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ABSTRACT 

Retbindin is a novel retina specific riboflavin binding protein, ablation of which leads to 

degeneration.  Using a combination of untargeted steady state metabolomics and targeted flux 

metabolomics, we here investigated the mechanism behind this degeneration.  Furthermore, the 

neural retina (NR) and retinal pigment epithelium (RPE) maintain a symbiotic metabolic relationship, 

disruption of which leads to debilitating vision loss.  In the current study we have identified the 

differences in the steady state metabolite levels and the pathways functioning between bona fide NR 

and RPE.  Moreover, involvement of key metabolic cofactors, flavin adenine dinucleotide (FAD) and 

flavin mononucleotide (FMN) in cellular homeostasis has been well established for tissues other than 

the retina.  Here, we present an optimized method to effectively extract and quantify FAD and FMN 

from a single neural retina and its corresponding RPE.  We also show that in absence of retbindin 

there is significant reduction of flavins in both the neural retina and RPE, causing an imbalance in 

their symbiosis.  However, there is no report on how the retina responds to riboflavin deficiency.  

Thus, here we developed a diet induced model of riboflavin deficiency and identified how that results 

in metabolic dysfunction in both the neural retina and RPE.  We have further shown that these 

metabolic abnormalities can eventually compromise the electrophysiological response of both the 

neural retina and the RPE.  Thus, we provide evidence how riboflavin and its binding protein 

retbindin can help in regulating retinal homeostasis. 
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CHAPTER I 

INTRODUCTION 

Overview of the retina 

Optic vessels start cropping out of the forebrain to eventually form the human eye [1].  These 

vesicles then undergo a folding process onto themselves and form two distinct layers.  The outer layer 

gradually develops into the retinal pigment epithelium (RPE) while the inner layer develops into the neural 

retina (NR) [2].  This outer layer rests as a single monolayer but the cells comprising of the inner layer start 

dividing into a diverse set of neurons [3].  Membranes present at the surface start enveloping the growing 

optic cups and divides the human eye into three distinct layers [3].  Cornea and sclera comprises of the 

external layer (Figure 1.1).  Choroid, ciliary body and the iris comprises of the middle layer (Figure 1.1).  

The NR and RPE comprise of the innermost layer known as the retina (Figure 1.1). 

 

 
Figure 1.1. Schematic overview of the human eye.  An anatomy of the human eye is depicted with 

the various layers of the retina shown from the inset. (Created with BioRender.com) 
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The NR is the light responsive tissue lying at the back of the eye that is responsible for vision.  It 

receives a light stimulus, transforms it into electrical signal and conveyed it to the brain.  This cascade is 

efficiently executed by virtue of a complex yet precise network of multiple cell layers and their respective 

extracellular matrix.  The outermost layer is the ganglion cell layer comprised of the ganglion cells (Figure 

1.1, GCL); the axons of which form the optic nerve (Figure 1.1).  The next layer (moving inward) is known 

as the inner plexiform layer and contains the bipolar cell axons and the dendrites of the ganglion cells, 

along with some displaced amacrine cells (Figure 1.1, IPL).  The inner nuclear layer contains the cell 

bodies of the amacrine, bipolar, and horizontal cells (Figure 1.1, INL).  The outer plexiform layer contains 

the cone pedicles and rod spherules that synapse to the bipolar and horizontal cells (Figure. 1.1, OPL).  The 

outer nuclear layer contains the cell bodies of the photoreceptors (Figure. 1.1, ONL).  The adjacent layer is 

known as the photoreceptor layer and contains the inner and outer segments of the photoreceptors (Figure. 

1.1).  The innermost and final layer is the retinal pigment epithelium (RPE), which contains a single cell 

layer of pigmented NR support cells (Figure 1.1).  

The photoreceptor is the primary neuron of the retina consisting of an outer segment, inner 

segment, and synapse layer (Figure 1.1).  It is tasked with receiving photons of light and turning them into 

an electrochemical signal (phototransduction).  Photoreceptors come in two flavors the rod and cone, which 

differ in their sensitivity to light.  The rods are responsible for dim light vision (high sensitivity) while the 

cones are responsible for daytime/color vision (lower sensitivity).  While the exact ratio varies from 

mammal to mammal, unanimously there are more rods than cones in the retina.  The rods are sensitive to 

blue-green light and require only a single photon to activate [4, 5].  Much of this sensitivity is due to the 

increased surface area of the rod outer segment, being much longer than the cones.  In primates the cones 

are concentrated into a structure known as the macula.  It is upon this structure that light is focused.  This 

organization is in large part due to the fact that humans are a diurnal species.  On the other hand, nocturnal 

species such as the mouse do not have a defined macula and the cones are distributed throughout the retina.  

Within the macula cones are divided into three subtypes corresponding to the wavelengths of light to which 

they are sensitive: S cones (short wave; blue), M cones (medium; green), and L cones (long wave; red) [6, 

7].  Interestingly, the cone cells are dependent on the larger rod cell for sustainability.  This is evident in 
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multiple animal models with rod specific mutations, wherein the cone cells are unable to survive after the 

rods have degenerated [8, 9]. 

 The photoreceptor initiates phototransduction via a modified cilium known as the outer segment 

(Figure 1.1).  The outer segment is composed of a stack of membranous discs filled with a protein-

photopigment complex, which is sensitive to light.  The outer segment is a highly dynamic structure 

requiring continual turnover via phagocytosis by the RPE [10].  The RPE is a monolayer of cuboidal cells 

packed to the brim with pigment granules, which function to absorb scattered light and improve clarity of 

vision [11].  This cell layer also functions to separate the NR from the choroidal blood supply [12].  One 

function of the RPE is to act as a barrier between the NR and the immune system present in the choroidal 

blood supply.  The RPE secretes immune modulating factors to stop the immune system from destroying 

the healthy NR [13-18].  However, the RPE and photoreceptors interact with one another through a 

specialized extracellular matrix compartment known as the inter-photoreceptor matrix (IPM). 

The retinal extracellular matrix (ECM) is divided into two distinct layers: the ECM that surrounds 

the inner retinal cells and the IPM [19].  Interestingly, the IPM is a dynamic interface between the 

photoreceptor outer segments and the RPE microvilli (apical processes).  Our protein of interest, Retbindin 

(Rtbdn), is a novel retina specific protein actually enriched in this region, located between the rod outer 

segment tips and the RPE microvilli [20].  It is through this interface that the two cell types regulate retinal 

attachment, visual pigment regeneration, outer segment phagocytosis, and metabolite exchange [21-26].  

Dysfunction in IPM proteins such as peripheral membrane proteins IRBP and IMPG2 can cause retinitis 

pigmentosa [27, 28].  Given the importance of these functions it is no wonder that other peripheral 

membrane proteins like Rtbdn also localize to the IPM [20].  Interestingly, the only known function of 

Rtbdn till now is to bind to the essential metabolite, riboflavin [20].  In absence of Rtbdn, the NR has flavin 

deficiency along with dose dependent onset of retinal degeneration [29].  This makes a strong case to 

understand the importance of Rtbdn’s ligand, riboflavin for the retina. 

Riboflavin  

 The water-soluble vitamin, riboflavin (vitamin B2, aka lactochrome) was first isolated in 1879 

from milk whey and purified as orange yellow crystals.  Subsequently, since Eijkman’s Nobel Prize 

winning work in 1929, vitamins and their biological implications have become a matter of great interest to 
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both biochemists and clinicians alike.  As a vitamin, riboflavin is especially essential for human health due 

to its vast involvement in the bioenergetics, metabolism, growth and survival of all cells [30].  So it is not 

surprising that low riboflavin levels are associated with various neurodegenerative disorders, metabolic 

dysfunctions, diabetes mellitus and inborn errors like Brown-Vialetto Van Laere (BVVL) and Fazio Londe 

syndromes [31-33]. 

All proteins associating with flavins are collectively known as the flavoproteome [34].  Being such 

a vast and diverse set of proteins, the extent of the flavoproteome involvement in numerous metabolic 

pathologies is only now surfacing out.  One such example is highlighted in a recent publication by 

Petrovsky et al. [35], where the authors describe the case of a patient who initially was being treated for a 

progressive neurological disease on the supposition that the illness was due to an autoimmune disease.  

Upon exome sequencing, it was discovered that the patient was bearing a mutation in a brain-specific 

riboflavin transporter.  Following that discovery, the patient was successfully treated for BVVL syndrome 

(type 2) riboflavin-rich diet [35].  Effects of riboflavin deficiency are not limited to the brain though.  

Tsugio Amemiya showed, by transmission electron microscopy, images of riboflavin deficient rats 

exhibiting disrupted photoreceptor OS (OS), highly vacuolated Müller cell processes and even highly 

lamellate retinal pigment epithelia (RPE) [36].  Also, patients suffering from riboflavin deficiency have 

been reported to have developed significant vision problems, including reduced rod and cone responses 

[37]. 

At this juncture, it is important to state that most of the cellular riboflavin is known to be 

phosphorylated as in metabolic trapping to prevent its diffusion out of the cell [38].  The free form of 

riboflavin diffuses out of the cells into the plasma and is eventually excreted out in the urine [39, 40].  

However, it is not clear what happens to the riboflavin of the extracellular matrix.  It is possible that 

extracellular proteins, like riboflavin carrier proteins bind to riboflavin and prevent it from diffusing back 

to the plasma.  That may explain why riboflavin carrier proteins have been reported in all those tissues 

where the concentration of riboflavin is more than that of blood plasma, making these proteins as major 

players in flavin homeostasis in these tissues [41, 42].  Examples of these proteins are the riboflavin 

binding protein of the chicken egg [43] and Rtbdn of the retina [20].   
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Flavins and their unique chemistry 

 The chemical structure of the tricyclic molecule riboflavin (aka 7,8-dimethylbenzo-pteridine-2,4-

dione) is constituted of a ribitil side chain attached to an isoalloxazine ring, which is a benzene ring 

attached to a pteridine ring system [44].  The presence of the pteridine ring gives it the name benzopteridine 

and reflects its relationship with another pteridine-based biochemical, i.e., folic acid [45].  For biological 

functioning, riboflavin is converted either to a phosphorylated (flavin mononucleotide, FMN) or an 

adenylated (flavin adenine dinucleotide, FAD) forms of active redox coenzymes [46].  The conversion of 

riboflavin to FMN is catalyzed by the enzyme flavokinase or riboflavin kinase, which is an ATP dependent 

phosphotransferase (EC 2.7.1.26).  Most FMN is then converted to FAD by FAD synthetase, which is an 

adenylyltransferase (EC 2.7.7.2) [44, 47].  FMN is generated upon phosphorylation at the 5’-

hydroxymethyl terminus of the ribityl side chain and that is converted to FAD upon addition of an 

adenylate group via pyrophosphate linkage [48].  To underline their importance in cellular respiration or 

metabolic biology, it is imperative to state that these are the foremost primary electron acceptors from 

soluble metabolites along with the nicotinamide coenzymes (NAD/NADH/NADH2).  Being tricyclic gives 

flavins the ability to efficiently function as a transformer between electron donors and electron acceptors 

while the central dihydropyrazine ring of dihydroflavins is highly reactive to molecular oxygen, thus acting 

as a cofactor for reduction of molecular oxygen to hydrogen peroxide and also for reductive activity of 

monooxygenation reactions [49].  

 However, the importance of flavins is underlined by the chemistry of the compound.  So it is 

important to shed some light on the chemistry of riboflavin.  The biological activity of flavins is governed 

by the flexibility of the isoalloxazine ring.  This is because it has the ability to exist in three different forms: 

oxidized, reduced, and the two electron state [50].  However, the beauty of flexibility of the molecules is 

not limited to just being in these three states, but being either neutral or anionic or cationic in any of these 

three states.  It is reported that the biologically active forms of all these possible nine forms are the: (i) 

neutral oxidized state, (ii) neutral and anionic one electron (reduced) states and (iii) neutral and anionic two 

electron states [50].  What provides an even unique identity to the molecule is the ability of thermodynamic 

reversibility between any of the (i), (ii), and (iii) states. 
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Riboflavin absorption and transport  

 Since mammals have lost the ability to de novo synthesize riboflavin, it is therefore, obtained from 

the diet [47].  Riboflavin absorption in the small intestine of rats and rabbits occurs across the brush border 

membrane in a specific carrier mediated fashion, which is modulated by the level of riboflavin present in 

the vicinity [51, 52].  However, the body seems to get rid of excess plasma riboflavin within a span of few 

hr, as has been reported for both animals [53] and humans [54].  In blood, riboflavin associates with plasma 

proteins like albumin [55] and reaches different parts of the body, enters various tissues either by diffusion 

or via specific transporters and gets metabolically retained.  In the last decade, it has been found that the 

brain has different transporters that are specific to riboflavin transport [56-60].  These are the same ones 

that have been identified earlier in other tissues.  Recently, similar transporters were speculated to be 

present in the endothelial and epithelial cells of the inner and outer retina respectively as sh-RNA mediated 

knockdown of these transporters resulted in decreased riboflavin uptake in vitro [61-63].  It was also shown 

that cultured RPE cells have the capability to take up riboflavin [62], but it is yet to be shown in vivo.  

Flavin concentration in different tissues 

 The concentration of total bound and free flavins (riboflavin, FAD, and FMN) in each tissue is 

determined by the metabolic demands of the tissue [47].  Hepatic and plasma levels have been quantified 

linking them to various pathologies [64].  The reporting of flavin levels in the literature is sometimes 

expressed in molar units while in other instances is in number of moles and either normalized to the unit 

weight of the tissue or to the total protein content in tissue extract.  The rat hepatic concentration has been 

reported by Burch et al. to be 25.8 ± 0.9 µg for FAD/g tissue, 4.97 ± 0.40 µg for FMN/g tissue and 0.69 ± 

0.07 µg/g tissue for riboflavin [65].  However, Batey et al. reported rat hepatic FAD as 230±11 pmol/mg 

protein, FMN as 167±9 pmol/mg protein and riboflavin as 61.2±5.2 pmol/mg protein [66].  Mouse hepatic 

level of riboflavin has been reported as 14 μg/g liver [67], 15 nmol/g liver [68], 3 nmol/g liver [69].  Mouse 

hepatic values of FMN have been reported to be 1.3nmol/g tissue [69] and that of FAD have been reported 

to be 15 nmol/g tissue [69].  Human plasma levels have been found to be 310.01±90.15 μg/L [70], while 

mouse is at 35 nmol [68] or 0.4 μM [69] for riboflavin.  Mouse FAD was reported at 0.13 μM [69] and 

FMN at 0.08μM [69].  Batey et al. reported rat plasma levels to be 0.374±0.050 pmol/mg protein for FAD, 

0.497±0.037 pmol/mg protein for FMN, 0.397±0.036 pmol/mg protein for riboflavin [66]. 
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Besides liver and plasma, analysis of flavin levels in the brain have recently gained importance 

due to BVVL syndrome receiving attention [69].  But despite the higher metabolic activity of the retina 

[71], analysis of retinal flavin levels have received little attention.  Euler and Adler were perhaps the first to 

report that the retina has a high riboflavin content [72].  Batey et al. then reported that rat NR harbors 

46.5±2.8 pmol/mg protein FAD, 17.6±0.7 pmol/mg protein FMN and 4.8±0.34 pmol/mg protein riboflavin 

[66].  Subsequently, riboflavin content in fish and mammalian eyes were found to be high compared to 

other tissues [72].  Later, Batey et al. further reported that the cornea and then the NR contain the highest 

flavin levels of all the ocular tissues in rabbits fed with three different concentration of diet [73].  It was 

also shown that increasing riboflavin intake 3 mg/kg animal weight did not result in an increase in total 

flavin content in the rat NR [74], thus suggesting a tissue requirement specific transport mechanism.  The 

mammalian cell does not have the machinery to retain excess riboflavin and hence it is excreted out in the 

urine within a certain time period [54].  The riboflavin absorption, distribution, and clearance in rats have 

long been very extensively studied by Bessey et al. using radioactive compounds [75].  

The flavoproteome of the retina 

 The animal flavoproteome known so far can be widely divided into two types: One type is the 

coenzyme form of flavin derivatives binding to apoproteins either by covalent or noncovalent bonds [76, 

77].  Examples of this type would be acyl-CoA dehydrogenase [34], succinate dehydrogenase [34], and 

glycerol-3-phosphate dehydrogenase [34] among several others.  The other type is proteins that associate 

with flavins mostly act as flavin carriers or function to enrich flavins in specific tissues [30].  Examples of 

the this type would be riboflavin binding protein (RBP) found in chicken egg [43, 78], pregnant rats [79, 

80] and the mammalian retina [20]. 

In a comprehensive review, Lienhart  provides a detailed report on the human flavoproteome [34].  

The author mentions that about 60% of the members of the human flavoproteome are associated with 

clinical pathologies [34].  This underlines the importance of flavins in proper physiological functioning of 

mammalian proteins.  It is also important to note that most of the dysfunctionalities in flavoprotein 

pathologies are related to mitochondrial, endoplasmic reticulum and peroxisomal dysfunctionalities [34]. 

This is not surprising in the case of the mitochondrial dysfunctionalities since a good number of the 

flavoproteins are located in the mitochondria and play a role in energy metabolism [81, 82].  Flavoproteins 
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associated endoplasmic and peroxisomal dysfunctionalities, on the other hand, point to the role flavins play 

in the exclusive functions performed by both organelles to aid in lipid metabolism [34]. 

Role of retinal flavin homeostasis and glucose metabolism in vision  

 It has been shown that riboflavin plays a prominent role in energy and glucose metabolism [83].  

The retina is a metabolically active tissue with a high rate of energy demand and glucose consumption [84, 

85].  This is further validated by the highest activity of hexokinase in the inner segment of photoreceptors 

compared to the other cells of the NR as well as the brain [86, 87].  This high activity is required for visual 

transduction as well as for the synthesis of new photoreceptor OS proteins, building up new OS discs and 

the shedding process.  Using radioactive methionine, Young et al. showed that in rat, mouse and frog, 

proteins synthesized in the photoreceptor IS are trafficked to OS in an ordered fashion, get accumulated in 

the lamellae in OS and subsequently are removed via shedding from the tip of OS in a light dependent 

manner [88].  For this to effectively occur, a constant supply of energy and metabolites is required in the 

vicinity of the photoreceptors.  To accommodate the high energy requirement, research on cattle and rabbit 

retina demonstrated that high oxygen and glucose consumption occur via glycolysis, TCA cycle and 

pentose phosphate pathway [89].  

Ames and colleagues showed that the retinal energy reserves are small and withdrawal of glucose 

affects both the scotopic a and b-wave of ERG (electroretinogram), which is an in vivo electrophysiological 

measurement of the retina [71].  Surprisingly though, it had no immediate effect on oxygen consumption, 

indicating alternate source of substrates for oxidative phosphorylation [71].  This is agreement with ex vivo 

results by Winkler et al. showing most of the glucose in the NR is converted to lactate and that inhibition of 

GAPDH (glycolytic enzyme) prevents the photoreceptors from having any extracellular potential, which is 

an ex vivo  electrophysiological measurement of the photoreceptors and is similar to scotopic a-wave of 

ERG [89].  Oxygen withdrawal, on the other hand, leads to a Pasteur-effect with 2.7 fold increases in 

glycolysis and had lower rate of decline in ATP production than in hypoxic conditions [71, 89].  

Thus, the authors demonstrated that retinal neurotransmission was heavily dependent on anaerobic 

glycolysis with it only contributing to 18% of the total energy generated, yet being responsible for 80% of 

the total glucose consumed.  Furthermore, they showed that photo transduction was dependent on oxidative 

metabolism with the dark current having the lion’s share of 41% of oxygen consumption.  The large 
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Pasteur-effect was explained by the hypothesis that in hypoxic conditions, dark current was partly 

supported by glycolysis.  

In accordance with previous published work describing utilization of non-oxidative metabolism of 

glucose by neuronal cells of the retina, Pellerin and colleagues showed that upon glutamate release at 

excitatory synapses, glucose utilization and lactate production was stimulated [90].  Thus, glycolytic lactate 

production in the retina is tied with neurotransmission in the dark current [90].  Poitry-Yamate et al. also 

argued that this lactate was observed to be a better substrate for oxidative metabolism of exclusively the 

photoreceptors, even though they do take up both lactate and glucose [91].  This was demonstrated by 

showing that about 70% of radioactive lactate released by the Müller cells was taken up solely by 

photoreceptors.  Winkler et al. also used glucose to study whether Müller cells are the primary producers of 

lactate in rat NR, aerobically serving as the principal fuel for the photoreceptor mitochondrial functioning 

[92].  Acknowledging species difference, the authors used rat NR as the vascular model and guinea pig NR 

as the avascular model.  Interestingly, their results showed that in aerobic conditions, photoreceptors tend 

to depend upon glucose as the principal energy substrate as long as it is in adequate supply [92].  To 

specifically delineate the metabolism of the outer retina, Wang et al. highlighted the importance of 

oxidative phosphorylation and aerobic glycolysis based lactate formation with reference to light and 

darkness [93].  The authors showed that glucose is the most efficient substrate, the preferred metabolite for 

the bulk of the energy production in the outer retina and that about 80% of this glucose utilized is converted 

to lactate in aerobic conditions [93].  

In physiological conditions, the dark cycle has greater oxygen consumption than during the light 

cycle [94], which suggests that if the oxygen demand/supply goes <1 unit then a hypoxic condition will 

arise in the retina.  Linking oxygen consumption to the bioenergetics, Okawa et al. further looked at the 

difference in ATP consumption in light versus dark by rod photoreceptors [95].  The authors found that the 

vertebrate rods consume about 108 ATP molecules per sec.  The most dominant energy consumption is due 

to the ion fluxes with reference to photo transduction and synaptic transmission.  During daylight, the 

energy consumption drops by >75% due to perhaps inhibition of the dark response.  The authors also 

showed that the cones are more energy consuming than rods [95].  Oxidative phosphorylation also seems to 

be the highest in photoreceptors compared to the rest of the NR since the highest cytochrome C activity 
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(electron transport chain enzyme) is in the photoreceptors [49, 96] and the highest content of mitochondria 

resides in the photoreceptors [97, 98].  Stone et al. showed that mitochondrial localization in the vascular 

retinas of mouse, rat, and humans to be primarily in the IS but also a minor pool at the axon terminals while 

in the avascular retinas of wallaby, rat, and guinea-pig to be only in the IS [99].  Working on the avascular 

retinas of zebrafish, Linton et al. proposed that the major energy production in photoreceptors occurs in IS-

mitochondria and that this metabolic energy, in the form of phosphocreatine, is transmitted to the synaptic 

terminal in darkness and towards the OS in light [100].  However, in the vascularized retina, the 

dependency is less on creatine kinase [100].  Perkins et al. estimated that in primates there are 10 times 

more mitochondria in cones than in rods, while in mice it is twice the amount [101].  Using ferret, cat, and 

monkey, Riley et al showed similar evidence demonstrating that the IS of cones are more densely packed 

with mitochondria than that of rods [96].  This was supportive of the previous evidence that the cones 

consume more energy [102].   

The high density of mitochondria also reflects higher flavin requirement by the photoreceptors as 

most of mitochondrial enzymes are flavin dependent [82].  Furthermore, the above also supports the notion 

that the inner segment of a photoreceptor is fueled by flavin based oxidative phosphorylation while the 

functioning of the outer segment could be fueled by aerobic glycolysis.  Ames found that the sodium 

potassium ATPase transporters consumed about half of all the energy used by the NR, i.e., 49% of 

oxidative energy and 58% of glycolytic energy.  It is important to bear in mind that the authors could not 

account for  the fate of about 49% of energy generated by oxidative metabolism [71].  Since flavins play an 

important role in oxidative phosphorylation and all the critical components of oxidative phosphorylation 

are concentrated in the inner segment, it is logical to assume that the inner segment must have a pool of 

riboflavin derivatives.  It has been shown that the activity of some enzymes involved in oxidative 

phosphorylation are reduced in riboflavin deficient rats [103], thus indicating how an imbalance in flavin 

homeostasis can affect the retinal energy metabolism. 

Powers et al. showed in various cell culture systems the importance of riboflavin for energy 

generation [104].  In fact, in absence of riboflavin, the cells seem to be under considerable oxidative stress.  

