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Abstract

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 

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. 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.
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1. Introduction

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

essential for production of biological energy [1]. It is absorbed from diet by specific 
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intestinal receptors and then transported to other tissue based on their energetic mandates [2, 

3]. 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) [4]. The rest of RF has a short half-life and is quickly cleared 

from the body [5].

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 [6]. FAD and FMN are also essential for the function of other 

vitamins like pyridoxine and nicotinic acid [7]. 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 [8].

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 [9]. This is not surprising since retinal photoreceptors are among the most 

metabolically active cells in the body [10–13]. Although the correlation between reduced 

FAD and FMN levels and clinically relevant pathologies has been well documented [14–16], 

limited information is available about their retinal levels in physiological and pathological 

conditions [17, 18]. 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 [19–21]; both are linked to flavin levels. 

Furthermore, retinal metabolic pathologies are significantly affected in diabetic retinopathy, 

which may stem from the metabolic dysfunction of photoreceptors [22], which consume 

most of the oxygen that enters the retina [23]. 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 retina and its corresponding RPE [9] 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 (RPE), 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.

Sinha et al. Page 2

J Nutr Biochem. Author manuscript; available in PMC 2020 April 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2. Materials and Methods

2.1 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).

2.2 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 [24] and the RPE65 Leu450Met variant [25, 26]. 

Animals were reared under cyclic light conditions (12 hours 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.

2.3 Micro-extraction of flavins

Tissues were extracted and either used fresh or snap frozen and stored at −80°C 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 minutes at 4°C and supernatant was separated 

and incubated at 37°C in 10% TCA (optimized by using 5%, 10% and 25%) for 15 minutes 

to precipitate proteins.

Resultant was centrifuged at 10,000Xg for 10 minutes at 4°C; 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.

It was previously shown by Bessey et al [27] that with 10% TCA there is no acid hydrolysis 

of FAD and FMN as long as samples are kept on ice. Acid hydrolysis only happens if 

samples with 10% TCA were kept in 15 °C (40 mins) or even more so when kept at 37°C 

(20 mins).
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2.4 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. No TCA was used in as an HPLC solvent modifier. 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).

2.5 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), with Bovine serum albumin 

(BSA) used as the protein standard.

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 

[28–30].

2.6 Flavin quantification by LC MS/MS

Samples were prepared and analyzed as described before with minor modification [31]. 

Briefly, the retinas and RPE were independently homogenized in cold 80% methanol 

(methanol:water (80:20 V/V)) 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 mins 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, 6144% 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°C, ion source gas 1 

Sinha et al. Page 4

J Nutr Biochem. Author manuscript; available in PMC 2020 April 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(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).

2.7 Electroretinography

Full field electroretinograms (ERG) were recorded as previously described [32]. 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 methyl cellulose 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 cds/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.

2.8 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.

3. Results

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

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

[9] with the modifications listed below. In that study, samples were heated during the 

extraction [9] 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. 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 [33], even though riboflavin is known to be highly thermostable [34]. 

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 [35–37] 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 [38]. 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 
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indicates that the chemical composition of each flavin does not interfere with the elution 

time of the others (Fig. 1). In Batey’s study [9], 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/minute (Fig. 1D). Table 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 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 (Fig. 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, 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 [9]. Our LoQ values were 0.1 pmol for FAD and FMN 

while 0.01 pmol for RF.

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 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. Spiking with the standards shows 

the efficacy of the extraction procedure but it is essential to bear in mind that it may not be 

indicative of whether all of the tightly bound flavins were released. Rather, to facilitate the 

release of most of the protein bound flavins, common deflavination procedure like use of 

10% TCA was done as mentioned earlier. In summary, our extraction method has higher 

recovery of FAD and FMN from the retina than the other previously described protocols [17, 

18] and the enhanced HPLC resolution to the picomole levels will allow us to detect steady 

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

3.2. Stability of flavins during extraction

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

temperature [27, 34], 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°C (ranging from 0 to 32 hours), freezing at −20°C overnight, and freeze-thawing. These 

were first assessed separately with 100 pm of FAD, FMN and RF standards (Fig. 2A-C). We 

also assessed the effect of these parameters on FAD and FMN stability extracted from a 

single retina (Fig. 2D-F). Because of the low levels of RF in retinal extracts, RF was not 
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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 (Fig. 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 (Fig. 2D). The next parameter we assessed was the stability of flavins 

during HPLC assessments at 4°C. The HPLC auto-sampler is temperature controlled at 4°C 

and multiple injections can be made over time. We incubated the standards and retinal 

extracts for 0 to 32 hours at 4°C in the auto-sampler. We found that the standards were stable 

for up to 8 hours, following which the stability declined sharply (Fig. 2B). Similarly, FAD 

and FMN in retinal extracts were stable for up to 8 hours, after which there was a decline 

(Fig. 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 (Fig. 2C&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.

3.3. Physiological factors affecting the steady state levels of retinal flavins

3.3.1. 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 

[17, 18]. 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 hours, 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) (Fig. 3A&B). To avoid variabilities 

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

6 hour post fasting, unless otherwise mentioned.

3.3.2. Effect of light—It is well known that flavins degrade when exposed to light [39, 

40]. However, this happens only when flavins are present in free (unbound) state in solution 

[34, 41]. 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 Fig. 3C&D. 

Interestingly, levels of retina FAD and FMN did not significantly change whether retinas 

were extracted under light or dark conditions.

