4 hours. Absorbance is measured at 450 nm. 

Table 2: Master Reaction Mix for NAD+ Assay. 

Reagent Master Reaction Mix 

NAD Cycling Buffer 98 uL 

NAD Cycling Enzyme Mix 2 uL 

 

 7. Statistical analysis 

Results are presented as mean ± S.E.M for minimum of three independent 

experiments. Statistical significance was defined as p < 0.05 and determined using 

http://rsb.info.nih.gov/ij/
file:///C:/Users/jasmi/Dropbox/Biochemistry%20and%20Cancer%20Biology/Comp%20Exam%202018/Research%20Proposal/Jasmine%20Fuller%20Thesis%20Draft%20as%20of%2010-11-18%20.doc%23_ENREF_5
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student’s t-test (normally-distributed data). Graphs were prepared using GraphPad Prism 7 

software. 
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III. RESULTS 

 

1. NAD+ availability and NAMPT expression decline with aging in mouse 

RPE 

            To evaluate what happens to NAD+ levels in aging RPE, we monitored NAD+ 

levels in RPE tissue isolated from 2, 12 and 18-month-old male C57BL/6J mice using a 

commercially available kit. NAD+ levels were declined with age (Figure 6A). Protein 

expression of the NAD+-dependent HDAC SIRT1, a key sirtuin expressed in the RPE and 

one linked to the development and progression of many age-related diseases, showed the 

same decline with age (Figure 6B). Once we looked at the NAD+ Biosynthesis Pathway, 

we evaluated three key enzymes: Quinolinate Phosphoribosyltransferase (QPRT), 

Nicotinamide mononucleotide adenylyltransferase (NMNAT), Nicotinamide 

phosphoribosyltransferase (NAMPT) (Figure 7A-C). Out of the three, NAMPT showed the 

same trend of declining with age. 
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Figure 6: Changes in RPE NAD+ metabolism with aging in mice. 

(A) NAD+ levels were monitored in RPE tissue isolated from 2, 12 and 18 month old male C57BL/6J mice 

using a commercially available kit.  (B) Western blotting was used to evaluate expression of SIRT1. Data 

are presented as means ± S.E.M; n=5. *p<0.05 compared to 2M (two-month old mice).  

 

 

 
 

Figure 7: qPCR evaluation of key enzymes regulating NAD+ biosynthesis 

Data are presented as means ± S.E.M; n=5. *p<0.05 compared to 2M (two-month old mice). QPRT, 

Quinolinate Phosphoribosyltransferase; NMNAT, Nicotinamide mononucleotide adenylyltransferase, 

NAMPT; nicotinamide phosphoribosyltransferase. 

 

 

 2. FK866 inhibits NAMPT activity in the human RPE cell line APRE-

19 mimicking the age-related decline in NAMPT expression and 

NAD+ availability in RPE 

  Since the aging of mice takes months, we wanted to mimic this model in vitro. 

ARPE-19 cells were exposed to the highly specific, non-competitive NAMPT inhibitor 
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FK866 in various concentrations for 72 hours (Figure 8).  FK866 dose-dependently reduced 

NAD+ content but was not toxic to the cells.  

 

 

Figure 8: Dose-dependent Decline in NAD+ with FK866 inhibition of NAMPT. 

Human retinal pigment epithelial (ARPE-19) cells were exposed to the highly specific, non-competitive 

NAMPT inhibitor FK866 (0.01-10μM) for 72 h.  (A) FK866 dose-dependently reduced NAD+ content, but 

was not toxic to cells as indicated by (B) MTT cell viability assay. Data are presented as mean ± S.E.M; 

n=3 independent experiments. *p<0.05 compared to CON (Vehicle (PBS) treated). 

 

3. Nicotinamide mononucleotide (NMN) treatment preserves NAD+ in 

vitro. 