Cells deficient in riboflavin have lower ATP levels and as flavokinase activity is less sensitive to ATP 

levels due to a 20 fold lower Km than FAD synthetase, the levels of FAD drop further with diminishing 
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levels of ATP [104].  So even if excess riboflavin is provided at this point, until ATP levels reach the 

threshold in a flavin-independent mechanism, riboflavin would not be converted to FAD and oxidative 

phosphorylation cannot begin again.  Thus, it is essential to maintain a riboflavin homeostasis in the NR, 

such that glucose metabolism keeps functioning efficiently to meet the energy requirement of the 

photoreceptors. 

It is evident that oxidative phosphorylation and glycolysis for both ATP production and 

biomolecular substrate generation in the NR has very unique dynamics.  We know how important flavins 

are for all these processes.  Thus, it is justified that to maintain the dynamicity, effectively high flavin 

transport and homeostasis is crucial to the retina.  Furthermore, higher oxygen consumption during the dark 

cycle may warrant higher flow of flavins.  The high density of mitochondria also reflects higher flavin 

requirement by the photoreceptors as most of mitochondrial enzymes are flavin dependent [82]. 

Flavin homeostasis and lipid metabolism in retina 

 Bazan et al showed that unlike other cells where lipids constitute 1% of their membranes, the 

photoreceptor cell membrane is constituted of 15% lipids [105].  This highlights the significance of lipid 

metabolism to the proper functionality of photoreceptors.  Riboflavin deficient chicken embryos exhibit 

dysfunctional fatty acid metabolism whereby the reduced activity of FAD-dependent medium acyl CoA 

dehydrogenases leads to build up of C10, C12 and C14 fatty acids [106].  The authors argue that the 

impairment of fatty acid oxidation drains out the carbohydrate reserves and in turn negatively impacts the 

energy metabolism.  The only difference between adult humans and rats under riboflavin deficiency is that 

the authors do note an increase of dicarboxylic acids for both the adult mammals but not for the chicken 

embryo [106].  There are several reports in the literature showing an impairment of β-oxidation of fatty 

acids as an effect of flavin deficient diet and the rationale behind this could be the depressed activity of the 

flavin dependent dehydrogenases [107-109].  It is noteworthy that these dehydrogenases include all three 

alternate dehydrogenases; short, medium and long chain fatty acyl coenzyme A dehydrogenase.  All of 

these dehydrogenases are involved in the very first step of β-oxidation of fatty acids [64, 108, 110].  Hoppel 

and Tandler’s work on isolated mitochondria from riboflavin deficient rat weanlings showed that the most 

drastic effect was on fatty acid oxidation, even though the oxidation of non-lipid substrates as succinate, 

pyruvate, glutamate, and α-ketoglutarate seemed to have a variable effect [110].  The rate limiting step 
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seemed to be the flavin dependent acyl-CoA dehydrogenase activity [110].  The authors actually observed 

that the oxidation rates of both long chain and intermediate chain fatty acid substrates dropped sharply as a 

result of ariboflavinosis [110].  

It is widely accepted that impaired β-oxidation of fatty acids can significantly contribute to vision 

loss and that it causes hypoglycemia [111, 112].  Hypoketotic hypoglycemia is developed by patients 

having severely impaired β-oxidation of fatty acids [111] and 3-hydroxyacyl-CoA dehydrogenase 

deficiencies [113, 114] have been reported to result in retinitis pigmentosa and peripheral neuropathy [113, 

115].  Khan et al [116] showed that there is close clinical effect of hypoglycemia on retinal function as 

detected by multifocal electroretinogram.  This occurs in both normal subjects and those suffering from 

Type 1 diabetes, whereby, the central retina is preferentially affected [116].  In another study, Adijanto et al 

[117] referred to a novel metabolic coupling between the RPE and the photoreceptors, by virtue of which, 

the photoreceptor outer segment membrane components get recycled back into ketones, to be fed into the 

oxidative phosphorylation of the photoreceptors [117].  The authors show that RPE cells produce high 

amount of β-hydroxybutyrate by β-oxidation of fatty acids, and it is then shuttled to the photoreceptors via 

the monocarboxylate transporter 1 (MCT1) [117], which is present in both the apical side of RPE and the 

photoreceptor IS [118].  It is possible that the substrate for ketogenesis via β-oxidation of fatty acids comes 

from the vast pool of fatty acids shed as photoreceptor OS, which are constitutively taken up by the RPE 

cells [119].  It is also possible that β-hydroxybutyrate, besides helping in the metabolic needs of the 

photoreceptors, may act as a neuroprotective agent by suppressing oxidative stress in the retinal 

microenvironment [120, 121].  Thus, when the photoreceptor layer gets parched for riboflavin its fatty acid 

oxidation can be adversely affected.  This can have a cascade effect on the fatty acid metabolism of the 

RPE in turn.  Also, if riboflavin moves from the inner retina to the RPE [61], then a similar condition of 

hypoglycemia can begin in the RPE further affecting the RPE functioning, leading to vision problems.  

Retinal flavin homeostasis and oxidative balance 

 Patterson [64] observed reduced oxygen consumption by mitochondria in weanling rats fed 

riboflavin deficient diet associated with reduced weight gain per unit of food consumed [64, 108, 110].  

Absence of flavins would also affect the β-oxidation of fatty acids in the RPE, which in turn would affect 

the flow of β-hydroxybutyrate to the retinal microenvironment, thus negatively impacting both the 
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metabolic needs of the photoreceptors as well as the expression of oxidative stress resistance factors, as 

noted in other neurodegenerative disorders [117, 120, 121].  At the opposite extreme, Eckerdt [122] reports 

that high levels of riboflavin can have harmful effects on the photoreceptors in a dose dependent manner.  

He demonstrated reduction in number of photoreceptors in rats fed excess riboflavin (30 mg/kg) versus the 

recommended level (6 mg/kg).  However, this is the only report exhibiting toxicity from excess riboflavin 

although, in principle, the chemistry of riboflavin could cause oxidative damage due to its reactive nature.  

It was shown that high levels of riboflavin inhibit glutathione reductase activity [123].  But for that to 

occur, riboflavin needs not necessarily be in excess, instead can occur at lower than physiological 

concentrations [124, 125].  Contradictory to that, a report  prescribed a protective role to riboflavin [92].  

Moreover, when speculating that excess riboflavin could be responsible for oxidative damage, one should 

keep in mind the conditions that have to arise to result in buildup of riboflavin in the retina.  As mentioned 

earlier, the riboflavin transporters, which are yet to be discovered in the photoreceptors, may be playing an 

essential role, if excess riboflavin build up is to occur.  

Importance of studying the role of riboflavin and Retbindin in retina 

 Blindness is reportedly the disease that can be caused by the most diverse set of gene mutations 

than any other disease known [126].  As reported by Amemiya [36], the retina of rats fed with riboflavin 

deficient diet for three months showed clear signs of degeneration with edematous and disoriented Müller 

cells, disintegrating OS discs and RPE full of abnormal number of lamellae.  Interestingly, these seemed to 

be reversible since animals recovered when they were placed on riboflavin enriched diet.  In absence of 

literature presenting electron microscope images of effects of long term riboflavin deficiency, one can 

assume that the high number of lamellae in the RPE even after 7 hr (shedding stops usually by 6 hr after 

onset of light cycle), is due to either slower rate of phagocytosis of the RPE or enhanced degenerating OS 

contributing to extended phagocytosis.  That the tip of the OS seems to be affected may support the line of 

thought that the OS/RPE interface is affected, creating a stress environment for the interphotoreceptor 

matrix in a state of ariboflavinosis.  Rods express retbindin [20], the only known riboflavin carrier in the 

retina.  Rod death during retinitis pigmentosa or other retinal pathologies could result in a local 

ariboflavinic environment around the photoreceptors, leading to a starving condition for the cones, resulting 

in rapid cone death following rod death as is commonly seen in RP models of degeneration as well as in 
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humans [126].  Given the fact that a pathology as BVVL improves with flavin-enriched diet, it would be 

interesting to see if high flavin diet for extended period of time can rescue RP animal models from 

photoreceptor degeneration [127, 128]. 

 A previous study [129] has described the various ways ariboflavinosis can affect various parts of 

the eye.  The authors cite Davidson’s 1949 chapter highlighting the rich flavin content in the retina and its 

deficiency linked to night blindness.  They also reported that patients suffering from ariboflavinosis showed 

resolution of their night blindness following a 10-day course of 10 mg riboflavin/day injections.  The 

authors mention two previous reports by Pollak in 1945 and by Gordon in 1939, emphasizing the ability of 

riboflavin alone to improve dark adaptation [130]. The authors describe that mitochondrial dysfunctionality 

can occur due to blue light induced toxicity of oxidized riboflavin [131].  However, it is important to note 

that the distinction between bound and free flavins was done by Singer’s method.  It is important to repeat 

previously reported results with state-of-the-art techniques for corroboration and to determine if indeed 

under certain conditions high levels of riboflavin can be achieved and whether it can act as a 

photosensitizer causing harm to the cell.  This is especially important for the aging population, reports 

suggest that about 30 fold excess intake of riboflavin occurs than the RDA limit and these populations are 

the most susceptible to free riboflavin (oxidized) stress leading to age related macular degeneration [132].  

Winkler reviews articles stating blue light damage to photoreceptors maybe leading to AMD [133].  

Although hypothetically it is possible that blue light induced toxicity of riboflavin could be apparent in 

aging population and excess riboflavin can be a potential risk factor for AMD patients. 

 Putting all the research in perspective, it seems very important to look at both: (1) the role of 

flavin homeostasis in retinal physiology as well as (2) role of flavin homeostasis in pathologies related to 

metabolism and aging.  One of the tools available to us to assess role of flavins in retinal homeostasis is the 

retbindin knockout model [20].  It will also be beneficial to identify the transporters that might be involved 

in flavin transport in the retina.  Because of the presence of specific barriers like the placental border or the 

blood-retinal barrier, combined with the high energy metabolism in these tissues, they may need such 

specialized proteins in contrast to other well vascularized tissues (like the cornea) with high riboflavin 

content.  So it seems important to do more work on the role of flavin homeostasis with respect to structural 

and functional integrity of the retina as well as the role of the riboflavin binding protein, retbindin.  It could 
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be that like the riboflavin binding protein of the egg, retbindin helps in transport of riboflavin across the 

IPM and thus maintaining the high intracellular pool of riboflavin in the photoreceptors.  Moreover, since 

so little is known about any of retinal riboflavin carrier proteins, a biochemical and biophysical 

characterization of both the riboflavin binding protein retbindin and riboflavin transporters of the inner 

retina would provide us with a greater understanding as to how such high flavin levels are maintained in the 

retina. 
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SUMMARY 

 Involvement of flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN) in cellular 

homeostasis has been well established for tissues other than the retina.  Here, we present an optimized 

method to effectively extract and quantify FAD and FMN from a single neural retina (NR) and its 

corresponding retinal pigment epithelium (RPE).  Optimizations led to detection efficiency of 0.1 pmol for 

FAD and FMN while 0.01 pmol for riboflavin.  Interestingly, levels of FAD and FMN in the RPE were 

found to be 1.7 and 12.5 folds higher than their levels in the retina, respectively.  Both FAD and FMN 

levels in the RPE and retina gradually decline with age and preceded the age-dependent drop in the 

functional competence of the retina as measured by electroretinography.  Further, quantifications of retinal 

levels of FAD and FMN in different mouse models of retinal degeneration revealed differential metabolic 

requirements of these two factors in relation to the rate and degree of photoreceptor degeneration.  We also 

found 2 fold reductions in retinal levels of FAD and FMN in two mouse models of diabetic retinopathy.  
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Altogether, our results suggest that retinal levels of FAD and FMN can be used as potential markers to 

determine state of health of the retina in general and more specifically the photoreceptors. 

INTRODUCTION 

 Riboflavin (RF, aka vitamin B2) belongs to the class of water soluble vitamins and is essential for 

production of biological energy [134].  It is absorbed from diet by specific intestinal receptors and then 

transported to other tissue based on their energetic mandates [47, 52].  Depending upon cellular 

requirements, part of the internalized RF is then enzymatically converted to RF active phosphorylated 

derivatives, FAD (Flavin adenine dinucleotide) and FMN (Flavin mononucleotide) [135].  The rest of RF 

has a short half-life and is quickly cleared from the body [53]. 

Subsequently, FAD and FMN not only act as cofactors for various enzymes involved in oxidation-

reduction (redox) reactions, they are utilized for deriving other essential cofactors involved in metabolism 

[30].  FAD and FMN are also essential for the function of other vitamins like pyridoxine and nicotinic acid 

[136].  The direct involvement of FAD and FMN as rate limiting factors in energy metabolism is well 

documented and it is well understood that there is a direct correlation between the rate of energy 

metabolism of a specific cell with the cellular levels of FAD and FMN [44]. 

Levels of FAD and FMN in different organs vary depending on the requirements of that organ.  

For example, compared to the  blood, the retina retains high concentrations of FAD and FMN [66].  This is 

not surprising since retinal photoreceptors are among the most metabolically active cells in the body [71, 

84, 89, 137].  Although the correlation between reduced FAD and FMN levels and clinically relevant 

pathologies has been well documented [138-140], limited information is available about their retinal levels 

in physiological and pathological conditions [73, 74].  Moreover, these reports date back decades and given 

the advancement in separation technology, it is essential to develop an improved, more sensitive method for 

their detection and quantification. 

The direct involvement of FAD and FMN as cofactors for essential metabolic pathways underlines 

the importance of their quantitation in aging and metabolic pathologies.  It is well known that aging is 

associated with downregulation of oxidative phosphorylation and decline in mitochondrial energy 

metabolism [141-143]; both are linked to flavin levels.  Furthermore, retinal metabolic pathologies are 

significantly affected in diabetic retinopathy, which may stem from the metabolic dysfunction of 
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photoreceptors [144], which consume most of the oxygen that enters the retina [145].  This underscores the 

necessity to quantify the levels of FAD and FMN during the progression of diabetic retinopathy. 

Herein, we have modified and optimized the previously reported micro-extraction of FAD and 

FMN using a single neural retina (termed as ‘retina’ in this chapter) and its corresponding RPE [66] and 

significantly increased the sensitivity of HPLC detection.  Furthermore, we report on the steady state levels 

of flavins in the mouse retina and retinal pigment epithelium, independently.  We also determined the effect 

of physiological conditions such as fasting and aging on the steady state levels of retinal flavins.  Finally, 

we selected well studied animal models of retinal degeneration and metabolic dysfunction to quantify 

flavins in the retina and the RPE.  Our data indicate that changes in flavin levels may be a precursor for 

metabolic changes occurring before or during the degenerative process.  

RESULTS 

Tissue extraction and HPLC quantification of steady state levels of flavins. 

 We first adapted the tissue extraction and HPLC quantification procedures reported by Batey [66] 

with the modifications listed below.  In that study, samples were heated during the extraction [66] but we 

chose to perform our extractions on ice, unless stated otherwise.  The rationale provided by the authors for 

heating was to release the loosely bound flavins from the respective flavoproteins.   

 

Figure 2.1. HPLC profile of FAD, FMN and RF.   
 

(A) HPLC profile of 60 pmol of FAD standard showing 16.9 min of retention time. (B) HPLC profile of 60 

pmol of FMN standard showing 18.1 min of retention time. (C) HPLC profile of 450 nmol of RF showing 

retention time of 19.2 min. (D) HPLC profile of the three flavin standards at the amounts used in A-C are 

showing their retention times and separation of their peaks. 
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 However, the authors also report that there is loss in FAD and FMN upon heating..  This is similar 

to other recent papers reporting thermal degradation of both FAD and FMN [146], even though riboflavin 

is known to be highly thermostable [147].  Thus performing all the extraction steps on ice was critical to 

prevent any hydrolysis of FAD to FMN and further into riboflavin and enabling us to measure the stable 

physiological levels of both FAD and FMN.  Since precipitation by 10% TCA alone is able to effectively 

dissociate flavins from flavoproteins [148-150] without affecting the stability of FAD and FMN, we chose 

to perform the 10% TCA precipitation without heating the samples.  Another difference is that our flavin 

extractions were in phosphate buffer saline (pH=5.5), which has been frequently used for flavin 

quantitation from various sources, without affecting the stability of FAD and FMN [151].  To develop an 

HPLC gradient method for flavins, the standards were first used to generate a six point concentration curve 

using linear regression analysis (as described in the Method Section).  Whether all three flavins were 

pooled together or used separately, no change in individual retention time was observed.  This indicates 

that the chemical composition of each flavin does not interfere with the elution time of the others (Figure 

2.1).  In Batey’s study [66], isocratic method was used to separate flavins by HPLC but we found it leads to 

overlapping peaks of FAD and FMN.  After further optimization, we found complete separation of the 

three flavins by using a gradient method, mixing solution A (50 mM phosphate buffer, pH=3) and solution 

B (100% acetonitrile) at a flow rate of 0.8 ml/min (Figure 2.1D).   

Table 2.1.Optimized gradient method for HPLC separation of flavins 

Time (min) % Solution A* % Solution B* 

0 95 5 

6.25 95 5 

18.75 75 25 

19 50 50 

22.25 50 50 

22.5 95 5 

28.5 95 5 

Solution A, 1X phosphate buffer (50mM) pH=3.1, solution B is acetonitrile; flow rate is 0.8ml/min. 

Table 2.1 shows the adopted optimized method with the shortest run time.  The observed retention 

times for FAD, FMN, and RF are 16.9, 18.1, and 19.2 min, respectively.  The initial 6.25 min of the run 
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with 95% solution A and 5% solution B was to equilibrate the column and to enhance the retention 

efficiency of flavins.  Sequential elution of flavins happens with gradual increase in solution B and 

simultaneous reduction in solution A.  This process is completed at 19.2 min (Figure 2.1).  The 3-4 min 

portion of the run profile of the column at 50% of solution A and 50% of solution B corresponds to column 

clean-up and the elution of any un-eluted components.  The column is then re-calibrated to the initial 

condition for ~6 min with 95% solution A and 5% solution B before testing the next sample.  All flavins 

gave good correlation coefficient (r) values as shown in Table 2.2, which also includes regression 

parameters such as slopes and intercepts.  The limit of quantification (LoQ) for all flavins is substantially 

lower than the 2 pmol for all flavins detected in prior studies using an isocratic method [66].  Our LoQ 

values were 0.1 pmol for FAD and FMN while 0.01 pmol for RF.  

Table 2.2.Linearity of the HPLC gradient method 
 

Range  Equation Correlation coefficient 

FAD 0.1 pmol-50 nmol y = 1345x - 521.84 0.992 

FMN 0.1 pmol-10 nmol y = 155.95x - 9.7702 0.997 

Rf 0.01 pmol-10 nmol y = 6458x - 19.626 0.995 

The accuracy of our extraction method was confirmed by performing recovery analyses of 

independent retina and RPE samples spiked with equal amounts of FAD, FMN and RF.  As shown in Table 

2.3, the recovery from the retina was 98.6+1.3 for FAD, 99.2+2.7 for FMN and 96.2+6.1 for RF and from 

the RPE was 97.3+4.6 for FAD, 97.1+3.3 for FMN and 95.1+1.1 for RF.  This optimized extraction 

procedure of flavins from the retina and RPE was used for the remaining analyses performed in this study.  

In summary, our extraction method has higher recovery of FAD and FMN from the retina than the other 

previously described protocols [73, 74] and the enhanced HPLC detection to the pmol levels will allow us 

to detect steady state levels of flavins in the retina and the RPE in normal and pathological conditions. 

Table 2.3.Recovery and reproducibility 

 Spiked concentration (pmol) Recovery (%) 

Retina RPE 

FAD 100 98.6±1.3 97.3±4.6 

FMN 100 99.2±2.7 97.1±3.3 

Rf 100 96.2±6.1 95.1±1.1 
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Stability of flavins during extraction 

 Although it is well known that the stability of FAD, FMN and RF is affected by pH and 

temperature [147, 152], previous methods have used extraction buffers of varying pH values ranging from 

pH 3.5 to 7.4.  We therefore elected to evaluate the effect of different parameters on the stability of flavins 

including pH values at 2.8, 6.8 and 11, incubation time at 4 ºC (ranging from 0 to 32 hr), freezing at -20 ºC 

overnight, and  freeze-thawing.  These were first assessed separately with 100 pmol of FAD, FMN and RF 

standards (Figure 2.2A-C).  We also assessed the effect of these parameters on FAD and FMN stability 

extracted from a single retina (Figure 2.2D-F).  Because of the low levels of RF in retinal extracts, RF was 

not included in this study.  Interestingly, flavin standards and retinal flavins exhibited different behaviors 

under these different conditions.  All three standards showed maximum stability when extracted in pH 6.8 

(Figure 2.2A) while FAD in retinal extracts showed stability at pH values between 2.8 to 11 and with a 

slightly higher stability at pH 2.8.  FMN, however, was most stable at pH 2.8 (Figure 2.2D).  The next 

parameter we assessed was the stability of flavins during HPLC assessments at 4 ºC.  The HPLC auto-

sampler is temperature controlled at 4 ºC and multiple injections can be made over time.  We incubated the 

standards and retinal extracts for 0 to 32 hr at 4 ºC in the auto-sampler.  We found that the standards were 

stable for up to 8 hr, following which the stability declined sharply (Figure 2.2B).  Similarly, FAD and 

FMN in retinal extracts were stable for up to 8 hr, after which there was a decline (Figure 2.2E).  We also 

assessed whether freeze-thawing after extraction affected the stability of both the standards and retinal 

flavins.  One freeze-thaw cycle was sufficient to observe flavin degradation.  Each subsequent cycle lead to 

further decline of flavins in both the standards and retinal extract (Figure 2.2C and F).  The results of these 

varied parameters established the optimal extraction and quantification conditions for flavin analysis and 

were adopted for the remainder of this study. 
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Figure 2.2. Stability of FAD, FMN and RF at different conditions.   
 

(A) Stability of 100 pmol of each flavin standard at different pH at 4 ºC. (B) Effect of incubation at 4 ºC on 

stability of 100 pmol of each flavin standard at pH 6.8. (C) Effects of freeze-thawing on stability of 100 

pmol of each standard at pH 6.8. (D) Effect of pH on the stability of retinal flavins at 4 ºC. (E) Effect of 

incubation time at 4 º C on the stability of retinal flavins at pH 6.8. (F) Effect of freeze-thawing on the 

stability of retinal flavins at pH 6.8.  (n=6 for each measurement). 
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Physiological factors affecting the steady state levels of retinal flavins 

Effect of fasting 

 Since RF is obtained from the diet and commercial mouse chows are fortified with RF, we tested 

whether the steady state levels of retinal flavins would change as a result of differential feeding.  This is 

essential to overcome variabilities in measurements due to animal feeding status and in their physiological 

flavins in normal and diseased conditions.  Previous reports have shown that 10 fold and 100 fold increases 

in dietary RF resulted in insignificant increase in retinal FAD and FMN in the rat and rabbit [73, 74].  

However, it is not yet known if the feeding state can dramatically alter retinal FAD and FMN levels.  We 

chose to fast the animals for 6 hr, an adequate amount time after feeding for the nutrients to be digested, 

absorbed and metabolized.  In comparison to fed animals, fasted animals showed 21.5+1.08% reduction in 

retinal FAD (p<0.046) and 23.63+1.9% reduction in retinal FMN levels (p<0.016) (Figure 2.3A-B).  To 

avoid variabilities in assessing the steady state levels of flavin, all quantification of flavins hereafter were 

done 6 hr post fasting, unless otherwise mentioned. 

Effect of light 

 It is well known that flavins degrade when exposed to light [153, 154].  However, this happens 

only when flavins are present in free (unbound) state in solution [147, 155].  For consistency, we asked the 

question whether dissecting the retina in light versus in complete darkness would affect retinal FAD and 

FMN levels.  Mice were dark adapted overnight and tissues were collected from one set under complete 

darkness and the other set under 1200 Lux light.  Quantifications of FAD and FMN are shown in Figure 

2.3C-D.  Interestingly, levels of retina FAD and FMN did not significantly change whether retinas were 

extracted under light or dark conditions.  

Steady state levels of flavins in the retina and RPE 

Having set up the optimal conditions for extraction and quantification of flavins, we next 

measured the steady state levels of flavins in the healthy retina.  It was previously reported that the rat and 

rabbit retinas have high levels of FAD and FMN as compared to other tissues [66, 73].  However, the levels 

of FAD and FMN in the mouse retina were not determined.  Moreover, no data exists on the FAD and 

FMN levels present in the mammalian RPE.  Comparative analysis of levels of FAD and FMN in the retina 
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and RPE at post-natal day (P) 45 shows that the RPE harbors significantly higher levels of both FAD and 

FMN than the retina (Figure 2.4A-B).  We observe 58.8+1.04% increase for FAD (p<0.0007) and 

881.48+10.27% increase for FMN (p<0.0001) in the RPE in comparison to the retina.  Interestingly, we 

found FMN levels in the RPE are considerably higher than FAD levels. 