3.4. 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 
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[9, 18]. 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 and RPE at post-natal day (P) 

45 shows that the RPE harbors significantly higher levels of both FAD and FMN than the 

retina (Fig. 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. To 

confirm our findings by HPLC, we used a LC-MS method (Fig. 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 (Fig. 

4E) and FMN (Fig. 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 Fig. 4E&F, the FAD and 

FMN levels in the “RPE” are still higher than the retina and the levels in the CS are low.

3.5. Effect of aging on flavin levels

Next we investigated whether retinal and RPE flavin levels change with age. Mice achieve 

sexual maturity at P42–56 and live up to 2.5 years in a lab setting. However, the mouse 

retina is fully developed by P30. As shown in Fig. 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 

(Fig. 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 

(Fig. 5C). The RPE FMN level at P240 seems to be significantly lower than both P45 and 

P90. It significantly drops at P360 (Fig. 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 (Fig. 6). 

Although structural analyses of the retinas at P30 and P360 showed no significant 

differences in (Fig. 6A), we observed a gradual reduction in the scotopic a-wave amplitudes 

as a reflection of the rod function with age (Fig. 6B&C). Scotopic a-wave at P360 is 

significantly lower 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 (Fig. 6B&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 (Fig. 6D).

3.6. Effect of retinal degeneration on flavin levels

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

degeneration [42]. It was shown that inhibiting sirtuin 6, a histone deacetylase repressor of 

glycolytic flux, slows down retinal degeneration resulting from reprogramming rod 
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photoreceptors into perpetual glycolysis and accumulation of biosynthetic intermediates. 

Those photoreceptors exhibited improved outer segments and vision [43]. 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 [44]. 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 [45, 46]. The rd10 mouse, on the other hand, 

exhibits slower rate of retinal degeneration than the rd1 [46]. 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 [47].

Both of the GC1−/− and Rho−/− lines are knockouts, whereby products of the guanylate 

cyclase-1 gene and the rhodopsin gene were eliminated, respectively [48, 49]. Scotopic and 

photopic ERG amplitudes of the GC1−/− animals are significantly affected showing 

nonfunctional cones and reduced rod function [48]. Cones have been observed to rapidly 

degenerate by P28 [50]. However, the retina of Rho−/− develops with full complement of rod 

photoreceptor cells but outer segments deficient [49, 51]. At P45, the Rho−/− retina retains 

40–50% of wild-type number of rod photoreceptors [52]. Functional studies at P47 revealed 

cone function comparable to that of wildtype levels while rod function was not detectable 

[53].

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 [54]. This model exhibits 27% loss of second 

order neurons at around P150–180 without photoreceptor loss [55, 56]. 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 [57]. Although the retina in this model appears and functions normally at 

P42, functional deficit is observed at P112 [58] and retinal thinning from progressive loss of 

ganglion cells as detected by OCT is observed P196 [59].

As shown in Fig. 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 

(Fig. 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 (Fig. 7C-F).
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4. 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 [9] enables detection of lower levels of flavins, which may be critical in disease 

models of retinal degeneration. Furthermore, previous methods [9, 17, 18] 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 hours 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 [60], but previous extraction procedures were only carried out on ad 

libitum fed animals.

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 2.6 

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 Fig. 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 [9], 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 
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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 [63] and involve 

using FAD and FMN as cofactors [64].

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 [65] 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 [66]. Currently, it is not well understood how the RPE 

is able to obtain and maintain such high levels of flavins when retbindin is not expressed 

[65].

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 [67]. 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 [68, 69]. 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 [70]. 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 [55, 56], 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 
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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 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.

Since the mutant mice studied are all resulting from specific mutations, it is difficult to 

assign a causal role for flavins. However, flavin’s role, though may be secondary, is likely 

compounding.

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

lowering the efficiency of the electron transport chain [71]. Recently, it was shown that 

reduced availability of FAD and FMN pushes the cell towards apoptosis and stress while 

downregulating multiple metabolic pathways [72]. 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 [21, 73–75].

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

(BVVLS), a rare neurodegenerative disorder, have severe RF deficiency [76]. These patients 

suffer from severe hearing loss, cranial nerve atrophy, bulbar palsy and respiratory 

compromise [77, 78]. 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 [79, 80]. 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 [78]. 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 [81].

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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Highlights

• Optimized method with enhanced sensitivity for flavin quantification

• Flavin levels found to be far higher in RPE than the retina

• Decline in flavin homeostasis precedes decline in retinal function with age for 

both retina and RPE

• Retinal degeneration and diabetic retinopathy have reduced flavins indicating 

altered metabolism
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Figure 1. 
HPLC profile of FAD, FMN and RF. (A) HPLC profile of 60 pmole of FAD standard 

showing 16.9 min of retention time. (B) HPLC profile of 60 pmole of FMN standard 

showing 18.1 min of retention time. (C) HPLC profile of 450 nmole 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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Figure 2. 
Stability of FAD, FMN and RF at different conditions. (A) Stability of 100 pmol of each 

flavin standard at different pH at 4°C. (B) Effect of incubation at 4°C 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°C. 

(E) Effect of incubation time at 4° 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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Figure 3. 
Steady state levels of retinal flavins. (A&B) Levels of FAD and FMN in retinas of 6 hours 

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 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 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).
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Figure 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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Figure 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 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.
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Figure 7. 
Steady state levels of retinal flavins in models of retinal degeneration and diabetic 

retinopathy. (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).
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Table 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/minute.
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Table 2

Linearity of the HPLC gradient method

Range Equation Correlation coefficient

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

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

Rf 0.01 pmol-10 nmol y = 6458× - 19.626 0.995
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Table 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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