Our studies up to this point have established the decline in NAMPT and related 

NAD+ availability in aged RPE and validated the FK866-treated cell culture system as a 

suitable in vitro model system in which to study these factors. Therefore, we used this 

experimental model to determine whether augmenting NAD+ content using the 

NAD+ precursor nicotinamide mononucleotide (NMN) could preserve NAD+. NMN 

dose-dependently enhanced NAD+ levels in cells exposed to FK866 (Figure 9A). 

ARPE-19, though of human origin, is a “transformed” retinal cell line. Therefore, to 

validate findings obtained using ARPE-19 cell cultures, key experiments were repeated 
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using cultures of primary mouse RPE (Figure 9). FK866 was effective at reducing 

NAD+ expression in primary RPE though cell viability data indicate increased sensitivity 

in the form of cellular toxicity (Figure 9B). Therefore, in subsequent studies using these 

cells, we refrained from using higher doses of the compound (Figure 9C-D). Importantly, 

NMN prevented the FK866-induced decrease in NAD+ expression (Figure 9D). 

 

 

Figure 9: Nicotinamide mononucleotide (NMN) treatment preserves NAD+ in human and mouse retinal 

pigment epithelial cells. 

Human retinal pigment epithelial cells (ARPE-19) were treated with 10μM FK866 alone or in combination 

with different doses of NMN (0.05-1 mM) for 72 hr. (A) NAD+ content was measured using a NAD assay 
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kit. Primary RPE cells were isolated from 17 days old mouse pups and cultured as described in materials 

and methods. Mouse primary RPE cells were treated with different doses of FK866 for 5 days to evaluate 

changes in cell viability and NAD+ content. (B) Cell viability was evaluated by MTT assay. (C-D) 

NAD+ content was measured using a NAD assay kit. Data are presented as mean ± S.E.M for n=3 

independent experiments. *p<0.05 compared to CON (Vehicle treated) and #p<0.05 compared to FK866. 

 

 

4. GPR109A expression declines with age. In the absence of GPR109A, 

NAMPT expression decreases in vivo. However, NAMPT inhibition 

does not affect GPR109A expression. 

Since we hypothesized that supplementation with B-HB will preserve age related decline 

in energy metabolism of the RPE and GPR109A may play an important role in this process, 

we wanted to evaluate what happens to GPR109A expression with age. We took RNA from 

WT (age 2 month (young) and 12+ month- old) mice and ran qPCR for GPR109A. 

Compared to 2 month old mice, GPR109A is lowered in the 12 month old mice (Figure 

10A). Next, we wanted to see is there a change in NAMPT expression when GPR109A is 

absent. We took RNA from GPR109A WT and KO male mice (age 2 month (young) and 

12+ month -old) and ran qPCR for NAMPT. Compared to WT for each perspective age 

group, NAMPT expression is decreased in KO (Figure 10B). We wanted to see what 

happens to GPR109A expression when NAMPT is inhibited by FK866. ARPE-19 cells 

were exposed to the highly specific, non-competitive NAMPT inhibitor FK866 in various 

concentrations for 72 hours (Figure 10C).  There was no change in GPR109A expression 

with FK866 treatment. 
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Figure 10: NAMPT expression in GPR109A WT vs KO at different ages. 

(A) qPCR for GPR109A in RPE tissue isolated from 2 month and 12 month male C57BL/6J mice. (B) 

qPCR for NAMPT in RPE tissue isolated from young and old male GPR109A WT and KO mice. (C) 

Human retinal pigment epithelial (ARPE-19) cells were exposed to the highly specific, non-competitive 

NAMPT inhibitor FK866 (0.01-10μM) for 72 h.  qPCR for GPR109A expression. Data are presented as 

mean ± S.E.M for n=3 independent experiments. *p<0.05 compared to 2 month or WT. 