 

Figure 2.3. Steady state levels of retinal flavins 
 

(A-B) Levels of FAD and FMN in retinas of 6 hr fasted and ad libitum fed mice (* for FAD p<0.046 and * 

for FMN p<0.016). (C-D) Levels of FAD and FMN from retinas of mice collected in dark or in light, 

respectively. Unpaired t-test was used to assess significance. Values were represented as pmol normalized 

to mg retinal proteins. 
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Figure 2.4. Basal physiological levels of flavins in the mouse retina and RPE. 
 

(A-B) FAD and FMN levels from retinas and RPE of P45 mice assessed by HPLC (*** for FAD p<0.0007 

and **** for FMN p<0.0001). (C-D) FAD and FMN from retinas and RPE of P42 mice quantified by LC-

MS (**** for FAD p<0.0001 and *** for FMN p<0.0004). (E-F) FAD and FMN levels from retinas, 

choroid and sclera complex (CS), PECS complex and RPE by HPLC. Unpaired t-test was used to assess 

significance for A-D and one way ANOVA for E-F. Values obtained from HPLC are presented as pmol/mg 

protein and those obtained from LC-MS are expressed as peak intensity per mg protein (n=12 for each of 



26 
 

the retina and RPE measured by HPLC, n=4 for each of the retina and RPE measured by LC-MS and n=4 

for each of retina, CS and PECS measured by HPLC). 

 

 To confirm our findings by HPLC, we used a LC-MS method (Figure 2.4C-D) to assess flavin 

levels in the mouse retina and RPE.  Albeit absolute levels may be slightly different between these two 

methods, we found the trend was consistent- the RPE has more FAD and FMN than the retina and harbors 

more FMN than FAD.  In order to validate that RPE flavin levels measured here were a true reflection of 

the flavin levels of the RPE and there was no significant contribution from the choroid and sclera (CS), we 

have evaluated the FAD (Figure 2.4E) and FMN (Figure 2.4F) levels in the PECS complex with and 

without the RPE.  Levels in the RPE were extrapolated by subtraction of the two.  As shown in Figure 

2.4E-F, the FAD and FMN levels in the “RPE” are still higher than the retina and the levels in the CS are 

low. 

Effect of aging on flavin levels  

Next we investigated whether retinal and RPE flavin levels change with age.  As shown in Figure 

2.5A, retinal FAD level rises between P30 and P120 then remains at that level until P180.  After p180, 

FAD levels steadily decline.  The level is significantly lower at P360 when compared to P45, P90 and 

P120.  FAD level in the RPE follows a similar pattern in which levels stay steady until P180, then gradually 

decline (Figure 2.5B).   

Retinal FMN levels show a significant drop at P240 when compared to P90 and levels at P360 are 

significantly lower than the levels detected at all ages from P45 to P240 (Figure 2.5C).  The RPE FMN 

level at P240 seems to be significantly lower than both P45 and P90.  It significantly drops at P360 (Figure 

2.5D).  For both tissues, FAD and FMN levels seem stable until P180 and gradually decline afterwards 

demonstrating the effects of aging on levels of flavins.  To determine whether there is any correlation 

between the decline in flavin levels and retinal function, we evaluated full field electroretinography of mice 

at different ages (Figure 2.6).  Although structural analyses of the retinas at P30 and P360 showed no 

significant differences in (Figure 2.6A), we observed a gradual reduction in the scotopic a-wave amplitudes 

as a reflection of the rod function with age (Figure 2.6B-C).  Scotopic a-wave at P360 is significantly lower 
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than all ages from P30 to P120.  Cone function was evaluated by photopic b-wave amplitudes and it does 

not seem to be affected until P90 (Figure 2.6B and D).  However, we detected a consistent and a significant 

drop by P120 followed by a decline (albeit not statistically significant) throughout the rest of the ages tested 

(Figure 2.6D). 

 

Figure 2.5. Age-related changes on the steady state levels of flavins in the mouse retina and 
 RPE.  
 

(A-C) FAD and FMN levels in retina of mice at the indicated ages, respectively. (B-D) FAD and FMN 

levels in mouse RPE at the indicated ages, respectively. One way ANOVA was used to assess significance.  

Values are presented as pmol/mg proteins. ****=p-value<0.0001, ***= p-value<0.001 (n=10 for each age 

for the FAD and FMN measurement). 
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Effect of retinal degeneration on flavin levels 

 It was hypothesized that metabolism in the retina is altered during early stages of retinal 

degeneration [156].  It was shown that inhibiting sirtuin 6, a histone deacetylase repressor of glycolytic 

flux, slows down retinal degeneration resulting from reprogramming rod photoreceptors into perpetual 

glycolysis and accumulation of biosynthetic intermediates.  Those photoreceptors exhibited improved outer 

segments and vision [157]. 

 

Figure 2.6.Effect of aging on retinal structure and function. 
 

(A) Retinal histology at P30 and P360. (B) Representative scotopic electroretinographic wave forms 

recorded from wild-type mice at P30 (blue) and P360 (black). (C-D) Scotopic a-wave and photopic b-wave 

amplitudes recorded from mice at the indicated ages, respectively. Comparisons were made with the 

respective values at P360 and the statistical test used was one way ANOVA with significance being 
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presented at the top of the respective time point.  ****=p-value<0.0001, ***= p-value<0.001, **=p-

value<0.01 *=p-value<0.05 (n=77 for P30, n=29 for P60, n=48 for P90, n=26 for P120, n=35 for P180, 

n=20 for P270, n=14 for P360. 

 
 Also, stimulation of the insulin/mTOR pathway delays cone cell death in models of retinitis 

pigmentosa (RP) due to mutations in rod specific genes.  It has been suggested that energy starvation of 

cones may be the cause of cone death in RP [158].  Since flavins are directly involved in metabolism, we 

sought to investigate FAD and FMN levels in the retinas of rd1, rd10, GC1-/-, and Rho-/-, well-studied 

mouse modes of retinal degeneration.  We also evaluated two diabetic retinopathy models: Ins2Akita/+ and 

db/db mice.  Both of the rd1 and rd10 mice arise from spontaneous recessive mutations in the β subunit of 

retinal phosphodiesterase (PDE) that rendered the enzyme absent in the rd1 and partially inactive in the 

rd10.  The rd1 mouse is a fast degenerating model where rods degenerate rapidly during early postnatal 

development and by P30 only cones remain [159, 160].  The rd10 mouse, on the other hand, exhibits 

slower rate of retinal degeneration than the rd1 [160].  ERG responses in the rd10 homozygous mouse are 

maximal at about P21, quickly declining afterwards and are absent by P60.  By P25, about a third of the 

photoreceptors are lost [161]. 

Both of the GC1-/- and Rho-/- lines are knockouts, whereby products of the guanylate cyclase-1 

gene and the rhodopsin gene were eliminated, respectively [162, 163].  Scotopic and photopic ERG 

amplitudes of the GC1-/- animals are significantly affected showing nonfunctional cones and reduced rod 

function [162].  Cones have been observed to rapidly degenerate by P28 [164].  However, the retina of Rho-

/- develops with full complement of rod photoreceptor cells but outer segments deficient [163, 165].  At 

P45, the Rho-/- retina retains 40-50% of wild-type number of rod photoreceptors [166].  Functional studies 

at P47 revealed cone function comparable to that of wild-type levels while rod function was not detectable 

[167]. 

We next enrolled two models with diabetic retinopathy that suffer from metabolic disorders while 

their retinas are either normal or degenerative at older ages.  The male Ins2Akita/+ is a model for type I 

diabetes due to a spontaneous mutation in the insulin gene that interrupts its secretion and causes early 

hyperglycemia [168].  This model exhibits 27% loss of second order neurons at around P150-180 without 
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photoreceptor loss [169, 170].  The db/db line, on the other hand, is a model for type II diabetes that 

resulted from a spontaneous mutation in a leptin receptor [171].  Although the retina in this model appears 

and functions normally at P42, functional deficit is observed at P112 [172] and retinal thinning from 

progressive loss of ganglion cells as detected by OCT is observed P196 [173].  As shown in Figure 2.7A, 

FAD levels at P30 are significantly reduced in the retinas from rd1, rd10 and Rho-/- mice while they were 

equivalent to that of wild-type for GC1-/-.  FMN levels in the retinas from these three models were also 

reduced in comparison to wild-type (Figure 2.7B).  As expected, both FAD and FMN levels in the 

Ins2Akita/+ and the db/db models are significantly lower than wild-type at all ages tested.  However, the 

reductions are more pronounced at P240 (Figure 2.7C-F). 

 

Figure 2.7. Steady state levels of retinal flavins in models of retinal degeneration and 
 diabetic retinopathy. 
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(A-B) FAD and FMN levels (pmol/mg protein) in retinas from the indicated mouse models of retinal 

degeneration at P30, respectively. (C-D) FAD and FMN levels in retina of Ins2Akita/+ mice at the indicated 

ages, respectively. (E-F) FAD and FMN levels from retina of db/db mice at the indicated ages, 

respectively. Comparisons were made with the respective age matched wild-type controls and the statistical 

test used was One-way ANOVA with Holm-Sidak’s multiple comparisons test.  Values (pmol/retina) are 

presented as percent of wild-type.  ****=p-value<0.0001, ***=p-value<0.001, **=p-value<0.01 *=p-

value<0.05 (n=6 for WT, n=5 for each of rd10, rd1 and Rho-/-, n=4 for GC1-/-, n=10 for each age group of 

Ins2Akita/+ and db/db). 

 

DISCUSSION 

 In this study we utilized HPLC- and LC/MS-based techniques to determine flavin levels in mouse 

retina and RPE.  We improved upon already existing techniques by optimizing extraction parameters and 

consequently increasing the sensitivity of flavin quantification in the retina.  We present a micro-extraction 

protocol which has above 97% efficiency of recovery of FAD and FMN content from a single retina or 

RPE.  Our enhanced sensitivity (0.1 pmol FAD, 0.1 pmol FMN and 0.01 pmol RF) compared to 2 pmol 

limit in previous methods [66] enables detection of lower levels of flavins, which may be critical in disease 

models of retinal degeneration.  Furthermore, previous methods [66, 73, 74] were only able to detect flavin 

levels in larger mammals, i.e., rats and rabbits and required pooling of multiple retinas in order to reach the 

detection limit.  We also evaluated and identified several experimental factors, like feeding conditions; 

freeze/thawing of samples, pH, elapsed time between sample preparation and measurement and/or 

incubation temperature that influence flavin levels.  All these factors play a role in the steady state levels of 

flavins and may introduce unintended variability in measurements.  Altogether, the results emphasize the 

importance of monitoring the extraction, storage and quantification methods when measuring tissue flavins. 

FAD and FMN, which are produced from dietary RF, are directly involved in metabolism.  

Therefore, it is not surprising to report that fasting animals for six hr prior to tissue collection eliminates 

variabilities among the samples due to differential feedings.  Previous reports have  shown that the amount 

of RF present in diet can significantly contribute to the levels of retinal flavins [174], but previous 

extraction procedures were only carried out on ad libitum fed animals. 
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Implementing the aforementioned technique, we quantified FAD and FMN levels in the RPE for 

the first time.  We have been able to show that despite the high metabolic activity of the retina, the RPE 

retains far more FAD and FMN.  To re-validate this finding, we compared the retina and RPE flavin levels 

by an independent method by LC-MS and even though there were minor variability in the scale of 

difference between retinal flavins and RPE flavins, both methods indicate RPE flavins to be far higher than 

retinal flavins.  The variability can be explained as the animals were fasted for the HPLC while those ones 

for LC-MS were not fasted and also, the background strain of mice used for HPLC and LC-MS were 

different.  Moreover, to account for variability in instrument methodology, the method of extraction 

(methanol extraction) and detection were different for LC-MS, as mentioned in section 2.4 of Materials and 

Methods.  All these factors contributed to the difference in between retina FAD and RPE FAD in LC-MS, 

but nevertheless, both methods showed higher values for both FAD and FMN in RPE, compared to the 

retina.  The values (as shown in Figure 2.4E-F) indicate that the majority of FAD and FMN in the PECS 

complex are indeed contributed by the RPE.  It is also important to be aware, that as shown in Batey’s 

paper [66], the level of flavins in the blood is miniscule (about 100 fold lower FAD and 50 fold lower 

FMN) compared to the levels in the retina.  Furthermore, the amount of blood vessels in the choroid is very 

small and their contribution to the overall flavin levels in the PECS is considerably small.  The high FAD 

and FMN levels in the RPE may be attributed to the fact that nutrients from the choroidal blood supply 

must pass the RPE to reach the retina.  It has been recently shown that RF is supplied to the retina via the 

blood, where RF specific transporters are present on the endothelial cells [61] while the RPE has a separate 

concentration dependent carrier mediated mechanism of its own [62].  Additionally, the  RPE’s functional 

activities, such as retinoid recycling and OS phagocytosis, all require high energy [175] and involve using 

FAD and FMN as cofactors [176].  

 The higher levels of flavins in both the retina and the RPE in comparison to other tissues suggest 

that a retaining mechanism must exist to keep flavins in the retina.  Retbindin, a recently described 

photoreceptor specific extracellular protein that has been shown to bind RF in vitro [20] may provide the 

necessary function to retain high levels of flavins in the retina.  Interestingly, elimination of retbindin led to 

~50% reduction in total retinal flavins and gradual degeneration of the retina [29].  Currently, it is not well 
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understood how the RPE is able to obtain and maintain such high levels of flavins when retbindin is not 

expressed [20]. 

We also tested the role aging plays in the steady state levels of flavins in the retina.  We observed 

that FAD and FMN levels are significantly reduced after P180 and progressively decline thereafter.  This 

suggests that as the retina ages, there are changes in its metabolic activity, in agreement with the earlier 

study showing reduced retinal metabolic activity with age [177].  This may be reflected in the gradual 

reduction in both rod and cone functions as animal ages, consistently observed by our group and others in 

the field [178, 179].  Therefore, it is imperative for future studies involving retinal flavins that the age of 

the animal is taken into consideration. 

Measuring retinal flavins in models of retinal degeneration provided insight into flavins levels in 

photoreceptors versus the rest of the retina.  Examining the retinas of the fast degenerating rd1 mouse 

demonstrates that rod photoreceptors contribute to more than 50% of the total retinal flavins.  This is based 

upon the fact that by ~4 weeks of age the rd1 mice have lost all rod photoreceptors without loss of any 

other cell type.  Interestingly, flavin levels in the Rho-/- retina at an age where all rods are there but no OSs 

are present about ~50% of that in wild-type retinas.  This suggests that the majority of flavins in rod 

photoreceptors are required for OS functions.  This includes phototransduction, light-dependent protein 

translocation, and OS renewal and shedding.  The slight reduction in flavins in the GC1-/- retinas that lack 

cones reflects the small contribution of cones to the total cellular content of the mouse retina.  In the rd10 

mouse model of progressive retinal degeneration, the levels are a direct reflection of the degree of rod 

photoreceptor cell death.  Since most apoptotic cell death types and survival are energy requiring, it is not 

clear how reduced flavin levels influence cell choice between survival and death.  However, when a cell 

decides to undergo cell death, it shuts down all specialized functions and dedicates the energy machinery 

for the death process [180].  This may require less flavins than specialized cellular functions. 

There is a reduction of ~50% in both FAD and FMN levels in P240 InsAkita/+ mice.  Since these 

mice have been reported to have ~ 27% loss in number of second order neurons after P150 [169, 170], the 

50% reduction in flavin levels must be related to another change besides the death of the second order 

neurons.  This is supported by the more curious observation with the db/db mice since they exhibit a 

progressive ganglion cell loss (minor contributors to total retinal cell number) there is ~50% reduction in 
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total flavins by P240.  It is safe to say that the alterations in flavin levels do not only reflect the loss in cell 

number but can be used to assess the overall health of the cell.  The reduced FAD and FMN levels may 

reflect the decline in requirement for energy production through the mitochondria in favor of glycolysis 

under hyperglycemic conditions.  

Lower levels of FAD have been known to increase reactive oxygen species in the cell by lowering 

the efficiency of the electron transport chain [181].  Recently, it was shown that reduced availability of 

FAD and FMN pushes the cell towards apoptosis and stress while downregulating multiple metabolic 

pathways [33].  There might be other factors affecting the energy metabolism in diabetes and aging 

conditions, but altered flavin homeostasis might be the one common precursor affecting the photoreceptors 

of the retina, resulting in lower rate of ATP production and higher levels of reactive oxygen species [143, 

182-184]. 

It has been reported that patients who suffer from the Brown-Vialetto-Van Laere syndrome 

(BVVLS), a rare neurodegenerative disorder, have severe RF deficiency [57].  These patients suffer from 

severe hearing loss, cranial nerve atrophy, bulbar palsy and respiratory compromise [185, 186].  However, 

the effect of RF deficiency on vision in these patients has not yet been assessed in great depth.  From the 

limited number of investigations in patient case reports, it has been shown that severe optic nerve atrophy, 

loss of visual acuity and nystagmus are common symptoms [56, 187].  However, these have been mostly 

reported in patients with mutations in SLC52A2 and SLC52A3 genes (two of the three known genes 

responsible for BVVLS) and some but not all of the patients had improved vision with RF supplementation 

[186].  These reports agree with earlier ones describing ocular manifestations in patients suffering from RF 

deficiency, where the majority experienced  impaired visual acuity,  poor low-light vision  and mild to 

severe photosensitivity, even though no abnormalities were seen by fundus investigations [37].  In 

conclusion, this study provides an optimized methodology for improving the sensitivity of flavin detection 

and provides evidence to support the importance of understanding the role of flavins in aging as well as in 

pathological conditions. 
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MATERIALS AND METHODS 

Chemicals and reagents  

 FAD and FMN standards (≥95% purity) and RF (≥98% purity) were purchased from Sigma-

Aldrich, St. Louis, MO, USA.  Acetonitrile (HPLC grade), trichloroacetic acid (TCA), phosphoric acid and 

0.45μmX4mm nylon syringe filter (F25041) were purchased from Fisher Scientific (Hanover Park, IL).  

Ultrapure water was obtained from a Milli-Q Integral 3 Water Purification System (Billerica, MA). 

Animals and tissue collection 

 Animal experiments were approved by the University of Houston Institutional Animal Care and 

Use Committee (IACUC) and adhered to recommendations in NIH Guide for the Care and Use of 

Laboratory Animals and the Association for Research in Vision and Ophthalmology.  All mice were on 

C5BL/6 background (C57BL/6-129SV strain for the ones used for HPLC and C57BL/6 for those used for 

the LC-MS) and were genotyped for and found to be negative for both the rd8 allele [188] and the RPE65 

Leu450Met variant [189, 190].  Animals were reared under cyclic light conditions (12 hr L/D, ~30 lux).  

The euthanasia of mice was by CO2 asphyxiation followed by decapitation.  Retina and/or PECS (retinal 

pigment epithelium, choroid and sclera) were harvested and used as indicated below.  For isolation of 

retina, a pair of fine forceps was used to dilate the eye and using a fine surgical blade, a fine cut was made 

across the top of the cornea.  Subsequently, the anterior segments of the eye (cornea, lens and iris) were 

removed out.  Then using the fine forceps, the entire retina with all its layers were teased out and snap 

frozen.  From the rest of the eyecup, the PECS complex was dissected, taking care that no optic nerve or 

blood is associated.  This PECS complex has been referred to as RPE elsewhere in the text, unless 

otherwise mentioned. 

Micro-extraction of flavins 

 Tissues were extracted and either used fresh or snap frozen and stored at -80 ºC until use.  All 

subsequent steps were carried out in the dark and on ice unless indicated.  Tissues were homogenized using 

a handheld motor and pestle (VWR, Radnor, PA, USA) in 100μl of 1X PBS (pH 6.8 unless otherwise 

indicated) and a 30μl aliquot was saved for protein assay.  Remainder was centrifuged at 1,000Xg for 10 

min at 4 ºC and supernatant was separated and incubated at 37 ºC in 10% TCA (optimized by using 5%, 
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10% and 25%) for 15 min to precipitate proteins.  Resultant was centrifuged at 10,000Xg for 10 min at 4 

ºC; supernatant was carefully collected, filtered through 0.45μm filter and used for HPLC analysis.  To 

minimize the effect of freeze thaw, injection of samples into the HPLC system was done right after 

extraction for all the samples, without freezing them. 

HPLC Chromatography 

 The mobile phase was optimized using varying concentrations of phosphate buffer (10, 50 and 100 

mM) and at pH (3.1 and 5.5).  In order to distinctly generate well defined peaks for FAD, FMN and RF, the 

flow rate and percent of acetonitrile were varied using a gradient method as described in section 3.1.  The 

HPLC setup was composed of Waters binary HPLC pump (1525), Waters auto-sampler (2707), Waters 

multi wavelength fluorescence detector (2475) and a Waters X-Bridge C18 3.5μm column with dimensions 

of 4.6X250mm (Waters, Milford, MA, USA). 

HPLC quantification of flavins 

 For retinal flavin identification, extracts from the respective tissues were separately spiked with 

each of the standards as well as with all three flavins.  Subsequently, different concentrations of the three 

standards were mixed together and were used to generate a standard curve for each of the compounds based 

on the area under the curve as calculated by the Breeze 2 software (Waters, Milford, MA, USA).  Different 

concentrations of standards for each of FAD, FMN and RF were injected and quantified for linearity.  A 

processing method was generated using identified retention times and standard curve plotted for each 

component, integrated to auto-identify the peaks and auto-calculate the concentration of the respective 

compounds.  The concentration values of FAD and FMN extracted from the specific tissues were 

normalized to total tissue protein.  Protein concentrations were determined by Bradford assay (BioRad, 

Hercules, California).  For the diabetic models, the flavin values were represented as per retina instead of 

per mg protein since protein levels would vary significantly based on the pathology of degeneration [191-

193]. 

Flavin quantification by LC MS/MS 

 Samples were prepared and analyzed as described before with minor modification [194].  Briefly, 

the retinas and RPE were independently homogenized in cold 80% methanol (methanol:water (80:20 V/V)) 
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using a microtube homogenizer and stored on dry ice for 30 min.  After centrifugation at 15,000 RPM for 

10 min, the supernatant was transferred and dried using the FreeZone 4.5 L freeze dryer (Labconco, Kansas 

City, MO).  Samples were reconstituted with 100 µl of mobile phase (a mixture of A:B (below) at 40:60 in 

V/V) for LC MS/MS.  The extracts were analyzed by a Shimadzu LC Nexera X2 UHPLC coupled with a 

QTRAP 5500 LC MS/MS (AB Sciex).  An ACQUITY UPLC UPLC BEH Amide analytic column (2.1 X 

50 mm, 1.7 μm, Waters) was used for chromatographic separation.  The mobile phase was (A) water with 

10 mM ammonium acetate (pH 8.9) and (B) acetonitrile/water (95/5) with 10 mM ammonium acetate (pH 

8.2).  All solvents were LC–MS Optima grade from Fisher Scientific.  The total run time was 11 min with a 

flow rate of 0.5 mL/min with an injection volume of 5 μl.  The gradient elution is 95-61% B in 6 min, 61-

44% B at 8 min, 61-27% B at 8.2 min, and 27-95% B at 9 min.  The column was equilibrated with 95% B 

at the end of each run.  The source and collision gas was N2.  The ion source conditions in positive and 

negative mode were: curtain gas (CUR) = 25 psi, collision gas (CAD) = high, ion spray voltage (IS) = 

3800/-3800 volts, temperature (TEM) = 500 ºC, ion source gas 1 (GS1) = 50 psi, and ion source gas 2 

(GS2) = 40 psi.  Each metabolite was tuned with standards for optimal transitions.  13C-nicotinic acid 

(Toronto Research Chemicals, Toronto, Ontario) was used as the internal standard.  The extracted MRM 

peaks were integrated using MultiQuant 3.0.2 software (Framingham, MA). 

Electroretinography 

 Full field electroretinograms (ERG) were recorded as previously described [195].  Prior to ERG, 

mice were dark adapted overnight.  Mice were anesthetized by intramuscular injection of 85 mg/kg 

ketamine and 14 mg/kg xylazine and eyes were dilated using 1% cyclogyl (Pharmaceutical Systems Inc., 

Tulsa, OK).  ERG light-evoked responses were recorded with a UTAS system (LKC, Gaithersburg, 

MD,USA).  The ERG stimulus was recorded with a platinum wire loop electrode in contact with the cornea 

through a methylcullulose layer (Pharmaceutical Systems Inc.).  Scotopic ERGs (rod photoreceptor 

function) were recorded with a strobe flash stimulus of157 cd-s/m2.  Photopic (cone photoreceptor 

responses) ERG was recorded from 25 averaged flashes at 157 cd-s/m2for white light, 12.5 cd-s/m2 for 

green light (530 nm) and 0.79 cd-s/m2 for UV light (365 nm), following a 5 min light adaptation with 

background light at an intensity of 29.03 cd/m2. 
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Statistical analysis 

 Data is presented as mean ± S.E.M. unless otherwise mentioned and the number of samples used 

for each experiment is mentioned as n in the respective figure legends.  All the statistical analyses were 

performed using the GraphPad Prism 7.00 (GraphPad Software, La Jolla, CA, USA) with P values reported 

for each measurement. 
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SUMMARY 

 The retina and RPE together constitute the most metabolically active ecosystem in the body 

harboring high levels of flavins.  Although diabetic patients have been reported to suffer from riboflavin 

deficiency and use of flavins as nutritional interventions to combat diabetic insult on other tissues have been 

investigated, such attempts have never been tested for the retina to avoid diabetic retinopathy.  Furthermore, 

the role of flavins in pathophysiology of the retina and RPE has mostly been overlooked.  Herein we review 

the impact of flavins on various clinical manifestations of diabetic retinopathy and discuss possible ways to 

address them. 

INTRODUCTION 

 The high metabolic rate of the retina and its demand for free radical scavengers [196] clearly 

explains its significant need for flavins (FAD and FMN) compared to other tissues [66, 197].  Recently we 

showed that flavin homeostasis is dysregulated in models of diabetic retinopathy (DR) [197].  Oxidative 

stress is a critical risk factor in DR [144] but can be alleviated by riboflavin supplementation [198].  This 

suggests that dysregulation of flavin homeostasis makes the retina susceptible to DR.  

Diabetic patients and animal models of diabetes report flavin deficiency 

 Type I diabetic patients suffer from riboflavin deficiency from childhood [199].  STZ induced and 

inherited diabetes in rodents also show riboflavin deficiency that is correctable by riboflavin and insulin 
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supplementation [32, 200].  Activities of both FAD dependent enzymes: glutathione reductase and succinate 

dehydrogenase were reduced in these animals and were restored upon riboflavin supplementation.  

Reduced level of retinal flavins prior to diabetic retinopathy 

 Endogenous retinal levels of FAD and FMN are far higher in the retina than in the liver [66].  

Therefore, does DR result from reduced retinal flavin levels akin to what happens in the liver in diabetes?  

And if so, does it contribute to DR pathology by affecting the activities of retinal flavin-dependent enzymes?  

We recently showed that retinal FAD and FMN are reduced in Type I and Type II models of diabetes as early 

as postnatal day 30 and worsens with age [197].  Most interesting is that flavin imbalance is beginning far 

earlier than any DR clinical manifestation.  This strongly suggests that lack of flavins may be playing a 

critical role in development of DR. 

Possible effects of retinal flavin imbalance in pathogenesis of diabetic retinopathy 

 Glutathione reductase is a flavo-enzyme critical for scavenging free radicals, whose activity is 

reduced in DR, in concomitance with low levels of reduced glutathione (GSH) [201].  GSH is a critical 

antioxidant scavenger that is arguably the cell’s first and foremost defensive barrier against most free radical 

insults [202].  Reduced levels of flavins can thus directly alter the ratio of oxidized glutathione (GSSG) to 

GSH, leading to an impaired free radical scavenging system in diabetic retina.  A disequilibrium of this 

glutathione system has been reported to lead to elevated levels of retinal lipid peroxidation [203] and likely 

triggering various pathological events reminiscent of clinical manifestations of DR [204]. 

Succinate dehydrogenase (SDH) is another flavo-enzyme, which is essential for the TCA cycle.  

Reductions in SDH activity along with GSH levels have already been reported in diabetic animals, both of 

which have been successfully ameliorated via riboflavin supplementation [32, 200].  Impairment of retinal 

SDH activity would potentially lead to reduced ATP production from glucose intermediates.  Also, in the 

absence of flavin as cofactor, SDH can be a source of superoxide generation [205]. 

The electron transport chain (ETC) is dysfunctional in both diabetic patients and animal models as 

the mitochondrial complexes are compromised [206].  Similar pathologies have been rescued with riboflavin 

supplementation, indicating that the abnormalities are the direct consequences of suboptimal flavins [139, 

207, 208].  Additionally, in the absence of flavins as electron acceptors, there would also be an internal 
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accumulation of free radicals, which would significantly elevate the levels of oxidative insult upon the cell 

[209].  Neuronal degeneration similar to DR has been attributed to oxidative toxicity from ETC complex 

inhibition [210].  ETC complex impairment would also stall the TCA cycle progression.  Since TCA cycle 

is coupled with the ETC and leads to production of ATP, the reduction in flavins well correlate with the 

decline in retinal ATP [29].  Similar results have been observed in other tissues in patients suffering from 

riboflavin deficiency [139] and also during hyperglycemia [211]. 

The TCA cycle is not only a catabolic in nature but also serves anabolic functions. Dihydro-

lipoamide dehydrogenase is a critical FAD dependent enzyme which acts as a part of not one but two 

mitochondrial enzyme complexes involved in the TCA cycle: the pyruvate dehydrogenase complex (PDC) 

and the alpha ketoglutarate dehydrogenase complex (AKDC) [212, 213].  AKDC controls the entry of TCA 

cycle intermediates into amino acid metabolism as well as neurotransmitter like GABA and glutamate 

synthesis.  Interestingly, an impaired AKDC lead to severe interference in proper synaptic transmission.  

Pyruvate from glycolysis needs to enter the TCA cycle via the activity of PDC to form acetyl co-A [214].  

Thus, PDC activity can strictly regulate the level of substrate utilization and it is currently a target for therapy 

against metabolic disorders to address the breakdown of fatty acids [215].  Elevation of PDC activity can 

help reduce glucose build up and hyperglycemic toxicity, which are critical springboards for diabetic 

complications [216].  However, with reduced flavins, an antagonistic effect would occur, further spiraling 

hyperglycemic toxicity and reducing substrate utilization. 

Role of flavins in diabetic macular edema and proliferative diabetic retinopathy 

 Diabetic retinopathy (DR) is classified as a non-proliferative diabetic retinopathy (NPDR) or a 

proliferative diabetic retinopathy (PDR) and the chief factor distinguishing between these two is growth of 

new blood vessel prior to PDR [217].  Another severe complication of DR, which is responsible for maximum 

percentage of vision loss in patients, is diabetic macular edema (DME).  In DME, blood vessels have 

increased permeability and seem to leak hard exudates in the central retina region [218].  Dyslipidemia, a 

systemic disorder of aberrant lipid clearance, has frequently been linked to both the conditions of DME and 

PDR based on clinical trial data but is only recently gaining traction in recent research [219]. 

Due to the high metabolic demand of photoreceptors, they tend to rely on lipids as fuel via β-

oxidation of fatty acids.  Impairment of lipid uptake and scarcity of them as fuel has been recently shown to 
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lead to neovascularization [220].  Flavins are used as cofactors by multiple acyl co-A dehydrogenases 

(ACAD) involved in β-oxidation of fatty acids [221].  In inherited disorders of metabolism affecting ACAD 

activity, β-oxidation of fatty acids ceases to function [222].  Similarly, reduction in flavins should negatively 

affect retinal and RPE fatty acids β oxidation, thus starving them of lipid-based energy and stimulating VEGF 

secretion followed by neovascularization. It is not surprising then that early reports of patients suffering from 

riboflavin deficiency have shown neovascularization as one of the first symptoms [223]. 

The hard exudates observed in DME are lipids and lipo-proteinaceous in nature and been postulated 

to be arising out of poor lipid clearance [224].  The RPE depends on peroxisome-mediated clearance via 

flavin based multiple ACADs as the primary mode of breaking down the phospholipids ingested during 

phagocytosis of photoreceptor outer segments, even using them as part of their fuel to recycle vitamin A 

[225-227].  Inability to do so would potentially lead to poor recycling rate of vitamin A, force the RPE in a 

‘fasting’ state as well as create an extra burden of lipid deposit accumulation within itself [117, 228].  The 

level of flavins in the RPE is far greater than the retina [197] and it is postulated that the mode of entry of 

flavins into the retina is via the inner retina [61].  This would indicate that loss of flavin homeostasis, as 

observed in the DR models, would translate into imbalance in flavin levels in the RPE, leading to poor lipid 

clearance and poor vitamin A recycling. 

Importance of retbindin in maintaining flavin homeostasis in the retina and RPE 

 Retbindin is a novel retina specific protein which shares homology with the riboflavin binding 

protein present in the chicken egg.  Similarly, retbindin also binds to riboflavin, thus making it critical for 

the flavin homeostasis in the retina [20].  Knockout of retbindin leads to dose dependent retinal degeneration 

along with reduction in retinal flavin levels [29].  This is a strong indicator of the importance of flavins in 

retinal function and health.  It has also been shown that retbindin plays a neuroprotective role in 

photoreceptors by preventing cell death [229], possibly by boosting the free radical scavenging system by 

quenching free radicals.  What is most exciting is that retbindin is primarily located at the tips of the outer 

segment, at the photoreceptor-RPE interface [20], prescribing a potential role for it in flavin equilibrium 

between the retina and the RPE. 

  



43 
 

Perspective 

 Photoreceptors are retina’s most energy consuming cells yet their role in DR has been overlooked.  

To understand the mechanisms underlying DR, it is imperative to look at the earliest stages, i.e., before 

neovascularization has begun or prior to hyperglycemia.  Using three different mouse models of retinal 

degenerative disorders, we reported severely reduced levels of flavins during the degenerative process.  This 

would suggest that there are factors responsible for flavin homeostasis which is controlled by the rod 

photoreceptors.  The rod specific protein, retbindin, seems to be best candidate for reasons explained earlier.  

We have recently shown that flavin levels are reduced in two models of DR from an early age, far prior to 

the onset of clinical manifestations of DR.  Thus flavins could be early biomarkers for DR which precedes 

the oxidative insult or the functional and structural degeneration as observed in DR.  Also, therapeutic 

intervention using flavins should be considered to alleviate the oxidative stress at early stages.  This may 

even postpone onset of clinical manifestations of DR.  Further biochemical assessment of flavins and 

expression and characterization of retbindin in diseases like DR needs to be done to gain more powerful 

insight into these mechanisms.  Maintenance of optimal retinal flavin levels, especially under diabetic 

conditions is ever so important, given the significance of FAD and FMN as cofactors for so many essential 

flavo-enzymes. 
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SUMMARY 

 The neural retina (NR) and retinal pigment epithelium (RPE) maintain a symbiotic metabolic 

relationship, disruption of which leads to debilitating vision loss.  The current study was undertaken to 

identify the differences in the steady state metabolite levels and the pathways functioning between bona fide 

NR and RPE.  Global metabolomics and cluster analyses identified 650 metabolites differentially modulated 

between the murine NR and RPE.  Of which, 387 and 163 were higher in the RPE and the NR, respectively.  

Further analysis coupled with transcript and protein level investigations revealed that under normal 

physiological conditions, the RPE utilizes the pentose phosphate (>3-fold in RPE), serine (>10-fold in RPE) 

and sphingomyelin biosynthesis (>5-fold in RPE) pathways.  Conversely, the NR relied mostly on glycolysis.  

These results show how the RPE and the NR have acquired an efficient, complimentary and metabolically 

diverse symbiotic niche in order to support each other’s distinct functions. 

INTRODUCTION 

 Although the neural retina (NR) is known to be glycolytic [89, 230], until recently little attention 

has been given to the metabolic activity of the retinal pigment epithelium (RPE).  Besides its structural 

support, the RPE maintains its metabolic homeostasis and that of the neural retina by bidirectional filtering 
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of metabolites and thus providing highly regulated nutritional support to the neural retina [231, 232].  One 

of the most critical roles of the RPE is the daily phagocytosis of the photoreceptor outer segments (OSs) 

and recycling of their essential components back to the neural retina [233].  This is further compounded by 

the fact that a single RPE cell interacts with multiple photoreceptor OSs [234, 235] and thus undoubtedly 

increase its metabolic and recycling load [231].  Since the high metabolic activity of the neural retina is 

mainly contributed by the photoreceptors [175, 236], this creates more demand on the RPE to maintain the 

high metabolic requirements [237].  Any dysregulation to this will lead to retinal dystrophies like age 

related macular degeneration (AMD) and retinitis pigmentosa (RP) [238-243]. 

Interestingly, most of our knowledge of the metabolic equilibrium between the RPE and the neural 

retina came from studies focused on OS phagocytosis in ex vivo or in vitro [117, 225, 237, 244-246].  These 

studies have demonstrated the dependence of the RPE metabolism on OS phagocytosis and recycling back 

to the neural retina.  Although these studies support the notion of metabolic interdependence between these 

tissues, a comprehensive comparative metabolic profiling of the RPE and the neural retina under 

physiological steady state condition is lacking.  However, a recent in vivo study demonstrated the effect of 

factors like mode of euthanasia and how they could differentially alter the levels of some metabolites in the 

neural retina and RPE [247].  It is therefore imperative to comparatively evaluate the homeostatic 

metabolic signature of both the neural retina and the RPE. 

In the current study, we elucidated the metabolic symbiosis between the neural retina and the RPE 

by measuring their steady state metabolites and mapped their respective pathways.  To eliminate potential 

variabilities, samples were highly controlled using inbred 45 days old C57BL/6 mice that were fasted for 6 

hr, tissues were collected within short time (~2 min per sample), at a specific time of the day (2-3 pm), and 

from anesthetized animals to avoid the effect of carbon dioxide euthanasia.  Furthermore, neural retina and 

its corresponding RPE from 6 animals were combined to increase the power of each data point.  UPLC-

MS/MS analyses on at least 8 different samples identified 650 metabolites from both tissues that showed 

differential levels.  A total of 387 metabolites were found higher in the RPE while 163 were higher in the 

neural retina.  Mapping their pathways pointed to the significant increase in the synthesis of phospholipids 

like phosphatidylserine and sphingolipid metabolism in the RPE.  We also found that both of the pentose 

phosphate (PPP) and serine biosynthesis pathways that feed off the glycolytic intermediates upstream to 
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PGA were all elevated in the RPE by at least two fold over the neural retina.  We also show several fold 

upregulation in β-oxidation of fatty acid in the RPE over the neural retina.  In summary, our data states that 

the RPE is at much higher metabolic state than previously appreciated. 

RESULTS 

Metabolic Clustering is Significantly Different in the RPE and the Neural Retina 

 In vivo comparisons of the steady state levels of metabolites in the neural retina and the RPE are 

under studied.  Most of our information on the levels of these metabolites have been from in vitro system 

and flux analyses [237, 244, 248].  Here, we focused our studies to address the steady state differences in 

these metabolites between the neural retina and the RPE in inbred C57BL/6 mice at a time of the day where 

the least variabilities are anticipated from OS shedding [249] and rhythmic protein synthesis [250].  We 

also chose to fast the animals for 6 hr to overcome the inconsistencies arising from blood nutrients levels 

variations resulting from ad libitum feeding.  We have recently shown that 6 hr fasting is adequate to reflect 

the steady state level of some metabolites in the neural retina and the RPE [197].  Indeed, blood glucose 

levels from fasted animals were significantly lower than the ad libitum fed animals and more interestingly, 

we noticed much less variabilities between the samples (Figure 4.1A).  Furthermore and to ensure 

reliability of the data, we combined samples from 6 different animals where their RPE collected in one tube 

and comparable neural retinas in the other tube and considered as one sample.  At least eight samples were 

collected for each tissue.  It is important to note that sample collections were done within a short period of 

time (~2 min per eye) and while the animal is under anesthesia to avoid interference from euthanasia with 

carbon dioxide [251].  Samples were immediately flash frozen and stored at -80 ºC until analysis.  Principal 

component analysis revealed clear segregation between the metabolites of the two tissues for all samples 

(Figure 4.1B), with principal component 1 (PC1) contributing 61.3% and principal component 2 (PC2) 

contributing 8.4%.  Furthermore, volcano plot analyses revealed 650 metabolites having either Kyoto 

Encyclopedia of Genes and Genomes (KEGG) or Human metabolome database (HMDB) IDs to be 

significantly different (t-test, p<0.05) between the neural retina and the RPE (Figure 4.1C).  Statistical 

analysis coupled with pathway enrichment segregated these metabolites into discrete clusters, reflecting 

their elevation or depression as a ratio of their levels in the RPE to the neural retina and the impact of these 

changes on each of the cluster (Figure 4.1D). 
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Figure 4.1. Metabolic Clustering in the RPE and Retina. 
 

(A) Blood glucose levels in fasted and unfasted animals prior to tissue collection for metabolomics analyses 

shown as min-max whisker plot with error bars reflecting mean ± SEM. (B) Principal component analysis of 

all samples reveal significantly discrete separation for both groups (NR in red, RPE in green), with 

contribution of each principal component showed in % along the axes. (C) Volcano plot on all samples shows 

significantly different metabolites (shown in pink) across RPE and neural retina with a cutoff of p<0.05 (t-

test). (D) Pathway enrichment using respective HMDB and KEGG ID segregates these metabolites in distinct 

metabolic pathway as clusters, with each reflecting RPE/neural retina ratio as elevation in red circle and 
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reduction in green circle. The degree of impact of each change to the respective metabolic pathway is 

reflected by the size of the circles. (E) Scattered plots of the metabolites whose comparative levels have been 

previously published are shown here to corroborate with our analysis. Student’s two tailed t-test was done 

for statistical test with *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001. 

 

The clusters associated with the amino acid, peptide and lipid metabolism have the highest degree 

of impact on the RPE over the neural retina while the cluster associated with the carbohydrate metabolism 

has lesser impact.  In the neural retina, we found the cluster linked with purine/pyrimidine metabolism have 

the highest effect.  As a confirmation of the validity of our finding, we show (Figure 4.1E) that the 

measurements of known metabolites like cGMP [252, 253], flavins [197], gamma-Aminobutyric acid 

(GABA) [254, 255] and retinoids [256] are in agreement with previous data.  

Parts of the Glycolysis Pathway in the RPE are Selectively Elevated 

 It is known that the glucose flux through glycolysis in the neural retina is much higher than in the 

RPE although it is mainly transported from the RPE [237, 257].  In cases when glucose uptake by the RPE 

was reduced, neural retinal glucose uptake was diminished [245].  However, the steady state levels of 

glucose in the RPE relative to the neural retina have not been assessed.  Figure 4.2A shows that the steady 

state level of glucose in the RPE is 3-fold higher than in the neural retina, after 6 hr of fasting.  To ascertain 

whether this higher level of glucose in the RPE is to satisfy the metabolic demand of the RPE or acting as a 

reservoir for the neural retina, the levels of phosphorylated glucose were assessed (Figure 4.2B).  RPE level 

of glucose-6-phosphate (G-6-P) is ~3.5-fold higher than the neural retina, mirroring the glucose levels.  

This suggests that the RPE utilizes glucose for its own metabolic needs.  The fact that we observed no 

differences in the levels of the subsequent glycolytic intermediate, fructose 1,6-bisphosphate (F1,6-BP) 

between the neural retina and the RPE (Figure 4.2C), suggests that the RPE uses G-6-P in an alternative 

pathway, likely the PPP. 
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Figure 4.2. Upregulation of Specific Glycolytic Intermediates. 
 

(A-K) Various metabolites involved in the glycolysis and pentose phosphate pathway were analyzed from 

neural retina and RPE. The levels of these metabolites for both neural retina and RPE are shown (A-J) along 
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with a graphical representation of glycolysis (K), with the significantly elevated metabolites in RPE red-

boxed, those elevated in neural retina marked by an underline and those not measured marked by an asterisk. 

Each group has a sample size of n=8 for neural retina and n=9 for RPE. The metabolites having significant 

differences between neural retina and RPE are shown (A-G) with *=p<0.05, **=p<0.001, ***=p<0.0001 and 

****=p<0.00001. Data presented as mean ± SEM. 

Pentose Phosphate Pathway is Significantly Higher in the RPE 

 We next evaluated the metabolites involved in the PPP to assess whether it is indeed the 

alternative pathway for the RPE to utilize G-6-P.  Since the rate limiting step of the PPP is 6-

phosphogluconate, it is expected that if levels of 6-phosphogluconate is high, then G-6-P does not enter 

PPP [258].  Interestingly, 6-phosphogluconate level in the RPE is about half neural retina level (Figure 

4.2D); demonstrating that PPP is more active in the RPE than in the neural retina and it is likely the 

pathway for the RPE to utilize G-6-P.  This observation is further supported by the higher levels of the 

subsequent intermediates of the PPP in the RPE, ribose monophosphate (~3-fold) and seduheptulose-7-

phosphate (~2.5-fold) (Figure 4.2E-F).  

 

Figure 4.3. Redox Potential of the RPE and the Retina. 
 

(A-C) Metabolite ratios exhibiting the redox potential of neural retina and RPE are shown as scatter plots. 

Student’s two tailed t-test was done for statistical test with *=p<0.05, **=p<0.01, ***=p<0.001, 

****=p<0.0001. 
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In support of our observation is that when isocitrate dehydrogenase activity was blocked (i.e., reductive 

carboxylation), steady state levels of redox potential markers were found unchanged in the RPE, suggesting 

that they likely are provided by the PPP [259].  Indeed, assessment of the primary output of PPP 

(NADP+/NADPH) revealed that NADPH level is high in the RPE (Figure 4.3A), further validating the 

preference of the RPE to run an elevated PPP than the neural retina. 

Glycolysis is Partially Elevated Post Pentose Phosphate Pathway 

 Since PPP feeds back to glycolysis via glyceraldehyde-3-phosphate (Figure 4.2K), we here 

assessed the steady state levels of 3-phosphoglycerate and found it to be ≥3-fold higher in the RPE (Figure 

4.2G).  We next assessed the steady state levels of the metabolites post this step in the glycolytic pathway 

and we found them to be comparable to that of the neural retina (Figure 4.2H-J).  Because of this 

unexpected outcome and the fact that glucose in the neural retina is converted to lactate [260] and flux 

analysis showed it to be transported to the RPE to enter the TCA cycle [257], this suggests that the 

comparable steady state levels of lactate in the RPE is likely maintained by the neural retina.  This is 

supported by the high expression level of pyruvate kinase M2 (Figure 4.2K) in the photoreceptors [246, 

261-265]. 

RPE Harbors an Elevated Anaplerotic TCA cycle  

 We next evaluated the steady state levels of the TCA metabolites.  The levels of citrate and 

aconitate are found to be higher in the RPE by >1.3-fold and >2.5-fold, respectively, while α-ketoglutarate 

level is lower by ~2.5-fold (Figure 4.4A-C).  Since the latter feeds to the next steps in the TCA cycle and to 

glutamate synthesis, we next evaluate their associated metabolites.  For the next step in the TCA, we 

measured the steady state level of succinate and found it to be 1.5-fold higher in the RPE (Figure 4.4D) 

while fumarate and malate are slightly lower (Figure 4.4E-F).  As previously shown [266], we also found 

glutamate level is significantly lower in the RPE (Figure 4.4G) while glutamine, ornithine and proline, 

metabolites derived from glutamate, are unexpectedly higher (Figure 4.4H-J).  Based on these results, we 

conclude that the TCA cycle intermediates are used by both of the neural retina and the RPE to support the 

synthesis of these non-essential amino acids but more so in the RPE.  This observation is in sync with the 
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higher flux of proline synthesis from glucose seen in the RPE [259] and with the observation that proline is 

a modulator of cellular redox potential [267] known to be high in the RPE. 

 

Figure 4.4. Differential Anaplerotic Shunt in the RPE and Retina.  

(A-K) Metabolites involved in the TCA cycle were analyzed from neural retina and RPE. The levels of these 

metabolites for both neural retina and RPE are shown (A-H, J-K) along with a graphical representation of 

TCA cycle (I), with the significantly elevated metabolites in RPE red-boxed, those elevated in neural retina 

marked by underline and those not measured marked by an asterisk. Each group has a sample size of n=8 for 



53 
 

neural retina and n=9 for RPE. The metabolites having significant differences between neural retina and RPE 

are shown (A-E) with *=p<0.05, **=p<0.001, ***=p<0.0001 and ****=p<0.00001. Data represented as 

mean ± SEM. 