 

5. B-HB treatment preserves NAD+ in vitro. 

Next, we used the FK866 experimental model to determine whether augmenting 

NAD+ content using B-HB could preserve NAD+. B-HB dose-dependently enhanced 

NAD+ levels in cells exposed to 1 µM FK866 (Figure 11). 
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Figure 11: B-HB treatment preserves NAD+ in human retinal pigment epithelial cells. 

Human retinal pigment epithelial cells (ARPE-19) were treated with 1 μM FK866 for 72 hours. (A) Cell 

viability was evaluated by MTT assay. Then the cells were treated with 1 µM FK866 alone or in 

combination with different doses of B-HB (0.05-1 mM) for 72 hr. (B) NAD+ content was measured using a 

NAD assay kit. Data are presented as mean ± S.E.M for n=3 independent experiments. *p<0.05 compared 

to CON (Vehicle treated) and #p<0.05 compared to FK866. 
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IV. DISCUSSION 

 

RPE performs several highly diverse functions that are essential to maintenance of the 

normal health and function of the retina. Hence, it is not surprising that dysfunction of this 

cellular layer is implicated causally in the development and progression of several 

degenerative diseases of the retina. Cellular senescence is a common consequence of aging 

hence, the decline in NAD+ in RPE and the associated upregulated expression of markers 

of senescence that we observed was not totally surprising. Though there has been some 

debate over whether dysfunction occurs first in the RPE or in the overlying photoreceptors, 

the contribution of energy-deficient RPE damage to age-related RPE dysfunction is 

undeniable. Irrespective of views on the exact chronology of the events that initiate 

degenerative processes in the aging outer retina, the importance of preserving a healthy 

RPE is emphasized by the fact that there is, to our knowledge, no experimental or clinical 

condition in which photoreceptors persist unaffected above an underlying region of RPE 

that is damaged, largely dysfunctional or dead. This is exemplified by the severe 

irreversible loss of central vision that can occur in association with geographic atrophy or 

RPE cell dropout in advanced dry AMD. Thus, understanding the mechanisms that govern 

age-related changes in RPE is both important and essential to the development of therapies 

to effectively prevent and treat age-related degenerative retinal diseases like AMD. With 

these facts in mind, in the present study we focused on NAD+. 

NAD+ levels decline with age in many cell and tissue types. In fact, altered NAD+ 

metabolism and concurrent alterations in mitochondrial function are inherent in metabolic 

disorders including type 2 diabetes, nonalcoholic fatty liver disease, and age-related 
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diseases such as Parkinson’s and Alzheimer’s disease [3] .Furthermore, therapies that 

enhance NAD+ production and/or the expression and activity of downstream NAD+-

dependent enzymes have shown benefit in treating such diseases. In retina specifically, the 

importance of NAD+ normally and in aging, has been evaluated directly in photoreceptors 

[21] but has not been studied extensively in the underlying RPE. This is both interesting 

and unfortunate given, as mentioned previously, the numerous essential primary and 

supportive functions that RPE performs and therefore, the obligatory commensal 

relationship that exists between the photoreceptors and RPE, the two cell types principally 

affected in AMD. A very recent report [22], demonstrated, using human-induced 

pluripotent stem cell derived RPE cells (hiPSC-RPE) prepared from donors with and 

without AMD, the benefit of the NAD+ precursor, nicotinamide, in limiting the expression 

of key complement and inflammatory proteins linked directly to drusen development and 

AMD. This study supports the feasibility of targeting NAD+ biosynthesis therapeutically 

to preserve RPE viability and thereby prevent and/or treat related degenerative processes 

in aged retina. 

Here, using adult C57BL/6J mice across a broad range of ages (2 -18 months), we first 

confirmed that NAD+ levels decline significantly in association with increased age as has 

been reported to occur in other retinal and non-retinal cell types. As a positive control, we 

monitored also the expression of SIRT1, a down-stream NAD+-dependent enzyme that is 

known to decrease in expression in association with increased age and decreased 

availability of NAD+ in various organisms, cell and tissue types. Our related evaluation of 

enzymes that drive key steps in NAD+ biosynthesis revealed NAMPT as the enzyme 

principally responsible for maintaining adequate NAD+ levels in RPE. This is congruent 
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with recent work by others demonstrating that NAMPT-mediated NAD+ biosynthesis is 

essential for proper visual function [21] . 