Progression of the TCA cycle is controlled chiefly by the synthesis of α-ketoglutarate and its 

irreversible breakdown into succinate (Figure 4.4K) [268].  It has been shown that higher level of succinate 

inhibits α-ketoglutarate dehydrogenase activity and thus preventing its progression through the TCA cycle 

[269].  Therefore, it is likely that the consumption of α-ketoglutarate in the RPE is through anaplerotic part 

of the TCA rather than through cataplerosis.  This is supported by our finding that the combined 

(cytoplasmic and mitochondrial) ratio of NAD+/NADH in the RPE is >3-fold higher (Figure 4.3B). 

β-oxidation of Fatty Acids is the Main Source of Fuel for the RPE 

Two interesting questions arise from the previous results.  First, how does the RPE manage to 

maintain higher level of the initial TCA cycle intermediates even with levels of pyruvate and lactate 

comparable to the neural retina?  Second, if the RPE is diverting its TCA cycle intermediates toward 

anaplerotic reactions, what is the main source of its ATP production?  Acetyl co-A is produced from either 

ketone bodies, β-oxidation of fatty acids or lactate that is released from the neural retina [237, 270].  All 

precursors of β-oxidation of fatty acids were found higher in the RPE (Figure 4.5A-C) thus driving the 

reaction forward.  This suggests that the majority of acetyl co-A entering the TCA cycle is likely coming 

from elevated β-oxidation of fatty acids in the RPE.  Moreover, β-oxidation of fatty acids generates [(n/2)-

1] molecules of NADH and FADH2 per cycle of β oxidation from “n” carbons.  We next assessed the 

steady state levels of malonylcarnitine and deoxycarnitine, two rate-limiting metabolites in β-oxidation of 

fatty acids.  Malonylcarnitine is known to be essential for the long-chain acylcarnitine entry into the 

mitochondria for fatty acid oxidation and was found to be ~4-fold higher in the RPE (Figure 4.5D).  

Following this, all the members of acylcarnitine involved in oxidation of fatty acids are elevated in the 

RPE.  In addition, the precursor to L-carnitine, γ-butyrobetaine (deoxycarnitine) is significantly reduced 

>0.5-fold in the RPE (Figure 4.5E) thus pushing the acylcarnitine biosynthesis forward in the RPE. 

 L-carnitine is essential for the oxidation of fatty acids as it enables transport of fatty acids across 

the mitochondrial membrane to trigger the process.  Thus, the oxidation of fatty acids seems to be the 
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primary source of energy generation in the RPE, in agreement with what was previously observed in an in 

vitro system [117].  Products of fatty acid oxidation can be recycled as precursors for phospholipid 

synthesis, as evident from the higher level of diacylglycerol we detected in the RPE (Figure 4.5F-G). These 

oxidized lipids are known to recycle into sphingolipid synthesis in other tissues [271] and in agreement 

with our results showing elevated levels of sphingolipids and ceramides in the RPE (Figure 4.5H-I). 

Phosphatidylserine and Sphingolipid Biosynthesis is Partially Responsible for Glycolytic 

Elevation in the RPE 

 The elevated steady state level of 3-phosphoglycerate in the RPE coupled with comparable levels 

of metabolites downstream glycolysis suggest the utilization of 3-phosphoglycerate by an alternative 

pathway, likely serine biosynthesis.  Both of serine and its precursor phosphoserine were found >1.5-fold 

higher in the RPE (Figure 4.6A and D-E).  Accordingly, levels of specific members of phosphatidyl-serine 

listed in Figure 4.6A were also found higher in the RPE.  Since phosphatidylserine is synthesized in a final 

step, with inositol being replaced by serine, levels of the members of phosphatidyl-inositol pathway are 

lower in the RPE (Figure 4.6B), further indicative of the direction of the reaction.  The lysophospholipids 

which are incorporated into these phospholipids also reflect a similar trend as above (Figure 4.6C), i.e., 

serine incorporated into lysophospholipids is significantly higher while inositol incorporated into 

lysophospholipids is significantly lower.  These results are in agreement with the above-mentioned higher 

levels of sphingolipid in the RPE and conclude that serine is the main precursor for its synthesis [272].  

Even though serine can be converted to glycine, we found the latter’s level is <0.6-fold lower in the RPE 

(Figure 4.6F).  In support of the finding that serine biosynthesis is elevated in the RPE, we interestingly 

observed increase in the steady state levels of the precursors of sphingolipid synthesis, sphingadienine (>3-

fold) and sphinganine (>3-fold) (Figure 4.6G-H).  Our data so far are in sync with previous in vitro study 

showing that the RPE harbors enhanced glucose flux entering serine biosynthesis [244]. 
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Figure 4.5.Fatty Acid Metabolites and Sphingolipids are higher in RPE.  
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(A-G) Metabolites involved in β-oxidation of fatty acids and sphingolipids (H-I) were analyzed in neural 

retina and RPE. The levels of these metabolites as a ratio of RPE over neural retina are shown, with only 

significantly elevated metabolites being marked inside red box and the significantly lower metabolites 

being marked inside green boxes. Each group has a sample size of n=8 for neural retina and n=8 for RPE. 

(A) Heat map and dendrogram clustering for acylcarnitine metabolites in neural retina and RPE samples 

reflects distinct clustering between the two groups and clear elevation for most metabolites in the RPE for 

most metabolites. (B) EBAM plot for the metabolites involved in acylcarnitine metabolism with a cutoff of 

0.9 for delta identifies 43 significant metabolites (features) shown in empty green circles. (C) Acylcarnitine 

metabolites involved in β-oxidation of fatty acids and having significant change (t-test with p<0.05) shown 

as fold change of RPE/neural retina from among the features identified in B. (D) Malonylcarnitine levels 

shown in neural retina and RPE samples as a scatter plot (mean ± SEM) with t-test for significance 

(****=p<0.00001). (E) Deoxycarnitine levels shown in neural retina and RPE samples as scatter plot 

(mean ± SEM) with t-test of significance (****=p<0.00001). (F) Heat map and dendrogram clustering for 

diacylglycerol metabolites across all neural retina and RPE samples reflects distinct clustering between the 

two groups and clear elevation for most metabolites in the RPE. (G) EBAM plot for the diacylglycerol 

metabolites with a cutoff of 0.9 for delta identifies 17 significant metabolites (features) shown in empty 

green circles. (H) Heat map and dendrogram clustering for sphingolipid metabolites across all neural retina 

and RPE samples reflects distinct clustering between the two groups and clear elevation for most 

metabolites in the RPE. (I) EBAM plot for the metabolites involved in sphingolipid metabolism with a 

cutoff of 0.9 for delta identifies 29 significant metabolites (features) shown in empty green circles. 

Enzyme Levels in the Pentose Phosphate, Serine and Sphingolipid Biosynthesis Pathways 

are Significantly Elevated in the RPE 

To determine whether the steady state levels of metabolites in various metabolic pathways are 

differential between the RPE and the neural retina or also a reflection of their elevated relevant enzyme 

levels, we assessed the publicly available microarray gene expression dataset (GSE10246) [273].  This data 

set was selected because both of the age and the strain of mice used matched ours.   
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Figure 4.6.Phosphatidylserine Synthesis is elevated over other Phospholipids. 
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(A-C) Metabolites involved in phospholipid synthesis were analyzed in neural retina and RPE. Each group 

has a sample size of n=8 for neural retina and n=8 for RPE, with only significantly elevated metabolites being 

marked inside red box and the significantly lower metabolites being marked inside green box in the tables 

for respective pathway. (A) Heat map with dendrogram clustering of metabolites involved in 

phosphatidylserine synthesis across neural retina and RPE samples reflects clear elevated levels in the RPE 

samples and distinct clustering between the two groups. EBAM plot for the metabolites involved in 

phosphatidylserine biosynthesis with a cutoff of 0.9 for delta identifies the significant metabolites (features) 

shown in empty green circles and are shown in Figure 4.7. Fold change of RPE/neural retina is shown for 

five of these metabolites here, with the precursors of phosphatidylserine biosynthesis in the upper and the 

products in the lower table. (B) Heat map and dendrogram clustering of metabolites involved in 

phosphatidylinositol synthesis across neural retina and RPE samples reflects clear reduced levels in the RPE 

and distinct clustering between the two groups. EBAM plot for the metabolites involved in 

phosphatidylinositol synthesis with a cutoff of 0.9 for delta identifies the significant metabolites (features) 

shown in empty green circles and are shown in Figure 4.7. Three of these metabolites are shown here in 

 the table as fold change of RPE/NR and reflects the highly reduced levels in RPE. (C) Heat map 

and dendrogram clustering of metabolites involved in lysophospholipid synthesis across neural retina and 

RPE samples reflects distinct clustering between the two groups. EBAM plot for the metabolites involved in 

lysophospholipid synthesis with a cutoff of 0.9 for delta identifies the significant metabolites (features) shown 

in empty green circles and are shown in Figure 4.7. Six of these metabolites having significance are shown 

in the tables as fold change of RPE/neural retina and reflects highly reduced levels in RPE for the 

lysophospholipids with inositol while the ones with serine being higher. (D-E) Serine biosynthesis 

metabolites and their utilization in glycine (F) and sphingolipid metabolism (G-H) are shown as scatter plots 

to supplement to their heat map as in Figure 4 and 5, along with a representation of the pathway (I) with the 

significantly elevated metabolites in RPE red-boxed, those elevated in neural retina marked by underline and 

those not measured marked by an asterisk. Student’s two tailed t-test was done for statistical test with 

*=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001. 
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Figure 4.7.Metabolites of Serine Biosynthetic Pathway are significantly elevated in  RPE. 
 

EBAM plot for the metabolites involved in phosphatidylserine biosynthesis, phosphatidylinositol synthesis 

and lysophospholipid synthesis with a cutoff of 0.9 for delta identifies 7 significant metabolites (features) 

shown in empty green circles.  Processing the raw data and as presented in Figure 4.8A, we found the 

transcript levels of almost all enzymes involved in metabolism are reflective of our metabolomics findings.  

A set of genes known to be highly expressed in the neural retina or the RPE respectively were chosen as 

controls and helped in validation of the dataset.  Subsequently, the expression level of genes transcribing 

enzymes for glutathione peroxidase, sphingolipid biosynthesis, and initial reactions of the TCA cycle, serine 

biosynthesis, PPP and β-oxidation of fatty acids were found to be higher in the RPE.  To confirm this 

observation and to determine whether the level of the proteins were reflective of their equivalent message, 

key metabolic enzymes, in the RPE and neural retina, were quantified using immunoblotting.  Both of the 

transcript and protein levels for PGD (phosphogluconate dehydrogenase), the rate-limiting enzyme in the 

PPP, are higher (Figure 4.8A-B) in the RPE.  The NADP+/NADPH ratio (Figure. 4.3A) also supports this 

observation.  The elevated levels of glutathione peroxidase transcripts found in the RPE (Figure 4.8A) are in 

agreement with the lower ratio of GSH/GSSG we detected in the RPE (Figure 4.3C).  In addition, transcript 

levels of serine biosynthesis enzymes are all found elevated in the RPE while the transcripts of the glycolytic 

enzymes leading to pyruvate synthesis are lower (Figure 4.8A).   
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Figure 4.8.Transcript and Protein Levels of Metabolic Enzymes. 
 

(A) Microarray expression data from GSE 10246 shows relative enrichment of the RPE in multiple enzymes 

involved in various metabolic pathways. The enzyme names are shown on the right and the ones further 

analyzed at protein level in (B) have been marked with black arrowheads. The pathways the enzymes are 

involved in are shown on the left side of the heat map. (B) Steady state protein levels of some of the metabolic 

enzymes as in (A) for both RPE and neural retina further show elevated levels in the RPE. Each blot was 

performed twice and a single representative image is shown here. Graphical representation of the quantitation 

performed on the immunoblots are shown next to the respective blot. Each group had n=4 and each 

experiment was performed twice with 5 pooled retina and RPE in each sample. 
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This is in agreement with our data in Figure 4.2 and 4.4 and the immunoblots in Figure 4.8B 

showing more PHGDH (phosphoglycerate dehydrogenase) and PSAT1 (phosphoserine aminotransferase 1) 

present in the RPE.  Similarly, higher amount of PKM2 (pyruvate kinase) is detected in the neural retina at 

the protein level (Figure 4.8B).  The heat map and the accompanying immunoblots (Figure 4.8A-B) also 

show that the transcripts of the first two enzymes in the TCA cycle, citrate synthase and aconitase, along 

with all of the enzymes involved in β-oxidation of fatty acids are also higher in the RPE, in support of our 

conclusion that the primary fuel entering the TCA cycle in the RPE is probably from β-oxidation and not 

glycolysis.  Also, the transcripts of the enzymes involved in sphingolipid biosynthesis as well as the 

immunoblot of SGMS1 (sphingomyelin synthase 1) (Figure 4.8 A-B) are higher in the RPE indicating 

sphingolipid metabolism being a critical component of the RPE as shown also in Figure 4.5H-I. 

DISCUSSION 

 Studies using animal models have provided invaluable information on the important role of 

metabolic homeostasis in the health of the retina and pointed to the complex network of many players, 

which when altered lead to an aberrant metabolism.  Although studies on human fetal [117, 225, 237, 245, 

248, 259, 274, 275], immortalized [276, 277] or patient derived RPE cells [278-282] had surfaced the 

importance of metabolic symbiosis between the neural retina and the RPE, in vivo assessments are lacking.  

In the current study, we present a picture of the neural retina-RPE steady state metabolic ecosystem taken 

in the middle of the light cycle and after 6 hr of fasting.  We reconstructed this metabolic landscape by 

correlating the respective steady state metabolites and their corresponding metabolic enzyme levels from 

the murine neural retina and its respective RPE.  Compared to the neural retina, we found the RPE has 

selectively elevated certain glycolytic and TCA cycle intermediates and coupled it with a highly elevated 

PPP to enable efficient serine and sphingolipid biosynthesis. To measure steady state levels in the current 

study, we kept the time of collection of the tissue constant, i.e., at the middle of the light cycle (2-3pm) to 

prevent effects of shedding and time of day being a variable, we fasted the animals for 6 hr to ensure 

differential feeding does not interfere with the steady state level of the metabolites, we used bona fide 

neural retina and corresponding RPE-choroid and we collected the tissue from anesthetized animals rather 

than post-euthanasia with carbon dioxide.  As explained earlier, it is well established that the RPE-choroid 
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metabolic signature is actually representative of the bona fide RPE metabolism and does not skew the 

latter.  Thus we used RPE-choroid in all our metabolite measurements. 

  

Figure 4.9. Graphical summary depicting steady state metabolic preferences between neural 
  retina and RPE. 
 

The left panel shows and EM image of WT murine retina cross section focusing on the close association 

between RPE-choroid and the outer segment of photoreceptors. The right panel presents a graphical 

representation of  the entire neural retina and the RPE with respective steady state metabolic adaptations as 

identified in this paper. 
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It is important to note that the steady state levels of glycolysis in the RPE have never been looked 

at under physiological conditions and we here show that the RPE has more than three-fold requirement for 

glycolysis than the neural retina.  Even though it is well accepted that the rate of glycolysis in the neural 

retina is very high [84, 89], the argument exists that the primary reason for this, besides rapid ATP 

production, is the generation of secondary metabolites as byproducts of glycolysis [283].  It has been 

suggested that the RPE is less dependent on glucose [237] and transports most of its blood-supplied glucose 

to the neural retina [284].  Glucose deprivation has also failed to result in significant RPE degeneration or 

metabolic imbalance [245].  Even though the neural retina may initially take up the majority of glucose 

entering the RPE [284], our results suggest that the neural retina not only has lower basal level of glucose 

but also metabolizes less glucose than the RPE.  This likely indicates that upon retinal saturation with 

glucose, the RPE’s steady state level of glucose accumulates for its own use.  This observation is further 

supported by higher levels of glycolytic products that feed to serine biosynthesis and PPP.  Both of these 

pathways can generate the reductive currency to combat oxidative stress.  In agreement to this, our study 

also revealed significant elevation of PPP, ratio of GSH/GSSG, glutamine levels along with reduction in 

NADP+/NADPH ratio in the RPE to facilitate the scavenging efficiency of free radicals.  We have also 

recently reported that the RPE also acquires high levels of flavins, another free radical scavenging cofactor, 

when compared to neural retina at all ages [197]. Reduction in the steady state levels of these radical 

scavenging components in the RPE can disrupt the neural retina-RPE metabolic homeostasis, leading to 

pathologies such as age related macular degeneration (AMD) and diabetic retinopathy (DR) [285]. 

Further, we found the RPE matches the neural retina in PEP, pyruvate and lactate levels.  These 

results can be explained by the rapid transport of lactate from the neural retina to the RPE [257], albeit 

remotely since these are steady state levels and the notion that the RPE glycolytic flux is not driven only by 

pyruvate requirement but also by our finding of elevated serine biosynthesis.  It is further possible that the 

metabolic preferences change in the RPE in diseased conditions and that the RPE may have a better 

fallback option than the neural retina to switch to, which helps it recuperate rapidly even when glucose 

reliance is removed [246].  We also show that the RPE has an effective TCA cycle anaplerosis, a finding 

supported by recent study showing glucose deprivation affecting the RPE to a lesser degree [245].  Thus, it 

seems the RPE is less reliant on glycolysis.  The initial metabolites for the TCA cycle in the RPE can 
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alternatively be obtained from (i) a high level of β-oxidation [225], (ii) lactate transport from the neural 

retina [237] and (iii) a highly efficient reductive carboxylation system [259]. 

It has been reported that under in vitro conditions the RPE is highly reliant on ketogenesis of the 

phagocytosed outer segments [225].  Similarly, Sparrow et el [228] and Diegner et al [286, 287] have 

independently shown that retinoid recycling by the RPE is fueled by metabolizing the phospholipids 

obtained during outer segment phagocytosis.  It is possible that the RPE is more dynamic than the neural 

retina and actually utilizes different fuel at different times of the day.  Similarly, our results indicate that in 

the middle of the light cycle, the acylcarnitine mediated lipid oxidation in the mitochondria is higher in the 

RPE than the neural retina.  This coupled with the finding that the TCA cycle is more anaplerotic, indicates 

that most of the ATP in the RPE is actually generated via fatty acid oxidation following outer segment 

phagocytosis.  Thus, not only do the photoreceptors rely on the RPE for proper functioning but the major 

bulwark of the RPE metabolism cannot function in the absence of healthy outer segment and their 

subsequent phagocytosis into the RPE. 

It is also interesting that the serine biosynthesis pathway is preferentially elevated in the RPE over 

the neural retina, even though concentrated amounts of serine are observed at the tips of the phagocytosed 

outer segments [288].  Our results are in agreement with previous flux studies [259], which demonstrated 

that serine levels are higher in the RPE and may be transported to the neural retina.  We also observed that 

the levels of phosphatidylserine are much higher in the RPE than in the neural retina.  Since all samples 

were collected in the middle of the light cycle, these products likely reflect newly-synthesized rather than 

remnants of phagocytosed outer segments.  Whether these phospholipids are to satisfy RPE’s need or are 

transported back to the photoreceptors, is an interesting question that deserves further investigation.  An 

essential pathway that can utilize newly synthesized serine would be sphingolipid metabolism.  It is well 

known that sphingolipids are critical for the neural retina, but their presence in the RPE has also been 

described.  We show that almost all sphingolipid species are far higher in the RPE than in the neural retina.  

This presents a new view since the role of sphingolipids in RPE metabolism has barely been investigated 

while there have been so many reports of an impaired sphingolipid rheostat in various diseases affecting 

both the neural retina and the RPE.  Examples of such diseases are age related macular degeneration 

(AMD), Stargardt disease, diabetic retinopathy and retinitis pigmentosa [289, 290].  Patients suffering from 
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macular diseases are also known to have impaired serine metabolism [291] and a recent publication showed 

that toxic sphingolipids in the neural retina pose a risk factor for macular telangiectasia type 2 and 

peripheral neuropathy [292].  However, in light of our results here, it is possible that the impaired serine 

metabolism in these patients actually impairs RPE metabolism initially, in turn resulting in complete 

breakdown of the neural retina-RPE metabolic homeostasis leading to the pathology.  Finally, the inter-

relationship between phagocytosis and sphingolipid metabolism is quickly unfolding [293-295].  Therefore, 

it imperative to question whether these elevated sphingolipid species in the RPE are a reflection of a similar 

or a novel function. 

Collectively, our work compares the steady state metabolic activity in the neural retina to that in 

the RPE and we show that the steady state adaptations are significantly different from the existent 

knowledge of labeled metabolite flux between these two tissues.  Data presented shows how the RPE-

neural retina have adapted into an efficient, complimentary and metabolically diverse symbiotic niche in 

order to support each other’s distinct metabolic requirements.  Further work needs to be done to elucidate if 

dysregulation of any of these pathways in the RPE or the neural retina may make the other more 

susceptible to pathologies that could affect either one. 

Limitations of the Study 

Tissue was collected while the animals were under anesthesia rather than euthanasia, so as to 

eliminate changes that may be attributed to elevated carbon dioxide in the blood.  However, we cannot rule 

out potential effects of anesthesia as a factor.  However, tissue collection time was minimized by 

performing the steps on ice, keeping the duration consistent and short. 

It is widely accepted that flux and steady state together provide a complimentary picture of 

metabolism, even though they independently may not reflect the same results under the same conditions.  

Multiple flux analyses have been performed on the neural retina and very few on the RPE but no studies so 

far addressed the steady state measurements.  Our results coupled with published flux data help us build a 

comprehensive understanding of the neural retina-RPE metabolic niche.  But it must be kept in mind that 

many factors could significantly affect both steady state and flux analyses and their interpretations.  

Examples of these factors are mode of euthanasia/anesthesia, time of tissue harvest, strain, whether neural 

retina was separated from the RPE-choroid prior to incubation in labeled metabolite, or analysis was 
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performed in vivo.  Another contributing experimental manipulation is whether animals were fasted or ad 

libitum fed. 

The findings in this study are based on UPLC-MS/MS measurements and frozen samples from the 

murine retina.  As noted in previous sections, measurement of metabolites using NMR can result in 

different values than UPMC-M/MS.  Furthermore, as elucidated in methods section, we matched the 

metabolites identified to the ones known and catalogued in Human Metabolome Data Base (HMDB) at the 

time we analyzed the data.  Thus, there might be far more metabolites present differentially between the 

two tissues which would become more apparent as they are added to HMDB.  Another limitation as 

emphasized in the paper is that all these measurements are done only in a specific time of the day and in 

mouse from a single strain/background.  It would be interesting to note if the steady state levels of the 

metabolites change significantly at different times of the day and also if they vary across different strains of 

mice. 
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MATERIALS AND METHODS 

Table 3.1. Key resources table 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
Anti-pgd Proteintech Cat# 14718-1-AP; 

RRID:AB_2236801 
Anti-pkm2 Cell Signaling 

Technology 
Cat# 4053, 
RRID:AB_1904096 

Anti-phgdh Proteintech Cat# 14719-1-AP, 
RRID:AB_2283938 

Anti-psat1 Proteintech Cat# 10501-1-AP, 
RRID:AB_2172597 

Anti-mdh1 Proteintech Cat# 15904-1-AP, 
RRID:AB_2143279 

Anti-citrate synthase Proteintech Cat# 16131-1-AP, 
RRID:AB_1640013 

Anti-aconitase Proteintech Cat# 11134-1-AP, 
RRID:AB_2289288 

Anti-sdh Abcam Cat# ab14715, 
RRID:AB_301433 

Anti-mdh2 Proteintech Cat#15462-1-AP 
Anti-sgms1 Proteintech Cat# 19050-1-AP, 

RRID:AB_2188417 
Anti-beta actin Abcam Ab8227;RRID:AB_2305

186 
   
Critical Commercial Assays   
NADP/NADPH quantitation assay 
kit 

Sigma-Aldrich MAK038 

   
Experimental Models: 
Organisms/Strains 

  

C57BL/6 mice [29] N/A 
   

 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 

Strain/Genetic Makeup of Mice 

 Animal experiments were approved by the University of Houston Institutional Animal Care and 

Use Committee (IACUC) and adhered to recommendations in NIH Guide for the Care and Use of 

Laboratory Animals and the Association for Research in Vision and Ophthalmology.  All mice were on 
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C5BL/6J background (C57BL/6- 129S1/SvImJ strain) and were genotyped for and found to be negative for 

both the rd8 allele [188] and the RPE65 Leu450Met variant [189, 190].  Animals were reared under cyclic 

light conditions (12 hr L/D, ~30 lux) and fed with normal chow diet (5053 irradiated Pico Lab Rodent 

Diet).  All animals were between 6-7 weeks of age and the gender distribution was equivalent across all 

groups. 

METHOD DETAILS 

Tissue Collection 

 All mouse protocols adhered to guidelines published by NIH and the Association for Research in 

Vision and Ophthalmology (ARVO) and were approved by institutional IACUC.  

 Due to the tight interactions between the neural retina and the retinal pigment epithelium, careful 

attention was placed on tissue extraction.  Following intramuscular injection of 85 mg/kg ketamine and 14 

mg/kg xylazine, degree of anesthesia was determined by toe pinching and when mice were fully under, the 

next steps was undertaken.  A disposable surgical knife was used to slit the cornea and lens was extracted.  

Using curved tweezers, the eye cup was squeezed to obtain the neural retina, which was immediately 

frozen in liquid nitrogen until use.  The remaining eye cup was obtained by cutting with a surgical scissors 

at the optic nerve and the animal was euthanized.  While paying careful attention, the remaining tissue in 

the back of the eyecup was scraped, with the aid of  a dissection microscope, using a curved tweezer, rinsed 

quickly in phosphate buffer saline (pH=7.4) and immediately frozen in liquid nitrogen.  Although careful 

attention was paid to ensure no scleral tissue was obtained with the scraped tissue, there is the potential of 

obtaining the choroid with the retinal pigment epithelium.  Therefore, that portion of the eye was termed 

retinal pigment epithelium-choroid (RPE-choroid) throughout the text.   

 Tissue was extracted from anesthetized mice rather than euthanized by carbon dioxide to eliminate 

the potential of effects on tissue metabolic activity resulting from acidification by carbon dioxide.  The 

maintain freshness of tissue, the entire extraction process did not exceed 3 min.  All samples were 

thereafter maintained in -80 ºC until processed.  Six neural retinal samples and subsequent six RPE-choroid 

samples from six non-littermate animals were pooled and considered as a single ‘n’ value for neural retina 

and RPE-choroid.  The neural retina groups had a total ‘n’ value of 8 and the RPE-choroid group had ‘n’ 

value of 9.  In order to account for minimal effect of outer segment phagocytosis by RPE-choroid, all 
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tissues were collected between 1-3pm, i.e., at the middle of the light cycle.  Further, to normalize all 

animals to steady state metabolite levels and to account for differential feeding, all animals were fasted for 

5-6 hr prior to tissue collection. 

Metabolomics sample preparation and analysis 

Extraction 

 Several recovery standards were added prior to the first step in the extraction process for quality 

control purposes.  In order to increase maximum yield, methanol extraction was done prior to analysis.  To 

remove protein, dissociate small molecules bound to protein or trapped in the precipitated protein matrix, 

and to recover chemically diverse metabolites, proteins were precipitated with methanol under vigorous 

shaking for 2 min followed by centrifugation.  The resulting extract was divided into five fractions: two for 

analysis by two separate reverse phase (RP)/UPLC-MS/MS methods with positive ion mode electrospray 

ionization (ESI), one for analysis by RP/UPLC-MS/MS with negative ion mode ESI, one for analysis by 

HILIC/UPLC-MS/MS with negative ion mode ESI, and one sample was reserved for backup.  Post removal 

of the organic solvent, the sample extracts were stored overnight under nitrogen before preparation for 

analysis. 

Measurements 

 All methods utilized a Waters ACQUITY ultra-performance liquid chromatography (UPLC) and a 

Thermo Scientific Q-Exactive high resolution/accurate mass spectrometer interfaced with a heated 

electrospray ionization (HESI-II) source and Orbitrap mass analyzer operated at 35,000 mass resolution.  

The sample extract was dried then reconstituted in solvents compatible to each of the four methods.  Each 

reconstitution solvent contained a series of standards at fixed concentrations to ensure injection and 

chromatographic consistency.  One aliquot was analyzed using acidic positive ion conditions, 

chromatographically optimized for more hydrophilic compounds.  In this method, the extract was gradient 

eluted from C18 column (Waters UPLC BEH C18-2.1 x 100 mm, 1.7 µm) using water and methanol, 

containing 0.05% perfluoropentanoic acid (PFPA) and 0.1% formic acid (FA).  Another aliquot was also 

analyzed using acidic positive ion conditions; however it was chromatographically optimized for more 

hydrophobic compounds.  In this method, the extract was gradient eluted from the same afore mentioned 
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C18 column using methanol, acetonitrile, water, 0.05% PFPA and 0.01% FA and was operated at an overall 

higher organic content.  Another aliquot was analyzed using basic negative ion optimized conditions using 

a separate dedicated C18 column.  The basic extracts were gradient eluted from the column using methanol 

and water, however with 6.5mM Ammonium Bicarbonate at pH 8.  The fourth aliquot was analyzed via 

negative ionization following elution from a HILIC column (Waters UPLC BEH Amide 2.1x150 mm, 1.7 

µm) using a gradient consisting of water and acetonitrile with 10mM Ammonium Formate, pH 10.8.  The 

MS analysis alternated between MS and data-dependent MSn scans using dynamic exclusion.  The scan 

range varied slighted between methods but covered 70-1000 m/z. 

Compounds were identified by comparison to library entries of purified standards or recurrent 

unknown entities.  Peaks were quantified using area-under-the-curve.  For studies spanning multiple days, a 

data normalization step was performed to correct variation resulting from instrument inter-day tuning 

differences.  Biochemical data for each metabolite was further normalized to protein concentration 

measured by Bradford assay to account for differences in metabolite levels due to differences in the amount 

of material present in each sample. 

Quality control 

 Several types of controls were analyzed in concert with the experimental samples: a pooled matrix 

sample generated by taking a small volume of each experimental sample (or alternatively, use of a pool of 

well-characterized plasma) served as a technical replicate throughout the data set; extracted water samples 

served as process blanks; and a cocktail of quality control standards that were carefully chosen not to 

interfere with the measurement of endogenous compounds were spiked into every analyzed sample, 

allowed instrument performance monitoring and aided chromatographic alignment.  Instrument variability 

was determined by calculating the median relative standard deviation (RSD) for the internal standards that 

were added to each sample prior to injection into the mass spectrometers.  Overall, process variability was 

determined by calculating the median RSD for all endogenous metabolites (i.e., non-instrument standards) 

present in 100% of the technical replicates of pooled samples.  Internal standards reflected instrument 

variability of only 6% median RSD, while endogenous metabolites reflected a total process variability of 

only 2% median RSD.  Experimental samples were randomized across the platform run with QC samples 

spaced evenly among the injections. 
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Microarray Data Analysis 

 The NCBI GEO (GNF Mouse GeneAtlas V3) was used to access the Mus musculus GSE10246 

microarray gene expression dataset as well as the probe IDs for all the genes used in the dataset.  The strain 

(C57BL6/J) and age of the animals (6-9 weeks) were similar to our rest of the study.  The data was filtered 

by specifically selecting for retina and RPE tissue expression and the heat map was generated from the 

resulting values of the selected genes via heat map 2.0 package in R-studio with 2 replicates for each 

sample. 

NADP/NADPH measurements 

 Measurements were done using the Sigma Aldrich NADP/NADPH quantitation kit, as per 

manufacturer’s instructions on freshly collected neural retina and RPE.  The values were normalized and 

then analyzed as values per tissue.  Values for each tissue were quantitated with reference to standards 

provided in the kit. 

Immunoblotting 

 Mouse neural retinas and RPE were collected as explained earlier under “Tissue Collection” in 

methods and homogenized using a handheld motor and pestle tip in RIPA lysis buffer containing 0.1% 

Triton X-100 and a complete protease inhibitor cocktail.  Following 1 hr incubation at 4°C, the insoluble 

material was separated via centrifugation at 14,000xg for 15 min.  The supernatant was transferred to new 

tube and protein concentration were determined via Bio-Rad Bradford Assay.  Cell lysates (20µg protein) 

were incubated for 30 min at room temperature in Laemmli buffer containing beta-mercaptoethanol and 

then size fractionated via 10% SDS-PAGE.  Images were captured using a Bio-Rad ChemiDoc MP 

Imaging System equipped with Image Lab 5.0 software.  Gels were then transferred to PVDF membranes 

and immunoblotting was carried out as previously described [29].  After imaging the blot for the desired 

proteins, the blot was dried and reimaged to ensure there was no residual signal left.  The same blot was 

blocked again with 5% milk and re-probed with the primary antibody against the desired protein.  This was 

repeated for all the proteins.  Using the same immunoblot repeatedly allowed us to quantify the different 

proteins with less variability. 
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QUANTIFICATION AND STATISTICAL ANALYSES 

Data Transformation  

 After log transformation and imputation of missing values, if any, with the minimum observed 

value for each compound, ANOVA contrasts were used to identify metabolites that differed significantly 

(p≤0.05),  between experimental groups.  An estimate of the false discovery rate (q-value) was also 

calculated to take into account the multiple comparisons that normally occur in metabolomic-based studies. 

Data Visualization 

 Feature scaling was done for each metabolite across all groups to set the median equal to 1.  For 

data visualization, scatter plot was used so that the individual measurements can be seen.  All data were 

normalized to protein levels as described in methods section. 
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SUMMARY 

 We have previously reported a model of progressive retinal degeneration following the knockout 

of the retina specific riboflavin binding protein, retbindin   (Rtbdn-/-).  Given the intricate role of flavins in 

metabolism, here we investigated the underlying mechanism of this retinal degeneration by performing 

diverse metabolomic analyses on pre-degeneration (postnatal day 45) and degenerating (postnatal day 120) 

retinas.  Metabolomics of hydrophilic metabolites revealed that individual glycolytic products are 

accumulated in the Rtbdn-/- P45 retinas, while intermediates of the TCA cycle were largely unchanged.  

This was confirmed by using 13C labeled flux measurements, which further revealed that the key regulatory 

step of phosphoenolpyruvate to pyruvate was inhibited.  This forced the retina into an alternate sources of 

fuel to support the TCA cycle.  A separate untargeted lipophilic metabolomic analyses revealed that almost 

all the intermediates of fatty acid synthesis, acylcarnitine fatty acid metabolism, ceramides, sphingomyelins 

and toxic metabolites were also significantly elevated in the Rtbdn-/-.  In summary, we have identified 

metabolic dysregulations that result from initial imbalance of flavin homeostasis in the retina eventually 

translating into degeneration of photoreceptors.  Also, the accumulation of fatty acid and lipid metabolism 

intermediates are in agreement with clinical reports of patients suffering from flavoprotein mutations.  
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These findings would open a new window of research into the role of retina specific flavin binding 

proteins, like retbindin, in flavin homeostasis.  

INTRODUCTION 

  Retbindin (Rtbdn), with homology to chicken riboflavin binding protein (RBP), is exclusively 

expressed in mammalian neural retina (NR) as a peripheral membrane protein [20].  It specifically localizes 

at the interface of NR and retinal pigment epithelium (RPE), where essential metabolite and nutrient 

exchanges occur between the two tissues [20].  We have recently shown that absence of Rtbdn results in 

progressive and dose dependent rod and cone functional decline starting as early as postnatal day (P) 120 

[29].  This functional decline was associated with minor structural abnormalities in the outer segments but 

with reduced number of rod and cone photoreceptors [29].  Moreover, significant reduction in the levels of 

the two riboflavin derived metabolic cofactors, FAD and FMN was reported [29, 197].  Given the 

widespread role of FAD and FMN in metabolism, in this study we set out to determine how elimination of 

Rtbdn and the reduced flavins lead to the degenerative process.  We performed a comparative analysis of 

retinal metabolism between the Rtbdn knockout (Rtbdn-/-) animals and that of the wild type (WT) animals at 

pre- (P45) and during-degeneration (P120). 

  We first asked the question whether, as a result of Rtbdn ablation, FAD and FMN levels change at 

P45, prior to any observable functional or structural abnormalities and compare it to levels at P120 when 

degeneration becomes obvious.  Surprisingly, the levels of both FAD (~70% of WT) and FMN (~65% of 

WT) are significantly reduced in P45 NR (Figure 5.1A-B), much earlier than the onset of the degenerative 

process.  As expected, the reduction in NR levels of flavins was further exacerbated at P120 (~48% and 

~46% of WT respectively) (Figure 5.1A-B).  This may indicate that the reduced availability of flavins is 

actually triggering the degeneration by affecting the NR energy metabolism from P45.  One of the earliest 

indicators of a disrupted metabolism are levels of essential markers of metabolic activities.  FAD and FMN 

are known to be essential cofactors for multiple catabolic reactions, especially those involved in the energy 

metabolism [106].  Moreover, the electron transport chain is also inhibited if flavin availability is reduced 

[136].  We measured the ratios of ATP/ADP (Figure 5.1C) and ATP/AMP (Figure 5.1D), which together 

reflect if there is a difference in energy demand and supply.  Interestingly, we found both ATP/ADP (~88% 

of WT) and ATP/AMP (~79% of WT) minorly, yet statistically significantly, reduced in the Rtbdn-/- NR at 
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P45 and then more reduced (~50% and ~35% of WT respectively) at P120 for NR (Figure 5.1C-D).  

However, for the RPE-Choroid (RPE-Ch) the reduction was only obvious at P120 for both ATP/ADP and 

ATP/AMP (~62% and ~50% of WT respectively) (Figure 5.1C-D).   

 

Figure  5.1. Retbindin is critical for energy homeostasis and cellular redox potential  of both 
 the neural retina and RPE-Ch. 
 

Essential flavins like (A) FAD, and (B) FMN, and metabolite ratios of (C) ATP/ADP, (D) ATP/AMP, (E) 

NAD+/NADH, and (F) NADP/NADPH, which are critical to evaluate the state of cellular homeostasis were 
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quantified in the neural retina (NR) and RPE-Ch of Rtbdn-/- and  corresponding WT at P45 and P120. All 

values shown are for Rtbdn-/- after measurement as percent of age matched WT (shown as dotted line at 

100). Each group has n=6-10. Student’s t test was used to determine significance with *=p<0.05, 

**=p<0.01, ***=p<0.001 and ****=p<0.0001. 

 

  We also measured markers of cellular redox potential, NAD+/NADH and NADP/NADPH (Figure 

5.1E-F).  We found that NAD+/NADH is unaffected at P45 but significantly reduced at P120 for both NR 

and RPE-Ch (~67% and ~69% of WT respectively) (Figure 5.1E), further indicating inefficient energy 

metabolism.  NADP/NADPH was also unaffected at P45 also but surprisingly, statistically significantly 

higher for both NR and RPE-Ch (~118% and ~127% of WT respectively) (Figure 5.1F), reflecting a 

compromise in the cellular detoxification system. 

  The NR has one of the highest energy requirements in the body and this is maintained via a unique 

metabolic symbiosis between the NR and the RPE [89, 237].  The initial glucose flux from the choroidal 

blood supply moves quickly through the RPE and into the NR to feed the highly glycolytic photoreceptors, 

which comprise about 60% of the total number of cells in NR [237, 245].  In return, the NR provides the 

RPE with the lipid rich outer segments and the glycolytic end product, lactate, a principal source of fuel 

[194, 245].  Thus expectedly, any factor that disrupts NR metabolism will in turn affect this symbiosis.  We 

recently showed that flavin levels are actually higher in the RPE than the NR of WT mice [197].  Here we 

surprisingly find that the ablation of Rtbdn led to reduced levels of both FAD and FMN in the P45 RPE-Ch 

(~72% and ~57% of WT respectively), further leading to even lower levels at P120 (~35% and ~48% of WT 

respectively) (Figure 5.1A-B).  But unlike NR, none of the cellular markers of metabolic homeostasis were 

disrupted in the RPE-Ch at P45.  Interestingly though, at P120 they followed near identical changes as in 

NR (Figure 5.1C-F), reflecting a possible insult upon the metabolic symbiosis.  Given the high energy 

demands of the NR, it is not surprising that it harbors one of the highest flavin levels in the body along with 

the RPE [197].  But how this is achieved has been a mystery until recently, especially as any free riboflavin 

is rapidly cleared.  It has been proposed that tissues which maintain a barrier with the blood often express 

unique riboflavin binding (or carrier) proteins to have a nascent pool of bound riboflavin available for 

metabolic turnover [79, 296].  We hypothesized that the reduction in flavin levels in absence of retbindin 
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could be enough to create a gap between the demand and supply ratio of flavins for the NR-RPE metabolic 

requirement. 

 

Figure 5.2. Quantification of FAD and FMN in the Rtbdn-/- retina.  
 

Both FAD and FMN were quantified in the neural retina (NR) and RPE-Ch at P45 and P120, with each 

group having n=10. Student’s t test was used to determine significance with *=p<0.05, **=p<0.01, 

***=p<0.001 and ****=p<0.0001. 

 

  To test this hypothesis, we took an untargeted global metabolomics approach and first quantified 

the steady state levels of metabolites in the RPE-Ch and the NR of Rtbdn-/- mice at P45 and at P120.  This 

should precisely identify the pathways which underwent disruption of metabolic homeostasis due to the 

elimination of Rtbdn as well as those which changed due to degeneration.  One such pathway is glucose 

metabolism.  In the P45 Rtbdn-/- NR, all glycolytic intermediates, up to the generation of 

phosphoenolpyruvate (PEP), are reduced to almost 50% of WT levels (Figure 5.3A-C.  The generation of 

PEP is a key step in glycolysis since it is followed by the transfer of phosphate from PEP to generate the 

second ATP and pyruvate.  The levels of PEP are significantly elevated to >200% of the WT (Figure 5.3D), 

while the pyruvate level is significantly reduced (~67% of WT) (Figure 5.3E).  We hypothesized that this 

accumulation of PEP could be caused by slower than normal conversion of PEP to pyruvate in the reaction 

catalyzed pyruvate kinase. 
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  At P120, all steps leading to formation of PEP in NR mimic the pattern observed at P45 (Figure 

5.3A-C).  However, there is much less PEP at P120 (<70% of WT) (Figure 5.3D) than at P45.  Steady state 

levels of the TCA cycle metabolites, -ketoglutarate, succinate and fumarate, are equivalent at P45 in WT 

and Rtbdn-/- NRs (Figure 5.3F-H),   but at P120, all the TCA cycle metabolites are diminished in the Rtbdn-

/- NRs (Figure 5.3F-H).  

 

Figure 5.3.Absence of retbindin affects steady state glycolysis at P45 followed by TCA cycle 
 at P120.  
 

Steady state levels of key glycolytic (A-E) and TCA cycle (F-H) metabolites were quantified in NR and 

RPE-Ch Rtbdn-/-and corresponding WT at P45 and P120. Each group has n=6-9. All values shown are for 

Rtbdn-/- after measurement as percent of age matched WT (shown as dotted line at 100). A flowchart 

summarizing the changes in NR is shown in (I) with the TCA cycle metabolites being marked with blue 
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box. Metabolites elevated in Rtbdn-/- are shown with a green arrows and those reduced are marked by red 

arrows, while the ones lacking significant difference are unmarked. Student’s t test was used to test 

significance with *=p<0.05, **=p<0.01, ***=p<0.001 and ****=p<0.0001. (NR=neural retina; RPE-

Ch=RPE-Choroid)  

 

 In the RPE, glycolysis up to the production of PEP is mostly unaffected by Retbindin deficiency 

(Figure 5.3A-E) at P45.  In contrast to the NR, PEP levels are significantly reduced (<60% of WT) (Figure 

5.3D) and pyruvate levels are equivalent to WT (Figure 5.3E) in the RPE-Ch.  This may be due to the 

ability of the RPE to generate pyruvate from sources other than PEP, like lactate and pentose phosphate 

pathway as well as by reductive carboxylation from TCA cycle [237, 257, 259, 297].  Surprisingly, the 

P120 RPE-Ch seems to be pushed into a hyperglycemic state with glucose levels being >125% of WT 

(Figure 5.3A).  This could reflect a compensatory increase in glucose uptake in response to stress.  

However, as in the P120 NR, this likely is not sufficient to meet the cellular energy demand when PEP and 

pyruvate levels are significantly reduced to <60% of the WT (Figure 5.3D-E).  TCA cycle metabolite levels 

in the RPE-Ch are unaffected (Figure 5.3F-H).  This is in line with our [297] and others [117, 225] previous 

finding that compared to the NR, the RPE is more reliant on pathways other than glycolysis for energy 

production.  

  We next asked whether these reductions in steady state metabolic intermediates at P45 are caused 

by changes in the rate of synthesis of these metabolites in the NR.  For this, we incubated the Rtbdn-/- and 

corresponding WT NRs in labeled 13C-glucose in ex vivo conditions [194] for 5 and 45 minutes and 

measured incorporation of 13C in glycolytic and TCA cycle intermediates.  As shown in Figure 5.4, after 5 

minutes, the percent intensity of the tracer in glyceraldehyde-3-phosphate is >20 fold higher in the Rtbdn-/- 

than the WT (Figure 5.4B) (WT is 100%).  Subsequently, the percent intensity of the tracer in 3-

phosphoglycerate and PEP both are >3.5 times higher in Rtbdn-/- (Figure 5.4B).  In contrast, the tracer 

percent intensity in any of the following glycolytic or TCA cycle metabolites is less than half of the WT 

levels (Figure 5.4B).  The pattern observed after the 5-minute incubation holds true for the 45-minute 

incubation as well, with glucose flux being highly accumulated until PEP and all the TCA cycle 

metabolites having significantly reduced incorporation of the labeled glucose (Figure 5.4C). 
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  The catalytic conversion of PEP to pyruvate is facilitated by the enzymatic activity of the 

tetrameric Pkm2 protein [261].  So we investigated if reduction in the tetrameric form is responsible for this 

PEP accumulation.  As shown in Figure 5.4D-E, we observed, specifically the tetrameric complex of Pkm2 

to be reduced by almost 50% in absence of Rtbdn at P45.  This is in sync with previous reports from 

showing that when there is increased reactive oxygen species and impaired redox potential, this triggers a 

feedback loop downregulate tetramer formation of Pkm2 [298].  This is further in sync with our results in 

Figure 5.1 that in absence of Rtbdn, the redox potential of the neural retina is already impaired at P45.  

These results clearly show that in absence of Rtbdn, glycolytic flux is inhibited resulting in a highly 

deficient flow of glycolytic metabolites into the TCA cycle.  In the NR, photoreceptors specifically express 

the most active key glycolysis regulator, pyruvate kinase M2 (Pkm2) [261].  In absence of rod-specific 

Pkm2, glycolytic flux in the NR is inhibited and mice suffer from significant decline in rod function at 

P150 [261].  This is similar to Rtbdn-/- glycolytic flux measurements (Figure 5.4) and can explain the steady 

state levels presented in Figure 5.3.  This also supports the hypothesis that Rtbdn-/- P45 NR likely obtains 

TCA cycle intermediates from non-glycolytic sources in order to maintain WT-equivalent levels (Figure 

5.3F-H).  It is worth mentioning that being the only NR cells that express very long density lipid receptor 

(Vldlr), the photoreceptors may also have the capacity to utilize these and other lipids as a source of non-

glycolytic fuel, though more research is required [220, 262].  

   In order to resort to non-glycolytic source of fuel, cells may skew to energy production from fatty 

acid catabolism.  Cellular levels of malonylc co-A function as the rheostat to either favor fatty acid 

synthesis or β-oxidation of fatty acids [299].  Fatty acid synthesis is also affected upon by availability of 

precursors obtained from glycolysis.  Accumulation of 13C in the glycolytic intermediate 3-

phosphoglycerate (~321% of WT) and the vastly reduced tracer flow into serine (~27% of WT) (Figure 

5.4B) indicate that phosphatidyl serine synthesis may be impeded.  Further, as shown in Figure 5.5A, the 

malonyl co-A levels (>150% of WT) are higher than normal in both NR and RPE-Ch of Rtbdn-/- at P45 as 

well as P120, indicating both tissues are have impaired lipid metabolism in absence of Rtbdn far prior to 

any indication of degeneration.  There is growing evidence supporting that both the NR and the RPE have 

the ability to execute β-oxidation of fatty acid [117].   
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Figure 5.4: Retbindin is required for sustaining glucose flux in the neural retina.  
 

(A) Flowchart depicting flow of C13 isotopologues (red circles) from [U-13C] glucose through glycolysis 

and TCA cycle intermediates for a single span of the cycle. Circles represent the carbons in each 

intermediate. (B) Isotopologues were quantified for each glycolytic (m+3) and TCA cycle (m+2) 

metabolites after 5 min incubation in C13-glucose. (C) Isotopologues were quantified for each glycolytic 

(m+3) and TCA cycle (m+2, m+3, m+4 and total C13) metabolites after 45 min incubation in C13-glucose. 