A major limiting factor in AMD research is the lack of availability of acute experimental 

models that mimic accurately processes involved in disease pathogenesis while at the same 

time, affording a reliable preclinical system in which to rapidly test developmental 

therapies. FK866 has been used broadly in the cancer field and others to study the impact 

of NAMPT inhibition on various processes including cellular viability and immune 

signaling, inflammation, and energy metabolism [23, 24]. Here, we used the compound to 

optimize a cell culture model system that allowed us to simulate and study the impact of 

decreased NAMPT expression and related NAD+ availability on RPE cell viability 

relevant to aging. Importantly, our studies in human RPE cell line ARPE-19 demonstrated 

co-exposure of cells to the NAD+-precursor NMN stabilized levels of NAD+ even in the 

presence of NAMPT inhibition.  

ARPE-19 is a transformed cell line and we simulated the age-related decline in NAD+ in 

these cells artificially using FK866. Therefore, we acknowledge that there may be 

differences between the way these cells respond compared to natural RPE. To alleviate this 

concern, we repeated key experiments in primary mouse RPE cells. The optimal age for 

isolating and culturing primary mouse RPE is 18-21 days. Cells can be isolated from mice 

of older age but do not persist well in culture for extended periods. This makes direct 

comparative studies between primary RPE cells obtained from young and old mice difficult 

to standardize. Hence, we again used FK866 to suppress NAMPT activity in primary RPE 

cells isolated from young mice. Importantly, the validity of our cell culture model systems 

and the data emanating there from was supported strongly by the fact that findings obtained 



 

26 

 

in our cell cultures mirrored closely those obtained using intact RPE tissue obtained and 

analyzed immediately upon procurement from the eyes of living animals. 

The risk and incidence of disease formation both within and outside of the eye increases 

proportionally with age. Though the cell and tissue types affected may differ from one 

disease to another, commonality is found in that the process of aging and the development 

of age-related degenerative disease generally appears to involve a progressive decline in 

cellular energy production and consequently, in the viability and function of cells. 

Neuronal tissues such as retina are especially sensitive. In AMD, gradual degenerative 

changes occur in both the photoreceptors and the RPE. However, few have explored 

directly the potential therapeutic impact of targeting NAMPT and NAD+ biosynthesis 

itself despite the knowledge that NAD+ is the starting point of most major metabolic 

pathways and therefore, the key governor of cellular aging and age-related processes. 

Our present data demonstrating an age-dependent decline in NAMPT expression and in 

turn, NAD+ generation in RPE supports strongly the rationale for enhancing NAMPT 

expression and associated NAD+ generation therapeutically. Indeed, such therapies may 

represent a viable strategy for preventing and treating RPE and consequent photoreceptor 

damage in aging/AMD and broadly, in other degenerative retinal diseases in which RPE is 

prominently affected. AMD is the leading cause of blindness among persons aged 60 and 

above worldwide [14, 15]. Congruent with advancements in healthcare and the large 

number of “baby boomers”, the number of persons within this age bracket has and 

continues to increase steadily and substantially, and proportionate to that, the incidence of 

AMD. Hence, AMD represents a significant present and future global health and economic 

burden, the impact of which is exacerbated by the fact that strategies to prevent and treat 
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dry AMD, the form of the disease that is most common and therefore affects the greatest 

number of patients, are lacking. Based upon our present experimental observations, future 

preclinical studies evaluating NMN or other therapies that have a direct impact on NAMPT 

expression and NAD+ metabolism in the context of aging and age-related retinal disease 

development and progression are highly warranted. 