(D) Quantitation of various oligomers of Pkm2 in non-reducing conditions reflect differences between WT 

and Rtbdn-/- . Quantitative values from each group is calculated from three independent immunoblots. (E) 
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Representative immunoblot for each oligomer of Pkm2 and actin for both genotypes are shown. All values 

shown are for Rtbdn-/-neural retina  (P45) after measurement as percent of age matched WT (shown as 

dotted line at 100) neural retina. All fold changes shown are significant (with p<0.0001 using student’s t-

test).  

  

  We also recently showed that the P45 RPE is highly reliant on β-oxidation of fatty acid to support 

its own TCA cycle [297].  However, some of the acyl Co-A dehydrogenases, the core enzymes involved in 

β-oxidation of fatty acid, require flavins for their optimal activity [300].  Since flavin levels are reduced in 

the Rtbdn-/- NR and RPE-Ch at P45, we wondered whether this will impede β-oxidation of fatty acid to 

function effectively in both tissues.  As shown in Figure 5.5B, the steady state levels of precursors of β-

oxidation of fatty acids, i.e., the acylcarnitine metabolites appear to be accumulating in the NR, but not as 

much in the RPE-Ch.  Moreover, the medium chain fatty acids (MCFA) are also elevated in the Rtbdn-/- NR 

(~130% of WT) while significantly reduced in the RPE-Ch (~60% of WT) (Figure 5.5C).  This indicates 

that the residual levels of flavins are adequate enough for selective execution of MCFA oxidation in the 

Rtbdn-/- RPE, and thus these fatty acids become a necessary source of fuel for this tissue in absence of 

Rtbdn.  That this pathway is upregulated in the RPE but inhibited in the NR is further supported by the 

vastly reduced levels of its immediate intermediate hepatonoate in the RPE-Ch (<50% of WT) but >2-fold 

higher levels in the NR compared to respective WT (Figure 5.5C).  It was recently reported that the RPE 

can transport the ketogenic end product of fatty acid oxidation, β-hydroxybutyrate (β-HB) to the NR as well 

as use it for its own purpose [225].  Since the results above indicate a possible non-glycolytic source 

fueling the Rtbdn-/- NR TCA cycle, while β-oxidation of fatty acid is inhibited, we hypothesized that β-HB 

from the RPE is a critical source of fuel in these conditions for the NR.  This is validated by significantly 

elevated levels of β-HB in both the P45 Rtbdn-/- RPE-Ch and NR (~155% and ~148% of WT respectively) 

(Figure 5.5D). 

  Further, as shown in Figure 5.5E, the metabolites involved in sphingolipid synthesis, sphinganine 

(~138% of WT), sphingadienine (~135% of WT) and phytosphingosine (~120% of WT) are significantly 

elevated in the P45 NR of Rtbdn-/-.  This resulted in uniformly elevated levels of the sphingolipid end 

products (>120% of WT) (Figure 5.5F).  Sphingosine is further converted to the neuroprotective 
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sphingosine-1-phosphate (S1P) if serine availability is adequate, but during serine deficiency, alanine is 

incorporated into sphingolipids to generate toxic ceramides [289, 290, 301].  This is the case in P45 Rtbdn-/- 

NR, as all members of dihydroceramide, ceramide and their toxic end product hexosylceramide are 

elevated (>120% of WT) (Figure 5.5G).  This is further in sync with the data presented in Figure 5.4B, that 

serine biosynthesis from labeled C13-glucose is significantly diminished (~27% of WT).  This is a critical 

indicator that in absence of Rtbdn in P45 NR, ceramides are accumulating, although their toxic effects are 

not apparent until degeneration begins from P120.  

  We showed above that in P45 Rtbdn-/- NR, both glycolysis (Figure 5.4B) and -oxidation of fatty 

acids (Figure 5.5A-D) are inhibited.  At P120, both NR and RPE-Ch undergo the same fate (Figure 5.3).  

So we asked the question, does this lead to amino acid catabolism in Rtbdn-/- NR and RPE-Ch?  As shown 

in Figure 5.5I and J, the steady state levels of all essential amino acids are significantly reduced to <60% of 

WT values in both the Rtbdn-/- NR and RPE-Ch.  Interestingly, even intermediates of amino acid 

metabolism are also significantly reduced (<75% of WT) in both the tissues. 

  In our previous work, we showed age-dependent decline in flavins’ levels concomitant with 

reduction in retinal function [197].  This indicates that the energy consuming functional response of the 

retina is also influenced by flavin homeostasis.  Furthermore, flavin levels are significantly diminished in 

various models of rod specific degeneration [197].  This further confirms the importance of flavins’ 

homeostasis for the health of the retina, primarily the photoreceptors.  In the current study, we identified 

the causes behind the degenerative phenotype associated with the ablation of Rtbdn by demonstrating that 

glucose progresses in the initial steps of glycolytic cycle fast but cannot reach the end and stops at the 

production of PEP.  In presence of reduced flavin cofactors, lipolysis cannot function efficiently also, 

leading to acylcarnitine buildup in the Rtbdn-/- NR.  This forces the NR to switch to a catabolic state in 

order to keep the TCA cycle in motion.  In addition, in absence of glucose flux through serine biosynthesis, 

sphingolipid metabolism gets adversely affected and hexasylceramide accumulates.  It has been previously 

shown that in absence of optimal serine, the NR incorporates alanine, which leads to toxic ceramide build 

up [289].  Furthermore, as the metabolic load increases, the ATP demand and supply gap widens (Figure 

5.1C-D) and disrupts metabolic homeostasis (Figure 5.1E-F).  This coincides with severe loss of amino 

acid metabolism in the Rtbdn-/-NR and RPE (Figure 5.5I-J).   
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 Even though it has been shown recently that loss of Pkm2 (Pkm2-/-) can lead to retinal 

degeneration, the mechanism is yet unknown.  It is assumed that since the photoreceptors are chiefly 

glycolytic, in absence of Pkm2 their anabolism is compromised [246].  Here we show that Rtbdn ablation 

can affect the rate of glycolysis in a similar manner as Pkm2-/- , but besides shutting down anabolism, it 

upregulates catabolism.  An important feature of our research is to determine the factors that precede, and 

may lead to, degeneration providing critical insights into the primary causes behind retinal degeneration.  

The results presented here clearly emphasize that subtle changes in retinal metabolic homeostasis can skew 

the balance between physiology and pathology and eventually impact retinal function directly. 
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Figure 5.5: Effect of Rtbdn ablation on lipid, sphingolipid and amino acid metabolism. 
 

Fold change between lipid, sphingolipid and amino acid metabolism intermediates were compared between 

Rtbdn-/- and corresponding WT. Values greater than one were highlighted in green and those lower are 

highlighted in red. (A) Malonate levels in Rtbdn-/- P45 and P120 for both neural retina (NR) and RPE-

choroid (RPE-Ch) shown as percentage of the respective WT (marked as 100 percentage by dotted line). 
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(B) Fatty acyl metabolism acylcarnitine intermediates in P45 NR and RPE-Ch as a fold change of Rtbdn-/- 

to WT. (C) Medium Chain fatty acid chains in P45 NR and RPE-Ch as a fold change of Rtbdn-/- to WT. (D) 

Ketone body intermediate in P45 NR and RPE-Ch as a fold change of Rtbdn-/- to WT. (E) Sphingolipid 

biosynthesis intermediates in P45 NR as a fold change of Rtbdn-/- to WT. (F) Sphingomyelin metabolites in 

P45 NR as a fold change of Rtbdn-/- to WT. (G) Toxic ceramide metabolites in P45 NR as a fold change of 

Rtbdn-/- to WT. (H) Flowchart summarizing steps leading to toxic metabolite buildup. (I) Key amino acids 

were quantified in Rtbdn-/- P120 for both neural retina (NR) and RPE-choroid (RPE-Ch) and shown as 

percentage of the respective WT (marked as 100 percentage by dotted line). (J) Key amino acid metabolic 

intermediates were quantified in Rtbdn-/- P120 for both neural retina (NR) and RPE-choroid (RPE-Ch) and 

shown as percentage of the respective WT (marked as 100 percentage by dotted line). 

   

METHODS 

Experimental Model and Subject details 

Strain/Genetic makeup of mice 

 Animal experiments were approved by the University of Houston Institutional Animal Care and 

Use Committee (IACUC) and adhered to recommendations in NIH Guide for the Care and Use of 

Laboratory Animals and the Association for Research in Vision and Ophthalmology.  All mice were on 

C5BL/6 background and were genotyped and found to be negative for both the rd8 allele (Chen et al., 

2013) and the RPE65 Leu450Met variant (Danciger et al., 2000; Kim et al., 2004). Animals were reared 

under cyclic light conditions (12 hours L/D, ~30 lux) and fed with normal chow diet (Picolab Rodent Diet 

5053).  All animals were between 6-7 weeks of age and the gender distribution was equivalent across all 

groups. 

Method details 

Tissue collection 

 To normalize all animals to steady state metabolite levels and to account for differential feeding, 

all animals were fasted for 5-6 hours prior to tissue collection and in order to account for effect of 

shedding, all tissues were collected between 1-3pm.  Mice were anesthetized by intramuscular injection of 
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85 mg/kg ketamine and 14 mg/kg xylazine.  Using forceps and tweezers, the NR was extracted and the rest 

of the eyecup was carefully removed.  The RPE-Ch was carefully scraped out of the eyecup, quickly 

extracted, rinsed quickly in phosphate buffered saline (pH 7.4) and immediately frozen in liquid nitrogen.  

To ensure freshness of tissue and to prevent changes during the extraction process, the entire procedure was 

completed within 2-3 minutes of the animal falling under anesthesia.  After the samples were collected, the 

animals were euthanized via carbon dioxide inhalation.  All samples were thereafter maintained at -80 ºC 

until processed.  Six retina samples and subsequent six RPE-Ch samples from six non-littermate animals 

were pooled and considered as a single ‘n’ value for retina and RPE-Ch.  The retina group had a total ‘n’ 

value of 8 and the RPE group had ‘n’ value of 9. 

Metabolomics sample preparation and analysis 

Extraction 

 Extraction as explained below was performed by Metabolon, Inc. (Morrisville, NC, USA).  

Several recovery standards were added prior to the first step in the extraction process for quality control 

purposes.  In order to increase maximum yield, methanol extraction was done prior to analysis.  To remove 

proteins, dissociate small molecules bound to protein or trapped in the precipitated protein matrix, and to 

recover chemically diverse metabolites, proteins were precipitated with methanol under vigorous shaking 

for 2 min followed by centrifugation.  The resulting extract was divided into five fractions: two for analysis 

by two separate reverse phase (RP)/UPLC-MS/MS methods with positive ion mode electrospray ionization 

(ESI), one for analysis by RP/UPLC-MS/MS with negative ion mode ESI, one for analysis by 

HILIC/UPLC-MS/MS with negative ion mode ESI, and one sample was reserved for backup.  Post removal 

of the organic solvent, the sample extracts were stored overnight under nitrogen before preparation for 

analysis.  

Measurement 

 Measurement as explained below was performed by Metabolon, Inc. (Morrisville, NC, USA).  All 

methods utilized a Waters ACQUITY ultra-performance liquid chromatography (UPLC) and a Thermo 

Scientific Q-Exactive high resolution/accurate mass spectrometer interfaced with a heated electrospray 

ionization (HESI-II) source and Orbitrap mass analyzer operated at 35,000 mass resolution.  The sample 
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extract was first dried and then reconstituted in solvents compatible to each of the four methods as 

mentioned.  Each reconstitution solvent contained a series of standards at fixed concentrations to ensure 

injection and chromatographic consistency.  One aliquot was analyzed using acidic positive ion conditions, 

chromatographically optimized for more hydrophilic compounds.  In this method, the extract was gradient 

eluted from C18 column (Waters UPLC BEH C18-2.1 x 100 mm, 1.7 µm) using water and methanol, 

containing 0.05% perfluoropentanoic acid (PFPA) and 0.1% formic acid (FA).  Another aliquot was also 

analyzed using acidic positive ion conditions; however it was chromatographically optimized for more 

hydrophobic compounds.  In this method, the extract was gradient eluted from the same afore mentioned 

C18 column using methanol, acetonitrile, water, 0.05% PFPA and 0.01% FA and was operated at an overall 

higher organic content.  Another aliquot was analyzed using basic negative ion optimized conditions using 

a separate dedicated C18 column.  The basic extracts were eluted as gradient from the column using 

methanol and water, however with 6.5mM Ammonium Bicarbonate at pH 8.  The fourth aliquot was then 

analyzed via negative ionization following elution from a HILIC column (Waters UPLC BEH Amide 

2.1x150 mm, 1.7 µm) using a gradient consisting of water and acetonitrile with 10mM Ammonium 

Formate, pH 10.8.  The MS analysis alternated between MS and data-dependent MSn scans using dynamic 

exclusion.  The scan range varied slighted between methods but covered 70-1000 m/z.  Compounds were 

identified by comparing to respective library entries of purified standards or recurrent unknown entities.  

Peaks were then quantified by measurement of respective area-under-the-curve.  For studies that span for 

multiple days, a data normalization step was performed to correct for the variation resulting from 

instrument inter-day tuning differences.  Biochemical data for each metabolite was then normalized to the 

protein concentration as measured by Bradford assay to account for differences in metabolite levels due to 

differences in the amount of material present in each sample. 

Quality control 

 Along with the experimental samples, various types of control samples were analyzed: a pooled 

matrix sample generated by taking a small volume of each experimental sample served as a technical 

replicate throughout the data set; extracted water samples served as process blanks; and a cocktail of 

quality control standards that were carefully chosen not to interfere with the measurement of endogenous 

compounds were spiked into every analyzed sample, allowed instrument performance monitoring and aided 
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chromatographic alignment.  Instrument variability was measured by calculating the median relative 

standard deviation (RSD) for the internal standards that were added to each sample prior to injection into 

the mass spectrometers.  Overall process variability was measured by calculating the median RSD for all 

endogenous metabolites (i.e., non-instrument standards) present in 100% of the technical replicates of 

pooled samples.  Internal standards reflected instrument variability of only 6% median RSD, while 

endogenous metabolites reflected a total process variability of only 2% median RSD.  Experimental 

samples were randomized across the platform run with QC samples spaced evenly between the injections. 

13C labeled measurements by GC-MS 

 Collected fresh neural retinas were immediately incubated in freshly prepared Krebs-Ringer-

Bicarbonate (KRB) buffer as ex vivo culture, along with U-C13-glucose (5mM) for 5 min and 45 min 

respectively.  Each reaction was stopped by transferring individual neural retina to cold 0.9% NaCl solution 

and was subsequently frozen.  From each frozen sample, metabolites were derivatized by methoxymine 

hydrochloride followed by Ntertbutyldimethylsilyl-N-methyltrifluoroacetamide (TBDMS) as described 

(Kanow et al., 2017).  An Agilent 7890B/5977B GC/MS system with an Agilent DB-5MS column (30 m × 

0.25 mm × 0.25 μm film) was used for GC separation and analysis of metabolites.  Ultra-high-purity 

helium was the carrier gas at a constant flow rate of 1 mL/min.  One μl of sample was injected in split-less 

mode by the auto sampler.  The temperature gradient begun at 95°C and had a hold time of 2 min and then 

increased at a rate of 10°C/min to 300°C, where it was held for 6 min.  The temperatures were set as 

follows: inlet 250°C, transfer line 280°C, ion source 230°C, and quadrupole 150°C.  Mass spectra were 

collected from 80–600 m/z under selective ion monitoring mode.  The data was analyzed by Agilent 

MassHunter Quantitative Analysis Software and natural abundance was corrected by ISOCOR software. 

Micro-extraction of flavins 

 Tissues were extracted as previously explained [197].  Briefly, tissues were homogenized using a 

handheld motor and pestle in 100μl of 1X PBS (pH 6.8 unless otherwise indicated) and a 30μl aliquot was 

saved for protein assay.  The rest was centrifuged at 1,000Xg for 10 minutes at 4 ºC and supernatant was 

separated and incubated at 37 ºC in 10% TCA (optimized by using 5%, 10% and 25%) for 15 minutes to 

precipitate proteins.  The tube was centrifuged at 10,000Xg for 10 minutes at 4 ºC; supernatant was 
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carefully collected, filtered through 0.45μm filter and used for HPLC analysis.  To minimize any effect of 

freeze thaw, injection of samples into the HPLC system was done right after extraction for all the samples, 

without freezing them. 

HPLC Chromatography 

 The chromatographic separation was as per previously discussed [197].  Briefly, mobile phase 

used was phosphate buffer (50 mM) and at pH (3.1).  The HPLC setup was composed of Waters binary 

HPLC pump (1525), Waters auto-sampler (2707), Waters multi wavelength fluorescence detector (2475) 

and a Waters X-Bridge C18 3.5μm column with dimensions of 4.6X250mm (Waters, Milford, MA, USA). 

HPLC quantification of flavins 

 For retinal flavin identification, a processing method was followed as previously generated [197].  

This included identification and quantitating area under the peak of respective peaks. 

Quantification and statistical analyses 

Data Transformation  

 After log transformation and imputation of missing values, if any, with the minimum observed 

value for each compound, ANOVA contrasts were used to identify metabolites that differed significantly 

(p≤0.05), between experimental groups.  An estimate of the false discovery rate (q-value) was also 

calculated to take into account the multiple comparisons that normally occur in metabolomic-based studies. 

Data visualization 

 Feature scaling was done for each metabolite across all groups to set the median equal to 1.  For 

data visualization, scatter plot was used so that the individual measurements can be seen.  All data were 

normalized to protein levels as described in methods section. 
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SUMMARY 

 Ariboflavinosis and BVVLS are two pathological conditions occurring as a result of riboflavin 

deficiency.  Both of these conditions are easy to treat if detected early enough, but they both lack timely 

diagnosis.  The effect of either of the two pathologies are not well studied in the retina, even though their 

devastating effects on the brain is only recently appreciated.  We have recently shown that loss of 50% of 

retinal flavins via a novel knockout mouse model can result in loss of function of the retina.  Here, we 

provide evidence that independent of any other factor, complete ablation of retinal flavins via diet induced 

riboflavin deficiency severely affects the function of the retina and it is concomitant with severe metabolic 

abnormalities.  Lipid metabolism and chiefly β-oxidation of fatty acids are massively compromised for the 

entire retina.  Rod photoreceptor function is affected first, followed by loss in both cone photoreceptor 

function and retinal pigment epithelium function.  Interestingly, we were able to completely reverse this 

loss in rod function and partially reverse the loss in cone function by administering normal chow to these 

animals.  
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INTRODUCTION 

 Riboflavin (Vitamin B2), a necessary nutrient for proper growth and development [30], is a water-

soluble vitamin, excess of which is flushed out of the body.  In healthy individuals, riboflavin from the 

blood is taken up differentially by various tissues, depending upon their requirement and is quickly 

converted to its functional forms, flavin adenine mononucleotide (FMN) and flavin adenine dinucleotide 

(FAD) [47, 135].  FMN and FAD are essential co-factors in the metabolism of carbohydrates, proteins and 

fats [83]. 

 Riboflavin deficiency (ariboflavinosis) is a systemic abnormality that can either be an inherited 

disorder or may develop in adults as a result of malnutrition [44, 56].  If a result of a genetic abnormality, 

the patient suffers from multiple system failures and sometimes can result in death [56].  The genetic 

diagnosis of this disease is relatively new and can be chiefly attributed to development of technologies like 

exome sequencing [57].  Early diagnosis coupled with riboflavin supplementation has been shown to aid in 

rescuing the disease [57].  However, patients may still develop multiple pathologies at later ages [30, 44].  

One such commonly reported pathology is low vision due to reduced retinal function or in some cases, 

even retinitis pigmentosa [37, 56].  The link between this loss of function and riboflavin deficiency is yet 

unexplored.  Ariboflavinosis is reported to affect 70% of the population in the UK, while such 

epidemiological studies are lacking in USA [44, 138].  Although it has been known for a while that one of 

the first organs to be affected by ariboflavinosis is the eye, little investigation has gone into the reasons and 

the outcomes [37]. 

 Tissues with established blood/tissue barrier express unique proteins called riboflavin binding 

proteins/riboflavin carrier proteins, which have been shown to be essential in maintaining flavin 

concentration in these tissues [52].  Recently, we demonstrated that a novel retinal rod photoreceptor-

specific and riboflavin binding protein, retbindin (Rtbdn) [20], helps concentrate flavins in the retina 

resulting in relatively one the highest flavin levels in the whole body, other than the liver and cornea [66, 

74].  This is least surprising since the retina is one of the highest energy consuming and metabolically 

active tissues in the body [71, 100, 297].  Due to its significance to the retina, elimination of Rtbdn resulted 

in reduced levels of flavins leading to retinal degeneration [29]. 
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 The objective of this study is to determine the role of riboflavin in adult retinal homeostasis by 

studying the effects of complete depletion of riboflavin from the diet.  For that, we placed wild type (WT) 

mice on a riboflavin deficient diet a week after weaning.  We found out that the retina maintains levels of 

flavins longer than the blood.  Upon complete elimination of flavins from the retina, gross metabolic 

abnormalities occurred leading to gradual functional decline and compromised rod functional recovery. 

RESULTS 

Administration of riboflavin deficient diet alters the blood and retina flavin levels 

 We bred WT parents on normal chow during pregnancy and until weaning of their litter.  At 

postnatal day (P) 30 half of the litter was transferred to riboflavin deficient diet and the other half was 

maintained on normal chow.  Blood samples were obtained from both groups every 15 days for flavin 

measurements.  Following 15 days on the deficient diet, blood flavin levels were significantly diminished 

(Figure 6.1).  However, flavin levels in the neural retina (NR) and retinal pigment epithelium-choroid 

(RPE-Ch) remain unchanged (Figure 6.1).  NR levels of flavin remain unchanged until after P75, while 

flavin levels in RPE-Ch declined starting at P60 and further dropped at after P75, concomitant to the 

decline in NR levels (Figure 6.1).  It is rather interesting that the levels in the RPE-Ch dropped faster than 

those in the corresponding NR (Figure 6.1).  We found that it took 60 days of riboflavin deficient diet (P90) 

for the NR and RPE-Ch to mimic levels in the blood (Figure 6.1).  

 

Figure 6.1.Total flavin content of blood, neural retina and RPE-Ch quantified after 
 introduction to riboflavin deficient diet at P30. 
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All data points were compared to that of the age matched littermates (represented as 100 

percent).NR=Neural retina, RPE-Ch=RPE-choroid. (*=p<0.05, **=p<0.01, ****=p<0.0001)  

Steady state levels of Rtbdn are modulated by flavins  

 We have previously shown that ablation of Rtbdn resulted in reduction of flavin levels in the 

retina [29].  We hypothesized that retbindin levels would be elevated to compensate for the reduced level of 

flavins in the mice on riboflavin deficient diet.  Contrary to that, we found out that the levels of Rtbdn are 

drastically reduced in P120 NRs deficient in flavins and become negligible after sustained deficient diet for 

180 days (P210) (Figure 6.2).  This suggests that Rtbdn expression and/or stability is contingent upon the 

availability of its ligand, i.e., flavins.  To confirm that, we retuned mice that were on deficient diet for 90 

days back to normal chow and assessed Rtbdn levels at P210.  As shown in Figure 6.2, Rtbdn levels 

returned to levels equivalent to those of animals kept on normal chow for the same duration (Figure 6.2). 

 

Figure 6.2.Effect of riboflavin deficiency on Retbindin levels. 
 

(A-B) Retbindin protein levels were quantified from the neural retina (NR) of animals kept on diet period 

as indicated in the figure and compared to the age matched littermates on normal chow. (A) The 

quantification of at least three independent blots are shown. (B) Two representative blots are shown with 

the first one for P120 and the next one for P210. Each experiment was repeated thrice. One-way ANOVA 

was used to evaluate statistical significance (****=p<0.0001). Each group had n=8. 
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Flavin deficiency results in a steady decline in visual function of the neural retina and the 

RPE 

 Patients with riboflavin deficiency are known to suffer from reduced retinal function and may 

develop retinitis pigmentosa [35].  Also, we have recently shown that mouse retinal ERG responses change 

significantly as the mouse ages and levels of flavins are reduced [197].  To determine how elimination of 

riboflavin would affect the functional competence of the retina, electroretinographic (ERG) measurements 

of both rod (scotopic) and cone response (photopic) were performed before the start of the diet and every 

30 days thereafter.  As shown in Figure 3C, that initially ERG responses were statistically equivalent to 

mice on normal chow until P180, whereby scotopic responses were reduced by 21% in comparison to age 

matched normal chow mice.  The decline continued as the mice remained on the diet, as there was a 

reduction of 29% by P240 and by 40% by P300 (Figure 3C).  Although the decline in the scotopic 

responses appeared at P180, the effect on the photopic responses was delayed (Figure 6.3D).  A decline of 

45% in photopic responses was not observed until P240 for mice on the diet in comparison to age matched 

normal chow mice (Figure 6.3D).  Similar to scotopic responses, the photopic responses continued to 

deteriorate as long as the mice were left on the diet since by P300 the responses were reduced by 66% 

(Figure 6.3D).  Since riboflavin deficiency is reversible in patients, we wondered if this functional decline 

can also be rescued if we put the animals back on normal chow.  So, after keeping the animals on riboflavin 

deficient diet till P120, we put them back on normal chow till P240 and then evaluated for both rod and 

cone response.  As shown in Figure 6.3G-H, we see that the scotopic response is completely rescued and at 

par with the animals on normal chow while as mentioned earlier, the animals not put back on normal chow 

had 29% reduction (Figure 6.3C) at this age.  Interestingly, photopic response is also rescued but partially 

(20% reduction from ones on normal chow) while the animals kept on deficient diet had a reduction of 40% 

(Figure 6.3D) at this age. 

 We have previously shown that the RPE harbors more flavins than the NR in physiological 

conditions and in Figure 6.1A-B, we showed the RPE was depleted of flavins even before the NR.  Since 

we now see NR function to be affected gradually, therefore, we asked the question whether a similar 

decline in function would also be seen in the RPE as well.  RPE c-wave function was measured at similar 

ages as with the scotopic and photopic measurements on the diet as well as the age matched littermates on 
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normal chow.  Although we did not observe any change in c-wave of mice at earlier time points, there was 

a 20% decline in the c-wave amplitude and 24% decline in implicit time of P300 mice that were on the diet 

compared to their age-matched normal chow counterparts (Figure 6.3I-J).  This indicates that in absence of 

flavins, the function of the NR is affected first and later on the effect on the RPE appears.  We wondered if 

this decline in retina function was an effect of deterioration in structure.  Despite the functional decline, the 

retina of mice on the diet remained structurally intact without any reduction in the number of photoreceptor 

cells or any structural degeneration (Figure 6.3K-L). 

Ariboflavinosis leads to retinal metabolic alterations  

 To determine whether elimination of riboflavin from the diet and subsequent reduction in cellular 

flavins are responsible for retinal functional decline, we looked at the steady state levels of various 

metabolites in both the NR and the RPE-Ch of P120 mice on the riboflavin-deficient diet and compare to 

age matched littermates on normal chow.  As shown in Figure 6.4A, we found that levels of acylcarnitine 

incorporated fatty acid metabolites are higher in the NR but significantly reduced in the RPE-Ch.  Since 

deoxycanitine level is also reduced (Figure 6.4A), that indicates the direction is moving forward towards β-

oxidation, but somehow it is not able to proceed further than acylcarnitine metabolites.  This is further 

confirmed by significant elevation in lysine metabolism intermediates which act as precursors to 

acylcarnitine formation (Figure 6.4B).  We then investigated whether there is any compensatory effect on 

the glucose metabolism as a result of the inability of β-oxidation to progress.  Interestingly, as shown in 

Figure 6.4C, glycolytic intermediates are upregulated in the NR from mice on deficient diet.  However, 

despite the fact that it harbors elevated levels of glucose, the RPE-Ch from mice on the diet runs a reduced 

glycolysis (Figure 6.4C).  Furthermore, we see that multiple long chain fatty acids, like the long chain 

polyunsaturated fatty acids and the monounsaturated fatty acids, are all reduced in both the NR and RPE as 

a result of riboflavin deficiency (Figure 6.4D-E and H).  Also, important lipid components, 

phosphatidylcholine and phosphatidylethanolamine metabolites are significantly reduced.  Furthermore, 

both purine and pyrimidine metabolism are also severely compromised (Figure 6.4G and J), reflecting 

breakdown of amino acid metabolism as well.  
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Figure 6.3. Effect of riboflavin deficient diet on retinal function and structure  
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Figure 6.3. Effect of riboflavin deficient diet on retinal function and structure (contd.) 
 

(A-L) Animals on normal chow and age matched littermates on riboflavin-deficient diet were evaluated for 

retina function and structure. Scotopic (C) and photopic (D) responses are shown across the mentioned 

ages for animals on riboflavin (RF) deficient diet and compared to those of age matched littermates on 

normal chow. Representative waveforms for both scotopic (A) and photopic response (B) are shown for 

these at P240.Scotopic (G) and photopic (H) responses are shown for P240 animals after they been kept on 

RF deficient diet till P120 and then restored to normal chow till measurement at P240. Representative wave 

forms for these scotopic (E) and photopic (F) responses are shown as mentioned. c wave function of the 

RPE for the c-wave amplitude (I) and implicit time (J) are shown for P300 animals on normal chow and 

those of RF deficient diet. The histology for animals on normal chow (K) and on RF deficient chow (L) 

reflect no change in structure of the retina at P240. .Each group had n=6-8. Student’s t test was sued to 

evaluate significance (**=p<0.01, ***=p<0.001, ****=p<0.0001) 
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Figure 6.4.Effect of riboflavin deficient diet on the metabolism of the retina.  
 

(A-J) Levels of metabolites in littermates on normal chow and riboflavin deficient diet were compared and 

shown as fold change for both NR and RPE-Ch. Respective class of metabolites are mentioned as headers 

for each table (A-J). Values which were not significantly different are in white boxes, while those 

significantly higher from riboflavin deficient diet are marked in green and those  significantly lower are 

marked in red. One-way ANOVA was used to evaluate statistical significance. 
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Riboflavin deficiency delays scotopic response recovery 

 Previous research has shown that energy metabolism and electrophysiological response of the 

retina are intricately connected [71].  Moreover, .only recently it has been shown that aberrant metabolism 

may also be connected to delay in rod function recovery [302].  So we asked the question if riboflavin 

deficiency would lead to any delay in rod response recovery.  We decided to perform the experiment on 

P120 mice since at this stage the functional change is not yet statically significant (Figure 6.3).  Following 

overnight dark adaptation, both normal chow controls and deficient diet mice were subjected to ERG 

measurements to determine scotopic response recovery time.  Mice on riboflavin-deficient diet were not 

able to recover to their initial scotopic response even after 50 min, while their age-matched normal chow 

counterparts recovered in 20 min (Figure 6.5).   

 

 

Figure 6.5.Effect of riboflavin deficiency on rod functional recovery.  
 

Each group had n=6. The rate of rod function recovery was compared between the age matched littermates 

on normal chow and on riboflavin deficient diet. Student’s t-test was used to assess the degree of 

significance (*=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001). 
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DISCUSSION 

 Here we established and evaluated a model system of diet induced ariboflavinosis in WT mice and 

determined the effects on the retina.  We show that rod functional responses are reduced at P180 but 

preceded (at P120) by delayed scotopic responses recovery.  This delayed recovery presents as the first 

detectable retinal pathology as a result of flavin deficiency.  Even in absence of any noticeable cell death, 

riboflavin deficiency resulted in gradual functional decline of both the NR and RPE, but surprisingly no 

structural abnormalities were found for either tissues. 

It is very interesting to note that in absence of riboflavin in the diet, cellular flavin levels persisted 

in the retina longer than in the blood.  This could be attributed to the presence of specific riboflavin binding 

proteins present in the retina [20, 44].  Such proteins are known to be present in certain tissues with high 

flavin requirement and which harbor a barrier with the blood [61].  Their primary role is to facilitate the 

ready availability of flavins by binding to them in non-enzymatic fashion.  One such protein exclusive to 

the retina is Rtbdn [20].  It has also been shown that in absence of Rtbdn, the level of flavins drop in the 

retina [29].  In concomitance with that, here we found that Rtbdn levels are also regulated in a flavin 

dependent manner.  Once flavins were depleted in the retina, levels of Rtbdn were dramatically diminished 

and re-introduction of normal chow restored Rtbdn levels. 

Furthermore, we have previously shown that retinal flavin levels decline with the onset of diabetic 

retinopathy [197].  This is in sync with multiple diabetic patients complaining of systemic flavin deficiency 

[44, 197].  Furthermore, the state of flavin homeostasis is unknown in patients suffering from macular 

degeneration.  This is critical because delay in rod function recovery is one of the earliest functional test 

that can be done at early stages of macular degeneration.  Here we report significant delay in rod function 

recovery as the earliest retinal phenotype as a consequence of flavin deficiency.  Interestingly, this delay 

coincided with severe metabolic abnormalities in both NR and RPE-Ch.  β-oxidation of fatty acids is 

facilitated via essential dehydrogenases which need flavins for their activity [303].  Suboptimal flavins 

have been shown both in vitro and in vivo to result in reduced β-oxidation, poor lipid recycling and initiate 

a cascade of metabolic abnormalities [304].  Here, we show for the first time that flavin deficiency is 

capable of disrupting β-oxidation of fatty acids for both the NR and the RPE-Ch.  It is important to 

emphasize that their effect is differential, like the NR resulting in accumulation of acylcarnitine 
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metabolites, while the RPE-Ch has severe depletion of acylcarnitine metabolites.  But this is clearly in sync 

with our recent work that both these tissues have separate priorities, i.e., the RPE-Ch utilizes β-oxidation 

primarily for ATP synthesis while the NR is dependent on β-oxidation to enable lipid turnover [297].  

Probably, that is why we see significantly reduced levels of essential lipids like phosphatidylethanolamine, 

phosphatidylcholine, mono and poly unsaturated fatty acids in the NR upon flavin deficiency.  

Compromised dehydrogenase activity and in turn poor turnover of lipids are known to affect both rod and 

cone function [113].  Upon flavin deficiency here we reported both rod and cone function to be decreasing 

with age and even result in RPE functional decline.  Also, it is important to note that the phospholipids we 

reported here to be severely reduced have been shown to be exclusively present in photoreceptors and that 

phospholipid diet based reduction in their levels have effected upon lower electrophysiological responses of 

the photoreceptors [305, 306].  Thus, the flavin deficient diet induced metabolic deviations that precede 

these rod and cone functional declines might actually be the cause.  What was most significant was that 

there were no structural abnormalities observed.  This made us wonder if putting the riboflavin deficient 

animals back on normal chow would bring the retina function back to physiological levels.  Most 

interestingly, there is emerging evidence that restoration of flavin levels can also restore β-oxidation for 

both neuronal and non-neuronal cells [139, 307].  On similar lines, here we reported that upon returning the 

flavin depleted animals back to normal chow, we were able to rescue the phenotype by restoring both rod 

and cone function.  This further establishes our hypothesis that riboflavin deficiency causes metabolic 

disruption leading to loss of function. 

Patients born with mutations in tissue specific riboflavin transporters have severe flavin deficiency 

in those tissues even if their blood flavin levels are normal [57].  Many such patients have been found to be 

suffering from reduced retinal function and retinitis pigmentosa.  Our findings here on the reversibility of 

the effect of riboflavin deficiency on retinal function brings promising news for these patients.  It needs to 

be further investigated if putting these patients on a diet high on riboflavin can restore their vision. 

Collectively, here we demonstrate how flavin homeostasis is integral for retina metabolism and if disrupted 

it can lead to functional degeneration, which can be rescued by restoring retinal flavin levels. 
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MATERIALS AND METHODS 

Experimental Model and Subject details 

Strain/Genetic makeup of mice 

 Animal experiments were approved by the University of Houston Institutional Animal Care and 

Use Committee (IACUC) and adhered to recommendations in NIH Guide for the Care and Use of 

Laboratory Animals and the Association for Research in Vision and Ophthalmology.  All mice were on 

C57BL/6- 129S1/SvImJ background and were genotyped for and found to be negative for both the rd8 

allele [188] and the RPE65 Leu450Met variant [189, 190].  Animals were reared under cyclic light 

conditions (12 hr L/D, ~30 lux) and fed with either normal chow diet (AIN-93G) having 6 ppm of 

riboflavin or special chow diet (riboflavin deficient AIN-93G, Indianapolis, IN) with 0 ppm of riboflavin. 

Both diets were treated with specific antibiotics to inhibit gut microbiota riboflavin production. Gender 

distribution was equivalent across all groups. 

Method details 

Tissue collection 

 Mice were anesthetized by intramuscular injection of 85 mg/kg ketamine and 14 mg/kg xylazine 

and neural retina and RPE were collected and separated rapidly using dissection tools, rinsed quickly in 

phosphate buffer saline (pH=7.4) and immediately frozen in liquid nitrogen.  Six retinal samples and 

subsequent six RPE-Ch samples from six non-littermate mice were pooled and treated as a single ‘n’ value 

for each of retina and RPE-Ch metabolomics analysis.  The retina group had a total ‘n’ value of 8 and the 

RPE group had ‘n’ value of 9.  In order to account for minimal effect of outer segment phagocytosis by 

RPE, all tissue was collected between 1-3pm, i.e., at the middle of the light cycle.  Further, to normalize all 

animals to steady state metabolite levels and to account for differential feeding, all animals were fasted for 

5-6 hr prior to tissue collection. 
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Metabolomics sample preparation and analysis 

Extraction 

 Several recovery standards were added prior to the first step in the extraction process for quality 

control purposes.  In order to increase maximum yield, methanol extraction was done prior to analysis.  To 

remove protein, dissociate small molecules bound to protein or trapped in the precipitated protein matrix, 

and to recover chemically diverse metabolites, proteins were precipitated with methanol under vigorous 

shaking for 2 min followed by centrifugation.  The resulting extract was divided into five fractions: two for 

analysis by two separate reverse phase (RP)/UPLC-MS/MS methods with positive ion mode electrospray 

ionization (ESI), one for analysis by RP/UPLC-MS/MS with negative ion mode ESI, one for analysis by 

HILIC/UPLC-MS/MS with negative ion mode ESI, and one sample was reserved for backup.  Post removal 

of the organic solvent, the sample extracts were stored overnight under nitrogen before preparation for 

analysis.  

Measurement 

 All methods utilized a Waters ACQUITY ultra-performance liquid chromatography (UPLC) and a 

Thermo Scientific Q-Exactive high resolution/accurate mass spectrometer interfaced with a heated 

electrospray ionization (HESI-II) source and Orbitrap mass analyzer operated at 35,000 mass resolution.  

The sample extract was dried then reconstituted in solvents compatible to each of the four methods.  Each 

reconstitution solvent contained a series of standards at fixed concentrations to ensure injection and 

chromatographic consistency.  One aliquot was analyzed using acidic positive ion conditions, 

chromatographically optimized for more hydrophilic compounds. In this method, the extract was gradient 

eluted from C18 column (Waters UPLC BEH C18-2.1 x 100 mm, 1.7 µm) using water and methanol, 

containing 0.05% perfluoropentanoic acid (PFPA) and 0.1% formic acid (FA).  Another aliquot was also 

analyzed using acidic positive ion conditions; however it was chromatographically optimized for more 

hydrophobic compounds.  In this method, the extract was gradient eluted from the same afore mentioned 

C18 column using methanol, acetonitrile, water, 0.05% PFPA and 0.01% FA and was operated at an overall 

higher organic content.  Another aliquot was analyzed using basic negative ion optimized conditions using 

a separate dedicated C18 column.  The basic extracts were gradient eluted from the column using methanol 

and water, however with 6.5mM Ammonium Bicarbonate at pH 8. The fourth aliquot was analyzed via 
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negative ionization following elution from a HILIC column (Waters UPLC BEH Amide 2.1x150 mm, 1.7 

µm) using a gradient consisting of water and acetonitrile with 10mM Ammonium Formate, pH 10.8.  The 

MS analysis alternated between MS and data-dependent MSn scans using dynamic exclusion.  The scan 

range varied slighted between methods but covered 70-1000 m/z.   

 Compounds were identified by comparison to library entries of purified standards or recurrent 

unknown entities.  Peaks were quantified using area-under-the-curve.  For studies spanning multiple days, a 

data normalization step was performed to correct variation resulting from instrument inter-day tuning 

differences.  Biochemical data for each metabolite was further normalized to protein concentration 

measured by Bradford assay to account for differences in metabolite levels due to differences in the amount 

of material present in each sample. 

 Quality control 

 Several types of controls were analyzed in concert with the experimental samples: a pooled matrix 

sample generated by taking a small volume of each experimental sample (or alternatively, use of a pool of 

well-characterized plasma) served as a technical replicate throughout the data set; extracted water samples 

served as process blanks; and a cocktail of quality control standards that were carefully chosen not to 

interfere with the measurement of endogenous compounds were spiked into every analyzed sample, 

allowed instrument performance monitoring and aided chromatographic alignment. Instrument variability 

was determined by calculating the median relative standard deviation (RSD) for the internal standards that 

were added to each sample prior to injection into the mass spectrometers.  Overall process variability was 

determined by calculating the median RSD for all endogenous metabolites (i.e., non-instrument standards) 

present in 100% of the technical replicates of pooled samples.  Internal standards reflected instrument 

variability of only 6% median RSD, while endogenous metabolites reflected a total process variability of 

only 2% median RSD.  Experimental samples were randomized across the platform run with QC samples 

spaced evenly among the injections. 
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Quantification and statistical analyses 

Data Transformation  

 After log transformation and imputation of missing values, if any, with the minimum observed 

value for each compound, ANOVA contrasts were used to identify metabolites that differed significantly 

(p≤0.05),  between experimental groups.  An estimate of the false discovery rate (q-value) was also 

calculated to take into account the multiple comparisons that normally occur in metabolomic-based studies.   

Data visualization 

 Feature scaling was done for each metabolite across all groups to set the median equal to one.  For 

data visualization, scatter plot was used so that the individual measurements can be seen.  All data were 

normalized to protein levels as described in methods section. 

  



107 
 

CHAPTER VII 

SUMMARY AND FUTURE PERSPECTIVE 

 In this dissertation we have focused on how riboflavin and its binding protein, retbindin, play a 

critical role in maintaining the metabolic homeostasis of the retina.  The two main tools we have used were: 

(i) the Rtbdn-/- animals, a genetic model of progressive retinal degeneration upon ablation of retbindin and 

(ii) a riboflavin deficient diet induced model of retinal degeneration. 

 However, before we proceeded in evaluating these models, first we decided to lay the groundwork 

for this work by optimizing the conditions to evaluate the retinal metabolism of the retina.  We provided 

evidence that controlling for factors like the type of euthanasia, the time of the day when tissue is being 

collected as well as whether the animal is fed or fasted contributes to reducing variabilities and making the 

data more meaningful.  Thereafter, we developed a highly sensitive HPLC based detection method of 

flavins from a single murine neural retina as well as from its corresponding RPE.  This helped us report the 

flavin levels in murine neural retina and RPE for the first time.  During this investigation we also found that 

the levels of flavins significantly reduce in various models of rod specific degeneration as well as metabolic 

disorders like diabetic retinopathy.  Simultaneously we found that flavins levels decline with age in the 

neural retina and the pattern of this decline is very much in sync with the pattern of photoreceptor 

functional decline with age.  Both these findings gave us strong indication that flavins can directly impact 

retinal health by affecting photoreceptor function.  But we wondered how this might be happening.  Since 

flavins are best known for their role as major cofactors for so many metabolic enzymes, the obvious 

approach was to look at the retinal metabolism in conditions of flavin dysregulation.  Since the retinal 

metabolism is a unique symbiosis between the neural retinal and the RPE, and their steady state metabolism 

has not been looked into in in vivo conditions, we decided to investigate that first.  We successfully 

identified that their metabolic preferences are very different and that serine biosynthesis, pentose phosphate 

pathway and sphingolipid metabolism are highly elevated in the RPE.  

 Thereafter, using our first tool, we successfully found the mechanism behind retinal degeneration 

in absence of retbindin.  Flavin levels were significantly reduced far earlier than the onset of this 

degeneration (P120) and glycolysis was severely accumulated from the same age (P45).  We further 
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reported that first the neural retina metabolism and then the RPE metabolism got severely compromised in 

these conditions, which led to buildup of toxic metabolites.  It is extremely important to state at this point 

that we investigated with pre-degeneration and a functionally degenerative state.  This helped us avoid 

metabolic complexities arising from cell death mechanisms and instead allowed us to focus on identifying 

the specific pathways whose dysfunction actually triggered this degeneration. 

 We found that absence of retbindin triggers the reduction in flavin levels, possibly creating a 

flavin deficiency in the vicinity of photoreceptors.  In turn, this causes reactive oxygen species and toxic 

metabolite buildup, which initiates the photoreceptor specific glycolytic regulator, the tetrameric Pkm2 to 

be repressed.  Various effectors can activate and inhibit the tetramer assembly, including reactive oxygen 

species.  The tetrameric form is highly essential for anabolic growth while the dimer mostly acts as a 

transcription factor.  It would be interesting to see at what age specifically the tetramer expression of 

formation changes in absence of Rtbdn.  Further, it would also be interesting to see if the total Pkm2 level 

changes when there is functional decline starting in Rtbdn-/-.  In absence of the tetrameric pkm2 in the 

Rtbdn-/-, the NR has accumulation of glycolytic intermediates and thus progression into TCA cycle is 

impeded.  Even though fatty acid breakdown can support TCA cycle at this age, eventually this metabolic 

reprogramming becomes a burden.  Thus from P120, the neural retina has multimodal aberrations like 

upregulated amino acid catabolism and reduced beta oxidation.  Also, impairment of glycolysis at P45 

cascades into reduction in serine biosynthesis and thus toxic ceramide build up.  Since Pkm2 is a 

photoreceptor specific protein and these cells comprise of about 70% of the NR, it is safe to assume these 

metabolic abnormalities mostly affect the photoreceptors to a large extent causing reduction in function for 

rods followed by cones and eventually triggering cell death. 

 Then we used our second tool by keeping the mice on a riboflavin deficient diet from a week post 

weaning.  Here we reported for the first time that riboflavin deficiency can directly lead to metabolic 

abnormalities in the neural retina as well as the RPE and this translated into a delayed functional recovery 

of the rods.  It is imperative to note that Rtbdn expression at the protein level was severely reduced in the 

animals after riboflavin deficiency got more pronounced.  It would be worthwhile to investigate if indeed 

the expression is modulated or the stability of the protein in absence of its ligand, riboflavin.  Interestingly, 

the metabolic deviations were far more drastic in seen in the Rtbdn-/-.  Since here flavins were completely 
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ablated rather than partially, as in Rtbdn-/-, it made perfect sense that the most flavin dependent enzymes, 

the ones in β-oxidation of fatty acids were the ones most severely impacted.  Also, impaired lipid turnover 

contributed to the pathology, leading to gradual loss in function for both rods and cones.  Interestingly, this 

did not lead to any significant structural abnormalities.  Most importantly though, probably because the 

system lacked structural deformities, we were able to rescue the pathology by reverting the animals back on 

normal chow.  This is of critical importance and holds lot of promise for patients suffering from riboflavin 

deficiency. 

 Thus, using a combination of various techniques we are able to show a positive correlation 

between flavin homeostasis and metabolic health and that these can directly impact the functional response 

of the retina.  Riboflavin and riboflavin binding protein, retbindin, both are critical regulators of this 

homeostasis and that absence of either of them induces severe metabolic reprogramming, even though in a 

differential manner.  Future research must be done trying to identify if the harmony between either of them 

is affected in early stages of other patient disease conditions.  We should also focus on trying to see if 

therapeutic intervention of either riboflavin or retbindin or a coupled approach of both can rescue these 

patients.  

 The work presented here can be taken forward by looking at the differences in metabolic 

abnormalities between riboflavin deficiency and ablation of retbindin.  Indeed that ablation of retbindin, 

being genetic, can have effect during developmental stages.  That could be a reason why the onset of 

degeneration for the riboflavin deficiency is later than that of the Rtbdn-/-.  It is also possible that retbindin 

has other roles to play in addition to being a riboflavin binding protein.  Also, further work needs to be 

done with reference to how metabolic abnormalities can directly affect function of the retina.  Identifying 

the most vulnerable pathways would enable us to develop therapeutic targets for wide ranging retinal 

pathologies rather than probably address them one pathology at a time.  This could be a strong reason 

behind the variable effect we see among patients suffering even from the same genetic mutation. 
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