Activation of GPR109A by endogenous and exogenous ligands has been associated with 

anti-inflammatory effects in numerous disease states [25]. Studies report that niacin can 

reduce inflammation in atherosclerosis, obesity, sepsis, diabetic retinopathy and renal 

disease. Previously, we found that activation of GPR109A by nicotinic acid 

(pharmacological ligand) and β-hydroxybutyrate (physiological ligand) in RPE results in 

suppression of tumor necrosis factor α (TNF-α)-induced activation of NF-kB activity [9]. 

Furthermore, complete knockout of GRP109A expression leads to a significant induction 

of the pro-inflammatory molecules IL-6 and Ccl2 in ocular tissues [9]. B-HB, a ketone 

metabolite, is produced by the liver through β-oxidation when an individual is in a negative 

energy balance. Metabolism of one B-HB molecule into acetyl-CoA involves one molecule 

of NAD+, thereby preserving the cytoplasmic NAD+ pool [20]. In the 3xTgAD mouse 

model of Alzheimer’s disease, B-HB delivered via the diet in the form of a synthetic ester 

suppresses beta-amyloid pathology and improves learning and memory [26]. B-HB 

infusion ameliorates the phenotype of drug-induced Parkinsonism in mice [27], and a 

preliminary uncontrolled study of ketogenic diet in humans with Parkinson’s disease 

showed improvement in disease severity scale [28]. 

We discovered that GPR109A expression decline with age and NAMPT expression is 

decreased in GPR109A KO mice as compared to WT for all ages. This shows a possible 
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role of GPR109A in NAMPT expression in vivo. However, when we observed what 

happened to GPR109A expression when NAMPT is inhibited by FK866, GPR109A 

expression did not change. This shows that NAMPT expression cannot affect GPR109A 

expression. Using the FK866 model in vitro, we treated ARPE-19 cells with FK866 and/or 

B-HB. B-HB was able to increase NAD+ after NAMPT inhibition by FK866 in a dose-

dependent manner. At 1 mM of B-HB, there may be evidence of cell toxicity so the effect 

of B-HB on NAD+ was not as high. Since B-HB is a ligand for GPR109A, it is not evident 

if this is the method by which B-HB is increasing NAD+. Further experiments will need to 

be done to link GPR109A to this process. 

Further studies will need to be conducted to link GPR109A in vitro. The timing for 

GPR109A siRNA transfection with the 72 hours of FK866 treatment will need to be 

optimized. However, primary RPE isolated from GPR109A KO animals can be used as 

well to see what effect it has on NAD+ after NAMPT inhibition by FK866. 
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APPENDIX A: ABBREVIATIONS 

AMD: Age-related Macular Degeneration 

ARPE-19: Human Retinal Pigmented Epithelium cells 

B-HB: β-Hydroxybutyrate  

C57BL/6J: Black 6 mice 

FK866:  (E)-N-[4-(1-benzoylpiperidin-4-yl) butyl]-3-(pyridin-3-yl) acrylamide  

GPR109A: G-protein coupled receptor 109A 

HDAC: Histone Deacetylase 

hiPSC-RPE: human-induced pluripotent stem cell derived RPE cells  

ICAM-1: Intercellular Adhesion Molecule 1 

IFN-β: Interferon β 

IL-6: Interleukin 6 

IL-8: Interleukin 8 

KO: Knock Out 

NAD+: Nicotinamide adenine dinucleotide 

NAMPT: Nicotinamide phosphoribosyltransferase 

NMN: Nicotinamide mononucleotide 

NMNAT: Nicotinamide mononucleotide adenylyltransferase 

qPCR: quantitative polymerase chain reaction 

QPRT: Quinolinate Phosphoribosyltransferase 

RPE: Retinal Pigment Epithelium 

siRNA: small interfering ribonucleic acid 

SIRT1: Sirtuin 1 
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TGF-β: Transforming Growth Factor β 

TNF-α: tumor necrosis factor α 

WT: Wild Type

 


